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ABSTRACT

Every lay person knows that two-wheeled road vehicles are potentiatglie in a capsize sense
and at low speed they will simply fall over! Itis less well known that thedgales can also exhibit
oscillatory instabilities, which are potentially far more dangerous. We atepkarly interested
in two oscillatory instabilities known as ‘wobble’ and ‘weave’. The formerésmiscent of
supermarket castor shimmy, while the latter is a low frequency ‘fish-tailing’ mdtiat involves

a combination of rolling, yawing, steering and side-slipping motions. Thesanied dynamic
features, which can occur when two-wheeled vehicles are operasgbed, have been studied
extensively (seed] and the references therein). However, the authors are unable erigfierence
in which these results are included in a holistic design process for a nekiale. This paper
incorporates mathematical analysis techniques and important trends intostge pgeocess of a
novel aerodynamically efficient motorcycle called the ECOSSE Spirit (E531)

A mathematical model of the ES1 is first developed using a multi-body dynanftesase package
called VehicleSim 2]. This high-fidelity motorcycle model includes a realistic tire-road contact
geometry, a comprehensive tire model based on Magic Formulae that utilizrmtoe data, tire
relaxation properties and a flexible frame. Parameters describing a ntadbrperformance ma-
chine and rider are included. One version of the code uses VehicleSimdoge a FORTRAN

or C program, which solves the nonlinear equations of motion and genéragelistories, while

a second version generates linearized equations of motion as a MATLARdieontains a lin-
earized state-space model in symbolic form. Local stability is investigated vigighavalues of
the linearized models that are associated with equilibrium points of the nonigstems. The
time histories produced by nonlinear simulation runs are also used to chedsthe

A comprehensive study of the effects of frame flexibilities, acceleratiergdynamics and tire
variations is presented, and an optimal passive steering compensatavésidét is shown that
the traditional steering damper cannot be used to stabilize the ES1 over isog@iating regime.
A simple passive compensator involving an inerter is propo28 [One result indicates that
swinging arm flexibility can be deliberately introduced to improve the stability adtaristics
of the machine. However this is avoided in the final design for the ES1 with itsapset of
parameters.

Keywords: motorcycle design, motorcycle stability, aerodynamics, wobble, weave.

1 INTRODUCTION

Recently a novel motorcycle known as the ECOSSE Spirit (ES1) was @esagrd patentedL].
The concept vehicle features a fundamentally new chassis and stessarglay designed to have
a low mass and high aerodynamic efficiency; see Figure



(a) Side view (b) Top view

Figure 1. lllustration (a) shows the right-side view of an aerodyiamodel of the proposed
vehicle; (b) shows a top view of the machine.

Computational fluid dynamics (CFD) analysis estimates the ES1’s drag@etfwient at).16m?

— ab4% improvement over a conventional sports machine (such as the Yamahahd) trans-
lates into a30% increase in top speed for any given engine power. Or alternativéDptp per-
formance with a 78bhp engine; see Fig@reSince the initial design of the ES1 was approached
from an aerodynamic perspective, the University of Oxford has kbeeking with Spirit Motor-
cycle Technology on improving the overall dynamics and performancecofehicle. This paper
addresses the parameters that affect the lateral dynamics of the vefide,is one of the many
aspects in motorcycle design.

(a) ES1 CFD calculation top view (b) Yamaha R1 CFD calculation top view

Figure 2. Plots comparing air velocity CFD calculations betweenEl$d and the Yamaha
R1. The ordering red-yellow-green-blue depicts the nedasir velocity from low to high
respectively. Plot (a) shows the air flow around the ES1rradenbination. The computed
aerodynamic drag-area coefficient with the rider in the prposition isCyA = 0.16m?2.
Plot (b) shows the air flow around the Yamaha R1-rider coniltinaThe computed aerody-
namic drag-area coefficient with the rider in the prone parsiis CyA = 0.35m?2.

Historically, motorcycle computer models have accurately predicted a nurhbealavorld phe-
nomena§l]. It is therefore reasonable to first build a computer model of the ESluaedvell-
known mathematical techniques, along with previous results as a guide, tifyidiea important
parameters affecting the machine’s stability. One of the first successestofcycle multi-body
models is 8]. The author outlined the basic features that a multi-body model requirescts a
rately predict a motorcycle’s lateral dynamics. Over the years modeldde@eene more complex
by incorporating non-linear dynamic tire characteristics, several degse frame flexibility, a
rider response and aerodynamics — all of which are crucial whennge&kreproduce real-world
phenomena.

