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Abstract

Electric vehicles and low carbon technology are currently at the forefront of research
due to the need to rapidly reduce global carbon emissions. Significant effort has been
invested into the improvement of electric cars but comparatively little for electric
motorcycles, especially high-performance electric motorcycles.

To achieve high-performance it is important to capture relevant design trade-offs and
plan for vehicle optimisation prior to starting detailed design. These design trade-offs
typically involve optimal sizing of the vehicle battery, electric motor, and motor
drive, as well as the determination of the optimum lift-to-drag ratio. A full vehicle
analysis including pertinent mechanical and electrical elements is required to perform
this properly, as the system is highly interdependent. Existing models are shown to be
lacking in key areas, notably the integration of an appropriate battery model, a
realistic electric motor model (reflecting modern high-performance electric

motorcycle design practices), and an appropriate tyre model, amongst other issues.

The work in this thesis builds and validates a full vehicle model of a modern high-
performance electric motorcycle. This is accomplished by first developing a rigid
body dynamics motorcycle model that includes a full tyre model, the effects of
downforce, differing front and rear tyres, and front-wheel drive. Further work is then
undertaken to increase the depth and suitability of the electric powertrain modelling
for high-performance electric motorcycles. Here, the battery thermal and electrical
responses are modelled as well as the powertrain torque response, including saturation
and loss modelling of the motor, motor drive and final drive. To validate these models
both motor dynamometer testing and battery cycle testing is performed. An
accelerated battery testing procedure is also developed to reduce the time required to
properly evaluate and characterise test cells for performance evaluation.

Having developed the vehicle model, a lap simulation procedure is then developed,
implemented, and validated. Validation uses lap data acquired at multiple events
including the Isle of Man TT Zero, Pikes Peak International Hillclimb (PPHIC) and
Elvington Airfield Land speed record attempts. The lap simulation is then extended to
include the effects of energy deployment strategy on lap time. This includes a
different methodology for designs that are limited by the battery thermal performance



and those that are not. This deployment strategy implementation is shown to

significantly affect lap time.

The work continues with lap time simulations of the Isle of Man TT Zero and PPHIC,
investigating the respective influence of energy management on battery sizing. This
shows that it is important to include the energy management strategy into the design
evaluation and that the energy management trade-offs are specific to each race event.
Additionally, analysis shows that situations where battery temperature management
strategies dominate energy management strategies should be avoided by the proper
design of a battery cooling system. This is because the penalty associated with
reducing battery temperature through power and velocity limitations is higher than

that of including sufficient cooling.

The lap time sensitivity to mass, motor inertia, winglet lift-to-drag ratios and other
design variables are explored with recommendations made for the Isle of Man TT
Zero race and PPHIC. It is shown that by properly including representations of the
underlying physics using a holistic modelling approach, and utilising a quantifiable
objective, the relative contribution of individual elements can be quantified and
directly compared. The significance of this from a full vehicle design standpoint is
large as now vehicle development can be accurately targeted into areas that provide
significant benefit. This can greatly improve the efficiency of the development
process and the ultimate performance of the motorcycle.
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1. Introduction

1.1. Motivation

Electric vehicles are at the forefront of current research efforts due to the need to
reduce carbon emissions [1]. This is a result of a general increase in environmental
awareness [2, 3], as well as the increased availability and performance of lightweight
energy storage devices, such as the Lithium Polymer battery and high-power density
power electronics. However, as with most nascent technologies, examples are
generally existing machines converted to a different power source with the existing
development methodologies retained. This is usually done without much thought for

the sensitivities of the replacement technology as an integrated system.

This lack of vehicle level optimisation generally leads to a system that is sub-optimal.
The lack of performance then feeds into a general perception that electric motorcycles
are slow, boring, and a bit of a gimmick. This then compounds into lower sales and
lower electric vehicle adoption rates than might otherwise be achieved as motorcycle
sales carry a proportionally higher weight on performance metrics. This is evidenced
by the majority of UK motorcycle owning households also having a car, suggesting
that motorcycles are mostly used for enjoyment rather than commuting [4]. This
sentiment is reflected in the market penetration of new electric cars (10.6% - UK 2020
registrations) when compared to that of electric motorcycles (2.2% UK 2020

registrations) [5, 6].

Improvements in the performance of electric motorcycles are likely to assist in
increasing market penetration as it is perfectly possible for an electric motorcycle to
meet or exceed the performance of its internal combustion counterpart. Wider electric
vehicle adoption can be driven by improved electric vehicle performance and is key to
reduced carbon emissions; ideally when properly coupled to renewable energy
generation. However, the benefits of electrification have been shown even for fossil

fuel-intensive electricity grids such as Poland [7].

A benefit of focusing on high-performance machines is that pushing the boundaries of
performance is where true development and innovation lies. Any improvements found
here can trickle down to lower performance machines improving vehicle performance

across the board. This is a proven development path evidenced by the rapid



development of technologies such as traction control, active suspension, and hybrid
powertrains achieving over 50% thermal efficiency in Formula 1 [8]. Although not
usually a direct transfer, the underlying learning has often found its way into

improving the mass market.

The pinnacle of performance is racing. A vehicle is optimised for ultimate
performance at great expense and then directly compared to the competition. This is a
breeding ground of innovation as every competitor is constantly attempting to gain an
edge over his or her rivals. Therefore, if attempting to improve high-performance

electric motorcycles, the obvious starting point is through competitive racing events.

There are very few events that allow electric motorcycles to race, but an electric
vehicle race team set up at the University of Nottingham, the University of
Nottingham Electric Superbike race team, managed to race at several. The timeline of
these events is handled in more detail in Appendix A, but the most prominent of these
is the Isle of Man TT (oM TT) [9], a 37.7-mile race around the Isle of Man. Other
events included the Pikes Peak International Hillclimb (PPHIC) [10], whichisa 12.4
mile hill climb race in Colorado USA, and a successful attempt at Fédération
Internationale de Motocyclisme (FIM) land speed records for un-faired electric

motorcycles [11].

As a package, this selection of events covers the entire spectrum of high-performance
electric motorcycle design. Ranging from short low-speed high-acceleration events,
PPHIC, to long high-speed high-power race events, loM TT, and finally, to ultimate
speed trials, namely land speed record attempts. Participation in these events allows
for experience and data collection on all aspects of high-performance electric

motorcycles.

The IoM TT race is held over a 37.7-mile-long section of road in the Isle of Man and
competitors average lap speeds in excess of 130 mph. These roads are not specially
prepared and are public roads when they are not used for racing. As an overview, to

give context to this race, the course map is shown in Figure 1.1.
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Figure 1.1 - Pictorial representation of the 37.7-mile-long Isle of Man TT course [12]

The effect of design compromises with regards to the electrical powertrain is
magnified by the high-power high-speed requirements of the race. The race is also
directly applicable to on-road performance since it is held on public roads. Therefore,
it follows that a technology showing promise at the loM TT is likely to be a useful

technology for road machines.

The electric class at this race is called the Isle of Man TT Zero. Most existing work on
high-performance electric motorcycles has focused on this race. This event is an
electric-only event where electric motorcycles compete for the fastest single timed lap
around the Isle of Man TT Mountain Course. This was one of the few events that
allowed virtually unrestricted development of prototype electric vehicles and was
organised by several forward-thinking individuals in the Isle of Man government who
realised the truth in the age-old moniker ‘competition breeds innovation’. With the
goal of driving rapid advancements in electric motorcycle technology the ‘TT Zero
challenge’ was added to the events list in 2010 [13]. Since then, average lap speeds
have increased from 96.8 mph in the first year to 121.9 mph in the last 2019 event [9].



An example used extensively throughout this thesis is the University of Nottingham
TT Zero 2018 electric superbike. This machine came second at the Isle of Man TT
Zero 2018, breaking the previous lap record in the process. Then, when stripped of its
fairings and re-optimized for high speed, the motorcycle achieved the land speed
record mentioned earlier. A different specification Nottingham machine also raced
PPHIC in 2017, 2018 and 2019 taking class wins in the final two years and setting the

fastest ever recorded motorcycle speed trap speed at the event.

However, these machines could have been significantly improved with further
system-level optimisation as detailed in this thesis. This machine is used as a focus
primarily due to the author’s familiarity with the machine and availability of data, as a

member of the team that designed, built, and raced it.

1.2.  Aims and Objectives

Electric motorcycles are fundamentally different from ICE motorcycles. Current high-
performance electric motorcycle design is, however, based on techniques developed
for IC machines. To best understand and therefore successfully develop high-
performance electric vehicles, the electric-specific compromises need to be more fully

understood from an integrated design standpoint.

This thesis investigates the modelling of high-performance electric motorcycles with
an aim of developing tools and techniques appropriate for modelling and improving
the performance of high-performance electric motorcycles. That aim is achieved and

the utility is demonstrated with reference to real-world examples.

The overall approach has been to investigate the current state of high-performance
electric motorcycle system modelling, identifying any shortcomings, and developing
appropriate techniques for achieving the stated goal. More specifically, analysis and
modelling has been targeted against the following objectives:

1. Investigation into the performance of existing IC modelling techniques
when applied to a contemporary high-performance electric motorcycle.
This includes:

o Determining if powertrain-specific compromises such as the
inclusion of an abnormally large rear sprocket results in

fundamentally different vehicle design requirements.



1.3.

o Determining if existing stability analysis techniques are
appropriate for use on electric motorcycles.

Investigation into and implementation of appropriate vehicle
performance modelling techniques for high-performance electric
motorcycles. This includes:

o Derivation of an appropriate vehicle model including tyres,
downforce and mass distribution and integration into the full
system model.

o Determination of appropriate electric motor, motor drive,
battery and transmission models and integration into the full

system model.

. Validation of models developed, using data collected using a

contemporary high-performance electric motorcycle. This includes:
o Validation of powertrain component models using experimental
data.
o Validation of the full vehicle simulation performance over
target operating cycle using experimental data.
o Comparison with previous electric motorcycle modelling
attempts.
Investigation of potential performance development pathways using
the validated model. This includes:
o The significance of energy deployment strategies.
o Event-specific design compromises such as:
= Battery sizing
= Powertrain design choices
=  Mass

= Lift to drag ratio

Thesis Outline

Chapter 2 summarises the current literature surrounding motorcycle modelling,

electric powertrain modelling, electric motorcycle modelling and highlights relevant

electric motorcycle technologies that could provide additional performance.

Chapter 3 handles the benchmarking of the electric racing superbike at the University

of Nottingham which is used as a research machine throughout this thesis. This



chapter also handles the evaluation of classic motorcycle models such as the Sharp 71
model [14], using appropriate values for the modern high-performance electric
motorcycle. This is used to determine if existing modelling attempts are appropriate
for use on high-performance electric motorcycles. This chapter also includes an
investigation into the squat response of the electric motorcycle. The contribution
within this chapter is the provision of a dataset appropriate for use on a modern high-
performance electric motorcycle as well as the determination that existing stability
analysis techniques are appropriate for use on modern high-performance electric

motorcycles

Chapter 4 details the development of a quasi-steady-state (QSS) mechanical system
model appropriate for use with a modern high-performance electric motorcycle. This
includes a full Pacejka tyre model [15], downforce generation and two-wheel drive.
Here, the potential for improved acceleration on corner exit as well as regenerative
braking utilising two-wheel drive is demonstrated. Model performance is verified
with reference to both data collected in Chapter 3 and data available in the literature.
The contribution here is primarily with regards to the development of a rigid body
motorcycle model capable of representing a motorcycle with different front and rear
tyres, downforce generating winglets and two-wheel drive.

Chapter 5 details the development of an electrical system model capable of
representing most contemporary electrical motorcycle drivetrains and the performance
of individual subsystems. The model includes an electric motor, motor drive, battery,
and transmission modelling. It is based loosely on the model developed by Blissett
[16] but with some notable improvements to expand both the scope and accuracy of
the model, with regards to electric motor operation, transmission and battery
modelling. Issues associated with the linear battery model used by Blisset and by Dal
Bianco et al. [16, 17] are highlighted and improved models are implemented. These
are evaluated and validated using data collected during laboratory testing. Models are
again verified with reference to research machine data as appropriate, and the utility
of the model is demonstrated with reference to the land speed record achieved by the

UoN motorcycle using this model [11].

Chapter 6 combines the mechanical and electrical system models developed earlier.

This is combined into a lap simulation tool. A common lap simulation method [18] is



expanded to incorporate electric vehicle specific areas such as powertrain evolution
and regenerative braking as well as rider deployment strategies. This combined model
is then verified with reference to the data collected from the research machine. The
model performance is also compared to existing motorcycle models, and the resulting
differences are evaluated. The Isle of Man TT Mountain course is used here as direct
comparisons can be drawn to prior modelling attempts. The contribution here is the
development of a validated simulation tool that is more capable of, and more
appropriate to, accurately representing the performance of a high-performance electric

motorcycles, than previous modelling attempts.

Chapter 7 uses this lap simulation tool to develop appropriate energy and temperature
management strategies that are used to perform a retrospective analysis of the 2018
Nottingham University machine, highlighting the need to consider energy
management carefully during the design phase. The tool is then used to delve further
into potential development pathways and design sensitivities. The battery temperature
limitation approach taken by Blissett [16] is shown to be sub-optimal, and
recommendations for lap position dependant energy deployment strategies to improve
lap time are given. The contribution here is through the provision of an integrated
methodology for determining lap time sensitivities incorporating energy management
strategies. Additionally, the provision of suggestions for the design and appropriate
sizing of different vehicle components for differing drive cycles highlights the utility

of the tool developed within this thesis.



2. Literature Review

Motorcycles have been around for a long time and there is a large quantity of
literature devoted to most aspects of mechanical motorcycle design, with several good
summaries available [19-21]. However, due to increasing climate consciousness, there
has been a recent surge in interest in electric vehicle technology. This has primarily
been directed at cars and low powered vehicles. Electric motorcycles, particularly

high-performance electric motorcycles, have largely been ignored.

Several manufacturers have begun to offer electric motorcycles, but the performance
of these machines is often inferior to the internal combustion examples that they
compete with. This immediately raises the question of why, and additionally, is this

an unavoidable consequence of electrification?

The investigation into the performance of high-powered electric motorcycles is
ideally suited to simulation as the design space can be thoroughly and effectively
explored before having to invest in expensive components. To avoid the duplication
of existing internal combustion (IC) literature, Section 2.1 begins with a look into
current IC motorcycle modelling. Here, the state of play regarding multibody models,
rigid body models and motorcycle lap time simulation is summarised. This includes
vehicle models described by Sharp [14], Biral and Lot [22], as well as the lap time
simulation methods described by Hauser and Saccon [18] and the optimal manoeuvre
method by Cossalter et al. [23].

This is followed by electric powertrain modelling in Section 2.2. Here the elements
that should be included in a modern full electric motorcycle system model are
identified and highlighted.

The simulation of the high-performance electric motorcycle has had some previous
attempts. Section 2.3 analyses the current state of play. Here, the focus is on the
models published by Dal Bianco et al. [17], as well as the Blissett model [16, 24].
Both models focus on the challenge of the Isle of Man TT Zero as this was, until
recently, the highest-profile electric motorcycle race in the world. The race also has a
particularly interesting challenge with regards to powertrain sizing. Other
comparatively high-performance electric motorcycle modelling attempts are briefly
discussed but those relating to scooters, motocross and e-bikes are not considered as

the low power and range requirements require a less detailed compromise.



Section 2.4 expands this review to include a summary of some recent electric
motorcycle subsystem investigations. Here, several investigations into electrical
subsystems that show promise for an electric motorcycle adoption are addressed.
Section 2.5 then involves a summary of the literature.

2.1. Motorcycle Models

To properly understand any system and be able to usefully develop it, it is common to
create a mathematical model that represents the underlying system. Originally,
calculations would be performed by hand, and the models would therefore require
extensive simplifications to make this feasible. However, as the power of modern
computing has progressed, so has the ability to simulate ever more complex models.
This complexity is used to represent the underlying system more accurately,
improving the utility of the simulation exercise.

The motorcycle has been studied in great detail with several excellent books on the
subject of motorcycle modelling, such as that by Cossalter [19], Lot [20] and Foale
[21]. The reader is directed first to these for a more comprehensive overview of the
field. The following section is targeted at highlighting specific areas of the field of
motorcycle modelling that are relevant to this thesis as a whole.

2.1.1. Multibody modelling

A common method of investigating the response of a complex non-linear system is
first to obtain the equations of motion for the system. The state space method can then
be used to reduce the system of equations to first order, making them solvable by
numerical means. A system of equations describing the motion of bicycles was
derived by Whipple [25] in 1899. An updated version of this method was
implemented for use on motorcycles by Sharp in 1971 [14]. This has been the basis of
modern motorcycle stability and control research. The model implemented is a two-
frame model with a revolute joint at the headstock of the motorcycle. It includes a
simple tyre model and the gyroscopic effects of rotating wheels. A diagrammatic
representation of this model, Figure 2.1, is taken from [26] to illustrate the main

features, the wheels and mass locations, of the model.
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Steer axis

Figure 2.1 — Diagrammatic representation of the Sharp 71 model taken from [26]

The Sharp model has been well documented in its use for IC motorcycles, particularly
for stability and control work [27-31]. The model is directly transferable to electric
motorcycles. So far there has been no published investigation into the effects of a
high-performance electric motorcycle’s mass and dynamic setup on its stability when
compared to a conventional IC machine. The Sharp model is the ideal tool for an
initial investigation into the differences.

The Sharp model has however already been used to model the effect of the electric
powertrain on a low-powered scooter by Hsien-Chung et al. [32]. The investigation
attempted to determine the effect of the lower and rearward centre of gravity on a
production electric scooter’s controllability and comfort. Hsien-Chung et al.
concluded that the CoG position influences these parameters and that a position that is
high and rearwards is worse for stability, and unsurprisingly that careful placement of

the scooter batteries should be considered.

There have been many improvements on the original model and many variations on
the theme including models published by Meijaard and Popov [33]; inclusions of
frame flexibilities and further updates including suspension deflections by Sharp [34-
37]; and further flexibilities, rider modelling and tyre geometries by Cossalter and
associates [38, 39]; and others not mentioned here. Each of these has their own

improvements and benefits.
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However, given the simplicity and widespread use of the original Sharp model, it is
possible to determine if this route is worthwhile pursuing in depth with regards to
high-performance electric motorcycles. There is already a comprehensive body of
work dealing with most aspects of IC motorcycle stability, control and geometry
optimisation and further work would only be a worthwhile use of this thesis if the
existing work is not applicable to modern high-performance electric motorcycles. A
good summary of the field covering multi-body modelling with a particular focus on

rider control is given by Popov et al. in [40].

2.1.2. Tyres

Tyre forces represent the primary external forces on the motorcycle system and
therefore are fundamental to the accurate modelling of a motorcycle. Tyre models
typically relate the tyre load, lateral and longitudinal slips, and camber angle to the
tyre forces and moments. More advanced models can include further sensitivity to
vehicle speed, tread wear, inflation pressure [41] and temperature [42, 43], amongst

other parameters.

The options available when choosing a tyre model range from empirical and physical
models of varying complexity to finite element models with millions of elements. The
finite element model approach and similar computationally expensive models are
typically only used when the ultimate accuracy of tyre modelling is of utmost

importance.

For models that are less concerned with detailed tyre design and simply wish to
represent the tyre’s grip response, it is common to use the Pacejka tyre model as
developed by TU Delft and Prof. Pacejka [44]. This is sometimes referred to as a
semi-empirical model, as it incorporates some structures that have their origin in
physical models and are used to extrapolate the data between successive fitted points.
The Pacejka tyre model is based around the sin(arctan) formula and uses many fitted

scaling factors to modify this base curve to fit test data.

The significant difference between motorcycle and car tyres is the lateral force
generation through camber and the large camber angles experienced [15, 45]. The
Pacejka tyre model was originally developed for car tyre models and required
modification to incorporate the large camber angle behaviour typical of motorcycles.
This was accomplished initially by De Vires and Pacejka [15] who published a
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version of the Pacejka tyre for motorcycles. These equations were then modified and
used as the basis of the Delft-Tyre MFMC (Magic Formula Motor-Cycle) tyre
models. In subsequent years, car and motorcycle tyre models were combined into the
MF-Tyre 6.2 model that encompasses both tyre constructions [46].

One drawback to the use of the Pacejka tyre model is the large number of parameters
that are required to be fitted and the resultingly large quantity of data required. In
addition, the separation from physical force generation mechanisms by their empirical
nature can lead to increased difficulty understanding the process of force generation.
These shortcomings are outlined and addressed with an enhanced string model by
Meijaard and Popov in [47]. However, the Pacejka tyre model is still an extremely
useful and valid tool, and its widespread use ensures that data in this format is readily

available.

2.1.3. Performance Envelope

A vehicle performance model requires a method of determining the limits of vehicle
performance. There are many ways to determine these full vehicle response limits.
Examples range from a simple point mass with a given friction circle and defined
trajectory [18] to a full multi-body model with multiple degrees of freedom, free
trajectory, rider modelling and road previews [27]. As with tyre modelling, there are

variations in accuracy and complexity with associated computational penalties.

Massaro and Limebeer provide a good summary of modern and historic minimum lap
time simulation techniques in [48]. A useful rule of thumb contained within this paper
is that a free trajectory full dynamic model approach solved as an optimal control
problem will take two orders of magnitude more time than a fixed trajectory Quasi-
Steady-State (QSS) approach. A QSS approach simplifies the solution of the
equations of motion of the vehicle by assuming that the vehicle is in a momentary
equilibrium. As a middle ground, a free trajectory QSS approach has also been
developed in [49] but this is still an order of magnitude more computationally

expensive than the fixed trajectory approach.

Direct simulation using a multibody model and rider would be highly computationally
expensive for the oM TT, a 37.7-mile course, and likely provide little benefit over a
simpler technique, especially during the concept phases of design. A common
technique originally used to evaluate racing cars is the use of a ‘GGV’ surface to
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describe the limiting vehicle performance and then interpolating this performance
envelope to determine the performance over a full lap. GGV stands for the three axes
of the plot in question, lateral acceleration in ‘g’, longitudinal acceleration in ‘g’ and

vehicle velocity, commonly m/s.

A GGV surface is a method of illustrating the maximal lateral and longitudinal
steady-state acceleration combinations of a vehicle with respect to velocity. This was
first introduced by Milliken and Milliken [50] and has been adapted for use with
motorcycles by Biral and Lot [22]. The method outlined in [22] derives the limiting
accelerations from a rigid body model that includes tyre friction coefficients but
neglects suspension displacements, steering angles, body inertias and other finer
details. This is simple and effective but has some limitations, particularly with regards
to the lack of downforce inclusion and the assumption that the front and rear tyres
have identical friction coefficients. Additionally, the possibility of a front-wheel-drive
motorcycle is ignored in both models.

A two-dimensional illustration of this approach applied to both motorcycles and cars
is taken from [49]. Here the diagram is referred to as a GG plot as the third (velocity)

dimension is not illustrated.

—-—-gar
—— motorcycle

Figure 2.2 - GG diagrams for both cars and motorcycles at v=20 m/s (left) and v=80 m/s (right), taken from [49].

Although the quasi-steady state method is shown to give an acceptable approximation
of the limit performance of a high-performance motorcycle [18] there are areas where
caution should be exercised. This is particularly with regard to roll rate limitations, as
well as the highly transient switch from acceleration to braking phases, where tyre
load variation is assumed instantaneous by the quasi-steady-state method. In reality, it
takes time to fully develop the front tyre load and resultant force.
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2.1.4. Optimal Manoeuvre Method

A body of literature published by Cossalter, Lot, Biral and co-workers [17, 23, 51-53]
makes use of the ‘Optimal Manoeuvre Method’ to calculate the optimal trajectory and
rider inputs to generate the minimum lap time, given a set of boundary conditions
such as tyre grip, CoG position and motor torque, encapsulated within a vehicle
model. The optimal inputs are then determined with a penalty function used to ensure
the vehicle remains within a given circuit boundary. The initial description of the
method is given by Cossalter et al. [23].

The approach has been used with good success for a variety of events optimising CoG
positioning [51] and even electric motorcycle battery sizing [17]. It has also been
extended to include 3D road profile modelling [54]. This approach is extremely useful
for the design of high-performance motorcycles, but the computational burden of this
approach is large when applied to the full loM TT Course with a detailed electric
powertrain model, given the length of the lap. This fact is reinforced by Dal Bianco et

al. [17] and again by Massaro and Limebeer [48].

2.2. The Electric Powertrain

Electric vehicles have been around for a considerable amount of time with Ferdinand
Porsche himself having marketed his first electric car in 1898 and the in-wheel
electric hub motor in 1900 [55]. As a result, there is a multitude of different models
with a multitude of differing advantages and disadvantages, and it would be

inefficient to attempt to investigate them all and summarise them here.

The overarching aim here is to identify useful learnings that have been generated
through the development of dedicated powertrain, car, aircraft, and other vehicle type
models and summarise the benefits and drawbacks of these approaches, if applied to a
high-performance electric motorcycle. As such the pertinent learnings with regard to
powertrain modelling and energy deployment strategies as part of the design process

are included here as follows.

2.2.1. Electric Motor and Drive Modelling
The major components of an electric powertrain are an electric motor, which
transforms electrical energy into mechanical energy; a motor drive, which regulates

the flow of energy from the battery to the motor; and the battery itself, a DC source
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that electrochemically stores energy. The accurate modelling of the states and losses

within these components is key to modelling the powertrain.

Electric motors have been around for longer than 1C powered vehicles, and there is a
myriad of different designs. One of the major forks in motor design is between
alternating current (AC) and direct current (DC) motors. Early vehicle motor designs
used DC due to the lack of power electronics required to control variable speed AC
motors, particularly when considering onboard storage is commonly a battery (DC
source). Historically, the requisite power electronics were heavy, difficult to control
and limited in their power capabilities. And as a result, early electric vehicles tended
towards DC motors with some success [56].

To generate a changing magnetic field in a DC motor, commutators and brushes are
used. The physical rotation of the rotor changes the direction of current flow through
the armature. The drawback here is limited efficiency due to the losses within and
maintenance required for the commutator. Additionally, there is reduced power
density and overload capacity due to the difficulty in extracting heat from the rotating
armature [57]. In comparison, the AC motor excels here as it does not require brushes
and commutators, and motor windings are fixed. This leads to greater flexibility in
cooling design. Relatively recent advancements in power electronics and AC motor
design have notably improved their availability, performance, and cost [58]. As a
result, most electric vehicles have now switched to using AC motors.

The most common AC machines used in vehicles are the Induction (IM) and
Permanent Magnet (PM) machines. Contemporary machines have focused on
Permanent Magnet Alternating Current (PMAC) designs for reasons of efficiency and
torque density. Electrical machine types and their respective suitability for vehicle
applications are discussed in more detail by Finken et al. [57]. Of these, variations
include Interior Permanent Magnet (IPM) and Surface Permanent Magnet (SPM)
rotor technologies. IPM rotors have permanent magnets embedded in an iron rotor

core and are a combination of the IM and PM design.

An example of IPM construction is shown in Figure 2.3, this photograph is of the
Parker GVM-210-150 [59] as used on the Nottingham electric motorcycle. As can

also be seen surrounding the rotor is the stator which has been potted in a resin. This
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is commonly done to help manage the temperature in the stator windings by providing

a thermal mass and improving thermal conductivity to the coolant passageways [60].

In this case, the cooling system involves water passed through copper tubes
surrounding the stator. It should also be noted that the coolant circuit to this motor had

failed, resulting in severe overheating, hence the blackened appearance of the resin.
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Figure 2.3- Example of the IPM motor construction technique. Image is of the Parker GVM-210-150 used on the
University of Nottingham electric motorcycle

SPM rotors usually comprise a ring of surface-mounted permanent magnets on the
outside of a rotor, retained by either an Inconel or carbon fibre sleeve. SPM motors
generally have increased torque density and higher efficiency but also higher cost,
mainly due to increased magnet volume. As an example, the design of a particularly
high torque density motor using a dual rotor arrangement for electric motorcycles is
outlined in [61].

To create an accurate representation of the torque output and motor current inputs to
an inverter fed PMAC machine throughout the operating regions of the motor, the
approaches used in [62-64] can be combined. Winding losses and core losses
generally form the bulk of the motor losses [65] and can be approximated using the
approaches in [66, 67].
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The next item is the motor controller/motor drive/inverter - the terms are often
incorrectly used interchangeably. An inverter simply converts DC to AC and is not
necessarily used to drive a motor. A motor drive consists of capacitors and high
current switches and is used to drive a motor. These capacitors smooth the input
voltage, and the switches are controlled by a motor controller to regulate the output
current to the motor phases by manipulating the voltage applied to each phase. This is
done in accordance with the desired torque versus speed output. The major loss
component here is the switching and conduction losses associated with the operation
of these switches [68]. To give reference to the typical motor drive construction a

CAD image of a typical motor drive is shown in Figure 2.4 [69].
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Figure 2.4 — lllustration of typical three-phase motor drive construction, taken from [69]

Traditionally insulated-gate bipolar transistors (IGBTs) have been used for high-
powered motor drives but Silicon Carbide MOSFETS, metal-oxide—semiconductor
field-effect transistors, are now becoming the norm for high-power, high-efficiency
drives. This is due to the potential efficiency gain from the reduction in switching
energies amongst other reasons. These losses are commonly approximated for IGBTs
and MOSFETSs, with reference to the motor operating condition, using the methods
outlined by Graovac [68, 70].

2.2.2. Battery Modelling

The battery is arguably the element which contains the biggest compromise in terms
of competing requirements in an electric vehicle. Battery design requires a balance of
energy density, power density and total storage capacity against mass and cooling

requirements, with associated mass and drag penalties. A different solution exists for
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each drive cycle. The battery must provide all the energy to propel the vehicle and its
associated losses as well as store any regenerated energy without overheating. In a

high-performance machine, it must do so efficiently for the minimum mass possible.

Relatively recent advancements in the commercialisation of improved battery
chemistries have significantly improved their energy density [71]. As can be seen in
Figure 2.5, taken from [71], the more recent lithium-ion (Li-ion) based chemistries
significantly outperform the traditional lead-acid and Nickel-Cadmium (Ni-Cd)
chemistries. This is in terms of gravimetric and volumetric energy density; these are
key factors to reducing the mass and volume of a high-performance electric
motorcycle. As a result, the Lithium-ion chemistry is the focus of the remainder of
this thesis.
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Figure 2.5 - Plot of volumetric and gravimetric energy densities of common battery chemistries from [71]

A battery utilises a reversible electrochemical reaction and as such its performance is
governed by the chemical processes and diffusion rates within the cell as well as the
external electrical demands placed on it. A battery’s response is dependent on several
factors including its construction, temperature, and state of charge [72].

When considering performance optimisation it is important to understand the limits of

safe operation, and in the case of batteries, the limiting factor is the point at which the
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electrode coating material begins to degrade [73] leading to internal short circuits and
thermal runaway. This typically begins around 80 °C. It is worth noting different cell

constructions have differing self-ignition temperatures [74].

The battery model that is commonly used, from a simplicity standpoint, is a model
that considers the battery as an idealised voltage source with a series resistance, as
used before by Blisset, Dal Bianco and Lot [16, 17, 24, 75] and others. This gives an
instantaneous approximation of battery response. However, this series resistance
value is in reality, affected by battery temperature and state of charge [76].
Additionally, the time-dependant response over multiple seconds caused by the
underlying electrochemical reaction is omitted. The combination of these factors
gives a poor approximation of the battery voltage which is important for determining
the motor field weakening performance and the battery and inverter losses. This is in
turn responsible for determining both the battery temperature state of charge and the

motor output torque, critical parameters in a high-performance machine.

In addition to this, the assumption of fully reversible battery behaviour is also an
oversimplification. Plett and Birkl et al. [76, 77] highlight an open circuit voltage
hysteresis effect that is also overlooked by the singular directional approach and by
other contemporary electric motorcycle models. Due to the use of regenerative
braking, the battery current will be bidirectional, resulting in increased voltage
prediction errors, if not accounted for.

In addition to the voltage hysteresis, a state of charge related battery temperature
variation can also be found, due to the entropy variation within the cell. This is due to
the altering chemical state of cell components during discharge. A common method to
determine this relationship is the potentiometric method where a cell is placed in a
climatic chamber and the temperature varied at multiple states of charge (SoC) [78].
This method takes days to complete each test. A faster calorimetric method is

proposed by Damay et al. [78] that claims similar levels of accuracy.

The caloric method is simply an energy balance method. Thomas and Newman [79]
derive an expression for the heat sources in a lithium-ion cell. The heat sources
considered are ohmic (resistive) heating, entropic heating, and the heat of mixing. The
heat of mixing is generally neglected as insignificant in a properly designed cell [79].
A simplified version of this equation, neglecting the heat of mixing, is also given by
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Damay et al. [80]. The method outlined by Damay et al. [78] is the method explored
and expanded upon in Chapter 5.

2.2.3. Energy Management

The energy management of an electric vehicle is extremely important given the mass
penalty associated with additional storage. A constant trade-off between battery
power, energy density, heating and mass is in play when designing an electric vehicle.
However, as there is complete freedom over battery design, the goal is to determine:
a) what battery management is required; and, b) what optimal deployment is
achievable by a normal rider. Battery design decisions primarily relate to the energy
density of the battery pack, the energy sensitivity to lap time and the mass sensitivity

to lap time.

The optimal control approach as used by Biral, Lot, Cossalter and others [17, 23, 51,
52] for motorcycles, as well as similar approaches used by Herrmann [81] for high-
performance electric cars, is useful here as it is possible to determine the optimal rider
control inputs that result in the optimal energy deployment. However, the solution
time, especially with increased model complexity, is of concern.

Rider integration is an important part of any control strategy, and it is important to
remember that a rider will not be able to perfectly follow a prescribed trajectory or
modulate the throttle exactly to achieve a perfect lap. The temptation is to use the vast
array of electronics available to manage this deployment removing the rider’s reaction
time as a constraint. This is attractive until the realisation that a rider’s confidence and
ultimately lap time correlates to his ability to have ultimate authority over the
predictable behaviour of his machine. This is no more keenly felt than when road
racing due to the increased risks involved. In response to this, a suitable energy
deployment strategy is restricted to only allow intervention in a limited form (power
clipping and velocity limitation), and only when the machine is well past the corner
exit phase. This simplified requirement reduces the benefit of the full optimal control
approach and fits well with the simplified direct approach from Sheard [82]. An
additional point to note is that most race series restrict the use of sophisticated control
systems attempting to make the racing ‘about the drivers’ [83].

Sheard [82] uses a simple direct method to determine lap time sensitivity to energy
deployment. Here the straights are identified and incrementally the difference in
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energy usage and lap time is computed for multiple points along the ‘straight’. By
comparing the deployment sensitivity of each point around the lap, a global
deployment threshold value can be set corresponding to the maximal energy available
in the battery and used to determine the deployment map. This has benefits of
simplicity, however, issues can arise with the automated definition of ‘straights’, and
the vehicle model used by Sheard omitted any form of consideration of battery
temperature, motor operating condition, lateral tyre force or braking. These omissions
make the gains identified unachievable, as demonstrated in Chapter 7. A particular
benefit of this approach is that the energy lap time sensitivity for a given powertrain
and mechanical setup, required for the battery sizing determination, is already

computed.

2.3. The Electric Motorcycle

There have been many attempts to build electric motorcycles throughout the years,
some with great success. Until relatively recently most were forced to use DC motors
and lead-acid batteries, as this was the only commercially available technology
suitable for the purpose.

The advent of the lithium polymer cell led to a step-change in the energy density
achievable from the battery pack (see Figure 2.5). This in turn led to a significant
improvement in the viability of electric motorcycles as the whole vehicle could be
made smaller and lighter as a result. These early machines still featured DC motors
however with advancements in motor power density led by the Agni motor [84]. The
combination of these factors resulted in a surge in interest in building electric
motorcycles. In tandem with any new technology comes a sense of competition, and

therefore an interest in racing.

The first mass participation electric motorcycle race, that the author is aware of, is the
2009 TTXGP, held on the Isle of Man TT Mountain Course. This was won by Rob
Barber riding a converted Suzuki GSX-R750 [85]. The machine featured two Agni
95R motors and a 12 kWh lithium-polymer battery pack [86]. The race was won with
an average lap speed of 87.4 mph. As can be seen below, Figure 2.6, its construction
involved the retrofitting of an electric powertrain to an existing internal combustion
machine. This is typical of the design of many of the early modern electric

motorcycles.
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Figure 2.6 - Agni TTXGP inaugural winner, image from [85]

This type of construction was copied by many contemporary machines. However, it
was not long before the search for superior performance led to the adoption of PMAC
motor technology. Notable examples of this include the partnership between Mission
Motors and Mugen Honda on the Shinden San [87] which won the 2014 TT Zero race
(the successor to the TTXGP at the Isle of Man TT) with a 117.366 mph lap [88]. A
picture of this machine without fairings to illustrate the step-change in technology

levels is shown in Figure 2.7.

Figure 2.7 illustrates the rapid pace of development from the initial converted IC
machines to the fully integrated custom carbon fibre chassis design encompassing the
100 kW PMAC powertrain only five years later. This rate of development is a
common side benefit of effective competition. This is one of the reasons why electric
motorcycle racing is an important area of focus when developing high-performance
machines. The current state of vehicle modelling for these high-performance

machines is outlined in the following section.
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Figure 2.7 - Picture of Mugen Shinden San without fairings, from [89]

2.3.1. High-Performance Electric Motorcycle Modelling

The only published examples of existing high-performance electric motorcycle
models are race-focused. Of these, the Isle of Man TT Zero is the most common
choice of circuit. This is because the oM TT Zero is a particularly difficult race for
high-performance electric motorcycles, due to its long-distance and high-speed
nature. This means that the effect of design compromises with regards to the electrical

powertrain is magnified.

Another advantage of focusing on the loM TT, with it being a long road race, is that
any improvements realised here will be directly transferable to the safety and
performance of road-going machines. Range anxiety is a common issue that faces
electric vehicle adoption. When attempting to match an internal combustion (IC)
motorcycle in road driving range (150-200 miles), it quickly becomes apparent that
similar levels of stored energy to those used on the TT Zero machines are required.
This makes the learnings from TT specific motorcycle designs particularly applicable

to wider use beyond racing.

The first motorcycles that raced at the loM TT Zero were converted IC engine
machines featuring a small lithium-Polymer battery pack combined with a DC motor,
most commonly the ‘Agni’ Motor [90]. Examples of this type of construction and
some early powertrain modelling can be found in papers published by the Brunel
Racing team [17] and the MIT [91] entry for the 2011 TT Zero. Many of the other

machines were constructed without the use of any real performance modelling. As a
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result, there are a few published examples and of those, the most relevant are

examined here.

The earliest published electric motorcycle performance model was constructed by
Rodgers et al. This was used as the basis of a 2011 entry into the TT Zero [91]. The
model is a highly simplified model that determined the input and output power from a
single DC motor. It then determined a battery capacity requirement by using the track
profile and assuming the motorcycle maintained a constant velocity throughout the
lap. A second approximation was made by assuming the motorcycle maintained a
constant power throughout the lap and determining a battery capacity for this cycle.
The discrepancies between these two were resolved by simply assuming the real lap
would lie between the two. The full lap power consumption estimate was within 5%
of the measured value, and the modelling was reported to be a success. However, this
is a poor model performance indicator as the rider’s aim is to hit the power

consumption target thereby maximising the effect of the onboard storage.