In Section2 we describe the multi-body model of the ES1. This is programmed using thageack
VehicleSim R], which produces both nonlinear and linearized equations of motion. Roicénd



Nyquist diagrams of the linearized vehicle under constant speed andngénconditions4], as
well as acceleration and braking][ are then used in Sectidhto determine the stability bounds
on various design parameters. The vehicle parameters considerethéed to the tires, the lower
wishbone flexibility, the rear swinging arm flexibility, a proposed introductiba front lateral
flexibility, variations in vehicle loading, changes in the aerodynamic propesdied acceleration.
The effect of each component is individually analyzed by comparinglisyathanges due to vari-
ations of a single parameter in an otherwise rigid vehicle. The observaistaga compared with
several results in the literaturd,[10, 12], and similarities as well as differences are highlighted.
Design guidelines are emphasized so that “rules of thumb” can be usedprby@osing the final
vehicle’s parameters.

Finally, in Sectiord, techniques from3] and [7] are used to design a passive mechanical steering
network that ensures stability over the machine’s velocity, roll angle aceleration operating
regimes.

2 THE MODEL

In this section we briefly introduce the multi-body model of the ES1. If furtietails are required
then the reader is referred t8]] The vehicle shown in Figuré is decomposed into the multi-
body model shown Figur8. As suggested by Figur® this model is based on the following
kinematically interconnected rigid bodies: the main frame comprising the endiassis and
rider, the handlebar, a link with a single translational and a single rotati@gsed of freedom,
the small upper wishbone, the small lower wishbone, the upper wishbonewhbe wishbone,
the steering body, the front wheel, the flexible swinging arm, a driveckptptwo intermediate
sprockets mounted on the swinging arm and the rear wheel. The motoscglgeén constituent
masses are represented by shaded circles, which are centered atabgicenters. The engine
sprockets are treated as massless, but with inertia. Hinge joints with traeswers are marked
by concentric circles, and ball joints are represented by solid white circlé® parent-child
relationship for each body’s coordinate system, along with the constraretshown in Figurd.

handlebar

prismatic + 1 rotation

front steering body

rider mass

swinging arm;/

rear wheel

Figure 3. Diagram showing the multibody arrangement of the ES1. &thaicles represent
the body masses, white circles represent ball joints, vdafeentric circles show hinge joints
with rotational freedoms along an axis pointing out of thgeaa



The rear (front) suspension is modeled via a torsional parallel spengedr combination that act
on the swinging arm (lower wishbone) and reacts on the main body. Theisideodeled as a
point mass that is allowed to rotate about the main frame’s body-fixads, and is restrained via
a parallel spring-damper torsional compliance that acts on the rider aot i the main frame.
The linkages between the drive and intermediate sprockets are modeladhpgd elastic chains

[3].

Aerodynamic influences are modeled using drag and lift forces, andharjtmoment, which are
all proportional to the square of the speed. The forces are appliegldyatifetween the wheelbase
in the main frame’s coordinate system.

The road tires are treated as ‘wide’ and flexible in compression, with twengrocontact points
representing the centers of the road-tire contact patches. The tinedgcontact points move dy-
namically over the ‘unspun’ tire surface as the machine rolls, pitches aeis sioth tire contact
points will move laterally over the tires’ surface. The front tire groundtachpoint will also
move circumferentially under combined rolling and steering. The tires’ foacel moments are
generated from the normal load, the tires’ camber angle relative to thearmhthe combined
slip using ‘Magic Formulae’§]. The lateral compliance of the tires’ carcasses is modeled using
standard linear time-varying stretched-string type tire mod#IsRelaxation effects for the lon-
gitudinal tire compliance are similarly described. In combination, the relaxaffentg have a
lagging influence on the generation of the tire forces and moments.
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Figure 4. Parent-child tree structure of the ES1 motorcycle. Thegrdia shows how each
body is connected and modeled in VEHICLESIM.

Inclusion of structural flexibilities in order to accurately represent thedatlynamics of motor-
cycles has been studied for some time (4615, 11, 12]). These frame flexibilities turn out to be
crucial in predicting the wobble oscillation frequency and dampirfiy15]. The survey paper by
[4] gives a summary of the important literature related to motorcycle structuxibifly.. Three
frame flexibilities, modeled by parallel spring-damper arrangements, kpeiddely added for the
present study. These are torsional compliances in the rear swingingnarthe front lower wish-
bone, and a further lateral flexibility between the front wheel hub andtiz&chment point on the
front steering body. The axes for the rear swinging arm and frorgdewishbone flexibilities are
in the vehicle’se-y plane and their orientations are defined by the anglgsandéd;,, respectively.