An improvement on this model is the model proposed by Dal Bianco et al. which is a
retrospective look at the early Brunel University entry for the TT Zero [17]. Again,
this model concerns a DC motor and a somewhat simplified approach by modelling a
mono-wheel. This decision was sensibly taken as a simulation time-saving exercise.
The approach is appropriate for the machine under consideration and allows the effect
of gross design changes to be quantified objectively. However, modern machines are
significantly more powerful, and when operated at the extremes of performance it is
common for wheel lifting limitations to be a key performance limitation. In addition,
the low fidelity battery model and lack of battery temperature monitoring is a further
issue as this can be a major contributor to machine performance. As an example, the
optimum lap speed predicted by the model is an 85.7 mph lap, however, the
Nottingham student-built machine achieved a 109mph lap in the same year that the

paper was released.

The initial DC motorcycles mentioned above have been quickly superseded by much
higher-powered, highly efficient, PMAC (Permanent Magnet Alternating Current)
motors [92], where dedicated chassis designs to accommodate the increased volume
and weight of battery are required [93, 94]. These higher-powered, more efficient

machines have led to the lap speeds increasing along with the required battery
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capacity. The average lap speed increased from 96 mph to 121.8 mph average in the 9
years that the race was running [95]. A comparison of this increase and the
corresponding increase in IC motorcycle speeds over the same period is neatly
illustrated in Figure 2.8, taken from [96].

225 140
= ‘ =)
£ 200 el 120 B
£ M i é
= 175 T o -
° = N Lo . @
[ o & 100 g
o 150 o~ o
& R 4 =i R
© i (<))
o 125 = P S &
- D o e -
= 100 R = 60 @
g il = <
g 75 {% =
@ 7 40 9
g 50 . »
e + Gasoline ©
© e 20 W
w 25 i Electric
0 +——™= — v 0
[T, e B N «) W AT S~ N R« Y AV, WY S B )
O o4 N M M S N O NN O DO o o
QOO DD DD DN DO O O
T = = " " " " 1 " " " 1 N NN

Yea r Lennon Rodgers, June 2019

Figure 2.8 - Plot of fastest lap speeds at the Isle of Man TT by year, taken from [96].

There are two published examples of a powertrain optimisation exercise utilising a
PMAC motor around the IOM TT course. The first example was developed by
Bonnel-Kangas of Ohio State University for the 2014 oM TT. Here an axial flux
PMAC motor was used to record a 3" place finish [97]. The second is by Blissett [16,
24].

The model by Bonnel-Kangas attempts to follow a prescribed velocity profile using a
lookup table of motor performance. Motor drive losses are neglected and battery
power limits are considered as a function of the state of charge, but it is not made
clear exactly how. This led to an appreciation of the motor settings and battery
capacity required to reach the target lap profile but is of limited use. This is because
not only is the lap limited by the reference performance of an entirely different
machine, but major losses are neglected, battery temperature is not considered, and

neither is tyre performance.
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In a paper published by Blissett [24], a modern PMAC motorcycle powertrain is
modelled and the effect of motor design, efficiency, vehicle mass and pack capacity
for the TT course is modelled and grid searched. This model considers the electrical
system in more detail than any previous attempt directly modelling the motor torque
generation as a function of the battery voltage, including motor drive conduction and

switching losses, and approximating the battery temperature.

There are several issues with this approach. Firstly, the lack of a tyre model will
contribute to a motor load profile that is shifted from reality. Secondly, the battery
model is basic with a fixed internal resistance used in conjunction with a lookup table
of open-circuit voltage and state of charge, resulting in the model response being
unaffected by temperature variation and requiring ‘fine tuning’ at each event. This
reduces its predictive ability and contributes to the need for performance limitation
through battery temperature management strategies at the race event. Thirdly, the
motor model used assumes surface permanent magnet (SPM) control strategy is
appropriate even though the motor is of Interior Permanent Magnet (IPM) design.
Lastly, the motor regeneration torque is simply an assumed fixed value unresponsive

to rear tyre load variation.

The simulation strategy in Blissett [16] is based around using previously recorded
corner speeds and effectively simulating a drag race between corners. The approach
assumes that a small difference in corner speed will likely have little impact on the
sizing of electrical components. This is true if the reference lap and actual lap are
extremely close in profile and there are no significant lateral accelerations between
the points defined as corners that serve to reduce the longitudinal tyre force available.
This approach soon becomes invalid if motor power is changed significantly or the
reference rider does not perform a perfect lap. Additionally, if the lap speed increases
beyond that which is modelled, road curvature that was non-limiting at a lower speed

can become limiting to performance at higher speeds.

A separate electric motorcycle battery investigation was used by Brodsky for Pikes
Peak International Hill-climb (PPHIC) [98]. Here the process of optimising the
battery pack for a specific event is discussed but the powertrain and vehicle

performance are ignored. The design again focuses on using previously collected lap
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data as opposed to simulating the updated performance and designing to that

requirement.

An additional investigation by Méller into PPHIC [99] is focused primarily on
sprocket sizing using previous lap data with little consideration for increased loss

modelling, battery temperature, powertrain response or tyre modelling.

In summary, there is no available model that considers both the modern electric
powertrain in sufficient detail and correctly determines the lap performance based on
physical machine limitations, such as tyre performance. This is required to be able to
effectively predict performance, particularly with regards to the expansion of the

performance envelope and use at multiple events.

2.4. Relevant Performance Investigations into Electric Vehicles
As electric motorcycles are a relatively fertile area for new performance
investigations, several potential subsystem developments have been investigated and

their potential applicability is summarised here.

2.4.1. Regenerative Braking Traction Control

One obvious starting point is the use of the electric motor as a regenerative brake that
converts kinetic energy into electrical energy for storage in the onboard battery pack.

This is useful as any energy that can be recuperated in this manner is energy that does

not need to be carried around the track in the form of extra cells.

Several authors [100-102] have attempted to model the use of the electric motor as a
regenerative brake. The modelling in question was used to show how active control
can be used to mitigate an issue that arises with the overuse of rear regeneration. The
issue is that adverse conditions, i.e. high weight transfer to the front wheel, can cause
the rear wheel to lock under braking. Without adaptive control, there comes a
compromise between the desire to maximise regeneration and the desire to have the

rear wheel not lock.

This is useful, and the core requirement of optimal braking distribution is also
explored by Cossalter [19] and others. This highlights that any model used must
consider the unloading of the rear tyre and resulting changing tyre performance to

correctly capture the regeneration performance.
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2.4.2. Two-Wheel Drive

When attempting to increase the amount of regenerative braking available it is evident
that most braking energy is expended through the front brakes. To harvest this energy
a motor linked to the front wheel is required.

Detailed modelling of the corner braking scenario was undertaken by Bauman et al.
[100] and the potential stability improvements of having an electrically controllable
front and rear brake were investigated. This model was partially validated through the
construction of a demonstrator [101], however, the demonstration vehicle is low

powered and not used for racing.

The algorithm employed by Bauman et al. [100] aimed to increase the corner braking
stability of a motorcycle by minimising the brake steer torque (BST) gradient. It
utilised an electric hub motor to modulate the ramp rate of torque applied to the front
wheel whilst also maximising the rear wheel braking effect. The model also considers
the motorcycle tyre friction ellipse to prevent the locking of either wheel. This is the
part of the model that is likely to be most useful in a racing scenario as an experienced
racer should be able to pre-empt and deal with any BST spikes.

A pure Anti-lock Braking System (ABS) style approach to two-wheel-drive (2WD)
electric motorcycles was also undertaken by Lin and Weng-Ching in [103]. Here a
simple upright slip ratio control algorithm is implemented. This can be improved by

the consideration of camber angle [104, 105].

Further investigations to see if front-wheel-drive can be used to improve the
motorcycle’s cornering or acceleration phases were undertaken by Griffin and Popov
[31] who concluded that there may be a slight benefit in the efficiency of power
delivery. They did not determine a performance benefit in terms of ultimate
acceleration performance. Interestingly separate anecdotal evidence claims an

increase in cornering stability with a 2WD motorcycle [106].

Work on the use of 2WD in electric motorcycles was also undertaken by Abumi and
Murakami [104] where a slip ratio control algorithm that considers camber angle is
developed and evaluated. This control method showed promise in dealing with
variations in road grip levels and was further expanded to include the effect of rider
position through the double inverted pendulum model [105]. An example of the

second method on an electric scooter was proposed by Chen et al. [107].
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One issue remains, however, how to transfer the drive to the front wheel? There are
two relatively well known attempts that have involved hydraulic motors [106] or a
system of telescoping shafts and bevel gears to transfer the drive to the sprung portion
of the motorcycle [108]. These systems have the benefit of comparatively low un-
sprung mass increase but lack efficiency. To date these systems have been designed to
handle low torque, approximately 15% of the motorcycle’s total traction force, this

also somewhat limits the regenerative capability using existing systems.

Again, the takeaway here is that full utilisation of the tyre performance envelope is
key to maximal performance and by the powering of the front wheel it is possible to
increase the size of this performance envelope. Therefore, this functionality should be
included in an electric motorcycle model to evaluate the design trade-offs associated
with it.

2.4.3. Hub Motors

The simplest and most efficient method of implementation for the front-wheel-drive
electric motor is the incorporation of the electric motor into the front wheel hub. The
effect of increased un-sprung mass on the road holding performance of a vehicle is
understandably widely reported to be negative [109-111]. To give context to this
motor integration technique an image of a commercially available hub motor is shown

in Figure 2.9.

Figure 2.9 - Electric hub motor integration into motorcycle wheel [112]

Some studies have attempted to quantify the effect of the un-sprung mass on vehicle

handling performance. One paper [111] used the half motorcycle model to evaluate
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the effect of a 10kg electric motor in varying configurations. The motor was mounted
in three positions, in the vehicle body, rigidly mounted to the wheel and suspended
independently within the wheel. The conclusion was that the best solution in terms of
roadholding is having the electric motor mounted within the vehicle body, the worst is
rigidly mounted to the wheel but the inclusion of a well-tuned suspension element
between the motor and the wheel mitigated some of the issues. Further research into
suspending the motor relative to the wheel is conducted by Luo and Tan [109] this
time establishing that there is a benefit (relative to a rigidly mounted motor) to the

motors performance as well as the vehicle road holding from suspending the motor.

The quantification of the benefits of this system is not possible without a full cycle
efficiency investigation that includes variation in tyre performance, so this

functionality will be advantageous in a full system model.

2.4.4. Electronically Actuated Suspension

Research into the use of active suspension has shown that it can have a beneficial
effect over a simple passive spring-damper system. T.H. Pham et al. indicate that the
RMS suspension displacement can be reduced by as much as 31% by the
implementation of active suspension [113]. As the electronic vehicle has a large
power source available the use of electronic active suspension becomes a more

enticing possibility.

T.H. Pham et al. [113] investigate the use of active suspension to increase the
driveline efficiency by reducing the kinetic energy expended through the suspension.
They achieve this by calculating the increased power requirement as a function of the
RMS suspension displacement. However, the system model determined that the
power required to run the active system was larger than a) the energy saved in
driveline efficiency and b) the energy regenerated by an active suspension system

even when both were combined.

Amati et al. [114] also investigated the implementation of an active electromagnetic
suspension as an energy recovery device. The electrical machine was specified to
deliver the required performance with minimal mass. The result of this exercise was
encouraging with an electronic active suspension that fitted within the confines of the

original spring damper unit and had a mass that is only a 20% increase over standard.
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Assuming that the approximate suspension energy usage reported in [114] is correct,
100% recovery would recoup 200-300 W. Expanding this to the entire TT Zero lap
yields an ideal maximum of 85 Wh. This equates to approximately 460g of battery
[115] saved at the cost of a 20% increase in the suspension element mass. This plus
the additional complexity quickly negates its use from an energy recovery standpoint

even with highly optimistic assumptions.

Semi-active suspension systems have also been shown to provide benefits to the road
holding of road vehicles with a lower energy cost than that of the fully active systems.
Balamurugan and Jancirani [116] suggest that an electro-rheological damper may suit
the HV nature of the electric motorcycle and that both active and semi-active may
have the potential for offsetting the problems associated with increased un-sprung

mass inherent to hub motors.

In summary, the benefits to electronically actuated suspension are limited to the road
holding with negligible benefits for the powertrain. Although, an interesting avenue
for research, this has been well explored and it does not satisfy the aims of this thesis.
For further reading on active suspension Balamurugan and Jancirani [116] have

prepared an in-depth summary.

2.5. Summary

The literature review has covered a wide range of areas concerned with electric
motorcycle performance. These have been broadly defined as motorcycle modelling,
electric powertrain modelling and finally the combination of these elements the

electric motorcycle.

The first of these, motorcycle modelling, particularly multi-body modelling of
motorcycles, is a widely researched field that has been extensively studied for many
years. There has been significant effort invested into developing ever more complex
structural models and control techniques and as such, there is limited scope to

establish novel and constructive avenues here for further research.

However, the development of enabling electric vehicle technologies such as the
lithium polymer battery and modern power electronics have permitted the relatively
recent development of high-performance electric motorcycles. The key to
understanding and optimising the design trade-offs inherent in the development of

electric vehicles is the full vehicle modelling and simulation of these vehicles.
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The full vehicle level system modelling of a high-performance electric motorcycle is
not fully explored by existing literature and given the growing interest in electric
transportation and high-level competition, there is utility in investigating these more
thoroughly. There are a few previous attempts that handle individual elements well.
Notably from Blissett [16] who focuses on SPM motor development, and Dal Bianco
et al. [17] who analyse the lap time response of an early competitor in the TT Zero
race. Both have their merits, however, neither manages to fully capture the whole
vehicle response of a modern high-performance electric motorcycle.

Therefore, the following two knowledge gaps with regards high-performance electric
motorcycles have been identified:

The fully integrated vehicle performance modelling approach, with regard to high-
performance electric motorcycles, has yet to be researched in detail. This is
particularly with regards to a model featuring a detailed battery model, modern

PMAC powertrain, vehicle body response, and tyre modelling.

No previous work has focused on the stability of high-speed high mass electric
motorcycles however there is considerable work concerning internal combustion
examples and little to add in this regard if the response of an electric motorcycle is

similar to that of its internal combustion counterpart.
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3. Electric Motorcycle Benchmarking and Stability Analysis

Several areas of high-performance electric motorcycle design have not been fully
explored by the current literature. One of these areas identified is the stability analysis
of the high-speed, high-mass electric motorcycle and its specific compromises in
terms of high inertia and non-standard gear ratios. However, as there is considerable
literature regarding the stability and control analysis of internal combustion machines,

initial investigations are required to determine the utility of exploring this further.

The first step in this process is understanding and benchmarking a representative
high-performance electric motorcycle. Through participation in electric motorcycle
racing activities with the University of Nottingham (UoN) and the University of Bath
the author gained access to contemporary electric motorcycle data and the ability to
perform vehicle and component testing. As a result, much of the following work is
focused on lessons learnt from these race events. To give background to the work and
introduce the particular trade-offs faced by electric motorcycles, this chapter begins
by describing the University of Nottingham Electric Racing motorcycle and other

high-performance machines in Section 3.1.

Section 3.2 then takes a deeper look into the powertrain performance over a target lap
with an investigation into the effect of gearing changes on full-cycle efficiency as
well as the potential inclusion of a Continuously Variable Transmission (CVT). This
demonstrates that it can be beneficial to retain a direct drive arrangement from an
efficiency standpoint leading to the selection of a large reduction ratio in a single

stage. This necessitates the use of non-standard sprocket ratios.

Section 3.3 then evaluates the compromise induced by the non-standard sprocket
choice. An investigation into squat response reveals that conventional squat response

can be restored by altering the swingarm pivot position and motor shaft position.

Section 3.4 compares the body modes of the UoN electric motorcycle with reference
values from literature using Sharp’s model [14]. The principal body inertias are
measured using the bifilar pendulum technique and the response evaluated with

reference to the published data from the original model.

Section 3.5 will present the main conclusions from the conducted research in the

chapter.
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3.1. Research Machine

The major components of an electric motorcycle are outlined in Figure 3.1. Starting
with the rider the throttle takes the rider’s torque demand signal and inputs that to the
motor drive. The motor drive takes this demand signal and determines the correct
inputs to the motor to achieve this demand. More detail on this process is included in
Chapter 5. The energy used to drive the motor is contained in the battery and its
deployment is regulated by the actions of the motor drive. The battery is a DC source
and the motor used is a three-phase AC machine. Therefore, the motor drive must also

convert this DC into a suitable AC waveform.

Having determined and applied the correct motor inputs, the motor transforms this
electrical energy into mechanical torque and supplies this to the transmission. As the
motor and rear wheel operate at different speeds the transmission must transform the
motor torque-speed output into a form suitable for the rear wheel. Having achieved
this, and transferred the torque to the rear wheel, the wheel and tyre transfer this
torque to the road. This generates the longitudinal force required to accelerate the

machine.

Electric
Motorcycle
Battery System Outline

. ; Wheel and Longitudinal
Rider Throttle Motor Drive nM» -

Figure 3.1- Electric motorcycle system outline showing major elements of the powertrain

A modern high-performance electric motorcycle typically consists of a three-phase
electric motor and motor drive with a lithium polymer (Li-Po) battery pack [24]. This
battery pack is a high-voltage DC source and is built from many individual cells. Each
cell has a working voltage range of 4.2-3 VVdc and a capacity typically ranging from 3
to 30 Ah depending on the design. These cells can be stacked in series, which has the
effect of summing the voltages, or parallel, which has the effect of summing the

capacity of the individual cells. In the case of the University of Nottingham machine
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in 2018 TT Zero specification 171 cells are stacked in series (171S) and 4 in parallel
(4P) giving a nominal pack voltage of 633Vdc and 40 Ah capacity for a nominal
stored energy of 25.3 kWh.

A scaled-down example of this pack building technique is shown in Figure 3.2. This
module is only 6S2P but is one of many that are then assembled in series to form the
full battery. The same concept applies to the motorcycle albeit with a different
number in series and parallel. Other common pack constructions make use of
cylindrical cells which have busbars spot-welded or ultrasonically bonded to their

terminals to connect them in the required series/parallel arrangement [98].

The battery pack heats up as it is discharged due to its internal resistance. In most
applications, the cells are cooled using a variety of methods ranging from direct air-
cooling to immersion oil cooling. However, in the case of the Nottingham machine,
the cell specification was set intending to eliminate the need for cell cooling,
simplifying the design as well as reducing the packaging volume requirements. As an
example of the extreme nature of the packaging constraints, images of the Nottingham

machine without fairings can be found in Figure 3.3.

Figure 3.2 - Example battery pack construction.
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Figure 3.3 - Image of Nottingham electric motorcycle with fairings removed

The battery output (DC source) is transformed into a variable frequency and
amplitude sine wave by the motor drive and used to drive the three-phase motor. This
motor can be directly coupled to the rear wheel using a chain drive, as per the
machines built by Nottingham University [24, 61] and Sarolea [94]. Others utilise a
reduction gearbox between these two elements, a good example being the Mugen
Honda [93].

Several differing vehicle setups and combinations of battery voltage, motor drive,
motor and other changes were used throughout the years on the project as can be seen
in Appendix A — Timeline of Electric Motorcycle Racing Activities. However, to
keep this thesis focused, only the motorcycle setups used at the 2018 TT Zero, 2019
PPHIC and 2019 Elvington land speed record attempts are used here. These all share
a common motor drive and motor architecture with the only change being the number
of winding turns in the motor used for PPHIC. The effect of this change is to alter the
torque-speed relationship of the motor for a given motor drive current and battery
voltage, as detailed in Chapter 5. A table of values for the different models and
configurations used throughout this thesis is given in Appendix B — Nottingham

Electric Motorcycle Parameters.

The motor used on the Nottingham machine is a three-phase, brushless, PARKER
GVM210-150 IPM motor capable of producing a peak torque of 257 Nm and
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operating up to 10,500 rpm [117]. This was used to produce up to 170 kW at the rear
wheel through a direct chain drive arrangement. The motor drive is a SEVCON Gen4
Size10 [118] which can operate up to 800 Vdc. It has a continuous power output of up

to 150 kW and a peak output exceeding this.

The major differences in motorcycle construction between the events surround the
battery capacity. This was varied according to the individual requirements of the
event. For the TT Zero, the capacity used is 25.3 kWh. This brings the full motorcycle
mass to close to 295 kg without the rider. The Land Speed record attempt utilised the
battery from the TT Zero. In comparison when racing at Pikes Peak International
Hillclimb (PPHIC) the reduced battery requirements reduce the vehicle mass to
220Kkg.

This variation was achieved by changing the cell type to a higher power density cell
and reducing the number of cells in parallel. This maintains the same pack voltage but
reduces the capacity. To compensate for the reduced capacity and corresponding
increased power demand per cell a cell with higher power density is selected. A table
of battery construction details (Table 3.1) is included below, Battery specifications

have been taken from the manufacturer’s data sheets [115, 119]:

Parameter TT Zero PPHIC
Cells in series 171 171
Cells in parallel 4 2
Cell Model Number | HGB8665155- HGB8665155-
10C 20C
Cell capacity 10 Ah 8 Ah
Cell ‘Nominal’ voltage 3.7 Vdc 3.7 Vdc
Cell Mass 198¢g 178g
Pack ‘Nominal’ capacity 25.3 kWh 10.1 kWh
Total pack cell mass 135 kg 75 kg

Table 3.1 — Comparison of battery pack constructions used at the TT Zero 2018 and PPHIC 2019
3.1.1. Race Event Specific Setups
This thesis uses data collected during racing events at the Isle of Man TT Zero, Pikes

Peak Hillclimb and land speed record attempts at Elvington Airfield. To familiarise
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the reader with the specific challenges and compromises of each event the following

section is dedicated to outlining the challenge imposed by each event.

3.1.1.1. Isle of Man TT Zero

This event is a time trial held once a year at the Isle of Man. It is held as part of the
TT race week and consists of a single lap of the 37.7-mile-long TT Mountain course.
The course average speed for a competitive electric entry is approximately 120 mph
and takes approximately 18 to 19 minutes to complete. The race is held on closed
public roads but there are large sections of relatively straight road where motorcycles
can approach 200 mph. This long duration and high speeds require a large battery
capacity to sustain the high-power demands required for a competitive entry.

The University of Nottingham’s electric motorcycle performance steadily improved
year on year. In 2016 the average speed achieved by Nottingham was 99.884 mph,
achieving a 3" place finish and the fastest ever lap by a university team. In 2017 the
machine was reworked with a focus on reliability and achieved a 109.209 mph
average lap, again achieving a 3" placed finish. The final successful year at the TT
Zero was the 2018 event where the machine broke the previous lap record with a
119.294 mph lap and achieved a 2" place finish to Honda Mugen. This lap time could
still be significantly improved upon as detailed in Section 7.2, but the race has since

been cancelled for the foreseeable future.

3.1.1.2. Pikes Peak International Hillclimb

This race is a Hillclimb held once a year in Colorado Springs USA. The race is again
a time trial event however the course is much shorter at 12.4 miles long, typically
taking just over 10 minutes to complete. The course is at a high altitude and contains a
significant elevation change, the start is at 2860 m and the finish is at 4302 m. The
course itself is also much tighter than the TT course with many more hairpin corners
that reduce the course average speed to only 70mph. This combination of low speed
and short duration means that the energy demands are significantly reduced, and a

significantly smaller battery can be used.

Again, the Nottingham team steadily improved year on year. The first year of
attendance was 2017. This challenge was beset by multiple logistical and technical
issues and resulted in a 785 s run for the team. The second year of attendance, 2018,

was much more successful, winning the electric motorcycle division. However, the
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lap time of 674 s could still be improved upon. In 2019 the team returned and
achieved a 619 s run and achieved the fastest motorcycle ever through the speed trap.
This lap time could still be significantly improved upon as detailed in Section 7.3, but
the race has since stopped accepting motorcycle entries.

3.1.1.3. Land Speed Record Attempt

This event was held at Elvington Airfield in Yorkshire UK. Each attempt at a record
consisted of two runs up and down a 3 km runway. For a flying kilometre attempt, the
goal is to achieve the maximum speed measured over a flying kilometre. For a

standing mile, the goal is the shortest time to complete a mile from a standing start.

For this event, the motorcycle was raced with the TT Zero battery pack, motor and
drive. A smaller ‘tank’ fairing was used to reduce the frontal area of the machine and

the machine was run in both naked and faired configurations.

Some of the records achieved in 2019 with Zef Eisenburg riding the UoN Motorcycle
include: the FIM Naked Electric Motorcycle Flying Kilometre, with a speed of
185.103mph and a best one-way speed of 194.086mph; and the FIM Electric
Motorcycle Standing Mile with an official speed of 135.277 mph [11]. These were
achieved using gear ratio optimisation guided by an early version of the model

developed in this thesis.

3.2. Initial Powertrain Analysis

The goal when designing any high-performance motorcycle powertrain is to provide
the maximum power possible for the minimum mass and importantly for the full
duration of the desired use. This second point is particularly important when
considering electric powertrains as the battery mass is a significant contributor to the
full powertrain mass. This is in sharp contrast to IC machines which are dominated by
the mass of the motor, not the energy storage. When attempting to reduce the weight
of the entire electric powertrain both reductions to the electric motor, motor drive and

the energy storage requirements need to be considered.

Electric motors are limited in their torque density. To increase power with minimum
mass, increasing the motor speed is an effective method. In the case of the UoN
motorcycle, a moderately high-speed motor requires a total reduction ratio of
approximately 5:1 from the electric motor to the rear wheel. This is typical of many

high-performance electric motorcycles using a radial flux motor. In comparison, a
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conventional IC motorcycle will have a primary reduction gearbox between the IC

motor and the chain drive with a chain drive reduction ratio in the region of 2-2.5:1.

Common methods used to achieve the 5:1 ratio for electric machines are a 2:1 primary
reduction gearbox followed by a standard chain drive reduction ratio [93], or a single-
stage 5:1 chain reduction. With limited energy storage, it is evident that driveline
efficiency is important. Blissett [24] compares the efficiency of both methods and the
conclusion is that 5:1 direct reduction is the preferred method. This evaluation,
however, is made without considering the full machine sensitivities. A gearbox would

allow the use of a higher speed motor and therefore a potential mass reduction.

Other potential improvements could be realised by using a CVT. By adjusting the
transmission ratio, it is possible to keep the motor operating at its most efficient point
for a larger portion of the lap potentially improving total lap efficiency. The inclusion
of a CVT would drop the peak efficiency but could allow areas of lower efficiency to
be shifted into a more efficient motor region. Additionally, this would introduce a

primary reduction allowing the use of conventional ratios for final drives.

To help give context to the references to electric motor efficiency maps an example
provided by the motor manufacturer Parker for the GVM-210-150 electric motor in
the constant torque region [59] is shown in Figure 3.4. This illustrates the sharp drop

off in motor efficiency as it is operated near to its limits.

By taking the torque-speed trace recorded at the 2018 TT Zero race and interpolating
the published motor efficiency plot it is possible to approximate the full cycle

efficiency for the motor. A total cycle efficiency of 88.7% can be found.

Searching for the most efficient gear ratio from a motor efficiency standpoint
determined that the optimum gear ratio of 18:79 would have had a full cycle

efficiency of 88.8%, a very small increase, see Figure 3.5.

The effect of a frictionless CVT which could vary the gear ratio from 2:1 to 16:1 was
then included. This achieves the required torque demand trace while delivering a
cycle efficiency of 90.39%. However, as soon as one includes a representative
maximum CVT efficiency of 94%, Figure 3.6, it becomes apparent that the losses in

the CVT offset any gain that might be made elsewhere. To match the initial cycle



efficiency a 97.5% efficient CVT would be required. This is beyond even the peak

efficiency (96%) seen in manual transmissions [120].
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The most efficient transmission system is therefore the single reduction ratio.
However, due to the size of the reduction, a corresponding large rear sprocket is

required and the impact of this is investigated in the following section.

It should be pointed out here that the use of a motor efficiency lookup table is an
over-simplification as not only will the motor output vary with battery voltage, the
efficiency of the remainder of the powertrain such, as the motor drive and battery
response, is unaccounted for and will also vary with the motor operation and lap

distance. This will be addressed in detail in later chapters.

3.3.  Squat Ratio

One of the most immediately apparent changes due to the adoption of a single
reduction ratio is the presence of an extremely large rear sprocket to achieve the
reduction ratio required. Changing the size of the rear sprocket changes the angle of
the chain and as a result the reaction of the rear suspension to the application of load.
The reaction of the rear suspension under load is important to the acceleration
response of the full vehicle. It is important, therefore, to understand if there is an
inherent issue with this large rear sprocket selection that cannot be addressed using

existing techniques.
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The reaction of the rear suspension of the motorcycle to driving force can be
characterised as a ‘squat ratio’. A summary of the calculations involved for an initial

investigation is included here but for further detail please refer to Cossalter [19].

By calculating the sum of moments about the swingarm pivot, the squat ratio of a
chain-driven motorcycle ‘Rgg,4.° can be defined as the ratio between the moment
generated by the load transfer, and the moment generated by the sum of the chain
force and the driving force. A method used by Cossalter [19] to calculate this squat
ratio uses the squat angle and load transfer angle. These angles are illustrated in

Figure 3.7.

Static ride height

1000 1

800

G600

400

Height [mm]

2001

0
=400 -200 O 200 400 600 800 1000 1200 1400 1600 1800

Distance from front tyre contact centre [mm]

Figure 3.7 - Diagrammatic representation of reference vehicle squat ratio determination

The Squat line is defined as the line connecting the rear tyre centre patch to the point
‘A’. Here, point ‘A’ is the intersection of the chain top line and a straight line passing
through the centre of the rear wheel and the swingarm pivot. The squat angle is the

angle between this line and the ground plane ‘ogqyq¢ -

The load transfer line is the line of action corresponding to the combination of the
driving force and the load transfer force at an angle ‘t’, the load transfer angle, to the
horizontal plane as defined in [19]. Here ‘h,’ is the height of the centre of gravity
and ‘l,,;,’ is the length of the motorcycle wheelbase. The corresponding load transfer

angle and squat ratio is given by the following equations [19]:
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h
T = arctan <ﬂ> (3.1)
lwb
tan(7)
R =— 3.2
squat tan(asquat) ( )

The squat ratio is important to the trim of the motorcycle. If Ryg,4c = 1, there are no
additional moments on the swingarm. If Rsg,,4; > 1, an additional moment that acts to
compress the rear suspension is created under drive torque application. If Rggq¢ < 1,

a moment that acts to extend the rear suspension is created.

MATLAB was used to determine the rear squat ratio for the full rear suspension
travel. The model defines the motorcycle Centre of Gravity (CoG) position, rake
angle, wheelbase, swingarm pivot location, and sprocket centre location, as well as
front and rear sprocket diameter and wheel sizes. The squat ratio is calculated from
the position of point ‘A’. This is achieved by calculating the position of a line tangent
to the upper surface of the front and rear sprockets, then computing the intersection of
this line with that of the line connecting the rear wheel centre to the swingarm pivot.

The load transfer line is simply a function of the CoG height and wheelbase.

To include the effect of rear suspension travel, the rear wheel vertical movement is
modelled as a rotation of the chassis and associated geometry around the front tyre
contact patch. Allowances can be made for the movement of the front
suspension/motorcycle trim at this point, but these are kept fixed here. The change in
swingarm angle and wheelbase required to achieve the new position is then

calculated, and the new squat ratio is found as described previously.

A target ratio was generated using the standard gear ratio and geometry for a 2008
Yamaha R1, the machine that the UoN motorcycle was based on. The squat ratio is
then calculated for the updated electric motor setup, an error term generated and least-
squares fitting used to manipulate the updated setup to achieve the target profile.
Limits for the swingarm and motor positions as well as chain length variation limit are
used to constrain the analysis. Additionally, the swingarm length is altered to give the

same wheelbase at the static ride height for all combinations.

The effect of the change on the rear squat ratio, if simply swapping sprockets, can be
seen in Figure 3.8. By re-optimising the motor and swingarm position the squat

response can be returned to its original form. This can be seen in Figure 3.9.
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Figure 3.8 - Plot of electric powertrain using R1 motor and swingarm position.
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Figure 3.9 recommends moving the motor forwards and shortening the swingarm to
recapture the original response. Further weighted optimisations can be undertaken that
prioritise swingarm length, or conversely packaging volume, by prioritising a

rearwards position for the motor.

While interesting for an initial look, proper design work should be undertaken to
utilise a more detailed motorcycle model. The purpose of this was to determine if
there is an electric specific chassis design compromise that is not well addressed by
the existing literature. The result and conclusion here is that the existing squat ratio
determination techniques do not require changes to deal with electric powertrain

specific compromises.

3.4.  Multibody Modelling:

A common method of investigating the response of a complex non-linear system is
first to obtain the equations of motion for the system. A system of equations
describing the motion of bicycles was derived by Whipple [25]. An updated version
of this method was implemented for use on motorcycles by Sharp in 1971 [14] and

has been the basis of modern motorcycle multi-body dynamics.

3.4.1. Sharp’s Model

The model involves the linearised equations of motion for a bicycle representation of
a motorcycle. The initial Sharp model published in 1971 [14] is a two-frame model
with a revolute joint at the headstock of the motorcycle, separating the steered mass
from the rear frame lumped mass model. It includes a simple tyre model as well as the
gyroscopic effects of rotating wheels. The position of both bodies relative to each

other is illustrated in Figure 3.10.

The Sharp 71 model involves a simple tyre model and was used in an initial
exploration of the wobble, weave and capsize modes of the motorcycle. The identified
modes are described as follows. Capsize is a non-oscillatory mode whereby the
motorcycle falls onto its side like an inverted pendulum. Wobble is categorised as the
rapid oscillation of the steering head in a ‘shimmy’ like motion. The third and final
mode identified is the weave mode, it is a full vehicle mode. This mode is present
only when a tyre model is included in the simulation. This mode involves the

combined roll and yaw of the entire machine.
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Figure 3.10 - Diagram outlining the main elements of the Sharp model [14]

Here, the equations of motion are initially re-derived symbolically in MATLAB. This
is done with a view to potential future use. The use of MATLAB symbolic toolbox is
used to eliminate errors in the method of deriving these equations for enhanced

models and is validated by comparison to the original model.

3.4.2. Equations of Motion

For the motorcycle model in question, the equations of motion are developed via
Lagrange’s method [122]. Fundamentally, the system is idealised into an array of
rigid bodies and kinematic relationships. The position and velocity of these bodies as
well as the constraints upon the relative movement between these bodies are used to
derive an expression for the energy of the system with respect to the degrees of

freedom within the model.
The implementation of Lagrange’s theory can be sumarised in a few steps [14, 27]:

1. Choose fixed reference frame and local coordinate frames at each mass
centre or joint.

2. Define the physical properties of the rigid bodies and the kinematic
relationships between them including the degrees of freedom within the
model.

3. Define the body positions and rotations and differentiate to find the
respective velocities.

4. Construct equations describing the kinetic (‘T’) and potential energy (‘V’)
of each mass centre as well as the external forces acting such as damping
(‘R”).

5. Calculate the effect of external forces such as tyre forces (‘Q’).
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6. Symbolically perform the differentiations required to form Lagrange’s
equation as stated below and assemble:

d(@T) oT oV aR_

)Ly, (3.3)
dt\dq,/ 0q; 0Jq; O0q; '

To investigate the body modes of the system and validate against published data it is
necessary to transform the equations of motion into state space form and determine

the eigenvalues and associated eigenvectors of the state space matrix [40].

1. The first stage is to linearize the equations of motion by applying small
angle approximations to the dependant variables and removing any second
and higher-order terms.

2. The equations of motion are organisable into the general form shown
below. Therefore, the 5x5 mass (M), stiffness (P, ) and damping (Np )
matrices are formed by collecting the coefficients of the respective
acceleration, velocity, and position terms. Here (q) is a vector of
generalised coordinates. (J,,) is the matrix relating the system inputs vector

(u) to the generalised coordinates of the system.
MypG + Npq + Ppq = Jyu (3.4)

3. Having derived these matrices, it is a simple matter to invert the mass
matrix and express the system in first-order form by forming the standard

state space model.

[Z] ) [—Mz? Ko —Mi‘lcb] HE [M;Olfu] " (3.5)

4. The final stage is to convert the matrix from symbolic to numerical and
input the motorcycle parameter values. Plots of the real parts of the
eigenvalues taken from the ‘A’ matrix, representing the damping ratios of

the modes, can then be compared to the original work of Sharp.

In this model, the origin is defined as the intersection of the rear frame centre of mass
with a line projected vertically down from the motorcycle with zero roll angle. The
base coordinate system is defined as per the SAE system with the Z-axis positive
vertically down, the X-axis positive in the direction of forward motion and the Y-axis

positive to the right-hand side of the vehicle. The yaw, pitch and roll rotations are
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taken in that order and are positive right-hand rule rotations about the global x,y and

z axes respectively.

Suspension deflections are neglected to simplify the model eliminating pitch motions.
A steering input also has the effect of changing the motorcycle pitch, but the effect is

small and ignored here.

Coordinate systems are assigned as follows. The base coordinate system is defined as
above. System 1 involves a yaw rotation and is defined as the base system rotated by
an angle ‘Y’ about the base z-axis. Pitch is neglected, therefore roll (system 2) is the
next rotation and is defined as a rotation of system 1 in the local x-axis by an angle
‘b,

This is where the front and rear centre of mass position derivations diverge. The rear
mass position is simply a translation in ‘z’ to the correct height in the roll axis system.
To determine the position of the front centre of mass it is necessary to include a
further rotation about system 2 by an angle ‘e’ (the rake angle) and then a translation
to the steer axis (system 3). Here the position undergoes a rotation in the steer axis
system z-axis, of an angle ‘0’ (the steer angle), followed by a translation in the local x
and y-axis to give the position of the front frame centre of mass. Homogeneous
transformation matrices are used to perform all these transitions and rotations. Having
found the relationship to the position of the rigid bodies in the original coordinate
frame, the position is differentiated to find the local translational velocities. As an
example, the rear mass position is derived below, for a fuller description Lot has
published a detailed breakdown of the required formulations [30]:

X 1 0 0 x
0 1 0 y
xy [%)/l =10 0 1 0 (3.6)
0 0 0 1
3 o ; [cosy —siny 0 O]
R _ C(.)S¢ s 0 _ _|siny cosyp 0 O
1-yaw = |SinY  cosy 0| =Hyy = 0 0 1 0 (3.7)
- 0 0 L 0 0 0 11
1 0 0 é 0 0 8
Rz—roll = (0 COS¢ _Sin¢ = H23 = C?Sd) _Slnd) (3.8)
. 0 sin¢g cos¢p O
[0 sing cos | 0 0 0 1
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0 1 0 0 O

010 O
Trcg:|: (;l =H,, = 0 0 1 —h 3.9)

I

0 0 0 1

Hoy = Ho1. Hip. Hp3. H3y (3.10)
cosy —cosypcos¢p sinyYsing x—h,.sinpsing
Ho = siny cosypcos¢p —cosyPsing y+ h,sinysing (3.11)
04 0 sing cos ¢ —h, sing '
0 0 0 1

The kinetic energy terms required for the Lagrange method include both the angular
velocity and the translational velocity of the rigid bodies. The angular velocity of each
mass centre is determined by calculating the combined effect of the rotations acting

on that mass centre.