The introduction of the front lateral compliance is proposedLjrahd aims to ‘mend’ cornering
suspension issues, and was also studied using a simpler motorcycle mddg! in [

The parent-child structure shown in Figutés programmed into the multi-body modeling code
VehicleSim P], which symbolically derives the vehicle’s equations of motion. The methedd u
for deriving the equations of motion are based on Kane’s methdid The model’s state variables
are then generalized coordinates (denotgdgs, . . ., ¢,) and them generalized speeds (denoted
u1, U2, - - ., Uy). The dimensions andm differ when either generalized coordinates (of no in-
terest) are omitted, or when the system is subject to nonholonomic constigietequations of
motion are separated into the kinematic and dynamic equations. The kinematioesjase used
to compute derivatives of the generalized coordinates. In matrix form giteey

S(aq,t)q(t) =u(t) 1)

in which S is anm x n matrix, q is a vector containing the generalized coordinaieis, a vector
of generalized velocities artds time. The dynamic equations are used to compute derivatives of
the independent velocities (accelerations). In matrix form, they are:

M (q,t)a(t) = f (q,u,t) )
whereM is am x m matrix called the mass matrix afids the force vector.

VehicleSim P] also symbolically generates the linearized equations of motion, which we use fo
stability analysis. In order to compute time-invariant coefficients of the linedreguations, we
require steady-state operating conditions for the nonlinear equationstminmaVe do this by
fitting the machine with a number of simple control systems, which in some sense mimueife
control behavior. These systems control the throttle, the acceleratiobrakiohg distributions
between the front and rear wheels, and the vehicle’s steering. Foutpeses of the simulation
model, braking is achieved with the aid of controllable braking torques thatabe front wheel
and react on the front steering body. This moment represents the aéthat brake friction pads
coming into contact with the brake discs.

The machine’s speed is maintained using an engine drive torque that dlesdnve sprocket and
reacts on the main body. In the context of the model used here the dripeetsr derived from a
proportional-integral controller that acts on a speed error signal. Hbed is below the reference
value the drive torque is increased, while conversely, if the speed isigbctlie drive torque is
reduced. The integral action ensures that steady-state speedageretsninated.

The course-following capabilities of the simulation model derive from a ttigieer torque that
acts on the front steering body and reacts on the main body. The steee tergroduced by
a proportional-integral-derivative feedback controller that sense#f angle error; the PID con-
troller's gains are speed dependent. An expanded treatment of théewalnideling can be found
in [3].

3 PARAMETRIC DESIGN

In modeling and designing the ES1, it is important to determine the parameteaffidicastability.
From the geometry of the vehicle, the lower wishbone flexibility, the rear smgnarm compli-
ance, the tires, and the aerodynamics appear to be the key featuctingffiee weave and wobble
modes. The effect of the experimental front lateral flexibility on the oyttahe dynamics also
requires attention. Sectidhl argues for the use of competition reacing tires. It is shown that



it is impossible to stabilize the ES1 over its entire speed range with a steering aime the

machine is fitted with typical road tires. This is because the enhanced frigbiapeerties of com-
petition tires improve the ES1'’s lateral stability. From SectBohonward, the ES1 is fitted with
competition tires for the remaining analyses.

Section3.2studies the impact on the vehicle’s stability due to lateral compliance betweeaotie f
wheel hub and its attachment point on the front steering body. Model Adhdlso allows the
front wheel to move laterally along the wheel spindle, albeit with a simpler vehiddel. In
this paper, the authors used parameters from four different produntitorcycles and it is shown
that the front wheel lateral compliance results in a decrease in the woldde-damping. This
flexibility results in improved weave mode damping at moderate speeds, bse¢ngoit for high
speeds, which is where it matters. It is suggested ththat the lateral stiffness should be made
large, but that such stiffening brings diminishing returns beyond an intBateestiffness level.
These findings are confirmed ihg]. The conclusions inJQ] regarding the front lateral flexibility
is corroborated by the results in Secti®s2 for the ES1 model.

The swinging arm flexibility is investigated in Secti@B. This flexibility is also studied in16]

by augmenting the model irl}] with a rear wheel camber freedom relative to the rear frame,
which is then constrained using a torsional parallel spring-dampergemaent. It is reported in
[16] that the swinging arm flexibility had very little influence on the capsize andoleotmodes,
but it reduced the weave mode damping at medium to high speeds. Dampouojatess with
the swinging arm flexibility made no significant difference to these findind rEsults in 16]
suggested that a swinging arm stiffnesqd 2600 N'm /rad for a high performance machine would
bring characteristics approaching that of a rigid frame. It is shown itid@3e8.3 that the axis of
rotation representing the swinging arm compliance is important for predictingtiral dynamics

of the ESL1. Itis also shown that when the ES1 is fitted with competition tires, thiegisg arm
compliance can be used to help stabilize the weave mode. This weave-matedangradicts the
observations reported id§]. However, the reader must bear in mind that very different vehicle
models are being analyzed.