Therefore, the angular velocity of the front and rear frames is given by the calculation

below:
0 ¢
wa =10 + (Rg—roll' [0]) = SiTl((b)lj) (3- 12)
0 cos( Py
0 ¢ 0
Wy = 0 + RZ—Steer.Rg—rake. 0 +(RZ—steer'Rg—rake'Rg—roll' 3}) (3.13)
6 0

To determine the various modes of oscillation the state space form of Sharp’s
equations was formed, and the ‘A’ matrix eigenvalues and eigenvectors were
extracted. It is then possible to identify the modes of oscillation from the shape of the
eigenvectors. References for the expected shapes can be found in Rowel and Cossalter
et al. [27, 28]. Having identified the modes, the natural frequency and damping ratio
of the various modes are extracted from the corresponding eigenvector.

3.4.3. Parameter Values

3.4.3.1. Tyres

Sharp outlines the strong dependence of wobble mode damping on the value taken for
relaxation length [14], it is known that a tyre’s relaxation length is load dependent
[33]. An electric motorcycle, particularly the example studied in this thesis, is
significantly heavier than an equivalent IC machine. It is important to include this

variation. The following equations taken from Meijaard and Popov [33] are used to
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determine the relaxation length ‘ay,,,°. Here the overall deflection of the tyre contact
patch centre in the direction normal to the road surface is given by ‘e, this can be
easily obtained from tyre stiffness and normal load. A small positive smoothing
parameter ‘e’ introduced by Meijaard and Popov [33] is used to obtain the
smoothed nominal deflection ‘€,’. Negative deflections are ignored as this represents
a tyre no longer in contact with the road and therefore the deflection will be zero
(ignoring tyre expansion at high speeds). The following equations are used to obtain
the relaxation length.

~ 1 En 4 (En

4
€n =5 €no ) +1]1>0 (3.14)

no €no

Olong = Olong,0 T Jlong,lén (3.15)

3.4.3.2. Bifilar Pendulum

A Bifilar Pendulum can be used to calculate the in-plane inertia of an object that is
suspended by two ‘filars’ or strings. This technique has previously been used by
Sharp [37] to determine the rear frame inertia of modern motorcycles, therefore
utilising the same technique helps maintain concurrency with existing literature. The
object is suspended above its centre of mass and disturbed by introducing a small
angular displacement about the centre of mass in a plane perpendicular to the ‘filars’
themselves. By measuring the mass of the object - ‘m’, the separation distance

between - ‘df;;4,’, and the length of the “filars’ - ‘Lg;;4,” as well as the angular

velocity — ‘w’. It is possible to determine the inertia of the suspended object about the

rotation axis as follows [123].

2
_ mg dfilar

I =
4Lfilarw2

(3.16)

This technique was used to measure the inertias about the yaw and roll axis of the
UoN electric racing motorcycle. The lifting straps seen in Figure 3.11 remained on the
motorcycle in case of ‘filar’ failure but are expected to have a negligible contribution

to the inertial measurement.
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Figure 3.11 - Image of Nottingham motorcycle suspended as part of the
measurement process

Although a motorcycle has symmetry about the XZ plane it does not have symmetry
about either the XY or ZY planes. This means that the principal axis of the roll and
yaw inertias cannot be determined by inspection. The fact that the Inertia will be
largest about the principal axis is used to determine the angle and magnitude of the
principal axes as follows.

The inertia is measured in three planes corresponding to 0, 32 and 90 degrees from the
motorcycle z axis. This allows the determination of the principal axis and therefore
the cross product through the subsequent rotation from the body principal axis to the

motorcycle axis system.

Offset angle [Degrees] Inertia [kg.m?]

0 27.3
32 214
90 12.2

Table 3.2 — Measured rear frame inertia

By plotting 1/~/T as the magnitude and the axis inclination angle as the phase on a

polar plot it is possible to see that the magnitude of inertia, when inclined from the
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principal axis, describes an ellipse (Figure 3.12) [124]. By fitting an ellipse to this
data, it is possible to identify the principal axes of the body.
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Figure 3.12 - Plot of the 'Inertial ellipse' showing the measured points in the motorcycle axis system and the fitted
ellipse.

The minor and major axis of the ellipse corresponds to the magnitude of the inertia in
the principal axes and the angle of these axes to the reference axes the rotational
offset. The principal axis inclination relative to the rear frame axis system and the
magnitudes I v, and . ,,,, in the principal axes are found using a least-square ellipse
fit. The effect of moving from the principal axes to an axis inclined at an angle ‘6, ’
to the principal axis is as described below and allows the determination of the

respective inertias in the motorcycle rear frame axis system [124].

Ir,xxp + Ir,zzp Ir,xxp - Ir,zzp
Ir,xx = ) + 2

cos(26,) (3.17)

I rXxXp I r,ZZp

IT',XZ -

sin(26,,) (3.18)

This is used to determine the required values of ;. ., I, ,,, and I, ,,. The calculated

results used in the subsequent investigation are tabulated in Table 3.3:
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Variable Inertia [kg.m?]
Iy v ‘ 12.2
Iy 1z ‘ 27.3
Iy xz 1.75

Table 3.3 — Measured rear frame inertias in the motorcycle axis system

3.4.3.3. Rider
The rider’s inertial contribution to the rear frame is non-negligible and should be
included. The rider’s centre of gravity position is determined by measuring the

machine tyre loads with and without a rider, in both the inclined and level positions.

It was not possible to situate the rider on the motorcycle during the pendulum testing
and so for this analysis, the rider is modelled as a rectangular box of length 1.25 m,
width 0.5 m and height 0.2 m with the same mass as the measured rider and protective
equipment, measuring 85 kg. It is assumed that the rider is in the tucked position for
this analysis and therefore his torso is approaching horizontal and aligned with the
principal axes. The combination of inertias is dealt with via the parallel axis theorem
and the resulting rear frame inertias shown below, Table 3.4:

Variable Inertia [kg.m?]

Iy xx ‘ 24.5
Iy s ‘ 29.8
Iy xs ‘ 0.61

Table 3.4 — Rear frame inertias including rider

3.4.4. Vehicle Response

A good match between the original Sharp model and the rederived model was
achieved using the original Sharp parameters with some minor differences. Further
work to resolve these differences was not undertaken as initial results directly utilising
the original model equations indicated that this was of limited value. For concurrency
with existing literature, the results achieved using the original model are included

here.

The specific values used to represent the UoN electric racing machine in this model
are included in Appendix B — Nottingham Electric Motorcycle Parameters. The
determination of these values involved taking physical measurements of motorcycle

geometry, determining the centre of mass position as per [19, 125] by raising the front
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wheel of the motorcycle and measuring the resultant change in wheel load. This was
performed with and without a rider. The Bi-filar measurement technique as outlined

earlier was used to obtain the rear frame inertias.

The wheel inertias and front frame inertias are taken from Mejaard and Popov [33] as
these are representative of a modern high-performance racing machine and these parts
are common between both electric and internal combustion machines. Additionally,
the relaxation length has been calculated as outlined earlier to reflect the increased
mass contribution as outlined earlier using values representative of the modern
machine. The motor rotor inertial contribution is taken from the electric motor
datasheet [117] and scaled by the gear ratio 18:83, representing a typical ratio for the
UoN machine, and is added to the rear wheel inertia. The tyre cornering, cambering
stiffnesses and steer damping has been retained from Sharp’s original work to
maintain alignment with existing literature and highlight the electric motorcycle-
specific variance. A comparison between the response of the Nottingham parameters
and the standard Sharp parameters directly using the equations published in [14] is

shown in Figure 3.13.

As can be seen the capsize modes are very similar, with the UoN machine having
slightly higher damping for a small period of the 10-20 m/s speed range. The weave
mode response is also extremely similar again with increased damping for the heavier
higher inertia machine throughout the higher speed range of operation of interest for
high-performance machines. Neither of these results is particularly surprising
however the wobble response shows a greater variation. The wobble mode is
significantly more damped than in the reference machine. This is due to a
combination of several factors, the major one being the differing front-end geometry.
This is shown by replacing the UoN front frame geometry, mass distribution and

front-wheel inertia with that initially used by Sharp, see Figure 3.14.
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Figure 3.13 - Comparison of the stability of the original Sharp model (dotted) and the measured UN_02 machine
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Figure 3.14 - Comparison of the Sharp model with the UoN rear frame and Sharp front end.
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3.5.  Conclusion

The general layout and construction techniques used in the electric motorcycle have
been outlined and specific trade-offs examined. The rationale behind a single
reduction transmission, as used by the Nottingham motorcycle has been explained and
the resulting compromise of an unusually large rear sprocket investigated and shown
to be well handled by existing work. However, this investigation highlighted the need
for a more in-depth powertrain investigation to capture the powertrain compromises

and their effect on full vehicle performance.

A contribution here has been in the construction of a representative high-performance
electric motorcycle model, which has been used for an investigation into the stability
of high-performance electric motorcycles. It has revealed that, although the increased
battery mass leads to slightly increased levels of vehicle inertia, existing models do
not require significant changes to accommaodate this. The response of the UoN
machine is compared to that of the original Sharp machine using the Sharp 71 model,
and substantial differences are found with regards to increases in wobble damping.
However, the majority of these can be traced to the design of the front-end geometry.
The conclusion is that there is very little novelty to be explored focusing purely on
mechanical multibody modelling of high-performance electric motorcycles. There are
major similarities with existing internal combustion motorcycles, which have already
been explored in detail elsewhere and have several dedicated software packages
available for use.

In summary, the first aim of this thesis has been completed and it is found that the
stability and control of high-performance electric motorcycles are not vastly different
to that of their IC counterparts. This is a useful finding as this demonstrates that the
existing techniques remain appropriate for use in this area with the advent of new

technologies.

A contribution has also been made through the investigation of electric powertrain
torque transmission techniques using a simplified electric powertrain model

concluding that the direct chain drive is the most efficient method of torque transfer.

It has also been found that the powertrain specific compromises are significantly
different for electric motorcycles, and this does require further investigation. Due to

the high gravimetric energy density of petrol, efficiency is of limited concern to the
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internal combustion designer. However, efficiency is key to the performance of an
electric motorcycle to mitigate the high battery mass. To model the performance of an
electric motorcycle, it is important to capture both the mechanical and electrical
vehicle response elements as they are co-dependent.

Therefore, the remainder of this thesis will develop a holistic vehicle model that can
combine both mechanical and electrical elements to explore the full vehicle
compromise as one entity. This is key to achieving an optimum electric motorcycle

design.
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4. Electric Motorcycle Performance envelope

Investigation of electric motorcycle performance requires a model that captures
significant detail of both powertrain and chassis performance. The vehicle model
developed in this thesis has been separated into two parts. The first, the chassis model,
is described in this chapter. The second, the powertrain, is contained in the following
chapter, Chapter 5. Together these modelling elements are combined and used to
describe the full vehicle response for a given demand, this process is described in
Chapter 6.

The goal of this chapter then is to develop and verify a model that can represent the
features of a modern high-performance motorcycle at the limit of performance. This
must be completed with an eye to reducing complexity where possible as significant
additional complexity will be added with the introduction of the electric powertrain
model. To be a useful simulation, it must be able to provide results in a timely
manner. To this end, the following elements are dealt with as follows.

Tyre performance is handled in Section 4.1. Tyre performance has a significant
influence on both the powertrain and chassis performance. The tyre model is required
to properly reflect the limit handling. The most influential elements are the effect of
camber, longitudinal slip, and load dependency. In this regard, the Pacejka tyre model

developed in [15] is selected, implemented, and its performance verified.

Lap time optimisation is targeted at answering lap specific compromises such as
Centre of Gravity (CoG) position, optimum lift-to-drag ratio, and powertrain trade-
offs. To simplify the longitudinal and lateral dynamics the Quasi-Steady-State
approach is used. This has been shown in [18] to give a good approximation of a full

motorcycle response under limit manoeuvring, appropriate for a race vehicle.

Section 4.2 details the implementation of a rigid body model used to develop a
response surface corresponding to maximal accelerations in the x and y axes (in units
of ‘g”) with respect to the vehicle velocity. This surface is commonly known as the
GGV surface. This is an approach commonly found in racing car optimisations and
has previously been applied to motorcycles in [22, 49]. This basis is expanded upon
for motorcycles and the resulting improved model is evaluated using track data. The

new model includes aerodynamic effects such as downforce, drag and pitching
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moment, as well as allowing for differences in front and rear tyre construction and

two-wheel drive.

Section 4.3 is a short section outlining the inclusion of motorcycle powertrain and

wheel inertias as an equivalent mass and the handling of regenerative braking.

Section 4.4 handles the verification of the completed model using data gathered from
the UoN electric motorcycle, as well as parameter variations performed to
demonstrate the model sensitivity to input changes. The performance is validated with

reference to the research machine described in Chapter 3.

4.1. Tyres

Tyres models are essential for accurate modelling of vehicle dynamics. Tyres are
responsible for transmitting lateral and longitudinal forces between the motorcycle
and the ground. Models typically relate the tyre load, lateral and longitudinal slips and
camber angle to the tyre forces and moments. More advanced models can include

variations due to vehicle speed, tyre wear and temperature.

The options available when choosing a tyre model range from empirical and physical
models of varying complexity to finite element models with millions of elements. The
finite element model approach, and similar computationally expensive models, are
typically only used when the ultimate accuracy of tyre modelling is of utmost

importance.

It is sometimes possible to use a linear tyre stiffness coefficient, a simplification of
the tyre model that works well at low to medium tyre forces. However, the racing tyre
is operated at the tyre limit, a non-linear region, and therefore requires the full tyre
model. For models that are less concerned with detailed tyre design and simply wish
to represent the tyre response, it is common to use the Pacejka semi-empirical model
as developed by TU Delft, Prof. Pacejka and collaborators. This decision is supported

by the availability of some published representative data for this model.

4.1.1. Pacejka Tyre Model

The Pacejka tyre model is a form of empirical model that was developed to address
the large deviations between simulation and reality in many analytical models such as
the brush model [44].The Pacejka tyre model is based around the sin(arctan) formula

and uses many fitted scaling factors to modify this base curve to fit test data. It is also
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referred to as a semi-empirical model, as it incorporates some structures that have
their origin in physical models and are used to extrapolate the data between

successive fitted points.

The Pacejka tyre model was originally developed for car tyre models and requires
modification to properly model the large camber angle behaviour typical of
motorcycles. This was accomplished initially by De Vries and Pacejka[15] which
published a version of the Pacejka tyre model for motorcycles. These equations were
then modified and used as the basis of the Delft-Tyre MFMC (Magic Formula Motor-
Cycle) tyre models.

Subsequently, the car and motorcycle models were combined into the MF-Tyre 6.2
model that encompasses both tyre constructions [46]. However, since the fitted
parameters do not correlate exactly between the different models, it is important to

ensure that the correct model version is used.

The general form of the Pacejka tyre equations for longitudinal ‘F,,’ and lateral force

‘Fyo° is as follows:

Fyo = D, sin(Cy arctan[B,k — E,{Byk — arctan(B,k)}]) + Sy (4.1)

K Cy arctan [Byay — Ey{Byay — arctan (Byay)}]>

o 4.2
0 y S < +C, arctan[ByV - Ey{ByY - arctan(ByV)}] .

The model parameters ‘B,, B), B, are stiffness factors, ‘Cy, C,, ‘are shape factors,

‘Dy, D)’ peak values, ‘Ey, Ey, E,’ the curvature factors and °S,,,” the vertical shift.

The equations used at present are more complex than this with 55 fitting parameters
required for the version of the MF model proposed by De Vires and Pacejka [15]. The
model also includes expressions to allow for mixed longitudinal and lateral slip as

well as aligning moment. The reader is referred to [44] for more detail.

Little representative data is available and tyre manufacturers guard their data tightly.
It is always possible to update model data after construction so the data published in
[15] was used and is shown here. By recreating the model published in [15] the
response of the motorcycle tyres with respect to vertical load used to verify the proper

operation of the model. The response of a 160/70 tyre can be seen in Figure 4.1.
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As motorcycles developed, there has been a move towards wider tyres to deal with the

higher power outputs available with modern machines. Therefore, the data available
for 120/70 and 180/55 tyres have been used in this thesis. A tyre cannot generate

maximum longitudinal force and maximal lateral force at the same time. The

longitudinal and lateral forces for a given normal load are illustrated in Figure 4.2 for

the 180/55 tyre.
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Figure 4.2 - A plot of the lateral and longitudinal force combinations at different values of sideslip for the 180/55

tyre.
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The outer envelope of these curves represents the maximum available traction and
cornering forces. This envelope is commonly known as the friction ellipse. The
friction ellipse can be simply described by the following equation and this is the basis
of the point mass lap simulation described in [18]:

fiong\*  ( fiar \*
(Pore) + () <1 49
long lat

The goal of the racing rider is to be at the limit of performance at all points to

maximise lap time. This corresponds to the limit of the friction ellipse. When the
value of slip is unimportant only the ‘D’ and ‘S,,” values in equations [4.1,4.2] need to
be evaluated to determine the peak tyre force.

However, the slip value at which peak force occurs varies with the combination of
lateral, longitudinal and vertical loading. Figure 4.3 highlights this effect with
reference to the rear tyre longitudinal force response under load. This is important
when determining the relationship between road speed and motor speed. This

response is required to accurately determine the motor operating point.
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Figure 4.3 - Tyre longitudinal force as a function of vertical force and longitudinal tyre slip with peak values
highlighted.

4.1.2. Rolling Radius
As the effective radius of the rear tyre (R,;) changes with the camber angle of the

motorcycle, it is important to capture this effect for use in combination with the
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powertrain model. The radius of the tyre crown (R;.) is determined from the width
and height of the tyre, assuming the tyre profile is circular. The change in rear tyre
radius due to lean can be determined from the chord length of the segment of the tyre

profile.

This chord length is obtained through simple trigonometry using the camber angle of
the motorcycle. The change in height is then given by this chord and the crown radius,

as illustrated in Figure 4.4. The tyre effective radius due to camber angle R is given

by the following formula:
Rt¢ = Ry — th(l - C05(¢)) (4.4)

The tyre is a compliant structure and vertical load also affects the rolling radius of the
tyre. The tyre deflection can be modelled as a simple vertical spring and this
additional reduction in rolling radius is included as follows, where F,., is the tyre

vertical load and K. the equivalent stiffness, as follows:

F,
K tyre €OS (¢)

Ryt = Reo — R (1 — cos(¢p)) — (4.5)

Figure 4.4 - Diagram of the rear tyre as the motorcycle rolls

4.1.3. Rolling Resistance
The effects of drag and rolling resistance reduce the force available to accelerate the
vehicle. The rolling resistance calculation is performed using the Pacejka tyre model

[44]. Rolling resistance °F,.,.’ is determined as a function of vertical load ‘E,’,
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longitudinal force’FE,’, and velocity ‘V,’. These are used in conjunction with four
fitted coefficients ‘g, ’, the reference vertical load ‘F,,” and reference velocity ‘Vy’,

as follows:

E

Vv, /AN
Er=—F (qsyl + qsy2 Fx + Qqsy3 V_x‘ *+ qsy4 (V_x) > (4.6)
z0 0 0

As the rolling resistance coefficients vary between the front and rear tyres it is
important to determine the motorcycle tyre load distribution. This is accomplished by
determining the weight transfer due to vehicle acceleration, drag and downforce
accounting for the change in centre of gravity height due to the motorcycle camber

angle. This is covered in more detail in the following section.

4.2. Performance Envelope Generation

The model requires a method of determining the limits of vehicle performance so that
the ultimate performance of the machine can be evaluated. There are many ways to
determine these full vehicle response limits. Examples range from a simple point
mass with a given friction circle [18] to a full multi-body model with multiple degrees
of freedom and rider modelling. As with tyre modelling, there are variations in

accuracy and complexity with associated computational penalties.

The use of a multi-body motorcycle model with a rider is highly computationally
expensive for a 37.7-mile (60 km) course such as the TT [17, 48]. This was
discounted as it was deemed likely too computationally intensive for the equipment
available. A common technique used to evaluate racing cars is the use of a GGV
surface to describe the limiting vehicle performance. This was first described by
Milliken and Milliken [50] and has been adapted for use with motorcycles by Biral
and Lot [22]. Here, the method outlined in [22] has been expanded to increase its
fidelity, particularly in response to tyre modelling and aerodynamic effects.

Other methods such as those described by Hauser and Saccon [18] are available but
they either lack the higher fidelity available from the chosen method or require higher

computational effort. The decision was taken early on to focus on a single method.

4.2.1. Rigid Body Performance Envelope
The rigid body performance envelope is commonly illustrated as a GGV plot. This is

a method of illustrating the maximal lateral and longitudinal acceleration



66

combinations of a vehicle with respect to velocity. These plots are commonly used to

explore the effect of vehicle changes on the limit performance of the machine.

Initially, this technique was derived for use in racing car performance optimisation as
set out by Milliken and Milliken [50]. These plots are a useful tool in analysing rider
performance, as the perfect rider will be able to track the limit of these plots and thus
achieve the ultimate lap time.

A simple motorcycle model used to generate these plots is derived by Biral and Lot
as well as Veneri and Massaro [22, 49]. However, neither are entirely appropriate for
the vehicle at hand. The possibility of a front-wheel-drive motorcycle and differing
front and rear tyres are ignored in both models as well as the inclusion of downforce

generating winglets.

The simple steady state rigid body model is re-derived here for completeness. The
model ignores the effect of suspension deflections and tyre thickness. The SAE
coordinate system is used. The geometric parameters associated with the simplified
rigid body motorcycle are illustrated in Figure 4.5. The values used from the
measuring machine are given in Appendix B — Nottingham Electric Motorcycle

Parameters.

Z
Figure 4.5 - Simple Rigid Body Motorcycle model
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The equations of motion are derived according to the Newton-Euler approach and are

as follows:
Ay = Fox + Fpx — Fpy (4.7)
ma, = F., + Fp, (4.8)
0=mg—F,—F, (4.9)
aycosdp = gsing (4.10)
ma,heg cosgp = Eyr(Lyy — Cg) Fypleg — Faphpcose (4.11)
mayhgsing = Fyr(lwb - lcg) — Fyeleg — Fxphpsing (4.12)

A motorcycle can apply torque to both the front and rear wheels through combined
braking, or through a front-wheel-drive mechanism in addition to the traditional rear-
wheel-drive. It is useful to include a relationship between the front and rear

longitudinal forces, as follows:

FTX
a=—2x (4.13)
Fo + Fry

The relationship between the lateral and longitudinal grip available from a tyre at the
limit of adhesion can be given as a friction ellipse. Here the front and rear tyre friction

ellipses are given by the following equations:

2 2
(Frx/Frz> 4 <Fry/Frz> <1 (4.14)
Hyx Ury
E /F: N> [Fe JF:\2
<rx fZ> +<fy fZ) <1 (4.15)
.ufx .ufy

The roll angle of the motorcycle is readily obtained from the equations of motion,
here tang = a,,/g. It is then possible to develop the equations relating the limiting

longitudinal and lateral accelerations for the front and rear tyres, which are given as

follows:
aly,(may, + Fpy)y/g? + a? 2 a, 2
+— <1 (4.16)
/Jtrxg(mlcg‘/g2 + a3 + mayh;y + Fbxhb) Uryd
(1 - a)lyp(may + Fpi)\/g% + a3 ? a, 2
+ <1 (4.17)
fog(m(lwb - lcg)\/ gz + a32/ - maxhcg - Fbxhb) Hryg
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Typically, a motorcycle will drive only the rear wheel during acceleration, and the
majority of braking is performed by the front wheel. The limiting performance can
then be determined by considering the operation of the single tyre at the limit of
adhesion - if the magnitude of the friction ellipse = 1, a = 1 under traction, and o.= 0

under braking.

However, to evaluate the optimal machine performance utilising both front and rear
tyres it is necessary to determine an optimum value for a. This is obtained by
assuming that the front and rear tyre friction coefficients are the same (u, = psy =
Hrx » by = Iry = [yy) and that the longitudinal tyre friction engagement of the front
tyre is the same as that of the rear one [22, 49]. i.e., Fs,/Fs, = F./F,. Itis then

possible to determine the following expression for o

"y Mmlegy/g? + @ + mayhey + Fyihy (4.18)

mlcg\/ 9% + a3

Combining this with the friction circle equation yields the following expression for

the longitudinal acceleration of the rigid body as limited by the tyres.

a,\° F
= 1-(=2) - X 4.19
Ay = Gl (g#y> n1 (4.19)

Additional factors that need to be included in this model are the front and rear wheel

lifting limits. Here, it is possible to solve analytically for F, = 0 and F., = 0 and
determine the acceleration limits. For the ‘wheelie’ limit - front wheel lifting, Fr, =
0, which leads to the following:

a. = (lwb - lcg)\/gz + a32/ + Fbxhb

x h mh

(4.20)

cg c9

Conversely, for the ‘stoppie’ limit — rear wheel lifting under braking, E., = 0, and this

leads to the following limit acceleration:

W - <mlcg1/g2 +af + Fbxhb>
L=

mh

(4.21)
cg

It is assumed that the motorcycle’s brakes can achieve this limit performance and
therefore no further terms to reduce this limit for braking are required.
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This is not true for positive acceleration due to powertrain limitations. However, a
motorcycle powertrain power limit can easily be included by the following
expression. The following equation is used to implement a further positive
acceleration limit to match the existing model [22], but is replaced by a more
advanced powertrain model at a later stage.

_Pmax_@

= 4.22
Uy =— -~ (4.22)

To ensure the model is performing as expected the results in [49] are recreated in
Figure 4.6.
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Figure 4.6 - GGV plot used to show the match with the published model in [49]

When analysing the assumptions required to derive these simple performance
envelopes, a few issues arise. One, the assumption that both the front and rear tyres
are the same is hard to justify given the large differences between the modern front
and rear racing tyres. Two, the aerodynamic effects of lift and pitching moment are
neglected. This is again in sharp contrast to modern high-performance motorcycles
that employ significant effort in perfecting the downforce generation of their

motorcycles.
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To remove these limitations, the aerodynamic forces of lift drag and pitching moment
on the motorcycle body, as well as a proposed winglet, are included in the analysis
and the resulting equations of motion are solved without assuming that the front and
rear tyres are identical. The revised free body diagram is shown in Figure 4.8.

Although uncommon, it is also possible to create a two-wheel-drive motorcycle. To
investigate the resulting performance differential, the optimal longitudinal force
distribution can be used under traction as well as braking. The resulting influence of

the addition of front-wheel-drive to the model is shown in the GG plot, Figure 4.7.

Figure 4.7 shows that there is a significant benefit to this inclusion at moderate to high
lateral accelerations. This is expected as the effective height of the CoG is lowered
when the motorcycle is cambered reducing weight transfer and therefore the
maximum force available at the rear wheel. By allowing front-wheel-drive this
performance can be recovered through using additional longitudinal force applied
through the front tyre contact patch. The additional freedom adds no benefit when the

wheelie limit is approached; again this is expected as the front tyre is unloaded.

This leads to an interesting conclusion. An electric motor sized for this front-wheel
application will likely have to deliver a drive-cycle that consists of several short high-
power bursts corresponding to braking and corner exit, but the continuous power
requirements are likely to be comparatively low. This has motor topology
implications which should be considered in the design of a front-wheel-drive system.
The relative merits of different topologies for this particular application are outside

the scope of this thesis but would prove interesting for further work.
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Figure 4.8 - Free body diagram of the expanded model showing inclusion of aerodynamic winglet and body forces
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The revised equations of motion, including the effects of lift and pitching moment, as
well as the inclusion of a dedicated winglet and associated aerodynamic performance,

are given as follows:

May = Fryp + Fry — Fyp—Fos (4.23)

may, = F., + Fry, + (Fp, + E,;)sing (4.24)
0 =mg — ., — Fr; — (Fp; + E,;z)cos¢ (4.25)
a,cosp = gsing (4.26)

mayh.gcos¢p = Frz(lwb - lcg) — Frzleg
—(Foxhp + Fyxhw + Foy(leg = ) + Fuz(leg — L) + Myy + My, )cosg  (4.27)

mayh.gsing = Fry(lwb - lcg) — Fryleg
—(Foxhp + Fyxhw + Fpz(leg = Ip) + Fuz(leg — L) + Mpy + My, )sing  (4.28)

When determining the limitations of a single tyre, the same process as before is
repeated. To simplify the resulting equations, the following terms have been
introduced.

E1=mlg /gz + a} + mayheg + Fp (=1p) + Eyz(=1,) + Fychy
+Eyihyy + My, + M, (4.29)

E2 = m(lwb — lcg) g%+ ai —mayheg — My, — Fp(Lyp — 1)
_sz(lwb - lw) - Fbxhb - wahw - Mby (4‘- 30)

E3 = l,,(may + Fyy + Fyy) [g% +a} (4.31)

The resulting inequalities are then given as follows:

a(E3) \° ay 2
(.urx.g(El)> +<.uryg> =1 (4.32)
1-)EN\ [ a \*
(—fong) ) +(Mfyg) <1 4.33)

When determining the optimal performance utilising both tyres, it is necessary to
ensure that both tyres are fully engaged. This is resolved by equating the full tyre
inequalities and obtaining an expression for a in terms of a,.. The resultant

acceleration is then obtained by solving either of the tyre inequalities numerically

using MATLAB?’s solver ‘vpasolve’ [126] and the expression for a.
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The following expressions are used depending on the magnitude of the respective

input u,, values. If ug, equals ..

Hrx(E1)

©= UG + L (ED) (4.34)

If not; the two equations (4.32 and 4.33) are equated to each other and the MATLAB
symbolic toolbox in conjunction with solver ‘vpasolve’ [126] is used to solve for both

aand a,.

Having determined the optimal longitudinal force distribution and roll angle, the
lateral and longitudinal tyre friction coefficients can be iterated to account for the load
sensitivity of the tyres using the full tyre model described earlier. Tyre slip values are
also obtained in this manner. These slip values can then be used in conjunction with
the tyre rolling radius to obtain the necessary relationship between motor speed and

resultant road speed.

The wheel lifting limits are obtained in the same manner as previously and are given

as follows. For wheelie, Fr, = 0:

m(lwb - lcg)\/ gz + a32/ - sz(lwb - lb) - sz(lwb - lw) - Fbxhb
_wahw - Mby - Mwy

= 4.35
ax mhcg ( )
And for the ‘stoppie’ limit where F,., = 0:
ay =
~ (mlcg [97 + &G + Fy,(—1p) + Fyy(=1y) + Fpxhy + Fychy + My, + Mwy> 4.36)
mhyg '

To demonstrate the effect of the influence of this additional model fidelity the effect
of downforce coefficient variation a winglet was placed at 0.3 m from the front wheel
tyre centre patch and 1 m in height. This winglet was simulated with a ‘C;,, A’
(combined lift coefficient and effective area term) of 0, -0.1 and -0.2. This winglet’s
contribution to the UoN electric motorcycle GG plot at 50 m/s is shown in Figure 4.9.
The tyre parameters are taken from [15] and are unscaled. The equation used to
determine the relationship between this coefficient and the winglet force is as follows,

where ‘pg;,’ 1s air density.
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E,, = %pairszlwA (4.37)
This is a useful additional design sensitivity as the winglet downforce level and
position can be varied to tune to the desired characteristics. The wheelie limit is
increased as well as the ‘stoppie’ limit as expected. It is also possible to see the
forward bias to the winglet position causes a larger increase in front tyre force
showing it is possible to increase both the traction and the braking performance with
additional downforce. This is a useful tool for tuning the vehicle performance
envelope. The additional drag has been neglected for this plot to highlight the effect
of the single parameter, but this is considered later in Chapter 7.
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Figure 4.9 - GG plot illustrating the effect of winglet downforce contribution to motorcycle performance.
The individual tyre friction coefficients can also be varied to account for differences
in the front and rear tyres which impacts the full vehicle performance envelope. This
impact is shown in Figure 4.10. As can be seen, the tyre limited braking force is
directly related to the longitudinal tyre friction modification coefficient ‘A, ¢’ and

this is independent of the rear tyre performance. Additionally, when the lateral friction
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coefficient is modified by the coefficient ‘4, ¢’ this has an impact on the lateral
performance of the machine, particularly under braking. These are both expected

behaviours but are important to include as part of the full vehicle response not
captured in [22, 49].

Another important feature not captured in [22, 49] that is included with the adoption
of a full tyre model is the load dependant variation in tyre performance. Although the
limitations of the tyre data available do not capture the variation in lateral
performance, the variation in longitudinal performance can be seen. For purposes of
comparison, the effect of the increased mass of the UoN TT2018 machine is
compared to that of a typical 1C-powered superbike and rider in Figure 4.11. The
effect of the electric powertrain limitation on both machines has also been included
for reference.

A . variation A, variation
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Figure 4.10 — Effect of scaling the front longitudinal and lateral tyre friction coefficient
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Figure 4.11 - Plot of the impact of vehicle mass on the TT2018 performance envelope using un-scaled tyre data
[15]

As has been outlined in the previous section, the model developed in this thesis
captures several significant effects that have been ignored in the previous models [22,
49]. The goal here was to include the effect of many of the current vehicle
performance tuning parameters omitted from the previous work into a vehicle model.
This has been achieved and the resulting increased fidelity model capabilities
demonstrated with reference to the research machine. This is extremely useful for
investigating some of the more detailed effects of the full vehicle response. Effects
such as the effect of differing front and rear tyres, tyre load sensitivity and inclusion
of aerodynamic devices can now be investigated. This has all been achieved while

retaining the simplicity of the rigid body model.

To demonstrate the overarching goal of this piece of work, the generation of the full
vehicle performance envelope for a given set of input parameters and speeds, the full
GGV performance envelope for the UoN 2018 TT Zero motorcycle with unscaled tyre
parameters, is shown in Figure 4.12. The tyre model used the model and dataset
published by De Vries and Pacejka [15]. This can now be used in conjunction with the

powertrain model developed in Chapter 5 to predict vehicle performance. An



77

interesting, but expected, effect highlighted in the plot, is how the ultimate
acceleration performance degrades with speed and how the powertrain performance is
affected by roll angle at high speeds. The former is due to the inclusion of
aerodynamic drag while the latter is due to the interaction of the motor speed limiter
and the camber angle of the motorcycle in conjunction with the rear tyre profile.

Motorcycle performance can now be quickly evaluated for a range of vehicle setups.
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Figure 4.12 - G-G-V plot of the 2018 UoN TT2018 contender with un-scaled tyre model

4.3. Powertrain Integration

The limiting longitudinal tyre force and associated longitudinal slip are determined in
the previous section. The motor speed is simply a function of the rolling radius, gear
ratio, and longitudinal tyre slip. To determine the maximum acceleration, and thus the
maximum usable driving torque as limited by the tyres, the powertrain inertia also

needs to be accounted for.

The use of linear effective mass is a method of including the motor and wheel inertia

contributions to linear acceleration. Here the effective linear mass ‘m, ¢’ is

determined from the object’s inertia ‘I’ and its radius of gyration ‘r’.
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I
Meff =35 (4.38)

As the powertrain has a single-speed transmission the powertrain inertia ‘I,,;” can be

determined from the rear wheel inertia ‘I,.,,” and the electric motor rotor inertia ‘I,,,;’.
The effect of the gear ratio is determined from ‘N;’ the motor sprocket number of

teeth and °N,’ the rear wheel sprocket number of teeth as follows.

2

N
Lt = Ly + Lot (FZ) (4.39)
1

The effect of tyre slip means that the rotational velocity of the powertrain during the
acceleration phase is above what it would be if the powertrain speed was simply fixed
to the road speed. The opposite is true during regenerative braking. The equivalent
mass determination is therefore modified as follows, where ‘k,.’ is the quasi-steady-

state rear-wheel longitudinal slip value [18]

L(1+x,)

2
rw

mr,eff = (4 40)

The equivalent mass of the vehicle ‘m,,” is then given by the following where ‘m,’
is the motorcycle mass:

Irw N L (1 + x;)

2 2
w rw

Meg = Mppc + (4.41)

The maximum motor torque the vehicle can utilise is derived from the sum of the tyre
force, the rolling resistance force ‘F,.,.” and the force required to accelerate the linear

equivalent mass. The resulting maximum wheel torque ‘Ty, 45 is thus:
Ny
Twmax = (axmeq + Fpx + Eyx + E’r)rrw N_ (4.42)
2

If the motor cannot supply this limit torque, then the acceleration of the machine is

instead determined by the motor limitation as follows, where T,,,,; IS motor torque.

TmotNZ
E, =——— (4.43)

v Trw Nl
=Fw_Fbx_wa_P;"r

Megq

a, (4.44)
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4.3.1. Braking

An electric motorcycle can drive in both forward and reverse directions. An
unexpected reverse is particularly disconcerting for the rider in the author’s
experience! The reason for including this here is the importance of regenerative
braking. An electric motor, such as the one used by the Nottingham Race team, can be
operated as a generator. As an electric vehicle is significantly influenced by battery
mass any method of recuperating energy that would otherwise be wasted should be
analysed.

The optimum distribution of combined braking forces is determined as shown
previously. The tyre slip under braking is determined using the vehicle model. This is
used to determine electric motor speed. In the case of a rear-wheel-drive motorcycle,
the regeneration torque that the motor can apply is significantly less than what it can
apply in traction, due to weight transfer. In the case of the UoN motorcycle at the TT
Zero race, the limit was approximately 20% of the forward torque.

Due to this comparatively low torque requirement, the electric motor will likely be
able to supply this torque throughout the vehicle speed range, without impact from the
voltage dependant torque drop off. There is therefore little to be gained from
computing the exact voltage dependant motor operating point as a function of the
state of charge during regeneration. Instead, a simplification is made, whereby a
lookup table is generated at the nominal battery voltage and is used to determine the

regeneration power developed throughout the lap.

It is worth noting that the centre of gravity placement and aerodynamic loads
influence the optimum braking distributions. By moving the CoG, it is possible to
increase the rear wheel regenerative braking capability but this movement influences
the traction performance. The model allows for the effect of CoG placement to be
investigated as part of a full lap analysis.

4.4. Model Correlation

To generate validation data for the GGV plots and parts of the powertrain model, an
AIM Evo5 datalogger [127] was attached to the motorcycle for the Isle of Man TT
Zero race 2018, as well as a separate CAN logger for the motor drive data. This race
data as well as separate test data from a coast down test performed at Bruntingthorpe

testing grounds is used for validation.
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The vehicle drag coefficient is obtained by fitting a simple drag model to coast down
test data collected at Bruntingthorpe. Here the motorcycle was accelerated to a high
speed and allowed to coast to a lower speed as far as the track limits would allow.
Regenerative braking was disabled for this test and the rider was instructed to remain
in the tucked position throughout the manoeuvre. A model of the motorcycle drag and
rolling resistance is then fitted to the coasting portion of the data and an approximate
motorcycle ‘C4A’ of 0.335 (drag coefficient ‘C;’ times area ‘A’) is obtained, see
Figure 4.13. This value is only valid for the Elvington configuration and TT2019 as

the fairings, rider size and tank size are all different for the TT2018 data.

It was not possible to run in both directions as the track is single direction only for
safety reasons. This introduces some systematic error into the measurement due to the
potential effects of wind speed and road gradients. However, the track is an old
airfield, and it was a calm day, so the error is likely to be small, but were no further
opportunities to quantify and rectify this.
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Figure 4.13 - Plot showing coast down test profile velocity and model fitted section.

To validate the vehicle performance envelope, it was first necessary to collate and

condition the available data. This begins by combining separate race data streams
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from the vehicle data logger and the powertrain data logger. It was planned to utilise a
wheel speed measurement in the AIM logger to compare to motor rpm in the drive
log, but the sensor was destroyed prior to the race. The combination thus involves
aligning the start points of the lap in both streams and resampling the same frequency,

using the respective timestamps for reference.

The AIM data logger contained an internal Inertial Measurement Unit (IMU) but this
was placed in the tail of the motorcycle due to lack of available space closer to the
centre of mass. To obtain the true acceleration at the vehicle centre of mass this

displacement is accounted for as follows [128].

To obtain vehicle accelerations at the centre of mass, the raw acceleration data, as
well as the roll, pitch and yaw angular rates and accelerations, are required. The
angular rates are available from the vehicle IMU however the angular accelerations
are not. As the raw acceleration data is significantly noisy it is first filtered using the
inbuilt ‘Savitzky-Golay” filtering algorithm in MATLAB [126] reducing noise as
shown in Figure 4.14.
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Figure 4.14 - Extract of filtered and raw data for longitudinal x-axis acceleration
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The resulting smoothed data can then be differentiated to obtain the angular
accelerations. Utilising the angular rates and accelerations the translational
accelerations at the centre of mass can be determined with the following formula
where the displacement [Xig Yig Zig]” of the logger from the centre of gravity is

given in the vehicle body axes. The angular velocities and accelerations are given in

radians.
ay algx (02 + 1/)2) _(¢9 - l/)) _(dnl’ + 9) xlg
g [“y =g|Ugy|+|-(p0 +¥) (P2 +92?) —(6v—¢)||[Vg| (4.45)
“eleg Mol (g —0) —(6h+d) (97+67) |17

The data logger included GPS but no dedicated roll angle sensor. As the Inertial
Measurement Unit (IMU) moves with the motorcycle axes it is important to determine
the motorcycle roll angle. This can be approximated from the GPS yaw rate (in rads™)

by the following equation.

¢ = atan (%) (4.46)
An additional approximation can be obtained by an integration of the vehicle roll rate
measured by the IMU. Both approaches have issues, the IMU roll rate integration has
an issue with drift and the GPS signal is noisy and is only an approximation. To
combat this a moving average filter is used to determine the drift correction required
for the IMU roll rate integration from a comparison of both inputs. This roll angle is
then used to transform the IMU ‘z’ and ‘y’ axis accelerations into the global axes

required for comparison to the GGV plots as shown in Figure 4.15.
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Figure 4.15 - Comparison of measured 2018 TT Zero Acceleration data (blue 'x") and simulated limit performance
(black line) in 10m/s velocity bands as appropriate.

Despite a good match between simulation and data for the motorcycle longitudinal
performance the lateral performance of the motorcycle struggles to match the
simulated motorcycle limit. Several factors contribute to this discrepancy. Firstly,
there is no lateral force load dependency in the tyre model. Additionally, the race is
held on closed public roads instead of a dedicated track meaning that the road surface

IS not in optimum condition. Informal discussions with other racing teams have
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revealed that a tyre friction coefficient in the region of 0.9 could be more reasonable
in sharp comparison to the 1.3 in the dataset used here taken from De Vires and

Pacejka [15] this is a significant reduction.

It is possible to scale the peak tyre response using scaling parameters as outlined by
Pacejka [44]. This has been done here with peak longitudinal values scaled by the

scaling factors 4,,,s = 4, = 0.8 and the lateral values scaled by the scaling factors
of Ay = Auyr = 0.9. The selection of these factors was performed in conjunction

with the alignment of predicted apex speeds seen later in Section 6.4.3.

Contributing factors to this reduction include the limited size and budget of the
university race team. They often struggled to find the time and resources for proper
testing. Inevitably this results in significantly compromised setup with tyres not
operating at their optimum as well as reduced rider confidence. Rider confidence is
paramount at a race with such high penalties for mistakes. For the race in question,
the rider had only completed one practice lap of the course on the UoN machine
before the race lap. When these additional factors are considered the deficit in lateral

and braking performance is understandable.

4.5. Conclusion

In this chapter a new, simple, and effective, rigid body chassis model has been
developed and partially validated with reference to experimental data. The model
shows a good match to the experimental data and is a significant enhancement over
the mechanical model described by Blissett [16] which does not include any tyre

modelling, aerodynamics, or the effects of weight transfer.

The model described by Dal Bianco et al. [17] is that of a monowheel, and although
appropriate for a low-performance motorcycle model with low levels of weight
transfer, it is no longer appropriate for the modern high-performance machines
capable of performing ‘wheelies’ and ‘stoppies’. In this chapter, the model developed
responds to the effects of acceleration braking and aerodynamic load distribution and
the effect due to the load sensitivity of the tyres. This is particularly important for
determining the correct traction limits as well as the effect on regenerative braking

levels.
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The rigid body model developed in this chapter is a significant enhancement over the
GG models described in [22, 49] due to the inclusion of the ability to handle different
front and rear tyres, the inclusion of downforce and drag, and the introduction of a
Pacejka tyre model. The inclusion of the tyre model allows for an accurate powertrain
to road speed and load dependant response modelling. The addition of the other
sensitivities and their influence on the resulting performance envelope is also
demonstrated. The full vehicle response is then investigated showing a good
correlation to experimental data collected at the 2018 TT Zero race.

The intention for this model is to be used as a part of a whole vehicle model. As such
the goal is to capture the necessary level of detail without requiring excessive
computational power. This goal has been met with notable improvements over

existing available models.

Chapter 5, which follows, builds and validates the electrical powertrain model and
combines it with the vehicle model developed here. The effect of tyre slip on full
vehicle response is a particularly important improvement as will be demonstrated.
This combined model is then used for lap simulation in Chapter 6 and finally energy

deployment strategy and lap sensitivity studies in Chapter 7.
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5. Powertrain Modelling

This thesis aims to develop a robust high-fidelity model of a modern high-
performance superbike. The development of a mechanical system model is covered in
Chapter 4. To investigate the full vehicle response an electric powertrain model is also

required and is developed and validated in this chapter.

The model must be able to accurately predict the response for common contemporary
electric powertrains throughout the entire range of useful operation. As the aim of this
thesis is to simulate high-performance machines, it follows that it is also important to
model, as far as practical, the non-linearities that arise at the limit of performance.
This model is subsequently used in Chapters 6 and 7 to help identify the sensitivity of
the full vehicle response to changes in individual components allowing for a more

complete design and development process.

The powertrain consists of five major components, the battery, the motor, the motor
drive, the transmission, and finally the wheel. A graphical representation of the
different parts of the powertrain is shown in Figure 5.1. As energy is transferred from
each component to the next and used by each component there are losses. The
summation of these losses determines the total efficiency of the transfer from battery

to tyre and vice versa.

C:D Motor drive <:—_—_> Motor <:> Transmission <:>

Figure 5.1 - Graphical representation of the key elements of the powertrain and the energy transfer pathway

This chapter begins in Section 5.1 by using the well-proven method of vector control
of permanent magnet motors to determine the idealised motor torque for IPM and
SPM motors. Section 5.2 details the motor loss modelling and saturation effects that
push the motor away from these ideal operating conditions. These are dealt with
through empirical methods and serve to reduce the motor output torque and increase

the input power requirements.

Section 5.3 further expands the loss modelling to the motor drive switching and
conduction losses and evaluates the contribution of more minor losses such as
capacitor current ripple. These sections have some similarities to the model described

by Blissett [16] however with some notable enhancements. It is expanded to cover a
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wider range of motor types and now includes magnetic saturation and iron losses. By
doing so it is possible to expand the scope of the model to include most contemporary
powertrains and achieve a better understanding of the powertrain performance at the
limit of the performance envelope.

Section 5.4 deals with additional losses arising from the chain transmission as used on
most motorcycles and raises some issues with the published data. The cumulative
effect of the motor and transmission losses is evaluated in Section 5.5 with a

breakdown of the common methods of addressing these inefficiencies provided.

The final part of the powertrain, the battery, is dealt with in Section 5.6. In previous
works [16, 17] the battery has been modelled as an ideal voltage supply with a series
resistor. This is shown to be a poor approximation of the voltage response and instead
is replaced by a model that includes a resistor-capacitor (RC) circuit to approximate

the time dependant behaviour of the battery.

Battery temperature is a critical parameter that can significantly affect the system’s
performance. This has been omitted by Dal Bianco and Lot [17] and a simple
approximation used by Blissett [16]. Temperature and state of charge variation of
model parameters as well as entropic heating are included to improve accuracy,
particularly around temperature prediction. This model is validated using battery

testing data generated through laboratory cell testing with a DC load.

5.1. Motor Torque Output

There are a wide variety of motor designs and control techniques. Contemporary
machines have focused on Permanent Magnet Synchronous Machine (PMSM)
designs for reasons of efficiency and torque density. This is discussed in more detail
by Finken et al. [57]. Of these designs, the Interior Permanent Magnet (IPM) and
Surface Permanent Magnet (SPM) rotor designs are of interest here due to their power

density.

The ability to include both of these is an advancement over prior electric motorcycle
powertrain models which have been concerned with DC [17] and SPM [16] machines
only. The torque output of an inverter fed Permanent Magnet Synchronous Machine

(PMSM) throughout the operating regions of the motor is modelled as follows [62].
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The use of a Permanent Magnet Synchronous Machine (PMSM) from a DC source
(battery) requires the use of an inverter or motor drive to transform this DC source
into a sinusoidal current suitable for driving the Synchronous Machine (SM). The
current and voltage in the stator are controlled through switching devices by Pulse
Width Modulation (PWM). The control of these switching devices is critical to the
successful operation of the motor and drive. As the machine is operating at a variable
speed with a variable torque requirement the amplitude and frequency of these

sinusoidal currents require precise control to deliver the demand torque.

To deliver this control it is useful to obtain the current and voltage equations in a form
that is time-independent, as the flux linkage, induced voltages and currents all change
continuously as the electric motor rotates. This is achieved through the principle of
current vector control, here the three sinusoidal phased stator currents are first
transformed into two components in an orthogonal stationary frame by the use of the
Clarke transform [129]. The Park transform is then used to transform these currents
into equivalent DC currents in the rotor rotating reference frame. These current
vectors are commonly referred to as the quadrature and direct axis currents (i; and
I4). The “direct’ axis corresponds to the direction of the magnetic pole of the rotor, the

quadrature axis is perpendicular to this. The voltage (V4,V;) and current (iy, ig)

vectors in the ‘d’ and ‘q’ axes are shown in Figure 5.2 below.

Figure 5.2 - Vector representation of PMSM voltage and current in the ‘dq’ frame
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Obtaining the current vectors in this form eliminates the time-varying parameters and
expresses the variables in orthogonal or decoupled axes [58]. This simplifies the
construction of the motor control algorithm. Having determined the optimal current
distribution in the ‘dq’ frame the inverse Park and Clarke transforms are then used to

transform this demand back into the time-dependent demand used to drive the motor.

The equivalent circuit diagrams for the ‘d’ and ‘q’ axes are shown in Figure 5.3. Here
stator winding resistance is given as ‘R,’, d and ¢ axis inductances (Lg, L), flux
linkage (y,.) and the rotor electrical frequency w, = wp,, where ‘p,.’ is the number of

pole pairs in the motor.

wyLi

q

L
¥

’Qﬂ

Figure 5.3 - Equivalent circuit diagram for ‘d’ and ‘q’ axes
A summary of the motor torque equations is included here. A fuller description of the

equations are covered in detail in Appendix C — Description of Electric Motor Torque

Equations. The motor voltages are given by the following equations.

Vq = Rsiq + we(Ldid + l/)e) (5 1)
Vd = Rsid — (,l)eLqiq (52)
Vo= |V2+ V2 (5.3)

The motor torque is given by the following equation [62].

Tnot = gpe [weiq + (' Lg — Lq)idiq] (5.4)

For an SPM motor L; = L, and for an Induction machine 3, = 0. An IPM machine
typically comes between the two and can have differing L, and L, by design. This

can be used to tailor the machine characteristics. As the model developed here is

concerned with both SPM and IPM designs the i and iy current determination
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involves both terms in all motor operation regions and is determined as per Appendix

B — Nottingham Electric Motorcycle Parameters.

The optimal motor current vectors vary depending on the motor operation region and
optimisation target. Here the use of MTPA control implies the optimisation of copper
losses. Other strategies that include iron and inverter losses and optimise for full
powertrain efficiency are available but not considered here for simplicity [62].

The voltage supplied to the motor drive is limited by both the source (batteries in this
case) and the voltage rating of the switching devices (commonly IGBTS) therefore
there is a limit to the voltage that the motor drive can apply. It is important to
remember that as the motor rotates the permanent magnets in the rotor induce a
voltage in the stator. As the motor speed increases there comes a point where the peak
induced voltage from the rotor rotational speed matches that of the voltage source.
This reduces the ability of the motor drive to control the stator current. To drive the
motor past this point, the motor drive must reduce the induced voltage. It
accomplishes this by suppressing the rotor magnetic field through the injection of d-
axis current, commonly referred to as field weakening. In this region, the maximal
motor torque is reduced but the motor speed increased allowing a wider band of

operation.

In some IPMSM where the characteristic current is less than the rated current, as the
motor speed increases further there comes a point where the optimal current vector no
longer follows the MTPA line. This is called the Maximum Torque Per Volt region
(MTPV). In this operation region the optimum current vector is below the maximum
limit but increasing the current would only serve to increase losses and reduce the
output torque. Here the stator current and voltage vectors are determined as per M.
Fadel et al. [64]

The current vector distribution throughout the full operation envelope as well as the
effect of MTPV control on a simplified GVM210-150-P6 motor model is evaluated in
Figure 5.4 at a battery voltage of 650 VDC. MTPV has a positive but limited effect on
output torque in the operation range of this motor at this voltage. An important point
to note however, is the reduction in total phase current and therefore losses. This loss

reduction is important to the system efficiency at high speed.
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Figure 5.4 - Plots of motor torque and current vectors with and without MTPV control on simplified GVM 210
Model

The motor inductances L, Lg, also vary as a function of the motor currents. To
simplify the model the change in inductance is modelled as a cubic polynomial
function of i fitted to either supplied data or estimated using measured V; and V,
response under load. In this case, motor data was supplied by the manufacturer who

had generated it using Finite Element Modelling (FEM). The correlation between this

data and the measured data was then improved by adjusting the initial parameters.

Motors commonly come with a variety of different winding configurations
differentiated by the number of ‘turns’ per slot. This is a quick way for a manufacturer

to vary the motor’s response to different input requirements.

The UoN machine used 5 different winding configurations throughout multiple
seasons. For reference the Parker GVM-210-150-P6 motor designation is broken
down as follows: 210 refers to the stator diameter, 150 to the rotor active length and
P6 the winding designation.

It is useful to include an approximation of this scaling into the model to allow for
quick analysis of multiple winding configurations without requiring FEM data for

each variation, see Figure 5.5 as an example. Note in one case the drive current limit



prevents the motor from reaching full torque (257 Nm) but that same motor has
improved performance at higher rpm. Optimising the full powertrain for the

application is important.
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Figure 5.5 - Motor Torque Speed response for two different GVM210-150-P6 and R6 winding options

The motor inductances are simply scaled using the relationship that inductance L o«
N2 s Where Ny,s is the number of turns in the coil [130]. The resulting scaled
inductance variation with stator current for the UoN Parker GVMZ210-150-P6
winding, as used on the UoN machine, is shown in Figure 5.6. This scaling also
applies to the motor flux (¥, o< N¢yns) and as well as maximum current (igyqy <

Niyrns) @nd stator resistance (Rg & Nyypns) @ccordingly.

If possible, it is important to check the motor parameters post scaling. The zero
current flux linkage is verified with reference to the PMSM voltage equations
introduced earlier. It is determined from a portion of the V;, data where the motor is

coasting to a stop from high speed, Figure 5.7.
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The actual torque developed by the motor is lower than the ideal due to losses and
magnetic saturation. The effect of magnetic saturation due to a change in magnetic
permanence [131] serves to reduce the torque developed with increasing stator
current. This effect can be modelled as a simple function of ¥, = f(i,) fitted to FEM

data or measured data as follows.

To quantify the motor saturation the existing motorcycle motor was mounted on a
back-to-back motor dynamometer with a torque meter built into the coupling shaft. A
picture of this setup is shown in Figure 5.8. The setup features two motors with an
HBM T40B torque meter [132] integrated into the coupling between them. One motor
is used as the load motor and one as the test motor. The shaft torque between the two

is measured by the torque meter. This allows direct measurement of the motor torque.

Figure 5.8 - Image of the back-to-back motor dynamometer with torque meter directly mounted

By utilising the torque equation at i; = 0 the motor torque output is given as Ty,or =
%pelljeiq. This corresponds to SPM motor configuration in the constant torque region

iq = is. The motor drive in this setup approximates i, demand to a constant
relationship with T,,,,,. The drive torque demand and actual torque delivered was
recorded at several speeds. The motor was only tested at speeds below field

weakening allowing the testing of the motor at i; = 0. This is shown in Figure 5.9.

Using the simplified torque equation, Figure 5.10 shows the calculated flux linkage
variation with i,. A second-order polynomial is fitted to this data as shown. This
polynomial is used to describe the flux variation within the motor model for this

motor.



95

250 T T . . .
#

200 T
E
=
_ﬂ'é 150 T
=
73]
1]
5]
=
8100} 1
=)
=]
I_

50 F T

¥ Measured Data
Best Fit
0 \ \ \ \ \
1] 50 100 150 200 250 300

Torque Demand [MNm)]

Figure 5.9 - Plot of the 'geometric mode' demand torque vs measured torque by a torque meter

0.048

0.046

£

0.042

Flux Linkage [wb]

0.04

0.038

0.036

¥ 800rpm
+  1000rpm
1500rpm

0 100 200

Figure 5.10 - Effect of calculated

300 400 500 a0 T00
iq [Apk]

‘ig’ on flux linkage from simplified torque equation



96

5.2.  Motor Losses

To properly model the input and output power from the motor it is important to
include significant losses into the powertrain model. These are required to ensure
accurate modelling of the state of charge as well as being useful for determining the

cooling requirements of the powertrain.

The motor losses can be divided into two categories. These are mechanical losses
such as windage and bearing losses and electrical losses such as core and resistive
losses. The losses vary with the torque and speed output of the motor.

The mechanical losses are incorporated as a reduction in output torque and the
electrical losses as an additional input power requirement. The rotor iron and magnet
losses are neglected as these losses are expected to be small for the motor designs

under consideration [58].

5.2.1. Mechanical Motor Losses

The modelled mechanical losses are due to the resistance to motion and are included
as a reduction in motor output torque. There are three main mechanical loss
mechanisms in a motor: windage, bearing rolling resistance, and seal drag. The

combination of losses is dependent on the torque and speed of the motor.

Windage loss is the power absorbed by the medium surrounding the rotor due to the
relative motion between the rotor and stator. The power loss of a smooth rotating
cylinder inside a stationary motor housing is given by Vrancik [133]. This loss is
converted to a torque loss and given below:

Tl,wind = anrotorprArLotorwzlrotor (5.5)

Where Crroor IS the skin friction coefficient.

1
————=2.04+ 1768 1In (Re /cfmtw) (5.6)
vV Cfrotor

Here ‘p’ is density, ‘Tyotor 1S rotor radius, ‘ly¢or 1S rotor length, ‘@’ the rotational

speed and ‘Re’ the Reynolds number.

Seal losses ‘T; seq;” arise from frictional losses where the seal contacts the rotor shaft.

Seals are commonly used to seal the rotor airgap and bearing internals from
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contaminants. The resultant torque loss is a constant dependent on the seal design and

interface diameter [134].

The torque loss due to the frictional moment of the rotor bearings, independent of the
final drive, can be determined using the principle relationships outlined in the SKF
frictional moment model [134]. Here the bearing torque loss ‘T; ;> has four

contributing factors:

Typr = Tipr + Tist + Toprsear + Tl,drag (5.7)

These factors are ‘T;,,” — torque loss due to bearing rolling resistance; ‘T; 5, — torque
loss due to sliding friction; “T} ,seq;” — torque loss due to bearing seals; and ‘T; 4rq4’
— torque loss due to bearing drag in an oil bath. The behaviour of the losses with
respect to shaft speed is all that is required here. The following relationships are

therefore employed, T} grqg ¢ @2, Ty ¢ @6, Ty @Nd T} pyseqr @re constant.

As the chain drive is mounted directly to the motor output shaft in the UoN
motorcycle the ability to model the additional bearing losses due to chain tension is
required. The increased loss is approximated simply as a static friction increase due to
the normal load with a p¢,;¢, Value of 0.0012 [135]. This was compared with the
value generated by the SKF bearing analysis tool and found to be in good agreement
except at low rpm due to the increased starting torque [134]. As the motorcycle
spends very little time at low rpm and the difference is of the order of 0.5 Nm at full

load this can be ignored for simplicity.

The resulting torque loss due to chain tension T, ., is, therefore, a function of the
motor torque T,,,, bearing inner diameter D, and the radius of the motor output

sprocket Rysproc-

Mrrict TmotDIDb
Tyop = “rictTmotDivy (5.8)

Rmsproc

The total torque loss due to the resistance to motion of the rotor is therefore given as
follows:
Tl,rot = Tl,wind + Tl,br + Tl,seal + Tl,ch (5.9)
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This can be further simplified by combining the respective coefficients as appropriate

to:

ictTh D
Tiror = k12 + kw6 + ky 4 HLricmot7iDb (5.10)

Rmsproc

An example plot of the resulting mechanical loss model for the Parker GVM 210-150
in the UoN superbike with and without the increased loss due to chain tension is
shown in Figure 5.11.
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Figure 5.11 - Mechanical loss model for Parker GVM210-150P6 with directly mounted chain drive

5.2.2. Motor Winding Losses

Winding losses and core losses generally form the bulk of the motor losses [65]. The
winding losses are the losses generated within the motor windings. A component of
these losses relates to the resistive heating losses from the bulk current flow. This is
frequency independent. Within an electric motor there are also frequency-dependent
components to the current flow. These arise primarily from the generation of eddy
currents within the conductors. The main contributions here are the skin and

proximity effects.
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The skin effect is where the current distribution within a wire is non-uniform. The
current flows primarily in a band stretching from the outer surface to a depth known
as the skin depth. The skin depth relates to the frequency of the current with higher
frequencies causing shallower depths. The non-uniform distribution increases losses
by effectively limiting the conductor cross-sectional area. This can be mitigated by

choosing a conductor where the diameter is smaller than the skin depth [65].

Proximity losses are caused by the field generated in one conductor inducing eddy
currents in surrounding conductors, causing additional losses. This can be partially

mitigated by optimisation of the size, number of and distribution of conductors [136].

A common solution to the problem of large high-frequency losses is the use of ‘Litz’
wire, which makes use of multiple conductors in parallel insulated from each other to
reduce the skin effect and twisted in such a way as ensure even current distribution
between conductors [137]. However, this still serves to reduce copper fill of the stator
slot due to increased insulation increasing DC losses. ‘Litz’ wire is also expensive
[65].

This thesis is not a motor design thesis and therefore it is not appropriate to

implement complex subroutines to analytically model the various individual
components of the frequency dependant losses. The goal is to understand the
magnitude and behaviour of the losses within the separate components as a tool for
focusing development. As the DC resistance value was the only value provided for the
motor in question this value was used here but further work should include the effect
of high-frequency losses as described above.

The winding resistance varies with temperature. This variation can be captured
through the following standard formula. Here ‘Ts;q e’ is the reference temperature,
‘Rgo’ 1s the resistance measured the reference temperature, ‘a,.’ a coefficient that
describes the change in resistance with the change in temperature and ‘T, is the

stator temperature.

Rs = Ry (1 + ars(Tstat - Tstat,ref)) (5.11)

The final expression for the power lost due to winding losses ‘P, s’ is shown below.
This thesis uses the peak values by convention and the loss relates to the RMS value

for ‘i;’, hence the division by two in the power loss formula.
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P g =—— (5.12)

5.2.3. Stator Core Losses

Core losses are primarily due to two causes, hysteresis and eddy-currents. Hysteresis
losses Py pys:” result from the steel ‘resisting” changing its magnetic state. The energy
loss per cycle can be described by the area enclosed on a B/H diagram where the steel
undergoes a full cycle, the power loss is therefore proportional to the frequency of
cycling. The hysteresis losses are given by the following, where ‘B’ is the magnetic

flux density and ‘g’ is the Steinmetz constant.
Pl,hyst = KhystBﬁwe (5.13)

Eddy-current losses are caused by variations in flux density which itself is a function
of the frequency and peak flux density. The power loss due to eddy currents ‘P ¢qqy’

is, therefore, a function of the frequency squared [66] and is given below.
P eaay = KeaayB*w? (5.14)
The power loss due to core losses can be approximated by the following formula[67]:
Pivon = Punyst + Predaay = KnyseBP we + KegayB? w? (5.15)

5.2.4. Motor Model Correlation

The iron losses are omitted in the Parker motor datasheet but are expected to be
significant due to the motor frequency and lamination thickness used. The
manufacturer did not provide data on its material properties so the lamination
thickness of 0.35mm was measured and data [138] for a common grade, M235-35A,

was used to approximate the losses.

The mass of a stator was measured as 19.6kg. This includes the casing, potting
compound and copper wire. Without knowing the specific design of the core the iron

mass was estimated as 10kg.
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Figure 5.12 - Plot of M235-35A iron losses with respect to flux linkage and frequency [138]

It is extremely difficult to model iron losses from datasheet values without the use of
FEM. Even then, Iron loss deviations between the manufacturers’ Epstein frame
results and the final assembled stator core measurements can deviate by more than
50% [139]. This is in part due to residual stresses and alterations in heat treatments
due to the manufacturing processes used. An additional loss contribution as a result of
higher frequency harmonics from the drive switching frequency can increase losses
by up to 18% and 30% for SiFe and NiFe stator cores [139]. A combination of these

additional losses can lead to total loss deviations up to twice the datasheet values.

For this thesis, a baseline performance is measured, and a reference material is used to
give a representation of the performance throughout the operating range. This material
specification can then be exchanged for another material and a relative performance
benefit approximated. As this is not a motor design thesis this assumption is
appropriate for the work in hand. However, further work to fully integrate this iron

loss determination with FEM would be a worthwhile enhancement.

To determine the motor losses at no-load, data captured during a spin down test of the
GVM210-150-P6 motor by Blissett [16] was used. By measuring motor losses this
way, it is possible to isolate the moving losses from the copper losses as there is no

current flowing in the motor. Here the motor is accelerated to a high speed and
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allowed to coast down to zero. As there is no power input to the system the change in
rotor speed depends on the rotor inertia and losses. As the rotor inertia is known it is
possible to determine the power losses. Having performed this test Blissett [16] notes
that the manufacturer’s published data is a poor approximation of the measured results
and that it is likely that a loss component is missing. Through refitting the data using
the bearing and seal friction model developed earlier and including the iron loss
model it is possible to improve this fit. The measured no-load losses, modelled no-
load losses, and manufacturer’s datasheet values are compared in Figure 5.13.

As the flux density will vary with ig the variation was modelled as a linear
progression with a peak B=1.8 T (the maximum datasheet value) at the motor rated
stall current and a no-load value of B =1.4 T (chosen to best approximate the loss
magnitude seen in the spin-down data). Motor operation near the maximum datasheet
value is confirmed by the saturation evident in the torque vs current test shown in
Figure 5.10.

Iron losses are interpolated from the M235-35A data sheet with a scaling factor of 1.5
applied to account for the manufacturing and drive switching frequency losses as
outlined in [139]. To simplify and speed up the simulation the core loss
approximation formula was implemented. Here the hysteresis and eddy current
coefficients are fitted to the material data at 1.4 T. There are several assumptions here
beginning with the stator core mass assumption, the additional loss scaling factor and
the no-load flux density. These have been taken with reference to literature and
measured as far as possible, however, an improvement here would be to use FEM or
direct measurement of the stator core, but this is outside the scope of this thesis. It is
important to point out the goal is to approximate the underlying physics and ensure a
good representation of the loss mechanisms at play. The intention is not to develop a
motor design thesis but to better understand the impact of design changes from a
whole vehicle standpoint and develop a useful tool capable of respecting the impact of

these design changes.

A comparison of datasheet values to the modelled values is shown in Figure 5.14.
There is a difference between the datasheet and model values with the datasheet
values representing a better approximation of reality. This discrepancy is due to the

simplicity of the core loss approximation formula. However, both models will have
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discrepancies when compared to the real core due to manufacturing processes and
geometric considerations. As the goal here is to capture the relative magnitude of
design changes, the simplified model is deemed appropriate. It captures the

underlying trend without consuming significant computational resources.

To verify the full powertrain model performance the motorcycle was run on a rolling
road dynamometer. This provides a measured reference point that includes all aspects
of the motorcycle powertrain including the transmission and tyre response as well as
the motor, drive, and battery. The model should match this well to ensure the
longitudinal acceleration computed by the model will match reality. Testing was
performed at SPR Racing using a Dynojet 250i rolling road dynamometer. The
outputs from the dynamometer are a power speed plot. The motor drive parameters
are logged separately using the onboard data logger and used in conjunction with the
dynamometer output. The resulting torque speed plot is shown in Figure 5.15. It is
worth noting that the power speed response differs at low speed due to the need to
limit the wheel power at the beginning of the run and avoid wheel spin against the

dyno roller at low speed.

The field weakening response is very similar to the measured response with minor
discrepancies at higher speeds due to differences between the ideal field weakening
used in the simulation and the multitude of de-rate parameters used in the commercial
drive. The data shows ig dropping at high rpm in the drive. This is possibly due to a
pre-programmed thermal de-rate within the proprietary drive software or an incorrect
motor drive setup. Figure 5.16 shows good agreement between the wheel output

power model and dynamometer measurements.

The UoN motorcycle currently uses an IPM machine that has similar Ly and L,
values. The model described in Blissett [16] uses SPM motor current control for
simplicity and Blisset believed it to be sufficient as Ly and L, are similar for this
motor. Closer investigation, shown in Figure 5.17, reveals that proper IPM control has
a noticeable impact on motor torque production and the inclusion of improved motor
control algorithms is a worthwhile enhancement. While the difference between L, and
L4 is negligible at 200 Arms (Figure 5.6) the saturation at high current alters the ratio
of Ly and L, noticeably leading to the differences in torque generation shown in

Figure 5.17.
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Figure 5.17 - Simulated motor plot showing performance increase from the use of IPM control.

5.3.  Motor Drive

The effect of motor drive losses on the full system efficiency is important from both
the thermal analysis standpoint and for the full vehicle efficiency. Further powertrain
losses such as the IGBT switching losses and DC link capacitor losses are evaluated

as follows.

There is a large body of research into the differing number of phases and topologies
offering a varying array of small advantages and disadvantages, but these are

generally complex, difficult to obtain, and outside the scope of this thesis.

The most common motor drive employed is a 3-phase inverter consisting of six
IGBTs and antiparallel diodes. The drive is constructed as shown in Figure 5.18. This
is consistent with most motor drives available on the market and the drives used by
the Nottingham team and competitors. One notable difference is that the drive in the

UoN machine has two IGBTSs in parallel to satisfy the phase current requirement.
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5.3.1. Switching Device Losses

IGBT and Diode power losses are commonly divided into three components:
conduction losses; switching losses; and blocking (leakage) losses. Blocking losses
and diode switch-off losses are commonly small and neglected [68]. The phase
voltages and currents are determined for a single IGBT at the motor operating point,
assuming the system is balanced between phases. The losses are then easily scaled to
account for the entire drive. The method for modelling the IGBT losses is the same as
that described by Graovac [68]. An overview is provided in Appendix D — IGBT Loss

Calculations.

The method is simply the summation of the individual loss components 'P; g, -
switching loss, ‘P, ¢’ — diode conduction losses and ‘P, .r” — IGBT conduction loss.
Of these loss components, the switching energy is a function of the change in current
and voltage of the device as it switches. This can be roughly approximated to a linear
relationship within the normal operating region of the drive. This relationship can be
seen in [140].

(Eonlon + Eosslogs + Eponlp) fswVoart

P gy = (5.16)
Low Irerref

Here the remaining terms are as follows: ‘E,,” — IGBT switch-on energy; ‘E, ¢’ —
IGBT switch-off energy; ‘Ep,,’ — Diode switch-on energy; ‘I’ — is the equivalent
direct current in the diode; I,,,” — is the equivalent direct current in the IGBT minus

half the current ripple magnitude; ‘I, ¢’ — is the equivalent direct current in the IGBT
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plus half the current ripple magnitude; and ‘V;..* and ‘I,..” are the datasheet

reference values.

The total power loss in the switching devices and diodes is given by the equation:

Py arive = 6(Pl,sw + Pycp + Pl,CT) X Nparallel (5.17)

Ny

Sevcon G4S10 in the UoN motorcycle uses two Infineon FS450R12 power modules

araiter 1S the number of IGBTSs in parallel. This is particularly relevant as the

[140] in parallel per phase. The resulting drive is simply modelled as two drives
operating separately at half the total current each. This method scales for a higher
number of devices in parallel. The power loss is included in the powertrain losses as a

motor input power loss.

Silicon carbide devices are becoming increasingly popular in motor drives due to the
potential efficiency gain resulting from the reduction in switching energies. As these
switching energy losses are very low it is also possible to increase the switching

frequency with resulting efficiency benefits through finer motor control, without the

penalty of significantly increased switching losses associated with IGBTSs.

The evaluation of Silicon Carbide MOSFET switching devices is also possible using a
modified version of this method outlined by Graovac [70]. Comparison between the
methods reveals the only change required being the setting of the ‘ucg,’ term - IGBT
on-state zero-current collector-emitter voltage, to zero. This is understandable as the
main loss mechanism for Silicon Carbide MOSFETS is resistive and is captured by
the remaining terms. See Appendix D — IGBT Loss Calculations for more details.

5.3.2. DC-Link Capacitor Loss

Another significant component in a motor drive is the DC link capacitor. This does
not usually require active cooling and it is expected that its losses are comparatively
small. A quick approximation of the capacitor losses is used here to determine if they
are significant in terms of overall powertrain losses. Capacitor losses can be loosely
approximated to the losses derived from the product of the square of the RMS ripple

current in the DC-link and the equivalent series resistance of the capacitor (ESR).

As an example, the ESR (Equivalent Series Resistance) of the capacitor taken from
the Infineon hybrid kit [141] was chosen. This drive is similar to that used in the UoN

motorcycle, but its capacitor data is freely available. This capacitor has an ESR of
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approximately 0.7 mQ [142, 143]. To determine the capacitor ripple current (I¢ ;ns)
the following formula can be used [144]. Here the modulation index is Mod =
Vs/0.5Vpq¢e, the RMS phase current Iy s = is/\2 and the angle ‘¢,’ is the angle

between the voltage and current vectors in the ‘dq’ frame as shown in Figure 5.2.

(5.18)

V3 9
16)

V3
IC,rms = IN,rms 2Mod E + cos? e (? ——Mod

A plot of the normalised ripple current with respect to modulation index and vector

separation angle is shown in Figure 5.19.
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Figure 5.19 - Plot of Normalised capacitor ripple current variation with modulation index and vector separation
angle.

Taking the worst-case peak normalised value of 0.65 and an estimated maximum peak
phase current of 700A for the Infineon hybrid kit, the capacitor loss is ~140w and
scales with the drive current. This drive is capable of 150kw [141]. As a result, this
loss is deemed insignificant except at extremely high torque and low speed, an area
only seen at the start line in a racing machine. The capacitor losses are therefore
neglected for simplicity.
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5.4. Transmission
The transmission model described here follows that developed by Burgess and Lodge
for chain transmissions [145] and a contemporary 600cc racing machine [146]. There

are limited references dealing with the efficiency of motorcycle chain drives.

The dominant chain losses are due to friction at the pin joints. The effect of impact
and adhesion losses with the sprocket is ignored as these losses are small in
comparison to chain drives under significant tension [145-147]. The chain tension due

to torque on the input sprocket (Fy,) is given by the following, where T¢j, iy, is the

input torque and 7¢p, inyp IS the input sprocket pitch circle radius.

T .
F,p = -2 (5.19)

Teh, inp

The other contribution to chain tension arises from the centripetal acceleration of the
chain around the sprockets. This is written as F. = meTenw? by [146] but should
read as follows, where m,; is the mass of an individual chain link, 7., the pitch

circle radius of the sprocket in question and wgy,, that sprocket’s angular velocity.

Fcf = TnclT'sproc(‘)sproc2 (5.20)

There are four major points of articulation, located where the chain enters and leaves
the respective sprockets. There are also two types of chain articulation, one where the
pin rotates within the bushing and two where the bush rotates around the pin and
beneath the roller. A diagrammatic explanation is given by Wragge-Morley et al.
[148]. These different articulations will alternate as the pin is rigidly attached to the

outer plates so can only rotate when the outer plate angle changes.

As the materials are the same at the pin bush and roller bush interface the friction

coefficient u,, can be assumed to be the same [147, 148]. The only difference between
the articulations is therefore the radius at which they occur. The alternating nature

means that an average value can be taken, this is given as r;,.

The work done, W,ticuiate 1S given by the following equation where the articulation
angle of the pin joint is a,;,. The power dissipated by the chain is then calculated

from the sum of these losses and the frequency at which they occur,

N inpwinp Z Warticulate-
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Fch+Fcfﬂ -
m p'bYUpin

The chain force in the return side (slack side) chain is assumed to be only due to the

(5.21)

centripetal component. This neglects tension due to gravity and preload. Motorcycle
chains are usually installed so that there is an amount of chain slack remaining, so this
return side or slack side tension is assumed to be small in comparison to the driven-

side chain tension.

There has been difficulty recreating the published results by Burgess and Lodge
[146]. The paper publishes efficiency results against velocity but does not give a
conversion between rpm and velocity. To approximate this conversion data for a 600
cc sports motorcycle from the early 2000s with approximately the same output power
as the motorcycle in the paper is used. This was a GSXR600, the standard rear-wheel
having a rolling radius of 315mm. Taking the data up to 150 mph and the sprocket
ratio of 15:47 from the paper gives a maximum gearbox output rpm of 6370.

Taking the example given in [146], the pin dimensions, and the mass per link given
for contemporary 530 motorcycle chain [149] the efficiency of the chain in question
throughout the motorcycle’s speed range can be determined. Comparing the
calculated result with the results given in [146] give a poor match at high speed,
Figure 5.20

Modern motorcycle transmissions commonly use an ‘X-ring’ chain where rubber
sealing washers seal lubricant into the pin bush gap. This ensures the chain maintains
its lubrication over time however adds additional friction between the seals and the
chain plates under articulation. This additional friction can be determined through the
measurement of the chain-link friction [148]. The additional friction will be constant
as the load on the seals does not vary with tension. However, the data is not widely
available and such a test rig is outside the scope of this thesis, so this has been ignored

here.

As a quick sensibility check, a 110 link chain equates to 1.85 kg of chain, primarily
steel. Using 0.49Kj/kgK as the specific heat capacity of steel and the power loss of
5.2kW at 150mph gives a chain temperature increase of 4.7Ks. Therefore, without
cooling the chain lubrication would be destroyed due to temperature (~180°C) [150]
after approximately 25 seconds at 150mph. Given that more powerful machines travel
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faster than this with higher chain tensions it is difficult to believe that this level of loss

is correct.

Renold roller chain guide states an efficiency between 98.4% and 98.9% [151], which

is more likely. By including the rszpmc error in F;y and multiplying the chain mass by

1000 it was possible to match the results given by Burgess and Lodge [146], see

Figure 5.21. It has therefore been determined that an error lies in the original paper.
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Figure 5.20 - Comparison of the modelled chain efficiency and the published results showing poor agreement at

high speed
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5.5.  Cumulative Loss Breakdown

Powertrain losses are highly dependent on the operation point of the motor. These
losses contribute to increased battery consumption as well as increased cooling
requirements and reduced power delivery. Figure 5.22 shows a cumulative loss plot of
the UoN parker motor model at full torque operation. It is interesting to highlight the

iron losses. These are omitted from the datasheet provided by the manufacturer but
are significant at higher RPM.

Another point to highlight is the knee point at just over 6000 rpm. This is the point at
which the motor enters the field weakening region. Here the motor frequency
continues to increase resulting in increases in the iron and mechanical losses.
However as the peak phase current, battery voltage and switching frequency remain
constant the motor drive losses remain constant. This is until MTPV control serves to
reduce the peak phase current. This slightly reduces the drive losses but also reduces
the corresponding copper losses.

The ability to break down the significant system losses in this manner allows the use
of a targeted development process for the full powertrain. This reduces the effort

wasted chasing minor gains and streamlines the development process.
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This model can be used to understand the effect of operating the motor at different
maximal current, voltage and motor speeds. The effect of increased losses due to the
use of a gearbox or the effect of increased chain loads from smaller sprockets on the
motor bearing losses can also be evaluated here.

One example of the information shown in Figure 5.22 is how cumulative losses
increase with motor speed. This highlights how the targeting of iron losses is
beneficial for continued high-speed operation. An example upgrade here would be a
switch in core material from M235 to a material with thinner laminations, which will
reduce the eddy current losses. Similarly, when cost is of lower concern, cobalt iron
could be used to further reduce losses. However, the higher density of this material

should be accounted for.

Further examples include Inverter losses. These are influenced by switching
frequency and switching module choice. Here a switch to Silicon Carbide MOSFETS,
which have lower switching energies, will have lower losses, especially when

switching at higher frequencies.
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Figure 5.22 — A cumulative stacked plot of powertrain power losses at peak torque.

However, the simplified nature of the motor model does have some limitations. As the

motor drive switching losses are proportional to the switching frequency reducing the
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switching frequency will also reduce the inverter losses. The drawback with this
approach is the effect of lowering drive switching frequencies increases the harmonic
current distortion. This distortion serves to increase the motor losses. This is specific
to the iron used and design of the motor and is not included in this analysis. The
switching frequency has been kept constant in this thesis for this reason.
Determination of these losses is usually performed using FEM and is outside the

scope of this thesis.

Copper losses again can be reduced by reducing the lengths of end windings which do
not contribute to torque generation but do contribute to motor losses. Additional
improvements include increasing copper fill and reducing the effect of high-frequency
content by using Litz wire [137]. These enhancements can be explored through FEM

based updates to the loss coefficients included in this model.

5.6. Battery Modelling

The battery provides all the energy to propel the vehicle and its associated losses as
well as store any regenerated energy. In a high-performance machine, it must do so
efficiently for the minimum mass possible. A battery is a reversible electrochemical
reaction and as such its performance is governed by the chemical processes and
diffusion rates within the cell as well as the external electrical demands placed on it.
A battery's response is dependent on several factors including its construction,

temperature and state of charge [72].

There are many battery models of varying complexity, some attempts at
electrochemical modelling and some purely empirical models. Typically, physical
models are much more complex and used primarily for the development of the cell

itself as they give greater insight into the mechanics of cell performance [72].

Here battery modelling is focused on areas that have a significant influence on the
wider vehicle performance. It is necessary to consider only what is required for the
vehicle system to respond appropriately. The factors that heavily influence the vehicle
design are the voltage response under load, the total mass and stored energy of the
battery, and the degree to which its temperature rises due to the discharge profile (to
avoid exceeding design limits). The chemical interactions within the cell itself while

of significant interest to a cell designer are not the focus of this thesis.
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The temperature is important from a battery standpoint as the cell will degrade
internally at high temperatures leading to cell failure at the extreme. Less extreme
effects are accelerated ageing, of high importance to the automotive industry, but not
as relevant when considering pure performance. Interestingly, the effect of increased
temperature has some performance benefits through lowering cell internal resistance

and associated losses.

The limits to be aware of are the point at which the electrode coating material begins
to degrade [73] leading to internal short circuits and thermal runaway. This typically
begins at around 80 °C. It is worth noting different cell constructions have differing
self-ignition temperatures [74]. If runaway becomes self-sustaining (in the case of a
full separator failure) the electrolyte itself can begin to combust and the cell fails
rapidly, often with catastrophic consequences. Ensuring that every cell in the pack
remains below this temperature is paramount, and an important limitation on

performance.

The demand on the battery is not known before simulation and different events have
differing demands. Therefore, it is important to be able to generate a representative
model from a standard suite of tests whilst retaining sufficient accuracy for all events.
To determine the definition of ‘sufficient accuracy’ it is worthwhile referring to the
wider vehicle model to ensure that modelling assumptions do not have a significant
effect on the wider system performance.

To quantify the effect of battery model voltage error for the full powertrain power
output, the powertrain model was utilised in nominal 2018 TT specification and the
effect of differing DC link voltages was investigated. It was found that 6 VV DC-link
error equates to a 1% power output error under these conditions. A 171s pack was
used so this equates to an individual cell voltage error of approximately 35 mV.
Figure 5.23 illustrates this difference in torque-speed response of the UoN motorcycle
when fully charged and when the battery is discharged illustrating the effect of supply

voltage on power output.
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Figure 5.23 - Development of the limit torque response throughout the TT Zero lap

There are many equivalent circuit models available and most of them display high
performance for the limited scenarios that the respective tests used to develop them
undergo. However, in the case of the racing motorcycle, or any other high-
performance electric vehicle, the demand profile is far removed from simple lab pulse
tests. Previous electric motorcycle models [16, 17] have assumed that a fixed internal
resistance model is appropriate with little justification. One example [17] also ignores
the significant nonlinearity of Open Circuit VVoltage (OCV) evolution with respect to
State of Charge (SOC), resulting in even more significant voltage differentials even

after parameter fitting to the data subsequently used for evaluation.

To determine the most appropriate choice of model, five varieties of equivalent circuit
model are implemented, and parameters extracted from laboratory tests. The goal is to
identify a suite of tests and procedures that allows for the rapid evaluation of a cell for
the target application and has good predictive capabilities in terms of runtime, output

voltage and temperature.

To investigate this, cell testing apparatus is required. A forced 7-month hiatus due to
the closure of university laboratories due to the COVID 19 pandemic delayed this

testing considerably. Due to difficulties in obtaining the expensive purpose-built
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battery testing suites, the low-cost version described herein was constructed and found

to give acceptable results for a fraction of the cost.

The setup is as follows: a Chroma 63206 DC load and a Picolog USB TC-08
temperature logger with ‘K’ type thermocouples taped to the surface of the test cell.
The test cell was connected to the load using a four-wire ‘Kelvin’ connection to
remove the resistance of the load wires from the test data. A laboratory power supply
was included to allow full automation and bidirectional cycling. The test was
controlled via MATLAB script and serial interface. Single cells were placed in a steel
container with heating and cooling fans connected to a thermocouple and a relay that
engaged the respective fan at a deviation of over 1 degree from the set point. This
rudimentary temperature control method managed to keep the cell surface
temperatures within £2.5 degrees of the target temperature. The test enclosure setup

can be seen in the following image, Figure 5.24.

Figure 5.24 - Battery testing enclosure and bidirectional load testing setup.

Initially, the approach described in Blissett’s thesis [16], discharging at a low
discharge rate, was used to determine the relationship between OCV and SOC.

However, it is widely known that the internal resistance varies with a multitude of
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factors and removing the effect of this from the result is non-trivial, requiring further
testing or large assumptions to be made. In response to this a pulsed discharge test at
0.2C, similar to the process used Birkl et al. [77], was trialled with the cell permitted
to relax to a steady-state between pulses. This allowed for the resting voltage to be

determined directly as well as the internal resistance approximated.

Both Plett and Birkl et al. [76, 77] highlight a potential hysteresis effect that was
overlooked by this singular directional approach and by other contemporary electric
motorcycle models. This is particularly important for high-performance vehicles. Due
to regenerative braking, the battery current will be bidirectional resulting in increased

voltage prediction errors if not accounted for.

Low discharge rate cycle tests at 0.5C were performed to differing states of charge.
By overlaying the voltage response of these tests, it can be seen if the cell voltage
response immediately returns to the steady-state performance of the other tests or if
there is a hysteresis effect that delays this progression after a charge/discharge
reversal. A delay was found in the UoN example cell and an example of this can be

seen in the following cycle response, Figure 5.25.
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Figure 5.25 - Battery terminal voltage response to 0.5C cycling test to different voltage levels.
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Figure 5.26 - Open circuit voltage approximation using the means of constant current regions.

The next step is to determine the magnitude of this effect. This is achieved by
removing the variable current regions, relating to the charge current profile tapering
off at the end of charge. This is done to avoid regions dominated by the hysteresis
response. It is then possible to approximate the mean voltage at similar states of

charge. An example of this approximation for multiple tests can be seen in Figure
5.26.

To determine the magnitude of the hysteresis, the voltage differential between the
constant current regions and the mean voltage is obtained. The discharge current is
known from the test data. By assuming the voltage drop is a combination of ohmic
resistance and a fixed hysteresis offset, both the offset and internal resistance can be

approximated from the difference between tests at differing discharge rates.

This hysteresis effect and a simple model that approximates the effect on cell terminal
voltage is described by G.Plett [76]. The coefficients, M, — Instantaneous hysteresis
voltage, M; — exponential hysteresis voltage, y,,s: - Hysteresis decay constant, can be
fitted to the cell cycling data and the hysteresis voltage Vs given as follows.

Vhyst = Moho + Mlhl (5 22)
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Here i .’ is the cell current, ‘hy’ is the instantaneous hysteresis state, hy =
sign(ize;), hy is the unitless hysteresis state —1 < h; < 1. The discrete-time
hysteresis state is given by the following equation [76], where Q.;; — is the cell
capacity in ampere hours and 7, — the coulombic efficiency of the cell.
_|nclkliceulklynyseAt
mMk+1]=e | Qeett

_|nc[k] iCell[k]yhystAtl
_ <1 —e | Qcell |> sign( lcell [k]) (5.23)

hy [K]

n. — is neglected for simplicity as it is typically around 0.99 for charging and 1 for
discharging [76]. The error associated with this simplification surrounding
regenerative charging is assumed to be small for the single discharge race event.

The next task is determining the SOC to OCV relationship. The battery energy used
with reference to a zero-loss discharge is used as the measure of SOC. This allows
easier conversion of heat energy and lost energy due to ohmic heating. The open-
circuit voltage is taken from the mean voltage, and the energy obtained by combining
this with the current delivered in ampere-hours [Ah]. Cycling was performed at both
0.5C and 0.25C to determine the hysteresis magnitude and the same data is reused
here. Low discharge rates are used to reduce the energy loss due to ohmic heating and

therefore the error of the OCV to usable energy remaining relationship.

To illustrate the impact of discharge rates on the accuracy of the SOC to OCV
relationship the example of a 10Ah cell used in the UoN 2018TT bike is taken. The
cell has a capacity of ~37Wh. When discharged at 0.25C the energy lost to resistive
heating is just under 0.2Wh or around 0.5%. The difference in energy usage due to
inaccuracies in the approximation of internal resistances of up to 25%, is in the region
of 0.1% of the total capacity. It is therefore appropriate to use an approximate fixed
internal resistance value, taken from the hysteresis magnitude analysis, for this
determination of the OCV to SOC relationship. This simplifies the parameter
extraction process. The resulting relationship is shown in Figure 5.27, illustrating the
non-linear nature of this relationship and the drawbacks of the linear relationship
between the state of charge and open-circuit voltage used by Dal Bianco and Lot [17].
This may account in part for the voltage differential between measured and simulated

battery voltage in that paper.
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The next piece of information that can be extracted from the low discharge cycle
response is the cell temperature variation with state of charge and cooling
performance of the experimental setup. The cell heating is not purely ohmic as can be
seen in Figure 5.28.

The cause of this deviation is largely due to entropy variation within the cell. This is
due to the change in state of the cell components during discharge. A common

method to determine this relationship is the potentiometric method [78]. However,
this method takes many days and requires equipment not available to the author. A
faster calorimetric method is proposed in [78] and claims similar levels of accuracy. A
modified and improved version of this method is used here.

The caloric method is simply an energy balance method. Thomas and Newman [79]
derive an expression for the heat sources in a lithium-ion cell. The heat sources
considered are resistive or ohmic heating, entropic heating, and the heat of mixing.
The heat of mixing is negative during the creation of concentration gradients and
positive as these gradients disappear but is generally neglected as insignificant in a
properly designed cell [79]. A simplified version of this equation neglecting the heat
of mixing is given below [80].

Qheat = icer (Vcell — Voccet + Teenr %)

cell

(5.24)

Here ‘Qneq:’ is the change in heat energy, V., the cell output voltage, V, ce;; the cell
equilibrium or open-circuit voltage and T,,;; the temperature. It is not possible to
prevent heat flow to the surroundings in the test enclosure. Therefore, terms for
conductive and convective cooling as well as radiation are included. The respective
cooling rates are simply a function of the temperature differential between the cell and
its environment. The change in temperature of the cell is a result of its mass, specific
heat capacity and change in heat energy. An expression combining these elements is

as follows.

. av, 1]
Leell (Vcell - Voc,cell + Tcell a%?:; ) +

kAcsawi
w) (Teers = Tair) + OpmeAsacen(Teon — Tair)

Mcelle

(hconvASA,cell + lwire
AT ey =

(5.25)



124

Here: ‘T,;- is the ambient air temperature; ‘h.,n,,” is the heat transfer coefficient for
convection; ‘A4 cer;” s the surface area of the cell; ‘k,y;-.’ is the thermal conductivity
of the load wires; ‘A¢sa wire” is the cross-sectional area of the wires; ‘l,,;..” the length

of the load wire to the exit of insulation; ‘ay,,” the Stefan Boltzmann constant; ‘¢’ the

emissivity; ‘C,’ the specific heat capacity of the cell; and ‘M, the mass of the cell.

The method outlined by Damay et al. [78] calls for the determination of the cooling
parameters purely from the rest period of the cycle test. However, when cycled
multiple times any inaccuracies result in a cumulative error that quickly renders the
test meaningless. The cause of these inaccuracies is likely due to the simplified

cooling model used.

Damay et al. [80] determine the specific heat capacity by evaluating the change in
temperature due to a 20s pulse cycle at 1C. This is performed at close to ambient
temperature to reduce heat transfer. This method also suffers from the same issue as
described previously, the temperature change is small (2 °C) and can easily result in
extrapolation errors causing a cumulative error and inaccurate results. The method
also assumes a fixed ohmic heating value, neglecting any variations. This has a low
impact on the testing performed in the paper but is not necessarily true for all cells.

These methods were replaced by the following improved methods.

Using the SOC to OCV relationship determined earlier the V. ..;; term can be
determined. i oy, Veetrs Teenr @aNd Tymp have all been measured. This means that the
ohmic heating icey; (Veen — Voe ceur) is €asily determined. The three elements
outstanding are then cooling parameters, cell-specific heat capacity and entropic heat
change. By starting and ending the test at a steady state with the same temperature and
state of charge there should be no net heat gain to the cell. Therefore, total Joule
heating will equate to total cooling. This is used to determine the cell cooling
coefficients.

By comparing the sum of the heat transfers into and out of the cell from ohmic
heating and various cooling pathways, with the measured temperature change, it is
possible to determine the excess energy required to achieve the measured
temperatures. As ohmic heating is dependent on the rate of charge and discharge, but
the entropic energy change is not, performing this test at multiple discharge rates
results in different heat energy inputs and correspondingly different temperature
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ranges. It is then possible to use this data to determine the specific heat capacity of the
test setup. This is done by determining a value for specific heat capacity that gives the
same calculated entropic energy change for different cycle rates. Low rate, 0.5C and
0.75C, cycles were used in this thesis to ensure the entropic heating was significant

and easily determined.

The measured energy differential between ohmic heating, cooling and the measured
temperature rise with respect to the state of charge is shown in Figure 5.29. There
appears to be a hysteresis effect in this data. This is likely due to the heat model not
modelling the temperature gradient within the cell. This is ignored for this thesis as
the goal is to capture the total heat generation. The output of this test is a lookup table

of internal energy differential with respect to the state of charge, seen in Figure 5.29.

The inclusion of entropic heating into the cell temperature model results in an
improved temperature fit for the cell cycle tests when compared to the simple ohmic
model commonly used. This can be seen in Figure 5.30. The inclusion of this effect
has reduced the maximum temperature prediction error from approximately 12 °C to 2
°C, a significant improvement. The effect is less marked for a higher discharge rate

test as ohmic heating dominates but it is still significant.

The temperature prediction performance for the model over the test TT Zero cycle
using both the ohmic heating and combined ohmic/entropic heating model is shown in
Figure 5.31. For this test, the cell cooling model is re-calibrated using 5C constant
discharge test data. This is used to calibrate the cooling model at higher temperatures
more representative of operation. Note different thermal calibration coefficients are
obtained for the ohmic heating model and the combined ohmic and entropic heating
models which are expected due to the differing energy contributions from both
methods. The ohmic heating used here is determined from the modelled voltage drop
provided by the Thevenin model described later in this chapter.

As can be seen, the inclusion of entropic variation into the temperature model reduces
the error when compared to experimental data by approximately 50%. The
temperature evolution profile is also a markedly better fit. This could be further
improved by re-calibrating the model parameters to fit the experimental data, but this

defeats the goal of using a standard suite of tests for prediction over multiple events.
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Figure 5.31 - Comparison of cell temperature prediction models for a TT lap cycle.

Having determined the underlying reference data describing the OCV to SOC
relationship as well as the hysteresis response it is time to determine the load
dependant response. Many differing cell models promise benefits from simplicity to
high accuracy in different areas. A summary of the current state of some of these
models and their respective benefits has recently been published [152] with the
general recommendation that equivalent circuit models are the most appropriate for
the application in this thesis. This is due to the combination of accuracy, flexibility
and ease of implementation and data collection when compared to other model types
such as the full electrochemical models. It would not be an efficient use of space to

delve further into this here.

Within the equivalent circuit model approach, there are several different models
available but most are based around the same principle. A fixed resistor is used to
model the ohmic resistance of the electrolyte, separator, and electrode. A variable
number of RC circuits in series are used to model the time dependant response

resulting from the slower processes such as charge transfer and lithium-ion diffusion.

To determine the best equivalent circuit model choice for use in a high-performance

electric motorcycle simulation, a quantitative analysis of both the current methods
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used for electric motorcycle simulation [16, 17, 98] and other equivalent circuit

models with varying levels of complexity is required.

Several different testing methods can be used to determine cell internal resistance.
The most common of these are electrochemical impedance spectroscopy (EIS) and
pulsed DC. EIS applies a full spectrum of perturbation frequencies to the cell in the
order of 100 kHz to 10 mHz and determines the cell response across this spectrum.
The Pulsed DC technique simply applies a DC load or charge pulse to the cell and
determines the cell resistance according to ohms law [153]. Due to equipment
availability, the DC pulse technique is used in this thesis. A standard suite of pulsed
DC tests was devised capable of highlighting discharge rate dependant, state of charge

dependant and temperature dependant behaviour of the cells in question.

The respective model coefficients are then determined from this discharge data. The
performance of these models in terms of temperature prediction, runtime prediction
and maximum voltage error is evaluated against a further bidirectional discharge test

representative of a competitive lap of the Isle of Man TT course.

The pulsed discharge testing procedure is as follows: The cell was placed into the
environmental chamber. Desired test temperature between 10 and 55 degrees is set.
The cell is charged to the manufacturer specified fully charged voltage of 4.2 VVdc by
the CCV method with a charge cut-off current of C/50. The cell was then left for 1-
hour post charge to stabilise at the desired temperature. The cell is then subjected to
20s duration alternating 10C, 8C and 5C discharge pulses with a 30min rest period
between pulses to determine the cell recovery. This rest period was chosen as a
balance between test runtime, cell heating and allowing the voltage response to decay.
The discharge test continued cycling the pulses until the cut-off voltage of 2.9 Vdc
under load was reached. This test was repeated at different temperatures and tested in
a random order with multiple cells to prevent the influence of cell ageing manifesting

asa systematic error.

Testing is time-consuming with each test taking approximately 12 hrs to complete. To
speed up the process and reduce the temperature rise per pulse, 7 s pulses with 120 s

rest were trialled. The result of this test is discussed later.

Some models highlight the fact that the response under charge and discharge differ

and this is the rationale behind the hybrid pulse power characterisation (HPPC) test
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procedure [154]. However, as the limit performance of the powertrain is dictated by
the voltage under discharge the addition of a duplicate set of charge parameters and

associated extra testing is deemed unnecessary and detrimental to simulation speed.

Before attempting to extract parameters from pulsed discharge data it is worth
identifying the different parts of the voltage response. An example discharge pulse is
shown below. As can be seen, the voltage recovery is far from instantaneous. Also
shown is the change in resting voltage due to the discharge pulse. It is common to
extract parameters from the recovery period as this is at a constant state of charge.
The instantaneous change in voltage dV, and the total recovery voltage change dV;,;

are illustrated in Figure 5.32 below.

The first model to be evaluated is a fixed internal resistance model as used by both
[16, 17]. Obtaining this value is simply the total voltage change over the pulse
current, Ro_rcofixea = @Vior/dicey. The fixed internal resistance model is the mean

of these resistance values for all tests. The model is now referred to as the ‘ORCfixed’

model.
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Figure 5.32 - Example discharge pulse.
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It is widely known that internal resistance values vary with temperature and state of
charge. The internal resistance value reduces nonlinearly with increasing temperature
and tends to increase at the extremes of state of charge. To capture this the variation
due to temperature is approximated to an exponential decay and a second-order
polynomial is used to approximate the state of charge dependant variation. Simple
coupling terms are included to capture interdependencies and the following equation

is used to fit the output data. Note, ‘a,_g’ are fitted coefficients.
- 2
RO—RCO = a,e 2T cell + (a3Tcell + a4) (as (Voc,cell + a8) + Qe (Voc,cell + as) + a7) (5- 26)

The resulting response surface is illustrated in Figure 5.33, capturing the major trends
of reduction in internal resistance with battery temperature as well as the increased
internal resistance at the limits of the state of charge. The use of a custom equation
improves the fit and makes the fitting process more robust than simply using the
inbuilt ‘polyfit’ functions available in MATLAB. The interpolation of experimental
data was disregarded here as the captured data is noisy. This is the second internal

resistance model selected for evaluation and will now be referred to as ‘RC-0".

As can be seen in Figure 5.32 the change in voltage is not instantaneous as
approximated by the two previous models. The time-dependent voltage response can
be approximated by resistor-capacitor (RC) pairs. Multiple RC pairs can be used in
series to fine-tune the response. This is commonly known as an equivalent circuit or
Thevenin model, an example of which is illustrated in Figure 5.34. The final models
under evaluation are the single and double RC pair models. These models also include
temperature and state of charge variation for their parameters.



131

RO [ohm]

40
3.5

G0

Temp [degC] 80 3 VOC [Vdc]

Figure 5.33 - Plot showing test data and resulting fitted surface for ‘RC-0" battery model

Figure 5.34 - Second-order Thevenin model
The discrete-time equation for the terminal voltage V,,,;; using two RC pairs (second-

order Thevenin) is given by Plett [76] and is as follows:

Veen = Voc,cell — icenRo — Ig1R1 — 2R3 (5 27)

Where ig, and iz, are as follows:

o[k + 1] = e R k] + (1 _ e(‘%)) i olk] (5.28)
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ipz[k + 1] = 9(_%)1'131[](] + (1 - e(_%)> iceulk] (5.29)

Note, for the single RC pair model the terms relating to the second resistor-capacitor

pair are ignored.

To determine the parameter values for the single RC circuit subscript ‘RC1’ the fixed
ohmic resistance is extracted from the instantaneous voltage response Ry_gco =
dV,/di. The time-dependent decay is then approximated as an exponential decay to
the resting voltage. Here the remainder of the voltage change is due to R, therefore
Ri_rc1 = (dVip:/di) — Ro_gc1- The final parameter to extract is the time constant of
the response, 4. This is determined as the time taken to achieve 63% of the voltage
change between dV,, and dV,,;. The relationship between capacitance, resistance, and
the time constant of an RC pair is then used to determine the capacitance: C; =

71/ R;. This model is referred to as the ‘RC-1" model.

To determine the parameters used in the second-order model the analytical approach
outlined by Hu et al. [155] and the layered estimation approach as outlined by Jackley
et al. [156] were both trialled. The analytical approach is significantly faster but
includes the assumption that the state of charge does not change within a discharge
pulse and focuses on the fitting of the relatively short discharge pulse ignoring the
recovery phase. Additional issues include the fact that occasionally complex numbers
are generated. However, the calculated values can be filtered and fitted to the
temperature and SOC variation model. This model is now referred to as the ‘RC-2
ana’ model. And is further used as the initial starting point for the layered estimation

approach.

An outline of the layered estimation technique is as follows. Here the test is
discretised into individual pulses. Parameter estimation is performed on these
individual pulses and some overlap is included with previous and following pulses.
This overlap is required to include sufficient data points to account for the parameter
variation during discharge. This parameter variation is due to the state of charge
changing during a discharge pulse and thus requiring parameter interpolation between
regions of constant state of charge. The constant state of charge regions being the

recovery phase.
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To include the effects of hysteresis and non-decayed voltage response the output
values of Ip4, Ir,, hq, ho from the previous pulse are used as the initial conditions for
the following pulse. This restricts the use of parallel optimisation to full test profiles
making the parameter estimation a time-consuming process. This could be improved
by neglecting hysteresis and assuming that the voltage response has reached a steady
state at the end of a pulse. The attempt to use a 120s rest period and substantially
speed up the test data acquisition makes the steady-state assumption difficult to justify
as well as the inclusion of the hysteresis model. This model is now referred to as ‘RC-

2 opt’.

The final test is to perform a TT lap discharge on the test cell and compare the test
model predictions to the measured data. Note as mentioned previously the
temperature coefficients for the test cell are obtained by fitting to a 5C constant
current discharge, this calibration was repeated for each test model individually. The
RMS and peak errors for voltage and temperature during discharge are then computed
as well as the state of charge error from the final resting voltages. The response was
evaluated for all 5 models, as well as the effect of including hysteresis and entropy
variation. A comparison was also performed for the differing rest periods in the test
data.

As can be seen in Figure 5.35 and Figure 5.36 the inclusion of the entropy model
reduces the peak temperature prediction error by approximately 1.5 degrees and the

RMS temperature error by 1 degree, which is 30-50% of the total temperature error.

Figure 5.37 shows a noticeable reduction in peak voltage error using the higher-order
models. Visual inspection of the predicted and measured responses indicates this is
most likely due to the improvement in the modelling of dynamic behaviour.
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The optimisation procedure appears to have little benefit over the analytical solution.
This is possibly due to poor optimisation setup as other authors have reported RMS
tracking errors below 10mV [156]. However, the paper in question only utilises a
pules discharge test for comparison and when exposed to a simplified approximation
of a drive cycle in [157] the error grows to 2% of battery voltage or 80mV peak. This
lends weight to the possibility that the voltage tracking error could be due to
difficulties in the equivalent circuit model accurately modelling cell behaviour for
highly dynamic loads due to simplifications inherent to its construction. Some
research indicates the existence of a current dependency to the response that is not
included here. However, a full investigation and/or the use of electrochemical models
is far outside the scope of this thesis and the response of the models already included

is more than adequate when considered in the context of the full vehicle response.

The shortened testing rest period is significantly detrimental to the RMS voltage error
for lower-order models. This can be easily explained as the simple parameter
extraction techniques rely on the rest period reaching a steady state. It appears
possible to mitigate some of this using ‘RC-2’ models due to the differing parameter
fitting procedures. The issue then becomes, as expected, that simulation time
increases with model complexity, Figure 5.40.

The state of charge error is shown in Figure 5.39. The influence of the hysteresis
model on the state of charge error is significant as it is effectively an offset to the
initial open-circuit voltage value. Ignoring this effect overestimates the charge
available which is a costly mistake in the design process. One factor ignored in this
investigation is the effect of battery degradation, as this is not required for a single
discharge pure performance analysis. However, due to the realities of testing, multiple
tests will be performed on the same cell resulting in different levels of degradation
between tests. Further testing with more cells would provide a more satisfactory

answer to this question however this is beyond the scope of the thesis.

The model chosen for inclusion into the powertrain model is the ‘RC-1" model using
the 30min rest data as well as the hysteresis and entropy variation models as it offers a
reduction in error of approximately 50% to both the temperature and voltage
prediction when compared to the fixed method, as used in [16, 17]. It also has a

smaller computational burden than the ‘RC-2’ models which offer a debatable
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improvement for the highly dynamic drive cycle under evaluation. The temperature
prediction benefit is explored previously but the voltage prediction benefit equates to
a reduction in powertrain power output prediction error of approximately 2% peak
and 1% RMS.

The pack is constructed by combining individual cells in series and in parallel to get
the voltage and capacity required. In a large battery pack, there can be 100s of
individual cells and the battery pack response is simply a scaled-up version of the
single-cell response. The cells are connected using busbars which are not included in
the cell testing detailed previously. To keep track of the battery internal resistance the
DC-link resistance is split into two parts, cell internal resistance and fixed internal
resistance coming from the remaining DC components such as the DC-link cables and
busbars. The resulting pack’s internal resistance is simply determined as a

combination of parallel and series resistors matching the battery configuration.

5.7. Conclusions

This chapter aims to develop a robust high-fidelity model of a modern high-
performance electric motorcycle powertrain. This has been achieved by combining
several previously published component models from different sources and validating
this full model using real world data. There have been previous attempts to
accomplish this however the powertrain model described within this chapter is more
capable than any previously published works on electric motorcycle powertrain
modelling [16, 17, 24, 91, 97], particularly concerning battery modelling, the
inclusion of a wider variety of applicable motor constructions and improved loss

modelling.

Notable attempts at electric motorcycle powertrain modelling are Dal Bianco et al.
[17] and the Blissett model [16]. Dal Bianco et al. modelled the original Brunel
University motorcycle. This motorcycle featured outdated low powered DC motor
technology and therefore so did the model. The powertrain in question had an output
of 50 kW, a 10.3 kWh battery pack and an optimal lap speed of 81.4 mph. In contrast,
modern electric superbikes can produce over 170 kW using AC motors and drives,
with 25 to 30 kWh battery packs and an average lap speed of 120 mph or more. A
further issue involves the battery response, particularly the use of linear fits and lack

of battery temperature modelling, a key performance differentiator. The model
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described within this thesis overcomes all these issues and is superior in its accuracy,

scope, and relevance to the current state of the art.

The Blissett model described in [16] has some similarities to the model described
within this chapter but notable improvements have been made. These are the inclusion
of IPM motor control in addition to SPM motor control. The inclusion of saturation
models for L, L, and ¥ and the improvement of motor mechanical and electrical loss
modelling. Extensive advancements have been made in battery modelling concerning
temperature and parameter variation. These inclusions have been verified using track
and lab data and used to good effect to combat the difference in powertrain

performance between reality and simulation.

Additionally, the chain loss model used by Blissett [16] has been investigated and
found to have issues that have been addressed here. The motor mechanical loss
modelling has been expanded to include the contribution from direct chain tension, an

issue pertinent to chain drive vehicles such as motorcycles.

The final contribution comes in the form of a comprehensive evaluation of several
different battery modelling techniques including the development of novel test
procedures for the fast determination of cell entropic heating using low-cost
equipment. The model prediction errors due to these techniques are evaluated and a
short cell test procedure for the determination of relevant battery parameters is also
described. This allows the rapid low-cost testing of many potential cell choices useful

for the wider dissemination of battery testing.

There is a large interdependency between the powertrain and vehicle capabilities,
especially with electric vehicles. For example, in the case of the UoN motorcycle,
powertrain mass comprises over 65% of the vehicle mass. Following in Chapter 6,
this powertrain model is combined with the vehicle model developed in Chapter 4 and
used to develop a lap simulation for the isle of Man TT Zero amongst other

competition events.

Cell choice, switching device choice and motor construction compromises can now be
explored in the context of a full powertrain. Multiple motor construction methods can
now be evaluated allowing both the optimisation of racing machines and for

developing cost-effective compromises in mass-market offerings.
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6. Full Vehicle Lap simulation

Having developed and validated a model of both the powertrain and the motorcycle
performance envelope in Chapters 4 and 5 the next step is to use these models to
predict the full vehicle performance over a target operating cycle. As the target
operating cycle depends on the machine parameters it is important capture this

interaction.

The battery, electric motor design, aerodynamic design and chassis design are all
highly interdependent and simulation is key to understanding the inherent design
trade-offs before arriving at a race event. To this end, it is important to be able to
determine parameter sensitivities using a lap simulation that accurately covers a wide
operational envelope. This is especially useful concerning long lead time decisions,
for example, the centre of gravity location, battery, electric motor, and inverter

choices.

This chapter starts by outlining the lap simulation approach chosen in Section 6.1. A
more detailed description of the rationale behind the choices included in the
associated sub-sections. The process for filtering and defining the racing line from
raw GPS data is covered in Section 6.2. Section 6.3 contains the method for
determining performance over the target course and the implementation of energy
management strategies. The validation of this approach, using lap data collected at
various events by the University of Nottingham motorcycle, is tackled in 6.4. Section
6.5 contains a comparison of the model to other electric motorcycle modelling

methods.

6.1. Lap Simulation Approach

The most common approach used to assess the performance of racing vehicles is the
time taken to complete a lap of a pre-defined course. This course can be defined in
several ways, and the objective is to complete the course in the minimum time for the

given vehicle constraints.

As with all simulation approaches, there is a trade-off between accuracy, simulation
time, and setup time. As the design freedom is extremely broad for electric
motorcycles due to the lack of regulation and the relative novelty of the modern
design work, it was deemed appropriate to develop a relatively simple simulation

capable of rapid changes for evaluating the relative sensitivity of design choices. This
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can then be followed by further work to improve modelling in areas that show high

sensitivity.

The lap simulation technique employed here uses the GGV surface as developed in
Chapter 4 and the powertrain model developed in Chapter 5. The term GGV
corresponds to the three axes of the plot, lateral acceleration ‘G’, longitudinal
acceleration ‘G’ and velocity ‘V’. The GGV response structure also contains the
lateral and longitudinal tyre forces associated with each limiting point. The lap
simulation assumes a point mass motorcycle and begins by apex finding similar to the
approach outlined by Hausner and Saccon [18]. Here, the road curvature is
determined from the path definition and the maximum speed at each point is

determined from the lateral force limit of the GGV response and the vehicle mass.

An overview of the lap simulation procedure is given below with further details on the

specific areas given in the following sub-sections:

1. A vehicle path is determined. The model used in this thesis is commonly
referred to as a fixed trajectory model. Here, the vehicle path is determined
from a previous lap of the same course. The GPS data points associated with
the lap are filtered and converted into x, y, z coordinates. The vehicle must
achieve these positions, see Section 6.2.1

2. The x, y curvature at each point in the track is then determined from this data.
This is handled in Section 6.2.3.

3. The vehicle performance envelope is determined for the motorcycle and the
powertrain and battery initial conditions set. This consists of the limiting GGV
performance envelope developed in Chapter 4 and the starting battery open-
circuit voltage, hysteresis state and temperature, as described in Chapter 5.

4. Through determining the path curvature and limiting lateral performance of
the machine, the maximum speed at all points, from a lateral force perspective,
can now be obtained. This procedure is detailed in Section 6.3.1.

5. The next task is to include the braking limitations for the vehicle. As the
braking phase will end with a minimum speed, set by the limiting lateral force
determined previously, this is handled by iterating the track in reverse.
Starting at the end of the lap, if the next point closer to the start is of a higher
velocity than the current point the maximal braking force at the current point
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is determined. This force is utilised in conjunction with the vehicle's effective
mass to determine the resultant change in velocity over the spatial step. If this
velocity is lower than that obtained from the lateral force constraint, the
velocity is retained and the simulation moves to the next point. The
regeneration power developed during this timestep is also captured. This
process is detailed in Section 6.3.2.

6. Having determined the velocity trace due to the lateral and deceleration limits
the influence of the longitudinal acceleration limits and battery needs to be
determined. This is handled starting at the beginning of the course. If the
velocity of the subsequent point is higher than the current then the acceleration
limits are determined at the current point, accounting for powertrain and
chassis limit performance, and the resulting velocity at the next spatial step
determined. This velocity and distance are used to determine a resultant time-
step which is used to determine the change in battery state. This process is
detailed in Section 6.3.3.

7. The inclusion of deployment strategy involves setting an index of maximum
motor torque limits corresponding to each spatial step. As the powertrain
evaluation occurs, this additional torque limit must be respected. This process

is outlined in Section 6.3.4.

6.2. Vehicle Path

There are many options for path definition ranging from the use of optimal control
theory to determine ‘ideal’ vehicle paths given road constraints [17, 23, 49, 51, 158],
to the idealisation of the course as a series of constant radius arcs and straight lines, as
per the 1950°s Mercedes F1 cars [159].

Some electric motorcycle simulations have ignored the path curvature and simply
taken previously recorded cornering speeds [24], while some have described the track
boundaries and allowed the simulation to generate its path [17, 158]. This has its
benefits and drawbacks. Allowing the vehicle path to be optimised for the vehicle
setup can result in greater sensitivity to major setup changes, as these can affect the
optimum racing line. However, the path generation procedure is non-trivial and
dependent on vehicle model tuning. This can therefore result in the potential to

generate slower or non-feasible solutions for human pilots if not managed correctly.
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In this thesis, the path is defined from a filtered GPS trace of a racing lap of the
course on a similar powered machine. This was chosen as it is a significantly more
appropriate solution than the use of pre-recorded corner speeds avoiding the
additional computational expense of determining the vehicle path. Also, the need to
accurately define course boundaries and checkpoints with their associated errors and
issues is avoided. The GPS data required is readily available for multiple tracks due to

the widespread use of GPS-based data logging on race vehicles.

The use of fixed-point input data leads to working in the spatial domain. It also
constrains any optimisation as it prevents variations in racing lines. However, a rider
will attempt similar lines for the electric machine as they are accustomed to using
with their IC machine, especially for high-risk road racing. Evidence for this can be
seen in the UoN 2018 race data, illustrated in Figure 6.1. This data set contains three
racing laps taken from an IC machine and the race lap from the electric machine. Both
machines were ridden by the Nottingham rider at the same TT event in 2018. The
origin of this dataset is detailed in section 6.3.1. Here, there are several instances of
the rider unexpectedly reducing the throttle in anticipation of a corner that requires

deceleration using a higher speed IC machine but not for the electric machine.
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Figure 6.1 - Lap velocity overlay showing instances of phantom braking using the electric machine.
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6.2.1. Path Generation

As GPS data is simply a collection of reference points on the surface of a globe the
raw GPS data is converted into X-Y coordinates using an azimuthal equidistant
projection. Of the many differing projection methods available [160], the azimuthal
projection method is chosen as the GPS data for a racetrack can be reasonably
assumed to be centred around a single point. This point is used as the point of
tangency. The area to be projected is also small (in comparison to the globe) and
localised to the point of tangency minimising the shape distortion. The flexibility to
input any track around the globe and repeatably ensure minimal distortion is key. A
MATLAB script is also available in the public domain to automate the conversion to
planar coordinates [161]. The projection method involves idealising the globe as a
sphere and projecting from the point of tangency to the point of interest. The distance
from the projection point to the points collected for the track map is the true distance

and direction over the idealised sphere [162].

As an example of the process, the 2018 TT track data is utilised as follows. The lap
data is sampled at 200 Hz and is discontinuous due to numerical truncations.
Additionally, the GPS position updates at a slower rate than this sampling frequency.
To resolve these issues, and avoid large discontinuous lateral accelerations, the input
data is smoothed and re-sampled. An example of the effect of path smoothing is

illustrated in Figure 6.2.

Track data is first smoothed using a Savitzky-Golay (SG) filter [126]. The filter
employs a moving window with a least-squares polynomial fit. The resulting X-Y
coordinates are first graphically compared to the original data. The goal of the
filtering is to remove the discontinuities but avoid over smoothing as this results in

artificially high lap times due to smoothing of corners.
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Figure 6.2 - Comparison of Raw and Filtered Path Data for the Isle of Man TT Mountain Course

The path is further checked for over-smoothing by comparing the raw path trace to the
smoothed path at the tightest radius turns. For the TT mountain course, ‘Ramsey

hairpin’ and ‘Governor’s Bridge’ were singled out for further inspection.

This is accomplished by first determining the distance from the input data to the
filtered data point, the ‘residual displacement vector magnitude’. To obtain an
expression for which side of the filtered path the unfiltered point lies, the sign of the
determinant of the cross product of the unfiltered path vector and the displacement

vector to the filtered path is obtained.

By multiplying these two values together it is possible to obtain the residual
displacements and their direction from the filtered path. This residual displacement is
shown in Figure 6.3 and should consist of only noise. It is possible to verify this
simply by inspection. To perform a more rigorous evaluation a ‘lowess’ fit, locally
weighted linear regression [126], is applied to the residual displacement error for the
section under investigation. This is to attempt to identify any underlying trends
indicative of over smoothing. Such an error would appear as long periods of single-
sided residual displacement error. This would be highlighted by a deviation in the

lowess fit from zero.
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The example of this process using a 3™ order, 349-point window, Savitzky-Golay
filter on the TT lap input data at 200 Hz sample frequency is shown in Figure 6.3 for
the two tightest corners. This clearly shows that there is no significant systematic
deviation of the filtered path from the input path and therefore this input path has not

been over smoothed. These filter settings were retained for this lap profile.

Residual Displacement Error at Ramsey Hairpin

4
— h Residual displacemeant
E a b — Lowess fit
S
il
m
3
=
g-2f
o

0 50 100 150 200 250 300 350 400 450 500

Path distance [m]
Residual Displacement Error at Governors Bridge
2 |1 Residual displacemant |

'f '| ' — Lowess fit

1
I

=]
—
—]
=T
_?_IE_—
— -
-
T

Residual Error [m)]
=
|-
—

—_
e
/J__

P
T

0 50 100 150 200 250 300 350 400 450
Path distance [m]

Figure 6.3 — Comparison of raw path data to smoothed path data at check points.

6.2.2. Path Length

There are multiple methods of computing the path length ranging from spline length
estimation using Gaussian quadrature [163] to the simple Euclidian method taking the
straight-line distance between fixed points. The distance ‘dl.,.’ iS given by the
equation below for points in an x, y, z axis system but will always be an underestimate

of a circular path:

dloye = \/dx? + dy? + dz2

A further method is the fitting of a circular arc in 3D between 3 points and calculating
the distance between the points ‘dl,,..” as arc lengths. This is performed on every

consecutive point, giving two values of arc length for every segment bar the first and
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last. The mean of these values is taken as the segment length. The method for
obtaining these arc lengths is as follows. First, a plane is described by the three
XoYo0Zo Coordinate vectors (U, V, W) The unit normal vector to this plane ‘N’ is used
to determine two orthogonal unit vectors. These are used to generate the 3x2 rotation
matrix ‘R’ that maps the 3D coordinates onto the 2D plane xg;-.V,rc- Using these 2D
coordinate vectors (u, v, w), the 2D circle centre ‘0,,.’, segment angles ‘04, 6, and

radius ‘74.cpaen” are obtained and used to calculate the sector arc lengths:

N=0VxVW (6.1)
R =[0V,VW x N| (6.2)
w=RTU, wv=R"V, w=RTW (6.3)
Uy — Uy Uy — Uyl ((”9? +v7) = (uf + ”321))/2
0=[w —u, w —u] (6.4)
oy ((W,? +w?) — (u2 + ujz,))/Z
Tarcpath = |u — ogrel (6.5)
OgrcU * OgreV
0, = cos™! arc—_are > 6.6
! (loarcul X |0grcv| 6.6
dlgre = glrarcpath (6.7)

A comparison of the effect of down sampling the input data on path length for both
the Euclidian and arc-length approaches is given in Figure 6.4. This results in a total
path discrepancy of only 3.6 m for the arc fitting versus 46.6 m for the Euclidian
when down sampling 250 times. The arc fitting method is selected. When compared
to the original data over the 60 km track with an average speed of circa 120 mph this
is a potential error of 0.06s or ~0.005% and is insignificant. Further mesh sensitivity

work is undertaken in 6.2.3.
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Figure 6.4 - Comparison of track length calculation methods and down sampling rates.

6.2.3. Path Curvature

To determine the maximal cornering velocity, the path curvature is required. The path
curvature can be easily obtained similarly to the previous section, but utilising xy
coordinates only. Curvature magnitude is 1/7,ppq¢, and its sign is taken from the sign
of the determinant of the cross product of the xy path vectors. However, this process
generates a noisy discontinuous signal. This noise is commonly addressed using a 1
Hz lowpass filter [164]. To attempt to improve on this, a spline fitting technique was

used to impose a continuous curvature constraint for the path. The method used is
described as follows.

For a plane curve given by the equations y = y(s) and x = x(s) the curvature ‘k’ at a
given point can be determined from the following standard formula by taking the first
and second derivatives of the functions x(s) and y(s), where dots denote the
derivative with respect to distance ‘s’.

Xy — y¥

K Zm (68)
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A smoothing spline is fitted to a ‘window’ of data, and it is this spline that is then
differentiated at its central points. The derivatives at these central points are then
stored and the process repeated. As this is computationally expensive, a stepping
procedure is used to move the window by multiple points (its step size).

To ensure that the spline fitting is stable the ‘window’ only moves a fraction of the
step size, and the resulting overlapping steps are compared to the values for those in
earlier and later ‘windows’. A mean of these derivatives can then be taken. The
comparison of the error between these derivatives indicates the stability of the path
fitting. An outline of this overlapping spline differentiation method is illustrated

below:

dxg dxi1q dxzq dxzq

d_sa dsiqg  dSzq ds3g

ﬁ — . dxzp dxsp dXxgp . (6 9)
dasp ds,p  dSsp  dSup '
dx. dx3c dxg4c dXse

d_sc dszc  dsyc  dSsc

dx; dxs, dxsp dxs

— = mean( , , e c) (6.10)
dss dss, dssp dss.

For an initial comparison, a window of 70 points was used for the spline fit with a
step size of 11 points, and an average over 3 steps was taken.

The effectiveness of these path curvature determination methods is shown in Figure
6.5. Here the TT lap curvature data was computed by the spline method, the 2D arc
fitting method and the filtered 2D arc method. This data is also compared to an extract
of ‘optimal’ curvature data for a TT electric motorcycle published by Dal Bianco et
al. [17].

A comparison of spline and arc fitting at this point indicates the spline fitting method
is effective at peak ‘shaving’ when compared to the unfiltered arc procedure. It is
however still severely affected by noise at the down-sample rate (10) used for this
plot. Manual adjustment of smoothing spline parameters can improve this markedly

but is not a feasible solution as the adjustment varies with the down-sample factor.

The comparison to Dal Bianco et al. [17] is interesting as the ‘Optimal lap’ method
appears to suggest a route with higher curvature for a shorter period. This contrasts

with the measured route which represents a rider attempting to smooth their path as
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much as possible to maintain the highest velocity through a corner. This could be an
interesting path variation but highlights an issue with the optimal path method
whereby the path chosen is dependent on the accurate modelling of the underlying
system, and therefore an additional source of variation to understand and control.
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Figure 6.5 - TT course curvature taken shortly after Ramsey hairpin.

This comparison is only part of the consideration required to choose a curvature
determination method. It is also important to balance computational efficiency and
accuracy. To investigate this, the effect on the computational time of further down-
sampling of the input GPS points and the associated lap time variation is compared.
Note that all optimisations for a particular track are completed using the same down-
sample factor and path smoothing parameters to avoid the introduction of additional

sources of variation.

The only data available for direct comparison here is the 2018 UoN TT Zero race lap.
However, as the effects of noise and over-smoothing will be most noticeable for the
highest performance machines an additional rough data point can be generated using
the ‘perfect lap’ of fastest sector times for the Senior TT [165]. This combination of

sectors gives a flying lap time of 995.7 s and a standing start lap time of 1001.7 s,
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generated by taking the approximately 6 s difference in first sector times between

flying laps and standing start laps from published 2015 senior TT sector times [166].

The Senior TT utilises modified road bikes, therefore approximate specifications for
these machines are publicly available. For example, the BMW HP4 Race, similar to
that used by P. Hickman in the 2018 TT, gives a peak power of 160 kW and a bike
mass of 171 kg [167]. A second example is the British Superbike specification Ducati
Panigale V4 R built for M. Dunlop in 2020. This has a reported 171 kW and bike
mass of 166 kg [168]. A rider weight of 85 kg has been assumed.

To investigate the effects of path smoothing the electric motorcycle simulation was
used here with the vehicle mass and CoG position set to best approximate the publicly
available data. In addition, the powertrain torque and battery limitations are removed
leaving just a maximum power limit, which was set to match the IC machine's
maximum output. This is an extremely rough approximation that ignores several
factors such as gear changing, validated drag values for the machines in question
amongst several other simplifications. As a result, this is not used for validation
purposes but is used here to magnify the effects of path curvature variations. The lap
times generated for the SI000RR and the V4R are 991 s and 989 s, respectively, when
down-sampled 10 times (20 Hz) and 988 s and 986 s, respectively, when down-

sampled 50 times (4 Hz). Both times are within 1.5% of the estimated best lap.

Figure 6.6 gives a summary of this investigation. At high down-sample rates, a
decrease in lap time is found due to over smoothing and a reduction in lap distance.
Conversely, at low down-sample rates with minimal filtering, there is an increase in
noise, generating artificially high curvatures and resultingly higher lap times. The
generation of artificially high lap times can be seen in the comparison of the filtered

and unfiltered arc-fitting methods.

The filtered arc method was trialled using a Butterworth filter and MATLAB ‘filtfilt’
function to ensure zero phase shift [126]. Cut-off frequencies of 1, 1.25, 1.5 and 2 Hz
were trialled. Closer inspection of the velocity trace generated revealed evidence of
noise influencing some corner speeds using the 2 Hz filter. The 1, 1.25, and 1.5 Hz

performed similarly with slight variations due to relative levels of smoothing.

With the spline-fitting technique, some promising results can be seen reducing peak

values without losing the underlying detail. However, it still suffers significantly from
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noise. This can be reduced with down-sampling and with manual adjustment of
spline-smoothing parameters. Ultimately attempts to further filter this signal were
unsatisfactory and defeated the purpose of using the spline technique. As can be seen
in Figure 6.6, both methods give similar lap time results with down sample factors
between 50 and 100 (representing 4 and 2 Hz input signals). Minor variations between

lap speed traces can still be seen, with the spline method typically reporting higher lap
times and lower apex speeds.

The benefit to computational time of down-sampling is also clear. A down-sample
factor of 50 (4 Hz) was chosen as this represents a lap time variation of only ~0.3%

(2.85s) but a 630% computational time reduction when compared to a down sample
factor of 10 (20 Hz).
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Figure 6.6 - Effect of down sampling on TT Superbike lap time and computational time

Due to the large variations with the spline technique and the desire to avoid repeated
adjustment of spline smoothing parameters for each down-sample level, the simpler

more conventional filtered arc technique with a Butterworth filter was selected for use
in the remainder of this thesis.
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To select the cut-off filter frequency for this filter, simulations using the 2018 TT path
data and the UoN machine parameters (given in Appendix B — Nottingham Electric
Motorcycle Parameters) were graphically compared to laps generated using the UoN
2018 machine. The effect of the 1, 1.25 and 1.5 Hz filters was compared, the variation
between these was small and the 1.25 Hz was selected as the best compromise.
Further investigation is not appropriate here, as due to issues with data collection only
one complete dataset for the TT is available. With only one complete lap for the 2018
TT, itis difficult to distinguish measurement errors from rider errors or simulation
errors. In future work, multiple datasets should be used to improve accuracy and

confidence. The resulting fit is shown and explored in more detail in Section 6.4.3.

6.3. Path following

Having defined the target path, the next task is to determine how the vehicle follows
this path with the maximum performance possible. Due to the significant
compromises in terms of vehicle mass and battery sizing, the fastest lap time is not
necessarily maximal acceleration at all points. Therefore, the inclusion of energy

management strategies is also important.

6.3.1. Lateral Acceleration

The lateral acceleration required for the motorcycle to follow the given path is
dependent on the motorcycle velocity and path curvature. The instantaneous path
radius is obtained from the curvature as outlined in the previous section. By
combining this radius with the GGV performance envelope developed in earlier
chapters and the equation for steady-state circular motion (a = v?2/7), it is possible to

obtain a steady-state velocity limit for every point on the track.

To compare cornering speeds from the same rider with the same tyres on his IC
machine and the UoN electric machine a graphical data-trace was obtained from the
rider (the rider was unable to share the underlying data file). Due to the graphical data
output, the lap data was then extracted from these plots using a pixel identification
process [169]. The data from three laps was converted and overlaid to identify
conversion errors and rider lap variations. Sadly, it was not able to be determined if
the speed trace provided was based on wheel speed or GPS speed. The reconstructed
lap distance was shorter than the distance obtained using the 2018 TT GPS trace and

the published lap distance. To better align the data traces, a distance scaling factor of
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1.027 was used for the superbike data. This uncertainty reduces the usefulness of the

data but does allow for some qualitative evaluation.

Figure 6.7 contains an extract of the data showing the comparison using the scaled
speed and distance trace. This is taken from a part of the lap where the electric
machine’s top speed restriction has minimal interference. From this evaluation, it is
evident that the corner speeds of the IC superbike slightly exceed those of the electric
superbike. This discrepancy is of the order of 1-2 m/s when the speed trace is
unscaled but increases to 2-4 m/s if the speed trace is scaled in conjunction with the
distance trace. The electric machine is approximately 120 kg heavier. This difference
is likely due to both the load sensitivity of the tyres and the rider’s familiarity with the

respective machines.
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Figure 6.7 - Extract of velocity data comparison between EV and IC superbikes ridden by the same rider at the TT
2018.

As the maximal apex speed the motorcycle can achieve is important to the
performance of the machine over the lap, it is important to test the model sensitivity to
this parameter. To demonstrate the model sensitivity to lateral friction coefficient
variation Figure 6.8 shows two plots. The first is the direct effect of scaling vehicle

mass on the minimum radius of curvature at specific velocities using the UON2018
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TT motorcycle and the tyre parameters from De Vries and Pacejka [15]. The second
plot directly scales the lateral friction parameter to highlight the vehicle model

sensitivity to lateral friction coefficient variation possible with other tyre data sets.

This plot performs two functions. Firstly, it outlines the effect of the restrictions in the
tyre data set used as highlighted in Chapter 4. This data set is retained due to its
availability in the public domain, but future work would ideally include a data set
utilising sensitivity to this parameter. In response to this future need, the second plot
is used to demonstrate the underlying model retains sensitivity to this parameter if the

tyre model is altered.

As can be seen in the second plot the velocity achieved at a given radius of curvature
correlates directly with the tyre lateral friction coefficient. This is expected and has
implications for the lap time response as if a motorcycle can traverse the corner apex
at a higher speed it can brake later at the end of the previous straight and begins the
following straight at a higher speed. It is therefore concluded that the developed

model retains the required sensitivity even though the underlying data set does not.
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6.3.2. Longitudinal Deceleration

A racing vehicle seeks to reduce its lap time by maximising the velocity at each point
along the path. Thus it follows that the motorcycle will either be applying maximal
acceleration or deceleration unless instructed otherwise by energy deployment
strategy.

The motorcycle velocity limitations due to lateral force limits, and the corresponding
radius of curvature at each point have already been determined. This phase is
concerned with the approach to these minimums. To obtain a unique solution for the
braking phase, backwards integration is required from the local minimums identified
by the lateral acceleration limits.

Here, if the velocity of the point closer to the start of the lap is higher than that of the
current point then the longitudinal force limit needs to be computed. Limiting braking
performance is independent of the powertrain state as the mechanical brakes are
sufficient to lock both wheels. Therefore, the maximal lateral and longitudinal tyre
forces at each tyre and the corresponding vehicle deceleration rate can be found by
interpolating the GGV performance envelope computed in Chapter 4.

Using this maximal tyre force, plus the drag and rolling resistance contributions, the
road inclination angle and the vehicle equivalent mass a longitudinal acceleration can
be computed. This acceleration is assumed fixed over the spatial step and the velocity

at the previous point determined. This continues to the beginning of the lap.

The deceleration force is taken from the sum of the available longitudinal tyre forces
‘Frx’and ‘F.,’, the aerodynamic drag ‘Fy,’, the rolling resistance ‘F.,.” and the
longitudinal component of gravity in the motorcycle frame caused by the pitch angle
required to negotiate the change in height between the two points ‘F;;’. Additional
coefficients used include ‘C,, A’ and “Cg,, A’ representing combined terms for the
coefficient of drag combined with respective effective area terms for the motorcycle
body and winglet.

Frit = Mpegsind (6.11)

1
Fpx = 2 pairvzcdbA (6.12)
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1
Eyx = E pairvzcde (6.13)

Fry + By + Fpy + Foux + B + Fyi
a, = _( fx rXx bx WX rr hlll) (6. 14)

Meq

The resultant acceleration and distance between the two points give a minimum
velocity value. This is compared to the value given by the lateral path generation. The
minimum value of these two is taken to ensure that the lateral constraint is not
violated. The process is then repeated for the remainder of the full path. An
illustration of this process of building up the limiting speed profile from the lateral
and longitudinal constraints is shown in Figure 6.9. As can be seen, this is an effective
method for building a velocity trace. A discussion of the correlation of the full

velocity profile is undertaken in Section 6.4.3.

As significant computational effort is spent on powertrain simulation, reducing the
number of powertrain simulations is helpful. When braking, the maximum
regeneration torque can be affected by the battery voltage at speed. However, in rear-
wheel-drive UoN TT Zero configuration, the effect of weight transfer dictates the
maximal regeneration torque is only 20% of the forward torque. In this scenario, the
powertrain is not voltage limited and can achieve the maximal regeneration torque
throughout the full speed range. This allows us to simplify the powertrain torque
response and loss models to a lookup table for these periods. This also simplifies the
calculation of the battery response as now the response can be determined later during

the following forwards iteration phase to capture the full lap history.

6.3.3. Longitudinal Acceleration

The longitudinal acceleration profile starts with the velocity profile generated by the
lateral and deceleration limits. The process is similar to the deceleration profile
generation but iterates forwards from the start of the lap. At any point where the
motorcycle is accelerating (v;,; > v;) the lateral force required to satisfy the
curvature constraint at ‘v;’ is determined and this lateral force is used to determine the
motorcycle steady-state camber angle. The maximum longitudinal tyre force available
given the lateral force constraint is determined using interpolation of the GGV

response.
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The battery model is used to determine the internal resistance ‘R, utilising the lap
history. The instantaneous voltage response due to the powertrain state is determined
as part of the powertrain evaluation step. Having determined the battery state,
maximum tyre force limitations and camber angle these limitations are passed to the

powertrain model (developed in Chapter 5).

The method by which the powertrain model determines this steady-state output is as

follows:

1. The steady-state weight transfer is computed to determine the front and rear
tyre loads. The maximal longitudinal acceleration and camber angle
determined by the GGV surface are used for this.

2. These forces are then used to determine the longitudinal tyre slip and tyre
deformation at that operating point for the tyre in question.

3. These slips and forces are used to derive the required electric motor torque and
motor speed required to satisfy the limit of the performance envelope.

4. The electric motor maximal output torque is determined at this operating
speed using the motor model developed in Chapter 5.

5. If the motor can supply this torque, then this operational point is selected.

6. If not, then the maximal motor torque is selected and used to recalculate the

associated steady-state weight transfer and resulting tyre slip.

Having determined the tyre force due to the electric powertrain the additional forces
are determined. These include the force representing the longitudinal component of
gravity due to road inclination ‘Fy;;;’, rolling resistance ‘E,.,.’, and aerodynamic drags

‘Fy,’ and °E,,’

The calculation of the longitudinal tyre slip allows the calculation of the effect of rear-
wheel inertia. Gear ratio, front and rear wheel as well as the electric motor rotor

inertia are accounted for as an ‘effective mass’ and the forward acceleration

calculated.
Tmot = f(iS' Vsr a)m) (6 15)
Tmot N2
By =—T"— 6.16
™~ Trw Nl ( )

IfW Ipt(l + KT‘)
meq = My + fT + T
w

(6.17)
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2

N.
Lyt = Ly + Lot (f) (6.18)
1
E.. —Fp, — F.. — Fp;
a, = X bx rr hill (6. 19)

Megq

This forward acceleration allows the calculation of the velocity achieved at the
following spatial step. Again, the minimum of this velocity and the previous braking

and later force limits is taken.

At the intersection of the limiting velocity traces, there is a point where the calculated
longitudinal acceleration will determine a velocity above the lateral or deceleration
limits. At this point, the force required to achieve the lower velocity constraint is
determined and the motor model re-simulated with this as a limit to capture this lower

torque output.

The time taken to achieve this spatial step is then determined from the velocity and
distance between points. This is then used to determine the battery response. Here of
interest is the energy consumption of the powertrain, heat generation with the battery
and heat energy transfer out of the battery due to cooling. This is used to determine

the battery state and thus time dependant voltage response.

The resulting acceleration trace evolution from lateral limit to deceleration limit and

then acceleration limit is shown below in Figure 6.9.

A simplification that can be made for some events is the use of an interpolated
powertrain lookup table. This only covers the motor, motor drive and transmission.

The battery response is always simulated in full.

To create this performance map, the battery nominal voltage and instantaneous
voltage drop at a battery temperature of 40 °C are taken as inputs to the motor model.
The choice of 40 °C approximates the mean expected battery temperature. The GGV
response surface is used to determine the input maximum tyre forces to the powertrain
model. The resulting powertrain performance is determined using the same process
outlined above. As this powertrain performance map also contains the motor input
power requirements interpolation of these variables allows the calculation of the

battery demands and thus the simulation of the full battery.
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This simplification speeds up the simulation considerably but does ignore the
variation in powertrain performance resulting from battery voltage decay with
discharge. The significance of this is simplification varies with the event being
simulated and is explored in more detail in Section 6.4.

An illustration of the assembly of these three velocity limitations for a section of the
TT lap using the UoN TT 2018 parameters is given in Figure 6.9 below. The resulting
velocity trace is named ‘Acceleration trace’ as this is the final limit to be included. As
can be seen, the velocity trace satisfies all limitations at all points. The effect of the
motor speed limitation is also neatly shown at 65 m/s when the acceleration trace
reaches a limit. Also seen in this plot is how all the velocity limitations are respected.
A simple and robust method for determining the maximal velocity profile of the
motorcycle has thus been implemented. The validation of this method is examined in

more detail in Section 6.4.
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10 f Lateral Force Limit
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Figure 6.9 - Vehicle velocity trace evolution for example TT simulation
6.3.4. Deployment Strategy

Due to the energy storage requirements and the 300 kg mass limit for the motorcycle,

the rider can't complete the full TT lap at full chassis limit power. Therefore, energy
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management strategies need to be evaluated. A simple energy management strategy,
used in 2018 and 2019, is to restrict the maximum velocity of the machine. This is
simple to implement and effective as power is proportional to velocity cubed (P o«
v3). This is easily implemented as a motor speed-dependent torque map in both the

simulation and on the vehicle.

More advanced strategies involving varying energy deployment, with varying lift and
coast periods based on the lap time-sensitivity per straight, have been explored by
Sheard [82]. Here, the lap is broken into individual straights with those with higher
deployment sensitivity prioritised. It can be seen that it is generally more efficient to
deploy the maximum available energy early and coast to the end of the straight,
before braking to achieve the required apex speed at the following corner [82]. It is
also apparent that different straights have different sensitivities with it being
preferable to deploy a larger proportion of energy on longer straights. The vehicle
model used by Sheard [82] is basic, ignoring battery state, tyres, braking and lateral

performance entirely.

The deployment strategy by Sheard [82] requires lap-position based electric motor
torque limit variation. This is incorporated as a position-based torque limit that is pre-
set before the lap. The trade-off for limit performance for the motorcycle is found
where the lap time sensitivity for increased deployment is outweighed by the lap time

penalty for increased battery mass.

As an example, three energy management strategies, power limit, speed limit and
powertrain ‘clipping’ are compared in Figure 6.10. Powertrain clipping is achieved by
allowing the machine to accelerate at full power, followed by the ‘clip” where the
power is removed and the machine coasts and only the forces due to drag and rolling
resistance are present, the machine then brakes and regenerates at the end of the
coasting period to achieve the required minimum speed for the following corner. Here
all three velocity traces represent the same total energy consumption from the battery,
inclusive of powertrain losses. It is clear powertrain ‘clipping’ results in the minimum
lap time for the example straight. This result is only valid for the example straight
shown here (Elvington Airfield, land speed record attempt specification machine) but
this does demonstrate the need for further investigation of deployment strategy.
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The other major factor to consider in deployment strategy is temperature, notably
battery temperature. This is dominated by ohmic losses that increase with the square
of the current and are extremely sensitive to periods of high deployment. For a
comparison, a similar exercise comparing the effect of the three energy management
strategies for equal battery temperature rise with no cooling is shown in Figure 6.11.
It is worth noting that temperatures can be managed during the lap through the

introduction of cooling systems, however, energy capacity cannot.

As these more advanced energy management strategies are not implemented in the
race data they are not used for the remainder of this chapter. However, they are
explored in more detail and included in the following Chapter 7.
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Figure 6.10 - Energy management strategy comparison for Elvington
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6.4. Validation

Having developed this model, it is important to validate its performance using
representative data. This is achieved through comparison to data collected during the
2018 Isle of Man TT Zero, 2019 Pikes Peak International Hillclimb (PPHIC), and the
2019 Elvington Land Speed record attempt. These are significantly different in terms
of vehicle configuration and setup representing the extremes of electric motorcycle
setups. An outline of the respective benefits for variations to the simulation for each
type of event is also given. For example, the inclusion of battery voltage drop on
powertrain performance is important at Elvington but less so at Pikes Peak, allowing

the powertrain evaluation at each step to be reduced to a nominal torque map
evaluated at a fixed voltage.

6.4.1. Comparison with Elvington Land Speed Record Data

The UoN motorcycle attempted and achieved multiple FIM World speed records at
Elvington Airfield in 2019. Here the simulation is compared to the Elvington data-
trace in Figure 6.12. Unfortunately only the vehicle speed and acceleration parameters

logged by the AIM Evo 5 data logger [127] are available as the motor drive logging
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system failed. Luckily the powertrain used was identical to the 2018 TT specification,
so this is validated through other means. Note rear wheel diameter has been fitted to

the data as the tyre choice was altered and data for this tyre size was missing.

To investigate the requirement for evaluating the full battery and motor model at
every spatial step, a model with fixed powertrain performance evaluated at a
predefined voltage is included. GGVvmax represents the fixed performance with a
fully charged battery (4.2 VVdc per cell). The same starting cell voltage was used in the
full powertrain simulation. GGVvmin represents a fixed voltage evaluation at 3.70 Vdc

per cell, with a corresponding full simulation at the same starting voltage. 3.70 Vdc is
chosen as for this case it represents low charge remaining.
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Figure 6.12 - Comparison of fixed voltage model and full battery model at top and bottom of charge
As can be seen, there is a good match between the simulated data and the lap trace
with the real rider backing off the throttle earlier than the limit predicted by the road
curvature. This is expected having passed the timing gates and slowing down to return
to the pits. Also, it shows that in a power-sensitive scenario the battery model
inclusion is important. Here, voltage drops due to the state of charge depletion and

internal resistance variation have a noticeable effect on the powertrain performance at
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high speed. This underlines the importance of tracking battery voltage on long high-

power runs that make use of the field weakening region.

Also shown is that powertrain performance is unaffected by battery voltage in the
constant torque region, as expected. This finding is important for deciding when to
use the full powertrain evaluation at every spatial step and when an interpolated
response is appropriate. Here it is clearly shown that the interpolated response would

not be appropriate and so the full response evaluation is retained for this event.

Before the event, this simulation was used to determine the optimum gear ratio for the
attempts at maximum speed and the standing mile time. A comparison of the available
gear ratios can be seen in Figure 6.13 and Figure 6.14. The conclusion from these
plots is that to achieve a maximal speed a 20T:79T sprocket ratio is selected, and a
20T:83T ratio for the standing mile time. Here ‘T’ refers to the number of teeth on the

respective sprocket and the motor sprocket value is given first.
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Figure 6.13 - Effect of gear ratio on maximum velocity using full powertrain simulation
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Figure 6.14 - Effect of gear ratio on standing mile time using full powertrain simulation.

6.4.2. 2019 Pikes Peak International Hillclimb

Again only the vehicle speed and acceleration parameters logged by the AIM Evo 5
data logger [127] are available as the motor drive logging system failed, and there is
only one attempt per year at this event. This is unfortunate but the comparison of GPS

speeds is still useful.

A note here is that after the race the rider admitted that his fitness and lack of
familiarity with the course and machine had contributed to a lack of pace. And that
there were still significant lap-time gains to be had. This can be seen clearly in Figure
6.15 and it is another reason to abandon the previous fixed corner speed approach
taken by Blissett [16]. The idealised lap time at (566 s) was 53 s faster than the time
achieved at the race (619 s), a significant decrease and 18s faster than the current lap
record. However, this lap record would have been reduced to an estimated 572 s in

2019 by an IC machine ridden by Carlin Dunne had it not been for the tragic outcome.

It is not unreasonable to assume that the ultimate performance of the UoN machine
could exceed this. Electric vehicles have an advantage over their internal combustion

counterparts due to the altitude negatively affecting combustion power output, no
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requirement to change gear, and the short low-speed nature of the course, requiring

only a relatively small battery, giving similar IC and electric vehicle masses.

This lap discrepancy is still worth investigating and there are several contributory
factors. Inspection of Figure 6.15 reveals that initially the data and the model show
good alignment, particularly with regards to the slope of the acceleration and
deceleration periods. There is also good alignment with minimum corner speeds after
approximately 3 km of the course. As the track was colder than expected and there are
no warm-up laps, the rider reported taking a cautious approach initially. This is likely

the cause of the corner speed discrepancy before the 3 km point.

Another notable discrepancy comes with the rider lifting off earlier and initially
braking more gently than would otherwise be optimal. It should be mentioned that the
rider had recently recovered from a serious crash requiring hospitalisation and a long
rehabilitation. This crash was caused by his brakes failing on a competitor’s machine

at the same event a year previously, so a cautious approach was taken.

For further comparison Figure 6.16 shows how the correlation deteriorates further as
the race progresses. This can also be explained by a lack of race fitness coupled with
extreme altitude (the course is a hill climb to 14,000 ft). Add to this the fact that the
track becomes a mountainous hairpin trail with no guard rails (with fatal
consequences if an error was made), and the discrepancy becomes more

understandable.

In summary, there are multiple reasons why the rider was not able to exploit the
ultimate performance of the machine, and this can largely explain the perceived
differences between simulation and reality. There is also only one opportunity per
year to make a full run on the course so there are no second chances for data
collection. This analysis also illustrates why it is useful to be able to separate rider and
machine performance and avoid wasted development effort. Further work involving
track grip measurement could be undertaken to further resolve these differences but as
this continuously evolves it would likely be a large effort for little gain, and is outside

the scope of this thesis.

The Pikes Peak International Hillclimb course is much shorter and of lower speed
than the Isle of Man TT course. As a result the battery pack mass was approximately

75 kg less. This reduction coupled with low top speeds significantly reduces the
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influence of powertrain limitations. For comparison, the use of an interpolated lookup
table with nominal powertrain performance was trialled. This resulted in a
computational time of 15% of the time required for the full simulation. The effect of
this change for this race was minimal, a lap time change of 0.2s. Inspection of Figure
6.15 and Figure 6.16 confirms this as the interpolated lap trace is almost entirely
concealed by the overlaid full simulation trace. This simplified simulation is therefore

a useful tool for exploring powertrain insensitive configurations.
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6.4.3. 2018 TT Race Data Comparison
Much of the work correlating the motor model and the powertrain has been handled in

previous chapters, but it is worth revisiting a few lap-dependent elements here.

As has been mentioned, one of the areas of improvement is the inclusion of a full tyre
model. This has the benefit of improving the correlation between the electric motor
torque speed curve and the vehicle acceleration profile. The impact of tyre slip can
change the motor speed to motorcycle velocity relationship by up to 10 m/s, or 1000
rpm, depending on the axis used, and it is important to include especially in regions
where motor torque varies. This effect as well as the correlation between the

measured and simulated data can be seen in Figure 6.17.
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Figure 6.17 - Overlay of measured and simulated motor speeds and vehicle velocities illustrating the impact of
tyre slip

It is also worth noting that the rear tyre is frequently under rotating during braking.
This suggests that the fixed regeneration level used in the race was set slightly too
high. The increased incidence of this at low speed suggests there is a speed-dependent
element to the optimum braking level. This could be improved by allowing the rider
full control over the regenerative braking levels using an imitation brake pedal or
implementing a form of slip control to extract maximum torque and therefore

maximum energy from the rear wheel.

The battery temperature is an extremely important parameter to monitor. Above a
critical temperature, batteries can become unstable, burst, and ignite, resulting in the
loss of the vehicle. As can be seen in Figure 6.18, there is a good match between the
simulation and measured track data. It is worth highlighting here that all cell data was
obtained in the previously mentioned lab tests and did not require fitting to lap data.
This demonstrates the predictive capability of the lab testing methods used for

predicting battery performance.
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One area of concern for this data set is the variability within the thermistor readings.
There are several potential reasons for this ranging from manufacturer quality control,
assembly issues (there are other incidences of poor assembly procedure leading to
ruptured cells), the reuse of old cells (the cells in this pack had competed in two
previous TT events), or simply measurement error. As none of the equipment remains
it is not possible to determine the exact cause of the variation. But its use as a
predictive tool is reinforced and is an improvement over existing methods as will be

shown in Section 6.5 from a comparison with the model developed by Blisset [16].
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Figure 6.18 - Comparison of model temperature prediction and measured 2018 Race Data

The velocity trace comparison shown in Figure 6.19 shows the close correlation
between the simulation and the race data. However, the lap time generated by the full
simulation is 1081.1 s. This is faster than the 1138.6 s recorded in the 2018 TT Zero
and represents a ~5% error. For comparison, the winning time in 2018 was a 1115.0 s
lap recorded by the Honda Mugen ridden by the multiple TT winner Michael Rutter.
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Figure 6.19 - Comparison of velocity traces from simulation and 2018 Race data

This variation has several sources. Firstly, the simulation assumes a perfect lap. This
is very difficult to achieve especially at the TT, given the length and danger of the
course. It is not feasible to include the entire 60 km velocity trace here, but as
illustrated in Figure 6.19 and Figure 6.23, there are a few areas where it is
theoretically possible to either increase the apex speed, get on the power earlier or
brake later. This feedback can be given to the rider resulting in lap time gains. These
improvements would naturally come with increasing rider confidence in the track and
their machine. Interestingly a comparison with the lap profile achieved on his more
familiar IC machine shows that some of these improvements have already been
achieved. The Nottingham rider, Daley Mathison, only had one or two practice

sessions on the electric machine in its most recent configuration before the event and
likely would have improved further if given more time.

The second source of error was an unexpected motor temperature derate near the end
of the lap. This was caused by using the incorrect thermistor settings in the motor

drive and was uncovered post-race but resulted in reduced motor power, particularly
towards the end of the actual lap.
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Another point worth noting is that the lateral friction coefficient was modified with a
0.9 scaling factor to better represent the lap, particularly concerning apex speeds. This
could be due to the track surface, poor setup, or the tyre vertical load sensitivity not
being sufficient in the tyre dataset. Despite much help from the suspension
manufacturers, K-Tech, with vehicle setup, there will have still been performance to

unlock with increased testing and setup time.

Variations in grip levels due to differing road surfaces throughout the lap will also
influence the performance. This has anecdotally been reported to equate to grip level
variations of up to 20%, which again, can account for some of the speed profile
variations. This variation could be measured using a grip testing machine, but this is

outside the scope of this project.

The final sources of variance will be due to the nature of the simulation used. The
approach used here assumes instantaneous load transfer which will have the effect of
causing artificially low lap times. This error could be reduced by building a more
sophisticated multibody model including suspension compliance and vehicle inertias.
But as the simulation already represents a significant improvement over existing
models, allowing the combined evaluation of both mechanical and electrical design
choices, the extra work and computational effort were deemed unnecessary at this

stage.

For comparison, the interpolated lookup table with nominal powertrain performance
model with a set open-circuit battery voltage of 3.85 VVdc (representing the middle of
discharge) was trialled for the TT using the same vehicle parameters. The
performance map was interpolated in 10 m/s increments and the lap time generated
was 1091.9 s, representing a 9.1 s (~0.8%) increase over the full model's lap time. The
computational time was 22% of that required for the full simulation. The velocity
discrepancies are greatest at high speed, with the nominal performance model

typically not reaching the same peak velocities. This is illustrated in Figure 6.20.
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Figure 6.20 — Velocity traces for measured, full simulation and interpolated nominal performance map.

The use of an overly coarse interpolated vehicle performance map in a dynamic
region with powertrain speed limiters and changing torque response leads was the
cause of this. This is addressed by increasing the interpolation mesh density in the
field weakening region. Having reduced the field weakening region velocity step size
to 2.5 m/s, the lap time deficit is only 0.4s. This comes with a doubling of

computational ‘setup’ time but is still only 43% of the time for the full simulation.

It is worth noting that this is again a situation where the powertrain performance is
constrained, by torque and speed limitations set for energy management purposes. A
lap velocity trace showing the improved fit is shown below in Figure 6.21. The
shifting of computational time to the setup phase is extremely useful when performing
multiple lap simulations with the same vehicle setup, i.e. when investigating energy

deployment strategies.
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Figure 6.21 - Velocity trace for refined interpolated powertrain, 2018 measured race data, and the full simulation.

6.5. Comparison with the Blissett Model

The approach used in Blissett [16] is focused on using pre-recorded lap data to fix the
cornering speeds and simulate a drag race between corner points. The addition of
‘smoothing’ parameters is an attempt to allow for corner entry and exit effects not
captured in the model, like trail braking and feeding in power on corner exit. The
model ignores the effect of tyres and lateral acceleration instead focusing on the
powertrain response. This simplifies the model construction considerably. However, it
results in infeasible speeds and a poor match to reality at points where a mixture of

lateral and longitudinal acceleration is required.

Examples can be seen in a comparison with the Blissett simulation (using 2017 lap
data), the 2018 TT measured lap data, and the simulation described in this thesis.
Examples discrepancies are highlighted in Figure 6.22. The Bissett simulation
continues past the braking point and a spurious artefact captured in the previous

year’s data is repeated despite being unrelated to the physical limits of the machine.

An area where the rider is still optimising his corner speed and the new simulation can

be used to guide improvement as shown in Figure 6.23.
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Figure 6.22 and Figure 6.23 neatly illustrate the benefits of using the upgraded
methodology. By respecting the physical limits of the machine, the match to real-
world data is improved, and the new simulation has the added benefit of being able to
inform the rider where in the track better performance is to be found. There are some
minor discrepancies in apex speed in some corners, but these can be easily explained
by friction coefficient variations in the road surface, especially around a 60 km street
circuit, or additional effects neglected by the simplification of the model. To improve
this match further, measuring the road friction coefficient with dedicated apparatus
(typically a specially designed trailer), and scaling the tyre response appropriately

could help. This is of no benefit to this thesis.

Blissett [16] handles each apex-to-apex speed profile as a single event with
parameters such as battery voltage fixed for the duration of the event. The machine
parameters are then updated at each apex. Issues with this approach are most keenly
felt on long high-speed straights and are clearly illustrated in Figure 6.12 which
highlights the impact of this on the land speed record run at Elvington Airfield.

However, this is a trade-off that needs to be balanced with the event being simulated
as with a constrained powertrain, e.g. torque/speed map limitations for the 2018 TT.
The powertrain performance is almost invariant to battery voltage, as can be seen in
Figure 6.21.

The Blissett model was developed with a firm grasp of the requirements and
capabilities of the modern electric powertrain. However, several important vehicle
response elements are omitted. The most notable omissions are tyre slip and tyre
deflection under load, as well as the lack of consideration for cornering performance.
The impact of tyre slip is illustrated in Figure 6.24. Here it is clear that the inclusion
of a tyre model greatly improves the correlation between electric motor speed and
motorcycle velocity where differences of up to 10 m/s or 1000 rpm can be seen
between the measured results and the Blissett model depending on the axis used for

comparison.
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Figure 6.24 - Plot of recorded and simulated 2018 motorcycle velocity and motor speed.

Another important area of comparison is battery temperature prediction. As
mentioned in Blissett [16] the lab test ohmic heating value obtained did not correlate
well with measured track data at the Jurby test track. To improve this fit (post lap test)
Blissett increased the internal resistance value by 35% to increase the level of cell
heating in the model and simulations were rerun. The resulting battery temperature fit
is shown in Figure 6.25. As can be seen despite the refitting the shape of the curve is
still a poor match to the data. An issue with this approach is the lack of confidence in
its predictive ability and the fact that a different track may require a different
adjustment factor. The battery is one of the longest lead time components and is
critical to machine performance. Once the pack is built and tested on track it is too
late to make any radical improvements to the design. The approach described in this
thesis is far more useful as it not only has a significantly improved fit in both shape
and magnitude it is better suited to being used as a predictive tool based on lab testing

alone.
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Figure 6.25 - Comparison of Blissett fitted Ohmic resistance model to predictive battery temperature model used
in this thesis.

Other notable omissions can be found in the idealisation of an IPM motor as an SPM
machine using SPM control. There are further issues surrounding the chain efficiency
model and the effect of direct chain tension on motor bearing efficiency. A more
detailed explanation of these is included in earlier chapters.

The effect of these inaccuracies has the potential to mask areas for development and
the large approximations lead to the restricting of the validity of optimisations to a
narrow window around the pre-recorded lap data. These issues have been addressed in

the new model and the benefits of the improved approach outlined.

6.6. Conclusion

The goal of the current chapter and Chapters 4 and 5, has been to develop and validate
a model capable of determining lap time sensitivities for a wide range of high-
performance electric motorcycles. This goal has been achieved and the superior
performance of the approach taken here in terms of wide-ranging correlation has been

demonstrated with multiple examples with differing setups.
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Comparison with the Blissett model [16] has identified several areas where the new
approach shows significant benefit. The switch to GPS-based lap definition and the
use of tyre models has removed artificial constraints and improved the ability to
differentiate between machine limitations and rider limitations. Notable
improvements can be seen particularly with regards to the correlation between electric
motor speed and road speed due to the inclusion of a tyre model, with resulting
improvements in the modelling of high-speed high-power vehicle behaviour. The
evaluation of the powertrain state at each acceleration point is important in some

cases but not necessary for all.

This coupled with the improvements outlined in Chapters 4 and 5 has resulted in a
substantial improvement in both the ability to predict lap behaviour using laboratory
test data and the ability to determine the effects of more substantial changes to
machine setup such as the movement of the centre of gravity and addition of

downforce.

The next step in this investigation is to determine the influence of parameter
variations and uncover the main lap time sensitivities including energy management

strategy. This is handled in the following Chapter 7.
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7. Lap Time Sensitivities

Having developed and validated vehicle (Chapter 4), powertrain (Chapter 5) and lap
time models (Chapter 6), the next stage is to use this model to determine the main
performance drivers for high-performance electric motorcycles. The goal here is to
identify the sensitivities to design parameters and quantify their effect from a full
vehicle perspective. This can then be used to guide the trade-offs and development

pathways required for a full vehicle design optimisation

As the energy deployment strategy has a large influence on ultimate performance, it is
important to ensure the drive cycle reflects the efficient use of stored energy.
Therefore, the first section of this chapter, Section 7.1, develops simple deployment
strategies that can target battery deployment to reduce energy consumption or battery
heating as required. This includes the investigation of direct air cooling on the battery

temperature and additional motorcycle drag.

Section 7.2 then delves further into the lap time sensitivities of a high-performance
electric motorcycle at the TT Zero race. As the battery is a significant performance
differentiator, the mass sensitivity and energy sensitivity are determined, the resulting
trade-off is then calculated when considering the TT drive cycle with the energy
deployment strategy used in this thesis. Further sensitivities including the minimum
viable winglet lift to drag ratio, gearbox efficiency, electric motor construction
choices, as well as switching module choices, are evaluated in the context of the TT

Zero race.

As the design trade-offs can differ between events Section 7.3 contains a summary of
a similar activity undertaken for the Pikes Peak International Hillclimb (PPHIC). Here
areas of significant difference are investigated such as the need for an energy

deployment strategy and the optimal winglet lift to drag ratio.

7.1. Deployment Strategy
7.1.1. Energy Limited Deployment Strategy

Due to the energy storage requirements and the 300 kg mass limit for the motorcycle,
the rider can't complete the full TT lap at full chassis limit power. Therefore, energy
management strategies need to be evaluated. A simple energy management strategy,
used in 2018 and 2019, is to cap the peak power and restrict the maximum velocity of
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the machine. This is simple to implement as a motor speed-dependant limit torque

map in both the simulation and on the vehicle, and effective as power is proportional

to velocity cubed.

More strategies involving varying energy deployment with varying lift and coast

periods, based on the lap time-sensitivity per straight, have been explored by Sheard

[82], albeit without consideration for battery heating, lateral force requirements, or

corner entry speeds. This is shown to be a significant over-simplification. In [82], the

lap is broken down into individual straights with those with higher deployment

sensitivity prioritised. The initial findings suggested this strategy would provide

significant benefits. To evaluate this properly using the full model developed in

Chapters 4, 5 and 6 the following process was followed. This process begins by

identifying the points at which energy deployment can be used. This problem is

tackled as follows:

1. An index of points corresponding to the start of individual straights is

created by:

Removing battery energy and temperature limits, the lap is then

simulated to create an upper performance bound.

. This data-trace is then inspected to find points where the rear

tyre longitudinal force is near zero. This is used as an indicator
that the motorcycle is near the apex of a corner.

This index of cornering points is then filtered to contain only
those points separated by a set distance of full acceleration and
braking. For the TT and PPHIC, 50 m was chosen for both.
This index is then further filtered to remove points above a set
velocity to avoid constraining the strategy to achieve high-
velocity target points. In this case, the velocity boundary
selected was 60 m/s for the TT. 50 m/s was selected for the

PPHIC race owing to its lower speed profile.

2. The lower deployment bound is then generated. Here, battery limits are

reintroduced, and the simulation is run without brakes and with a target

end velocity of 10 m/s. Special consideration involves permitting

braking for downhill sections leading into a corner, where the velocity
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generated by the slope exceeds the maximum of the corner. Here, the
minimum braking required to achieve the corner is permitted.
3. All deployment points required to achieve the minimum lap are fixed.
4. The deployment profiles of both runs are compared, this allows the
determination of the amount of energy available for targeted

deployment.

A comparison of the maximum and minimum deployment profiles is shown in Figure
7.1. As can be seen typically the fixed minimum deployment points involve corner
exit. This fixing has two functions. Firstly, it allows the analysis to avoid infeasible
solutions, and secondly, it provides the rider with a machine that behaves predictably

on the corner exit.

Unlimited Deployment
Minimum Deployment

0 2 4 6 8 10 12 14 16 18 20
Distance [km)]

Figure 7.1 - Speed trace comparison for unlimited and minimum deployment energy bounds for the start of the TT
Zero lap

As can also be seen in Figure 7.1 there is significant scope to vary the deployment
strategy between the upper and lower bounds. The next task then becomes the
determination of how to best use this deployment freedom. This is achieved by

ranking the index of points valid for deployment. These are ranked in terms of lap
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time-sensitivity per unit energy deployment. As the lap time gain per unit of energy
use generally decreases with distance from the start of the straight, the relative

ranking of each point on the straight can be approximated by its distance along it.

Figure 7.2 contains a plot of the energy consumed per straight against the
corresponding lap time gain for the Isle of Man TT Zero using the UoN 2018
specification machine. This shows that the lap time sensitivity to energy deployment
generally decreases along a straight. This is simply the gradient of the plotted line.
This underpins the approximation that the relative ranking of each point on the

straight can be approximated by its distance along it.

This approximation, however, ignores the influence of small high-speed kinks in the
road which can slightly disturb this ranking and leads to some noise when
determining energy sensitivity. This can also be seen in Figure 7.2. However, this is a
useful simplification for the following reasons. Firstly, the rider requires a predictable
machine, cutting the power in and out multiple times down a straight is not
acceptable, and secondly, the number of evaluations required is significantly reduced.
The TT includes 1800 points for ranking but only 68 straights.
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Figure 7.2 - Energy delta between minimum and maximum deployments and resulting lap time delta per straight
for TT Zero
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To rank the deployment points and determine the resulting deployment the following

process is used:

1. The simulated lap is broken into individual straights and the energy
consumption and lap time delta are sampled at several points down the
straight. Each straight is treated as an independent event saving
significant further computational time through parallel processing.

2. The response for the entire straight is then interpolated from these
points.

3. The sensitivity of each point can then be determined and ranked with
its associated energy consumption.

4. A map of sensitivity threshold values and cumulative energy use for
the entire lap, using the deployment strategy, is interpolated from this
data.

5. A sensitivity cut-off point corresponding to the target energy use
(typically full battery deployment) is determined from this interpolated
map. The corresponding deployment points are identified and then the
full lap simulated to confirm the interpolated values when including
the full lap history.

To ensure robustness a penalty function is included within the lap simulation,
whereby if the battery becomes exhausted or exceeds its maximum temperature, it is
shut off. The machine then coasts down to a 5 m/s speed and continues the lap to the
end at that speed. This approximates a rider attempting to run to the line. This penalty
function adds robustness and allows for the inclusion of strategies where the battery
may fail just before it crosses the line, but the race would still be completed while
including an appropriate penalty for doing so. This penalty function is the cause of the
otherwise unintuitive increases in lap time with additional attempted deployment in

Figure 7.3.

Figure 7.3 shows a comparison of the interpolated and simulated lap times. There is
an obvious difference that can be traced to battery overheating, a process not captured
by Sheard [82]. To highlight this discrepancy, the motorcycle is modelled with a
battery internal resistance scaling factor (IR Scale), to represent different battery

heating rates. The effect on lap time and maximal attainable deployment is neatly
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shown. Here, the battery maximum temperature is set to match the maximum
temperature generated by the global speed and power constraint method used by
Blissett [16]. A post-search of the minimum lap time is verified using MATLAB
function ‘fmincon’ [126]. The minimum time found during previous evaluations is

used as the starting point with the two surrounding points used as search bounds.
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Figure 7.3 - Plot of energy deployment and resulting lap time for a sweep of deployment thresholds

Without any temperature management, it is clear the battery overheats after only
19.45 kWh of deployment using this strategy. Interestingly, despite this constraint, the
lap time generated (1082 s) is similar to the global power and speed limitation
strategy (1081 s) while using significantly less energy (19.45 kWh vs 22.54 kWh). In
addition, battery internal resistance reduction reduces energy loss to cell heating and
therefore lowers respective lap times per energy used, as can be seen by the curve
shifts in Figure 7.3. This highlights the importance of proper cell selection from a full

system standpoint as well as accurate battery modelling.

7.1.2. Temperature Limited Deployment Strategy
It is possible to reformulate the energy management sensitivity approach to apply

temperature management to an existing design. Here, the limiting factor is
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temperature therefore the sensitivity is defined as lap time gain per degree battery

temperature rise.

However, as battery internal resistance varies with temperature so does the sensitivity
of the following straight. Therefore, the parallel processing of independent straights
needs to be abandoned. Instead, the maximum sensitivity is determined with a trial
full lap run and the search space is defined between zero and the maximum sensitivity
found in this run. Several equally spaced search points corresponding to the number
of available CPU cores on the machine used are identified. Full laps are then run at
these search points in parallel. This step is used to bisect the search space as
efficiently as possible to reduce overall simulation time.

After these parallel runs have been completed, the temperature response is
interpolated from their results to find the best approximation of the target point. This
interpolated target point is run and compared to the target temperature (Pack
maximum temperature). If the points lie outside the maximum error bound the process

is rerun with the search bounds set to the points bisecting the target temperature.

As before the lap is broken down into individual straights, however, this time the

variable to be controlled is the per-straight velocity limit. Previously for the energy
management strategy, this was the deployment ‘clipping’ point. The use of a global
power limit was chosen to simplify the search and provide the rider with a machine

that has predictable performance as far as possible.

The effect of this strategy on lap time both with and without the inclusion of
regenerative braking is shown in Figure 7.4. The performance of this approach can be
compared to the Blissett approach of global power and speed limits, this is shown by
the ‘x” below. This plot shows that the revised strategy results in a 7s lap time
reduction when compared to the previous strategy. This is a useful margin considering
it is just a control strategy change, requiring only integration to a vehicle controller.
Additionally, the plot shows that regenerative braking is still required to achieve the

best lap time, even when thermally limited.
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Figure 7.4 - Comparison of temperature management strategies. Per straight velocity limits with global power
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An illustration of the parallel section search process outlined earlier using a quad-core
machine is shown in Figure 7.5. For this search a maximum temperature of 73 degrees
was targeted around the TT lap with a power limit of 120 kW, using the UoN 2018

specification machine.

The resulting lap velocity trace using this velocity limitation strategy and a 120 kW
power limit is shown in Figure 7.6. Here it is evident that longer duration straights are

prioritised, and short durations peaks are sacrificed.
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7.1.3. Battery Temperature Management with Energy Deployment Strategy
Temperature management can be incorporated through battery cooling. The simplest
and possibly lightest implementation of this is air cooling. Given the high-speed
nature of the race, this is likely to be effective. A common trade-off with increased
cooling is increased drag. A simple cooling method, as used on the University of Bath
electric motorcycle from 20186, is to allow airflow over the edges of the pouch cells
[170].

To approximate the effectiveness of this method forced convection through
rectangular ducts, with a heat transfer area equal to the combined area of all pouch
cell side edges, was modelled. The duct is modelled as having two walls of constant
temperature. The assumption that the non-circular duct performance can be
approximated using circular duct equations and the hydraulic diameter instead of the
pipe diameter [171], allows the calculation of the Nusselt number ‘Nu’ using the
Gnielinski correlation for Re > 2300, and Nusselt-Graetz for lower Re values. The
duct width ‘W, is the edge separation between the cells and is combined with the
channel height ‘Hg,,,’ to give the hydraulic diameter ‘Dy,,,4’. ‘Pr’ is the Prandtl
number, ‘Pe’ the Peclet number. The heat transfer coefficient ‘h.,,,;’ is calculated

using this and the thermal conductivity of dry air, as follows:

Ny = 0.0214(Re®® — 100)Pr04 (7.1)
1
PeDyyg\3
Ny, = 1.61( "yd) (7.2)
duct

The drag force for an extremely rough channel (due to the rough edges of battery

cells) is approximated using a Darcy friction factor f., = 0.075 for Re > 2300 and
facy = 64/Re for lower Re values. In the following equations, ‘p’ is air density and
“Vauet the fluid velocity in the duct.
fdcdeuctWductLductpvéuct
Fd,duct = ZD
hyd

Qcool = thoolHductLduct(Tair - Tbatt) (7- 4‘)

(7.3)

The duct air velocity is set as a fixed ratio of the forward velocity, with an upper
bound of 100 m/s is placed on this duct velocity value. These are assumptions for the
initial evaluation of the potential significance of direct air cooling of cell edges.
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The effect of this heat transfer is included in the lap simulation as a heat energy
transfer out of the battery at each timestep and the duct drag force ‘Fy 4,0 included
as an increase to the motorcycle body drag force ‘Fp,’. The following approximations
are used for this simulation. The velocity ratio is fixed to 1, the channel width is fixed
to 6 mm, and the channel height varied. This gives a minimum lap time of 1051.2 s
and a final temperature of 73 °C with a 40x6 mm cooling channel. A lap time surface
plot resulting from this grid search is shown in Figure 7.7. This was confirmed by a
short optimisation of cooling channel height and deployment sensitivity threshold
value using MATLAB ‘fmincon’. This point is indicated by the red circle in Figure
7.7. This is a significant lap-time improvement of 29 s.

Inspection of the lap time surface, Figure 7.7, shows that a deviation from the
modelled behaviour will not result in a significant lap time penalty and therefore this

is a sensible development avenue to pursue for stable lap-time gain.

Figure 7.8 shows the lap time reduces until the battery capacity limit is reached and
the heating constraint is no longer violated. It is also evident that the drag increase has
a non-negligible effect on the response. This is illustrated by the shift of the lap time
energy curve in Figure 7.8. This suggests further lap time reduction could come from
optimisation of the cooling channel. As F; guct X Vgyee and Qeoor & Viae: it appears
best to reduce duct velocity. However, the transition to laminar flow reduces the
Nusselt number, and the cooling efficiency is reduced. Further optimisation would be
best undertaken using CFD to better understand a reasonable approximation of these

coefficients, but this is outside the scope of this thesis.



192

]

Laptime

1500 -
1400
4]
— 1300 -
= 1200 -
1100
1000
0 0
’
0.02
2 » 1078
0.04 3

Channel Height [mm)] 0.06 4

Sensitivity threshold

Figure 7.7 - Lap time surface plot for cooling channel height and Energy deployment sensitivity threshold value

1250 [
|| Interpolated
|||.', | Channel Height 0
o | Channel Height 20
1200 | \ | Channel Height 40
Channel Height 60
| Channel Height 80
|
= 1150
Q
£
=1
]
= 1100 |
1050 | T
S
1DDD 1 1 1 1 1 1 1 1
14 16 18 20 22 24 26 28 30

Energy deployed [KWh]
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As the cooling rate varies with battery temperature, there may be a lap position
dependency to the optimal deployment. To investigate this the deployment sensitivity
value was adapted to include a linearly varying lap position dependency in addition to
the fixed value. This investigation was performed using a grid search, followed by a
local optimisation using MATLAB ‘fmincon’, with constraints used to ensure the
threshold values did not generate a negative sensitivity target. This was used to
determine if a lap time improvement was possible. This process was trialled for three

different cooling channel sizes. The best lap times achieved are as follows, Table 7.1:

Lap Time Achieved Fixed energy sensitivity ~ Linearly variable sensitivity

No Cooling Channel ‘ 1081.9s 1078.8 s
20 mm Cooling Channel ‘ 1062.8 s 1061.6 s
40 mm Cooling Channel ‘ 1051.2's 1051.1's

Table 7.1 — Lap time achieved with differing cooling channel sizes and differing energy managements strategies

While this does show that improvements can be achieved utilising a more intelligent
threshold, the gain is small and the linear variation coefficients optimised close to
zero. This is a computationally expensive exercise to undertake for each design
variable change and will have a limited effect on design variable selection with
properly designed cooling. Therefore, it was decided to forgo this additional level of
complexity for the design variable sensitivity investigations. However, this should be

reintroduced when determining race strategy.

To better visualise the lap time response to these variations, a lap time response
surface for the UoN2018 TT specification machine with a 20 mm cooling channel to
fixed and linearly varying sensitivity threshold coefficients is shown in Figure 7.9.
This also neatly illustrates the significant lap time penalty for over-heating or over-
discharging a battery pack.
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Figure 7.9 - Lap time response surface showing the combined effect of fixed and varying sensitivity threshold
coefficients

7.1.4. Combined Management Strategy

The potential for a combination of these strategies to yield further improvements is
also investigated. Here, fixed sensitivity thresholds are used for both energy and
temperature sensitivity, and a grid search is performed for no cooling channel and 40
mm channel. Combined sensitivity shows an improvement for the case with no
cooling to 1065.1 s. This is better than either temperature management or energy
management alone. However, when sufficient cooling is introduced (40 mm channel)
the best lap time is achieved when the temperature sensitivity coefficient drops to
zero, and the energy sensitivity method is selected. Therefore, the energy management
method, combined with sufficient cooling, is selected for the following design

sensitivity investigation.

7.1.5. Electric Motor Scaling

Using the electric motor model developed in Chapter 5 it is possible to scale a motor
torque output by scaling the motor core length. This has the effect of altering the
torque output and mass of the motor. Further scaling of the number of winding turns
allows the retuning of the motor torque-speed response for a given motor drive and

battery configuration.
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The plot in Figure 7.10 illustrates the effect of scaling motor turns and core length on
lap time at the Isle of Man TT Zero. This shows that there is a significant effect on lap
time. However, as the gear ratio is not reoptimized for each motor configuration this
is purely illustrative of the process and used here to demonstrate model parameter

sensitivity.
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Figure 7.10 - Plot of motor core length and number of winding turns the effect on lap time.

7.2. Isle of Man TT Zero Design Sensitivities

To properly evaluate the effect of design decisions, it is useful to have a view on the
sensitivity of the design to the proposed changes. This is usually performed using
parameter sweeps. For the following section, the UoN TT 2018 machine has been
used as a reference. Up to this point, only the management strategy has been varied.
To ensure that the sensitivities determined are representative of the ultimate
performance of the machine it is important to first re-optimise the gear ratio with
energy management and battery cooling included, and then to determine the
sensitivities to other design parameters. This has led to an additional 8 s lap time

improvement and therefore a shift in baseline lap time.

To speed up the parameter sweep process and ensure no hidden bias, the final

optimisation step for the energy management determination was removed, instead of
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relying on the best values from the grid search. This has led to some noise in the data,
but, as the goal is to determine the design sensitivity, a linear fit through multiple

points is used to robustly capture the required sensitivity.

By determining the sensitivity of a design parameter such as mass, and another
competing requirement, such as battery capacity it is possible to determine an
optimum design point while respecting both constraints. For the racing use case, the
performance metric is lap time. Other potential commercial uses will have different

metrics such as vehicle range.

To this end, several sensitivity studies have been performed to investigate different
common design trade-offs inherent with an electric motorcycle. These include battery
sizing, the introduction of a reduction gearbox, the impact of motor rotor inertia, the
optimum lift to drag ratio and the potential benefit of a motor drive featuring silicon
carbide MOSFETSs.

7.2.1. Mass Sensitivity

Mass sensitivity is defined as the lap time change for each kilo of mass added to the
machine. Here the mass sensitivity sweep is performed for both the 2018 TT
specification machine as ran in 2018 with fixed speed and power limit, see Figure
7.11. The same mass sweep is then performed for the same baseline setup but with

energy management and battery cooling, Figure 7.12.

As can be seen the mass sensitivity changes significantly in differing operational
regimes. With a value of 0.139 s/kg for the original deployment strategy and 0.261
s/kg for the upgraded deployment strategy. The introduction of the need to accelerate
hard and then coast has altered the vehicle design requirements. This has implications
for the entire machine design process and highlights the importance of building a

simulation that encompasses the entire machine performance in an integrated manner.
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7.2.2. Battery Sizing

An important factor to determine is the effect of additional battery capacity on lap
time achieved. This can be obtained by differentiating the lap-time gain/energy use
plot, Figure 7.8. An example of this using the UoN TT2018 machine as a reference is
shown below in Figure 7.13. The data is noisy but a value of 4.32 s’lkWh at 26 kWh

capacity can be obtained.

To determine if more battery will be beneficial to the lap time, the energy density of
the battery is required. In the case of the UoN machine, this is can be approximated as
184 Wh/kg at 5C. ‘C’ here refers to the discharge rate of a battery cell compared to its
capacity; a 10 Ah cell discharged at 50 A is undergoing a 5C discharge. This value is
used as the energy density varies with discharge rate and the 5C discharge is similar
to the RMS discharge current for the TT lap.

By taking the change in lap time for a change in energy usage, at the current pack
capacity of 26kwh, the lap time gain for an additional kilo of battery is 0.795 s/kg.
This can then be compared to the lap time mass sensitivity of 0.261 s/kg. The
evaluation of these two sensitivities determines that each additional kilogram of
battery mass will improve lap time by 0.534 s, for the TT race with the UoN 2018
setup, using proper battery cooling and energy management strategy. Practical
limitations such as the regulation upper mass limit of 300 kg can prevent the optimum
value from being reached for this race.

As this line of investigation progresses a theoretical 31 kWh is required for an
unrestricted deployment with the motor and drive limitations unchanged. However, as
additional capacity is added the energy sensitivity drops to 0.847 s/kWh or 0.156 s/kg.
This is below the mass sensitivity threshold. The optimum is reached where the
energy sensitivity and mass sensitivity achieve equilibrium. This is at 1.418 s/kWh
which corresponds to a pack size between 30.5 and 31 kWh. A small mass and
therefore lap time saving could be possible here. However, due to the presence of
battery degradation, it is always wise to slightly over-specify the battery capacity
where sensible. It is therefore recommended that any capacity reduction be done with

caution.
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Figure 7.13 - Lap time energy sensitivity plot for UoN TT 2018 specification machine.

7.2.3. Driveline Efficiency

To get a better understanding of the design trade-off inherent with gearbox use it is
important to quantify the lap time penalty from reductions in torque efficiency.
Torque efficiency is given as a percentage value. Here torque efficiency is defined as
the gearbox input torque minus the torque lost divided by the input torque. This sweep
is performed on a UoN TT 2018 specification machine with energy management and
a 40 mm battery cooling channel, the results of which can be seen plotted in Figure
7.14.

This sensitivity value of 1.92 s/% can then be combined with the mass sensitivity to
show that a 98.5% efficient gearbox would have to save over 11 kg in powertrain
mass to be a worthwhile investment assuming no motor efficiency changes. This is
potentially an over-estimate as the mass saving can be used to incorporate a larger
battery pack but also potentially an underestimate as the inertial sensitivity is omitted
in this evaluation, and gearbox efficiency is more complex than a fixed percentage
torque loss.
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This is an important result that reinforces the decision to utilise the direct to chain
drive electric motor setup, as used on the UoN machine, but also quantifies inherent
trade-off allowing for the evaluation of technologies that can overcome this
compromise.

To properly evaluate the effect of a gearbox, a design study should be undertaken that
will identify the approximate sizing and appropriate loss modelling. The vehicle

model can then properly investigate the appropriate design space, but this is again not
a useful addition to this thesis.
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Figure 7.14 - Effect of electric motor to chain drive torque efficiency on lap time: 1.92 s/%
7.2.4. Motor Inertia Sensitivity
Motor inertia is included as an equivalent mass, and it is important to understand the
impact of motor inertia itself on full vehicle performance. The result of this parameter
sweep can be seen in Figure 7.15, with a motor inertial sensitivity of 48.8 s/kgm?.
This makes reductions to the motor rotor inertia appear an attractive prospect.
However, the rotor inertia is comparatively small and a 10% reduction in this (0.0023

kgm?) results in only a 0.11 s lap reduction. Therefore, although rotor inertia should
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be reduced where possible it is likely that there are bigger gains to be had focusing

elsewhere.

It is also worth remembering the effect of the transmission ratio here. The sprocket
ratio 18:81 was used for the inertial sweep and therefore the effective inertial
sensitivity is 2.41 s/lkgm? when referred to the rear wheel. This rear-wheel referenced
value can now be used to evaluate the effect of different motors that operate at

different speeds with different rotor inertias.
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Figure 7.15 - Motor inertia sensitivity for Parker GVM210-150: 48.8 s/kgm?

7.2.5. Electric Motor Choice

Of the motors available for direct drive applications, the three most common options
are the Parker GVM210-150 [117] as used on the UoN motorcycle, the EMRAX 268
[172], and the motor developed by Blissett [16].

Here, the change in lap time in comparison to the reference motor (GVM210-150) is
determined. The gear ratio is set so that the same peak rear-wheel torque is reached
for each motor. It is assumed that freedom over winding configuration allows similar

torque-speed responses with respect to the rear wheel to be obtained. This allows
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direct comparison of equivalent rear-wheel inertial contributions; a summary of these

values is given in Table 7.2 below.

Motor Motor Mass Motor Effective  Inertial Total
Mass time Inertia Inertia time time
Parker GVM210 ‘ 42 kg 0 0.0233 0.472 0 0

EMRAX 268 ‘ 215kg -5.61s  0.0922 0.505 0.08s -5.53s
Blissett Motor ‘ 28kg  -3.65s  0.0373 0.567 0.29s -3.36s

Table 7.2 — Effect of differing motor choices on lap time when comparing mass and rotor inertia

This initially suggests the EMRAX 268 motor will outperform the Blissett motor,
however, a key metric missing here is the cycle efficiency. A 1% full cycle efficiency
gain will overturn this deficit. It can be seen that 1% drive cycle torque efficiency is
worth 7.36kg of motor mass for the TT Zero race. This reinforces the need to properly
evaluate the full powertrain efficiency. As the required measured motor parameters
are not available for all motors it would be unfair to compare datasheet and measured

values, so this is curtailed here.

7.2.6. Silicon Carbide MOSFET switches

Silicon Carbide MOSFETSs have lower switching energies and are currently used in
some high-performance electric racing cars as a result. To evaluate the potential lap
time gain from efficiency improvements, resulting from implementing a motor drive
containing Silicon Carbide MOSFETS, the appropriate loss coefficients are
transposed. The losses from the six Infineon FS450R12 IGBTs [140] in the Sevcon
Gen4 Size 10 used by the UoN TT2018 machine are replaced by the loss coefficients
associated with CREE CAS325M12HM?2 and CREE CAS480M12HM3 ‘All Silicon
Carbide’ switches [173, 174].

For further comparison, the BAMOCAR D3 motor drive loss coefficients are included
[175]. This was the motor drive used by UoN before the Sevcon Gen4 Sizel0 and
contained three FF60ORME12 IGBTSs. Also included is the effect of combining
several devices in parallel to reduce the current per module. CAS325M12HM2 has
not been evaluated as a single module as the motor requires higher phase currents than

a single module can supply. The results of this investigation are set out in Table 7.3.
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Switching Module  Loss contribution  Additional Mass  Total Lap time

FS450R12-60f 0 0 0

FF600R12-30f +0.1s -0.22 s -0.12 s

FF600R12-60f -06s +0.05s -0.55s
CAS325M12HM2-60f -3.7s -0.26 s -3.96 s
CAS480M12HM3-30f -3.8s -0.34 s -4.14 s
CAS480M12HM3-60f -3.8s -0.20 s -4.00 s

Table 7.3 — Effect of differing switching module choices and number in parallel on lap time

This clearly shows that the implementation of Silicone Carbide MOSFETSs is of
appreciable benefit and that the best benefit will be obtained with 3
CAS480M12HM3. These lap time gains are a useful performance differentiator. This
analysis does however ignore other benefits such as drive volume reduction and the
ability to implement higher switching frequencies. Both are additional benefits to
using the Silicon Carbide MOSFETS. Higher switching frequencies can reduce motor
losses and are useful for controlling motors with a high electrical frequency. To

properly realise these benefits a full redesign of motor and drive would be required.

7.2.7. Aerodynamic Drag

An important metric representing the overall aerodynamic efficiency of the machine
is the motorcycle drag coefficient multiplied by the cross-sectional area, C4A. This is
referred to as the drag sensitivity. As the change in C;A is generally small, of the
order of 0.01 C;A, and the effect of a change is high, sensitivity here is calculated in
‘points’, or 0.001 C4A. In the case of the UoN motorcycle at the TT Zero, the drag
sensitivity can be found in Figure 7.16 as 0.22 s/pointC4A. For reference motorcycle
side mirrors can add between 0.012 and 0.025 to the C4A figure for a road going
motorcycle [19]. This equates to 2.6 to 5.5 s of lap time. This means that there are

significant gains to be found through drag reduction.

The author's rearrangement of the motorcycle's battery layout to allow the movement
of the rider’s knees 75mm towards the centre of the machine on both sides will have
saved an estimated 75 mm by 400 mm of frontal area. This equates to 6.6 s of lap time
(ignoring any changes to the drag coefficient itself). This is more than that gained
from designing a Silicon Carbide MOSFET based inverter. This sensitivity is not a

surprising result given the emphasis on efficiency due to the restrictions in energy
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capacity and is one of the reasons that a significant UoN development effort was
focused on drag coefficient and frontal area reduction, despite the many protestations

about ‘looks’.

Another area of significant interest on modern racing motorcycles is the addition of
downforce generating winglets. When evaluating the performance benefit of
downforce generating devices it is important to understand what level of performance
provides a benefit to the machine. The downforce sensitivity is in this case given in
terms of 0.001 C;,,,A for similar reasons to the above for C;A. Figure 7.17 contains the

results of this investigation and gives a downforce sensitivity of 0.0078 s/point CI.

The generation of downforce is usually associated with a corresponding drag penalty.
The combination of these factors is known as the downforce to drag ratio or lift to
drag ratio, depending on context. By determining the minimum downforce to drag
ratio that provides benefit, designs can be immediately characterised as useful or not
useful. If the performance exceeds the cut off ratio, then the part is useful. If it does

not, then it is scrapped or retained for a race with a different sensitivity.

In the case of the UoN motorcycle, at the TT Zero, by taking the drag sensitivity of
0.22 s/pointC4 A from Figure 7.16, and the downforce sensitivity of 0.0078 s/point ClI
from Figure 7.17, a target ratio of 25.6 is obtained. This is extremely unlikely to be
obtained with a motorcycle winglet and drag reduction is the preferred course of
action for the TT.



Laptime [s]

Laptime [s]

205

1055 | |

1050

1045 e

—
(o]
=
o
T
%,
\
N,

T
hY

1035 7

1030 s

1025 1 1 1 1 1

0.28 0.3 0.32 0.34 0.36 0.38
CdA

Figure 7.16 - Plot of lap time with varying CdA values, resulting sensitivity is -0.22 s/pointC; A

1042 | | | | T T T

0.4

1041.5 1

1041

1040.5F

1040

1[}39.5 1 1 1 1 1 1 1 1 1

-0.05 -0.045 -0.04 -0.035 -0.03 -0.025 -0.02 -0.015 -0.01 -0.005
Winglet CI

Figure 7.17 - Effect of Winglet Cl on lap time. -0.0078 s/point Cp,, A



206

7.3. Pikes Peak International Hill Climb Sensitivities
It is worth pointing out here that the total lap time at Pikes Peak International
Hillclimb (PPHIC) is just over half that of the TT, therefore the magnitude of the

sensitivities will be scaled by a similar amount.

7.3.1. Pikes Peak Battery Sizing

There is no mass limit at PPHIC. The track is short, and the track is comparatively
low speed so it is possible to include sufficient energy for a full race without requiring
energy management. The question is then, is it preferable to reduce the battery size,
save mass, and include energy management, or is it better to design the battery to
allow ultimate deployment? To answer this question the sensitivity to additional
energy as well as the mass sensitivity is required. Figure 7.18 is used to determine the
mass sensitivity as 0.021 s/kg and Figure 7.19 is used to determine the energy
sensitivity as 6.42 s/lkWh. A similar process to that used for TT battery sizing is then

followed.

The cells used at PPHIC have a higher peak power rating due to the shorter discharge
time than those used at the TT and are correspondingly less energy-dense. The
individual cell mass was similar to that of the TT cell but the capacity available was
only 80% of the TT cell. This leads to a representative energy density in the region of
150 Wh/kg when cell connections and packaging are included. This could be
improved through better cell selection but is representative of the performance level

and will be used here.

This results in 0.963 s/kg for additional energy at the end of discharge which is
significantly higher than the mass sensitivity. This means that energy management is
not beneficial for a suitably sized designed PPHIC battery pack and is therefore not
required for further PPHIC performance investigations. This is a useful finding both
in terms of battery design and the fact that this knowledge can be used to reduce

simulation time by eliminating the need to determine deployment strategy.
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7.3.2. Winglet Sensitivity

The PPHIC course is significantly different to the TT with lower maximum speeds

and more emphasis on acceleration out of low-speed corners. As a result, the

aerodynamic compromise is extremely different to that of the TT.

208

The process used for the IloM TT is again repeated here to determine the cut-off lift to

drag ratio. This involves taking the drag sensitivity of 0.0153 s/pointC4A from Figure

7.20 and 0.00873 s/pointC,A from Figure 7.21. Therefore, the minimum lift to drag

ratio for an effective winglet is now 1.75:1. This figure is a significantly more

achievable figure than the previous TT figure and should be pursued.
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7.4. Conclusion

A lap simulation tool for high-performance electric superbike evaluation has been
developed, and a simplified energy and temperature management methodology
implemented. This tool has been used to identify the fact that the UoN 2018 TT Zero
contender was severely compromised by its choice to forgo battery cooling as well as

by the lack of energy deployment strategy.

Methods to overcome these issues have been outlined through design changes and/or
deployment strategy changes. The use of targeted velocity and power limitations
without design changes results in 7 s of lap time improvement when compared to the
global power and velocity limitation strategy employed by Blissett [16] as well as
only requiring a peak power of 120 kW. The inclusion of battery air cooling however
results in a 30 s lap time reduction and the full deployment of the stored energy. This
lap time reduction is further improved by an additional 8 s by re-optimising the gear

ratio for this higher deployment level.

By equating the relative lap time sensitivities to mass and additional energy it is
shown that in most circumstances it is beneficial to increase the battery size up to a

point where no energy management is required. However, in some scenarios even
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with unlimited battery choice, it can be advantageous to include some energy
management as the mass sensitivity exceeds that of the energy sensitivity. Although
caution is recommended here, as battery degradation will serve to reduce the available

battery energy with multiple battery cycles.

Further investigations of design trade-offs reveal that the lap time penalty for
efficiency is particularly restrictive for the TT. In addition, it reveals that practical
downforce generating winglets will not be an advantage for the TT. The integration of
a primary reduction gearbox is also shown to be unlikely to be beneficial for this race

unless this results in significant motor mass savings.

PPHIC is an entirely different race and the findings are also entirely different. Lap
simulation recommends the inclusion of winglets for PPHIC and finds that energy
management strategy is not beneficial. Instead, the design should focus on full

deployment at all points.

The evaluation of several commonly used motors for electric superbikes reveals that
the mass and efficiency are more significant performance differentiators than the rotor
inertia, although rotor inertia should still be included for accuracy of vehicle
performance determination. With a 1% drive cycle torque efficiency increase being
worth 7.36 kg of motor mass it is very important to optimise motor efficiency for the

target operating cycle.

In summary, the lap simulation tool is shown to be extremely useful for the design
and development of high-performance electric superbikes, with sensitivity to many
pertinent design parameters, from switching module choice to winglet target
aerodynamic efficiencies. Further work to utilising multivariate optimisation would
automate this performance discovery effort and lead to an accelerated and more

refined design process but is beyond the scope of this thesis.
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8. Conclusion

The aim of this thesis was to perform an integrated performance analysis of high-
powered electric motorcycles. For the integrated analysis, it is important to first
understand the underlying differences between internal combustion motorcycles and
their electric counterparts, then to expand this investigation to determine if current

modelling techniques fully capture the electric powertrain specific compromises.

Initial work to understand the available literature determined that although there have
been some previous attempts to build a fully integrated electric motorcycle model,
they fell short of fully capturing the response of a modern high-performance electric
motorcycle. The most notable attempts are those by Blissett [24] and Dal Bianco et al.
[17]. Further investigations also revealed that there have been no investigations into
the stability and control of high-performance electric motorcycles and that this could
be an interesting avenue for further research given the significantly higher mass of the

contemporary machine.

This led to the development of two primary objectives. The first was to investigate
whether the current state of motorcycle stability and control analysis is capable of
handling certain high-performance electric motorcycle-specific compromises, such as
the higher mass and differing chain drive setups required. This is answered in Section
8.1.1.

The second objective was to perform an integrated performance analysis of the
modern high-performance electric motorcycle. This was to include significant
elements of both mechanical and electrical design to properly understand vehicle
design trade-offs to allow targeted development and resultingly significant
performance improvements. This is handled in Sections 8.1.2, 8.1.3 and 8.1.4. The
conclusions of this thesis including recommendations for further work are detailed in

section 8.2.

8.1. Review of Aims and Objectives
In this section, the aims and objectives set in Section 1.2 are reviewed and it is
determined how they have been met during this investigation. The following four

sections directly address the initial objectives.
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8.1.1. Investigation into the performance of existing IC modelling techniques
when applied to a contemporary high-performance electric motorcycle.

To satisfy this objective, investigations into gearing, squat response and contemporary

high-performance motorcycle stability were performed. A modern high-performance

electric racing motorcycle was available for research purposes, and therefore work to

characterise it was undertaken. This characterisation involved the measurement of the

motorcycle geometry and electrical setup.

An investigation into electric motorcycle gearing underlined the need to retain a
single-stage reduction. This leads to a situation where an abnormally large rear chain
drive sprocket is desired. As an abnormally large rear sprocket will affect the squat
response of the motorcycle, an investigation was performed to see if it was possible to
restore a conventional response. This was achieved through the repositioning of the
motor and swingarm mounting points. The analysis was performed while respecting
practical constraints on chain length variation and packaging. The task was found to

be possible using existing techniques.

The second area that required investigation was the stability of the machine itself. To
this end measured geometry and rear frame inertias were used as inputs into an
extremely well-known motorcycle stability analysis tool: the Sharp 71 model. It was
found that the capsize and weave responses were broadly similar, albeit with slightly
higher damping, for the higher mass electric machine. The weave response was found
to have differences in terms of both shape and magnitude, however, when the front
frame mass and geometry settings are altered to be common across both machines, the
weave response shape regained similarity with the original reference Sharp model.
This determines that existing stability analysis techniques remain appropriate and

simply require updating with new parameter values.

In summary, the objective has been satisfactorily achieved and the contribution here is
the provision of reference high-performance electric motorcycle data. This
investigation concluded that although there are some differences between the stability
of the high-performance electric motorcycle and reference internal combustion
designs, the differences could be easily accounted for and rectified as required using
existing modelling techniques. This is an understandable conclusion as there are

major similarities from a mechanical standpoint between both designs.
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8.1.2. Investigation into and implementation of appropriate vehicle
performance modelling techniques for high-performance electric
motorcycles.

This objective was approached by initially studying the existing literature surrounding

high-performance electric motorcycle modelling. This investigation identified the two

most relevant existing contributions to the field and analysed their suitability for the

task. A summary of the findings is included here.

Of the previous works on the subject the most notable are those by Blissett [24] who
focused on permanent magnet motor development and Dal Bianco et al. [17] who
analysed the lap time response of an early competitor in this race. The major
limitations with each respecting approach are summarised here but greater detail is
contained in Chapters 4 and 5. Both have their merits but neither manages to fully
capture the holistic vehicle response of a modern high-performance electric

motorcycle.

The model developed by Blissett [24] utilises an advanced motor model but is
noticeably lacking in terms of battery modelling as well as full vehicle response. This
is particularly with regards to tyre response and the effect of lateral force on vehicle
speed profile. The effect of tyre slip is ignored as is the effect of a tyre friction circle
on longitudinal response. This leads to a poor determination of overall vehicle
performance and is masked by the fitting of the model to lap data. Additionally, by
altering battery internal resistance values and fitting of other parameters, such as gear
ratio to track data, this fitting approach reduces the ability to predict machine

performance in advance of arrival at an event.

The second work by Dal Bianco et al. [17] utilises a more advanced approach to the
machine lateral and longitudinal dynamics through the use of a vehicle and tyre model
and electric motor model, which is then solved for the race event using the optimal
control approach. The drawbacks with this model primarily surround powertrain
modelling and component selection, as well as the solve time required particularly for
a more advanced model. This approach used highly simplified battery and motor
modelling, including a fixed battery internal resistance similar to Blissett [16]. The
powertrain modelled consisted of two 25 kW DC motors and recommended a

maximum battery capacity of 10.3 kWh would result in a lap average speed of 85.7
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mph if updated to include 3 Agni DC motors. This is no longer representative of a

modern electric motorcycle powertrain.

To address these shortcomings and properly understand the performance of the
modern machine, a new model was developed. It was decided to use the fixed
trajectory quasi-steady-state (QSS) approach to lap simulation. This decision is made
with reference to Massaro and Limebeer [48]. A useful rule of thumb detailed within
this paper is that a free trajectory full dynamic model approach solved as an optimal
control problem will take two orders of magnitude more time than a fixed trajectory
QSS approach. The development of the QSS model is broken down into three steps,
the development of the mechanical model, the electrical model, and the lap simulation

technique.

8.1.2.1. Mechanical modelling

For the purposes of the full vehicle, the mechanical model must properly include tyre
response to both vertical load variation and lateral force requirements. This allows for
accurate powertrain to road speed and load dependant response modelling. The motor
operating point also must consider the geometric variation due to the camber of the
motorcycle and the tyre's toroidal shape. Both are included using the Pacejka tyre

model and a geometric approximation of the tyre rolling radius.

The vehicle is approximated as a simple and effective rigid body chassis model. This
model has been developed and validated using experimental data. The model
developed responds to the effects of acceleration, braking, and aerodynamic load
distribution as well as the tyre load sensitivity of separate front and rear tyres. The
ability to capture the effect of two-wheel-drive is also included and is important for
electric motorcycles. This is particularly useful for determining the correct traction
limits and the effect on regenerative braking levels. This is an enhancement over the
rigid body dynamics model described by Biral and Lot [22] which ignores the effects
of downforce, assumes that front and rear tyres are identical and does not account for
the possibility of a front-wheel-drive machine. This model is also a significant
enhancement over both previous electric motorcycle performance modelling attempts.
The development of this model is detailed in Chapter 4.
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8.1.2.2. Electrical powertrain model

The electrical system comprises a battery, electric motor, motor drive and
transmission model. The model developed here has been achieved by combining
several previously published component models from different sources and validating
this full model using real-world data. The motor, drive and transmission model
developed here is based loosely on the model developed by Blissett [16] but with
some notable improvements to expand both the scope and accuracy of the model,
particularly with regards to electric motor control and mechanical loss elements.

Extensive improvements have been made to the battery modelling.

The single fixed-resistance battery model used in previous models is shown to be a
source of inaccuracy particularly for cell temperature prediction. Cell temperature
prediction is key to extracting the ultimate performance from the powertrain as battery
cells have an upper cell temperature limit that cannot be exceeded as well as
performance benefits to be realised through running at elevated temperatures. The
management of these competing factors is key to designing a high-performing battery

pack and therefore a high-performance electric vehicle.

To resolve this issue lab testing of battery cells was performed in conjunction with an
evaluation of several candidate models. It was found that a Thevenin 1RC equivalent
circuit model is a good balance of performance and voltage predictive accuracy. In
addition, it was found that both the entropic heating and battery voltage hysteresis

should be included to properly capture the battery response voltage and temperature.

This enhanced battery model response was evaluated and shown to be superior to that
achieved by previous electric motorcycle performance evaluations. In addition to this,
novel modifications to established battery testing procedures have been developed and
described that are more applicable to the fast estimation of battery parameters with
low-cost equipment. This improved model was then successfully integrated into the
full powertrain model. The development of this powertrain model is detailed in
Chapter 5.

In conclusion, the objective has been met. Existing modelling techniques are found to
be lacking in important areas. These shortcomings have been rectified through the
development of an appropriate vehicle model that allows the effective evaluation of
many design parameter variations. These vary from battery construction to electric
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motor winding configuration, electric motor core length variation and switching
module choices amongst other parameters in the context of the full vehicle response.
This vehicle model applies to both the optimisation of racing machines and for

developing cost-effective compromises in mass-market offerings.

8.1.3. Validation of models developed, using data collected using a
contemporary high-performance electric motorcycle.
To satisfy this objective a method of evaluating the model performance against real-
world data was required. A common method of evaluating a high-performance vehicle
is through racing and lap simulation. The high-performance electric motorcycle
developed by the University of Nottingham competed at the Isle of Man TT Zero,
Pikes Peak International Hillclimb, and in a land speed record attempt at Elvington
airfield. This generated data suitable for validation. To use this data and validate the
developed vehicle model, as well as providing a tool for performance analysis, a lap
simulation model was developed and validated in Chapter 6.

This was achieved through the implementation of a full lap simulation based on GPS
coordinates of the racing line. Input data filtering and path curvature determination
procedures are evaluated. A common lap simulation method involving apex finding
and the forwards and backwards simulation from these points [18] is expanded to
incorporate electric vehicle-specific areas, such as powertrain evolution and

regenerative braking, as well as rider deployment strategies.

The performance of this assembled model is compared to lap data recorded at both the
Isle of Man TT Zero, an extremely long high-speed race, and the Pikes Peak
International Hillclimb, an extremely short low speed, high acceleration event. These
events are chosen as they are representative of entirely different vehicle trade-offs at
the opposite ends of the high-performance electric motorcycle design spectrum and
competition data was available. The modelling approach is shown to be effective and

able to provide a good correlation between simulation and reality.

Comparison with the Blissett model [16] has identified several areas where the new
approach shows significant benefits. The switch to GPS-based lap definition and the
use of tyre models has removed artificial constraints and improved the ability to
differentiate between machine limitations and rider limitations. Notable

improvements can be seen particularly with regards to the correlation between motor
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speed and road speed due to the inclusion of a tyre model, with resulting
improvements in the modelling of high-speed high-power vehicle behaviour. This has
resulted in a substantial improvement in both the ability to predict lap behaviour using
laboratory test data and the capability to determine the effects of more substantial

changes to machine setup across a wide range of track demands.

In summary, the objective to validate the full vehicle has been met with the

performance validated against real-world vehicle and subsystem performance data.

8.1.4. Investigation of potential performance development pathways using
validated model.

To achieve this objective, the lap simulation tool developed in Chapter 6 is enhanced

in Chapter 7 to include the effect of energy deployment strategies on vehicle

performance. This has been possible through developing algorithms to determine the

energy and temperature sensitivity of different parts of the lap and alter the

deployment accordingly to achieve minimum lap time.

The enhanced lap simulation is applied to a retrospective analysis of the Nottingham
TT Zero machine. This determined that the UoN 2018 TT Zero contender was
severely compromised by its choice to forgo battery cooling, as well as the lack of
energy deployment strategy. The Pikes Peak contender did not require these strategies

as it was not energy or temperature limited in its deployment.

The investigation into battery sizing was achieved by equating the relative lap time
sensitivities to mass and additional energy. It is shown that in most circumstances it is
beneficial to increase the battery size up to a point near that where no energy
management is required. However, in some scenarios, even with unlimited battery
choice, it can be advantageous to include some minor energy management. This is
because the mass sensitivity exceeds that of the energy sensitivity. Although, caution
is recommended here as this effect is small and battery degradation will serve to

reduce the available battery energy with multiple battery cycles.

Further investigations of powertrain design trade-offs reveal that the lap time penalty
for efficiency is particularly restrictive for the TT. This leads to the conclusion that
the integration of a primary reduction gearbox is unlikely to be beneficial for this race

unless this results in significant motor mass savings.
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The evaluation of several commonly used motors for electric superbikes reveals that
mass and efficiency are more significant performance differentiators than the rotor
inertia with a preference for high-efficiency designs, although rotor inertia should still
be included in a vehicle model for accuracy of vehicle performance determination.

A final evaluation into lift-to-drag ratio is undertaken and reveals that downforce
generating winglets are not likely to provide benefit at the TT Zero, however, they are
likely to be beneficial at PPHIC. This highlights the ability of the model to identify

event-specific performance differentiators.

In conclusion, the objective to investigate the main performance differentiators and

provide recommendations on performance development pathways has been achieved.

8.2. Conclusions
The main conclusions and recommendations for the design and analysis of high-

performance electric motorcycles are as follows:

It was quickly determined that to better understand the full high-powered electric
motorcycle performance, it is important to understand both the electrical and
mechanical response of the system. It is only by understanding the interactions
between these two elements that a truly optimised solution can be found.

Existing literature was examined and found to be unable to provide the required level
of detail while respecting both the electrical and mechanical domains. In response to
this great effort was put into building and validating a holistic vehicle model at both a

subsystem and full vehicle level using both laboratory testing and track testing data.

The new model was developed for the fast evaluation of modern high-performance
motorcycles, and this was coupled with an electric powertrain model that properly
included measured battery dynamics, motor saturation and loss modelling, as well as
motor drive loss modelling. The performance of the model developed here was found
to be superior when compared to that of previous attempts, particularly with regards
to battery response as well as improvements concerning vehicle response and electric

motor modelling.

The benefit of this enhanced modelling was then explored with the inclusion of
energy and temperature management strategies, and it was found that the performance

of the reference machine was severely compromised by both the poor thermal
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management of the battery pack, developed using exiting modelling techniques. In
addition, it was found that the lack of intelligent onboard energy deployment
strategies was a severe performance deficit. The recommendation is that both
elements should be addressed in any future high-performance electric motorcycle

designs.

Further work using this model identified that it is important to optimise the vehicle
holistically for the event in question, using a tool such as that developed in this thesis.
This is because many design trade-offs, such as battery pack size and optimum

downforce to drag ratios, vary significantly for each event.

8.3. Contributions
This section summarises the contributions of this thesis to the knowledge in high-

performance electric motorcycle performance analysis. The main contributions are:

e The determination that existing stability analysis and motorcycle squat
response methodologies developed for use on internal combustion machines
remain appropriate for use on high-performance electric motorcycles. This has
been examined using a case study on a representative modern example of a
high-performance electric motorcycle.

e The development and validation of an integrated system model for the
performance simulation of the modern high-performance electric motorcycle.
This model properly combines the elements important to the accurate
performance prediction of the high-performance electric motorcycle into a
single tool. It is the first to do so while incorporating a modern powertrain
consisting of an inverter-fed permanent magnet alternating current motor, an
advanced battery model and tyre-based performance limitations. This holistic
vehicle view has not been previously undertaken on a machine representative
of modern high-performance machines to the level of detail used in this thesis.
This allows the rapid determination of development pathways and design
trade-offs. Contributions to each area are as follows:

o A motorcycle rigid body dynamics model is developed that includes
the effects of differing front and rear tyres as well as a downforce

generating winglet. This is useful for improved performance envelope
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predictions representative of the modern high-performance machine
using a rigid body approach.

o A battery model capable of accurately transferring laboratory test data
to lap predictions is integrated into this vehicle model. Previous
models have used a fixed resistance approach. This is shown to be a
poor choice, particularly with regards to temperature prediction, a key
performance differentiator. This model is validated using laboratory
test data. Additionally the battery test procedures and fitted battery
coefficients are made available for future work.

o Provision of a full data set representing an example of the modern
high-performance electric motorcycle, including motor saturation
effects and non-linear battery behaviour.

e Development of a GPS based lap simulation with integrated strategies to
determine the optimal energy and battery temperature limited deployment
strategies for a target operating cycle allows the following additional
contributions:

o Itis determined that the energy deployment strategy is a significant
performance differentiator, and this strategy should be included within
the design process to ensure that the entire system is optimised to fully
utilise this strategy, especially with regards to cooling and component
peak performance levels.

o Itis discovered that there is a design cut-off point for some drive
cycles where the machine's lap time sensitivity to additional stored
energy is lower than that of increasing the mass to accommaodate this
additional energy. This is a novel contribution only made possible by
the development of the integrated approach within this thesis, as
previous strategies to determine the energy storage requirement simply
aim to achieve the target cycle demand and ignore the potential gain

outlined above.

8.4. Recommendations for Further Work
The initial objectives have been achieved and an advanced integrated electric
motorcycle performance analysis tool built and validated. The use of this tool has

helped to identify areas of a significant performance benefit to the reference machine
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and has the flexibility to be applied to multiple configurations. However, there are
benefits to be found with further work which was not possible to include here due to

time constraints.

In particular, the model would benefit from its expansion to include automated
optimisation procedures and further refinement through more detailed investigations
into the modelling of battery cooling techniques, gearbox design, and tyre modelling.

e Battery cooling was shown to be a substantial performance differentiator and
the underlying thermal transfer to vehicle drag trade-off included using a one-
dimensional heat transfer model. However, this can be improved significantly
through expanded heat transfer modelling, and this improvement will better
inform battery pack design decisions.

e The implementation of a primary reduction gearbox has several compromises
associated with it but primarily it boils down to an efficiency versus mass
trade-off. The underlying trade-off has been explored in the full vehicle
context. Again, this area would benefit from a more detailed study to properly
include the gearbox efficiency variation across the full operational envelope.

e Tyre modelling would benefit from the availability of a tyre data set with
lateral force sensitivity to vertical load. Additionally, one area not investigated
here is the thermal effects of increased tyre loading on tyre performance. The
inclusion of a tyre thermal model would help shed light on this, particularly
for races such as the TT with significant vehicle mass increases.

e Finally, the current model requires manual intervention to select the next point
for simulation. This allows a good understanding of the effect of different
design changes. This seems to be an inefficient use of an engineer’s time, and
it would be beneficial to develop an automated optimisation procedure to

undertake this exercise without manual intervention.

Overall, the fully integrated design approach has been undertaken for a high-
performance electric motorcycle and shown to be an important and effective design
analysis tool. It is hoped that the modelling and data acquisition techniques developed
in this thesis will provide a strong baseline for further work, to ultimately ensure that

electric motorcycles can thoroughly explore their performance envelope.
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Appendix A — Timeline of Electric Motorcycle Racing
Activities

The University of Nottingham electric race team was founded in 2014 by a group of
postgraduate students, a research associate and a professor, Prof. Pat wheeler. This
team began by building an electric motorbike powered by two Agni DC motors, as

was the norm at the time. The team raced this machine at the 2014 Moto-E

championship.

Following this, the team developed a more advanced powertrain featuring a
permanent magnet alternating current (PMAC) motor, custom motor drive and custom
500 Vdc lithium-polymer battery pack. This machine was developed over the next
two seasons winning multiple races at the Moto-E championship and steadily

improving its performance elsewhere.

This thesis deals with the events attended by the University of Nottingham electric
motorcycle racing machine from 2017 onwards. To add context to the activities, a
summary of the events is included here. This outlines the motorcycle design changes

and specifications used at these events as well as the results achieved.
2017

This machine competed at the Isle of Man TT Zero achieving a 109.209 mph average
lap and 3™ place. This was 10 mph faster than the team's result the previous year. This
machine was the first Nottingham machine to use a commercial drive and battery
pack voltage over 700 Vdc. This machine featured a Bamocar D3 motor drive and a
battery pack with 168 cells in series, 4 in parallel. The change to commercial
technology for the motor drive was due to a desire to prioritise reliability and data
acquisition but initially lead to a reduction in ultimate power levels Figure A.1 and
Figure A.2 show the machine and team that year.
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Figure A.1 — Picture of the UoN TT Zero motorcycle in 2017 specification

Figure A.2 — Picture of the 2017 team and riders at the Isle of Man TT Zero 2017

The other event attended in 2017 was Pikes Peak International Hillclimb (PPHIC) this
event was held two weeks after the TT in Colorado Springs USA. As the team was
unable to fly their battery pack to the race it was necessary to remove this and build
another at the race event. Additionally, as the event was originally intended for
motocross-style motorcycles the requirement to fit one-piece handlebars and remove

the fairings lead to a significantly different appearance as can be seen in Figure A.3.



Figure A.3 - UoN 2017 Pikes Peak contender

In addition to the requirement to build a battery at the race event, it was also decided
to attempt to fit a different motor drive that promised increased power levels. This
was tuned at a local drag racing track with success however the combination of
significant changes in a short period of time resulted in a lack of powertrain reliability

and a lap time of 13 m 5 s for the race event.
2018

Learning from the previous season’s rapid development and subsequent reliability
issues, increased focus was put on testing. In addition, the team expanded. This led to
the development of an entirely new aerodynamics package, motor drive integration
into the rear subframe and the increase to 171 cells in series. The aerodynamic
package included relocating the radiators to the nose of the machine. This work on
reliability and aerodynamics paid off at the TT Zero 2018. Beating the previous lap
record set by Team Mugen by 0.02 mph average lap speed with a speed of 119.294
mph. However, Team Mugen also beat the lap record that year resulting in second
place for the University team at that year’s event. This machine can be seen in Figure

A.4 below. Note the extensive revisions to the fairing design.
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Figure A.4 — Picture of the 2018 TT Zero contender

This year also involved competition at PPHIC. This was a much more successful
venture than the previous year with the team winning the electric class with a time of
11 m 13 s and recording a 10.02 s quarter-mile drag racing run while preparing for the
event. An NHRA record for 700 V electric motorbikes at the time.

Another notable achievement was the first use of the motor developed by Blisset in
[16], this was raced in the Moto-E championship race held at Donnington Park
Raceway that year against internal combustion machines with great success. A picture
of the rider Daley Mathison overtaking a competing 1C machine during this race can
be seen below in Figure A.5. Sadly, the motor seized shortly after the race due to an

issue with the design of the bearing preload method and associated rotor clearances.

Figure A.5 - Daley Mathison overtaking an internal combustion machine in a race at Donnington
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2019

Further work was put into the aerodynamic design of the motorcycle for the following
season with the rotor in the Blisset motor redesigned by the author and another team
member. This was successful in eliminating the original problem and was on course to
be raced at the TT Zero 2019 until tragic circumstances prevented the team’s
competitive appearance at the event.

Unwilling to risk the new powertrain at an event in the USA with limited facilities the
previous season's powertrain was refitted. The machine was flown to PPHIC where
the rider managed to record the team's fastest time in the race at 10 m 19 s. Setting the
fastest ever speed for a motorcycle through the PPHIC picnic grounds speed trap of

133 mph in the process.

This machine was also raced at Elvington airfield achieving multiple world records.
Figure A.6 was the final iteration of this machine as raced in 2019. The project

concluded after this point.

Figure A.6 - Final iteration of the UoN superbike
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The final pictures are of Daley Mathison, our dear friend and rider, doing what he did
best and enjoying the machine at various events. These are included, in his memory,
as a thank you to his hard work in development and endless faith in our abilities to
build him a machine capable of challenging for victories.
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Appendix B — Nottingham Electric Motorcycle Parameters
Multibody Model Data

Notations as per Sharp 71 model which can be found in:

R. S. Sharp, "The Stability and Control of Motorcycles," Journal of Mechanical Engineering
Science, vol. 13, no. 5, pp. 316-329, 1971, doi: 10.1243/jmes_jour_1971_013_051_02.

Mg 26.3 kg
M, 348.6 kg

Zs -1850 N

Ly 24.5611 kgm?
I, 29.8356 kgm?
Ir, 0.193 kgm?
iry 0.453 kgm?

oy +Ai 1364 kgm?

a 0.7804 m

b 0.6663 m

e 0.0223 m

f 0.1197 m

h 0.6186 m

R¢ 0.2886 m

R, 0.3200 m

t 0.0924 m

€ 0.4189 rad
Cr1 11173.9 N/rad
Cr, 938.6 N/rad
Cry 15831.2 N/rad
(o 1325.6 N/rad
K 6.78 Nm/rad s
of 0.2470 m

o 0.3406 m

l 0.7537 m
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Lap simulation model parameters — TT Zero 2018

The reference point for lengths is the front tyre centre patch (FTCP)

My 380 kg Vehicle Mass
Lwp 1.42 m Wheelbase
leg 0.7057 m FTCP longitudinal distance to the centre of
heg 0.612 m Centre of gravity height
L, 0.758 m FTCP longitudinal distance to body centre of
hy, 0.612 m Height of body centre of pressure
M, 0 Body aerodynamic pitching moment

N

CpA 0.335 m Body drag coefficient times cross-sectional
CapA 0 m? Body lift coefficient times cross-sectional
Ly 0.3 m FTCP longitudinal distance to winglet centre
h,, 1.0 m Height of winglet centre of pressure
M,,, 0 Winglet aerodynamic pitching moment

CiwA 0 m? Winglet lift coefficient times cross-sectional
CawA 0 m? Winglet drag coefficient times cross-sectional
R:o 0.347 m Rear tyre rolling radius
Auxr 0.8 Front tyre longitudinal friction modifier
Auy s 0.9 Front tyre lateral friction modifier
Ayxr 0.8 Rear tyre longitudinal friction modifier
Auyr 0.9 Rear tyre lateral friction modifier
Ly 0.90 kgm?  Rear-wheel inertia
Iry 0.4532 kgm?  Front-wheel inertia
N, 18 Motor sprocket teeth
N, 83 Rear-wheel sprocket
Rp¢ 0.03 Q DC link resistance
171 Cells in series
4 Cells in parallel
10 Ah Cell capacity
Cp 890 Cell specific heat capacity
M, 0 \ Cell instantaneous hysteresis voltage
M, 0.03 \ Cell exponential hysteresis voltage term
Yhyst 10 Cell voltage hysteresis decay constant
Lot 0.0233 kgm?  Electric motor rotor inertia
Pe 6 Number of pole pairs
Nerns 165 Electric motor winding turns
Lrotor 150 mm  Electric motor rotor length

Ry 0.0061 Q Motor winding resistance per phase



l/)e,a
l/)e,b
¢e,c

Nparallel

UcEo
Upo

Tc

Tp
Eon
Eors
EDon
Vref
Iref

-1.032x10°8
3.917x10®
0.0481
3.405x104
-6.684x10
3.932x10°8
9.511x10°
-1.085x10%3
1.400x101°
-6.176x10®
1.202x10*
9.860x10°°
0.007

0

0.0012
0.05

1.8
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0.4722
0.0006
1.6045
0.95

12

2

0.8

0.8

0.0027
0.0020
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Y, coefficient for scaling with i2

Y, coefficient for scaling with ig

Y, zero offset coefficient

L coefficient for scaling with i3

L, coefficient for scaling with i2

L, coefficient for scaling with i

L4 zero offset coefficient

L, coefficient for scaling with i3

L, coefficient for scaling with iZ

L, coefficient for scaling with i

L, zero offset coefficient

T} ror COefficient with rotor speed w?
T} ro¢ COefficient with rotor speed w®®
T, ro¢ coefficient

Mu Bearing

ID bearing

Core flux density at full load

Core flux density at no load

Iron Hysteresis constant

Iron eddy current loss constant
Steinmetz constant

V mod

Drive Switching frequency

Switching devices in parallel per phase
IGBT on-state zero-current collector-emitter
Diode on-state zero-current collector-emitter
collector-emitter on-state resistance
anti-parallel diode resistance
Switching module switch on energy
Switching module switch off energy
Diode switch on energy

Switching device test reference voltage
Switching device test reference current

Motor torque-speed map used for 2018 battery temperature limitation strategy, note

this is desired torque pre-saturation.

Speed 0 5,842 | 6,576 | 7,620 | 8,768 | 9,370 | 9,530 | 10,100 | 10,500
(rpm)

Torque | 260 | 260 | 227 190 | 162 152 | 62 50 0
(Nm)




Battery map coefficients for TT Zero 1RC model

Coefficients for Ry_gc Map:

Variable  Value

a1,ro
az,ro
as,ro
a4,R0
as,ro
Qe,R0O
azro
as,ro

0.005552
0.02541
0.001943

1
-0.0001049
0.0004931
0.0008159
2.512x107

Coefficients for Ry_1gc map:

Variable Value

ai,r1
az r1
as g1
A4,R1
as,Rr1
QAe,R1
az,r1
Qg r1

0.001941
0.03033
0.001426

1
-4.957x10°°
-8.605x10°
0.002015
1.433x10°

Coefficients for t,_;zc Map:

Variable Value

a1,71
azr1
asr1
Aa,r1
a5,11
a6,1:1
azr1
Qs r1

40.64
0.05861
0.03481
0.4286
-0.3828
3.073
-0.4285
0.9268
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Pikes Peak 2019 Motorcycle

Mo 305.5 kg Vehicle Mass
Lwp 1.42 m Wheelbase
leg 0.7057 m FTCP longitudinal distance to the centre of
heg 0.612 m Centre of gravity height
L, 0.758 m FTCP longitudinal distance to body centre of
hy, 0.612 m Height of body centre of pressure
M, 0 Body aerodynamic pitching moment

CpA 0.335 m? Body drag coefficient times cross-sectional
CapA 0 m? Body lift coefficient times cross-sectional
Ly 0.3 m FTCP longitudinal distance to winglet centre
h,, 1.0 m Height of winglet centre of pressure
M,,, 0 Winglet aerodynamic pitching moment

CiwA 0 m? Winglet lift coefficient times cross-sectional
CawA 0 m? Winglet drag coefficient times cross-sectional
R:o 0.347 m Rear tyre rolling radius
Ay 0.8 Front tyre longitudinal friction modifier
Auy s 0.9 Front tyre lateral friction modifier
Ayxr 0.8 Rear tyre longitudinal friction modifier
Auyr 0.9 Rear tyre lateral friction modifier
Ly 0.90 kgm? Rear-wheel inertia
Iry 0.4532 kgm?  Front-wheel inertia
N, 17 Motor sprocket teeth
N, 83 Rear-wheel sprocket
Rp¢ 0.03 Q DC link resistance
171 Cells in series
2 Cells in parallel
8 Ah Cell capacity
Cp 890 Cell specific heat capacity
M, 0 \ Cell instantaneous hysteresis voltage
M, 0.03 \ Cell exponential hysteresis voltage term
Yhyst 10 Cell voltage hysteresis decay constant
Lot 0.0233 kgm?  Electric motor rotor inertia
De 6 Number of pole pairs
Nerns 205 Electric motor winding turns
Lrotor 150 mm  Electric motor rotor length
R, 0.0075 Q Motor winding resistance per phase
Yea -1.282x108 Y, coefficient for scaling with i2

Yep 4,865 x10® Y, coefficient for scaling with i



lpe,c

Nparallel

UcEo
Upo

Tc

p
EOTl
Eorr
EDOTI
Vref
Iref

0.0597
5.256x104
-1.032x10%0
6.069x108
1.468x10*
-1.675x10*3
2.161x1010
-9.533x10°8
1.856x10*
9.860x10°°
0.007

0

0.0012

0.05

1.8

1.4

0.4722
0.0006
1.6045

0.95
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2

0.8
0.8
0.0027
0.0020
0.0404
0.0567
0.0395
600
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— -

> < Do <<<

Y, zero offset coefficient

L, coefficient for scaling with i3

L coefficient for scaling with i2

L4 coefficient for scaling with i

L, zero offset coefficient

L, coefficient for scaling with i3

L, coefficient for scaling with i

L coefficient for scaling with i

L, zero offset coefficient

T} ro¢ COefficient with rotor speed w?

T} ro¢ Coefficient with rotor speed w®®

T, ¢ coefficient

Mu Bearing

ID bearing

Core flux density at full load
Core flux density at no load
Iron Hysteresis constant

Iron eddy current loss constant
Steinmetz constant

V mod

Drive Switching frequency

Switching devices in parallel per phase
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IGBT on-state zero-current collector-emitter
Diode on-state zero-current collector-emitter

collector-emitter on-state resistance
anti-parallel diode resistance
Switching module switch on energy
Switching module switch off energy
Diode switch on energy

Switching device test reference voltage
Switching device test reference current
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Appendix C — Description of Electric Motor Torque

Equations
The peak phase voltage in the ‘g’ and ‘d’ axes is determined from the ‘d’ and ‘q’ axis
currents as follows [58]. It is given in terms of the stator resistance (R;), flux linkage
(), inductances (Lq, Lq) and the rotor electrical frequency (we = wp,). Where ‘p,’

is the number of pole pairs in the motor.

Vq = Rsiq + we(Ldid + l/)e) (C 1)
Vd = Rsid — a)eLqiq (CZ)
Vo= V2 + V2 (C.3)

To simplify the control model the influence of the stator resistance Ry on V; and V, is
commonly neglected. The effect of R; on motor conduction losses is included in the

motor loss model as this is important in the system energy balance. The motor torque

is given by the following equation.
3
Tnot = Epe [l/)eiq + (Ld - Lq)idiq] (C.4)

The optimal motor current vectors vary depending on the motor operation region. The
motor output torque is constant below the start of field weakening, leading to Region
1 (the region below base speed) to be commonly referred to as the constant torque
region. In Region 1, the Maximum Torque Per Amp (MTPA) distribution of ‘i;” and
‘i4° currents are as follows. Here ‘i’ is the maximum stator current visualised as the
hypotenuse in Figure 5.2 [63].

Yela

. — .2
iqg = _Ld—Lq+ld (C.5)

et Jwez +8(Lg — Lg)"i2
= 4(Lg — Ly)

(C.6)

As the system is closed Vj, . is the highest peak line to line voltage that the drive can
apply. Using the battery and motor drive model V. can be determined. Using peak

phase convention base speed ‘wp .’ IS given as follows. Note 4,,,,4 is an additional
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coefficient introduced to ensure the motor drive retains sufficient voltage headroom to

maintain stator current control under dynamic loading.

VbcAmoa
Vs,lim = Tmo (c.7)
. \2 .
VZ = (—weLqiq)” + (we(Lala + Ye))? (.8)
V..:
Wpgse = Siim (c.9)

\/(—Lqiq)z + (Lyiyg +1,)?

As the distribution of currents in the field weakening region initially follow the

current limiting trajectory where i = i3 + iz and V;Z = V§ + V2 it follows that:

2 = (~welqiq)” + (@e(Laiq +1e))? (€. 10)

ic=1i¢—ig (€.11)

V2 = w2(L%i2 + (13 — L2)i2 + 2Lgighe +e7) (€.12)

0= (L% = L2) + 2Lgigpe + LEi2 +.° — Ziz (€.13)
é

For an SPM motor L; = L, and for an Induction machine i, = 0. An IPM machine
typically comes between the two and can have differing L, and L, by design, this can

be used to tailor the machine characteristics. As the model is concerned with both

SPM and IPM designs the izand i, currents in the initial field weakening region are

given as follows.

( . V2
] L%Jlsz + lpez - jg ' . >
Lg =L, ig= T ig= [i2—i3
e

< 2 2 2 2 2i2 Vsz

Lo — [(Lgpe)? — (Ld - Lq) Y~ + Lgis — w_ez
L; #L i = i = iz —i2
L d q d L%i _L%I q S d

As the motor speed increases there comes a point where the optimal current vector no
longer follows the MTPA trajectory. This is called the Maximum Torque Per Volt

> (C.14)
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region (MTPV). In this operation region the optimum current vector is below the
maximum limit but increasing the current would only serve to increase losses and
reduce the output torque. Here the stator current and voltage vectors are determined as
follows [64]:

2

Lg—L
2 d
b= o o (55)

v, 4(Ld - Lq) (C.15)
Lyw,

Va=~— Vs?lim - I/212 (C.16)

_lpe Vs,lim

ta=lq la==7 17 L,
(Vq ) (c.17)

3 ‘U_e = e o V4

La#ly la="—p— lg=—7 ")
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Appendix D — IGBT Loss Calculations

The IGBT conduction losses are modelled via a DC voltage source (ucgo)
representing the IGBT on-state zero-current collector-emitter voltage with a series

connection to the resistance of the IGBT (r¢). ‘i’ is the instantaneous IGBT current.

1 Tsw 1 Tsw
PCT = T—f PCT(t)dt = T_ (uCEoic(t) + rclg‘(t))dt (D- 1)
swJQ

sSwJ0

A similar process is employed for the diode conduction losses with similar

coefficients representing similar terms (Upo, 1p, ip):

1 Tsw 1 Tsw
Pop = — f Pep@dt = =— | (upoip(®) +pi3(©))dt (D.2)
0

sw swJ0

Utilising the peak output current (1,), the drive amplitude modulation index (m,) and
the motor power factor (¢1) the average IGBT conduction losses can be expressed as
the following. Were the average IGBT current value is I,,, and the RMS IGBT

current value is Iy

1 mgcos(dpl) 1 mgcos(pl)
Per = Ucpolcay + Tclérms = Ucrolo (ﬁ + aT) + 1l <§ + aT (D.3)

1  mgcos(d1) 1 mgcos(d1)
Pcp = upolpay + "olbrms = Upol, <E - aT) +1pl} <§ — GT (D.4)

Where the inverter amplitude modulation index (m,) is derived from the difference

between the input DC voltage (V,4:¢), peak output line-line voltage (V).

_ 2V3Y,

Vbatt

mg (D.5)

The switching losses are a product of the sum of the device switching losses

(Eon, Eofr) for the diode and IGBT and the switching frequency. The diode switch-off
energy is commonly neglected and the loss simply Ep,, fsw- A simple solution for the
switching loss calculation for AC motor drives is that the losses generated in one half-
wave of the output frequency (1/2f,) correspond to the losses generated if an
equivalent DC output is applied [68]. For a three-phase AC motor drive the output
current ripple and equivalent DC are determined as follows where the equivalent

stator inductance is given by (L).
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~ (Vhaee = VV2)V;

.. = D.6
TP 2LV parfow b®
I,

Ipe = — D.7

b= (0.7)
Iripple

Ipcon = Ipc — ) (D.8)
Iripple

Ipcoff = Ipc + —— (D.9)

2

The switching energy loss is a function of the change in current and voltage of the

device as it switches. To simplify the model this can be roughly approximated to a
linear relationship within the normal operating region of the drive as can be seen in
[140].

_ (EOTLIDCOTL + EoffIDCoff + EDonIDC)fSWVs

(D.10)
W Irerref
The total power loss in the switching devices and diodes is then given by the
equation:
Pioss = 6(Psw + Pcp + PCT) X Nparallel (D.11)

Where Npgrauier is the number of IGBTs in parallel, this is particularly relevant as the
Sevcon G4S10 in the UoN motorcycle uses two Infineon FS450 power modules in
parallel per phase. The resulting drive is simply modelled as if two drives were
operating separately at half the total current. This method scales for a higher number
of devices in parallel. The power loss is included in the powertrain losses as a motor

input power loss.