The effect of the lower wishbone flexibility is analyzed in Sect8o Literature does not exist on
flexibilities of this type for motorcycles with geometries similar to that of the ES1.shhawvn that
there is a wobble versus weave stability compromise when introducing congliarice lower
wishbone. Moreover, the orientation of the axis of rotation for this compdiataes not affect
the trends observed. An argument is put forward suggesting that tlee Vaishbone compliance
should be made as close to rigid as economically possible. This does nenfagzoblem since
product development has clearly involved substantial improvements instastiffness and most
contemporary designs are deep into diminishing returns.

Section3.5focuses on how changes in the aerodynamic center of pressuredlifitahing mo-
ments contribute to the stability properties of the ES1. The importance of aenmiky forces on
the performance and stability of motorcycles at high speeds is demonstr@de}i ivhich shows
that the effects of aerodynamic side forces, yawing moments, and rolling nisime the lateral
stability of production motorcycles are minor. As a result, we concentrat®archanges in the
load distribution, due to variations in the in-plane aerodynamic forces;tdfie stability of the
ES1. Thisis important as the rider’s posture can drastically alter the aaody properties of the
vehicle.

Using analysis techniques iB][ the effects of acceleration and braking on the wobble and weave
modes are studied in Secti@®6. It is shown that the wobble mode destabilizes under braking,
while the weave mode destabilizes under acceleration. These qualitatiye arerconsistent when



similar load transfer occurs due to aerodynamic force changes, loadiiaions, and constant
speed uphill/downhill movement8,[19].

3.1 The effect of competition tires

Arigid version of the ES1 model (i.e. all frame and front lateral compliaacesemoved) is fitted
with road tires obtained from the GSXR model #).[A root-locus for the straight running vehicle

is plotted in Figureb as the speed varies frobrito 110m/s. Modes are identified by plotting their
eigenvector components, normalized with respect to the maximum compohentarad checking

the dominant generalized coordinates of the respective eigenvederBSi(gires). From Figureb,

the wobble mode is unstable at speeds al3évém /s, and the weave mode is unstable at speeds
greater thar88.3m/s. As the speed increases, the wobble (weave) mode frequency decreas
(increases) from1rad/s (7Trad/s) to 60rad/s (32rad/s).
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Figure 5. Straight running root-locus for the ES1 fitted with the GSKdad tires. The
velocity is swept fronD (square) tol10m/s (diamond). No steering damper is fitted to the
vehicle.

The aim is to find a steering damper that stabilizes both the wobble and weaes et the
entire speed range. This is done by treating the ES1 as the feedbaotl mystem shown in
Figure7. Nyquist diagrams for the SISGystem from steering torque to steering angular velocity
are plotted at two speed$i5m/s (Figure8) and80m/s (Figure9). At 65m/s there are two
unstable complex conjugate poles associated with the wobble mode. Tkermgérequire two
anti-clockwise encirclements of-al/K point in the Nyquist diagram to ensure stability when
using the steering dampéf. In Figure8, the leftmost intersection with the real axis, labeléd
occurs ab8.1rad/s (wobble frequency), and it's associated real value is equalt0421. The
intersection of the real axis, at0.0104, to the right of the wobble frequency intersection, labeled
B, occurs aR5.5rad/s (weave frequency). Hence, the range of steering damper valuesuceen
stability of the ES1 fitted with road tires @5m/s is 23.8 Nms/rad < K < 96.2Nms/rad.

In contrast, aB0m /s the problem becomes insoluble. A@m /s there are two unstable com-
plex conjugate poles that are again associated with the wobble mode. Weemane two anti-

SIS0 is the acronym used for single-input single-output in the controties.
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Figure 6. Plots showing the eigenvectors’ components related tergéined velocities, nor-
malized with respect to the largest component value in eask,dor the open loop weave
and wobble modes of the rigid ES1 machine with a forward vsglaaf 60m/s. All the
states shown correspond to generalized velocities egpr'ss the steering’s angular veloc-
ity. Plot (A) shows the eigenvector associated with the weaode while plot (B) is the
corresponding eigenvector plot for the wobble mode.
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clockwise encirclements of al/K point in the Nyquist diagram to ensure stability when using
the steering dampek’. In Figure9, the leftmost intersection with the real axis, labeled point
A, occurs a7.7rad/s (weave frequency) and its associated real value(9433. The inter-
section of the real axis to the right of the weave frequency intersectibeleld point3, occurs
at57.7rad/s (wobble frequency) and its corresponding real value-(s0329. Hence there is
no steering damper that stabilizes the vehicl80at/s. The maximum speed for which we can
find a stabilizing steering damper 7§m /s (a damper oBONms/rad stabilizes the machine).
Furthermore, as the steering damper increases, the wobble mode stalfiliieethe/weave mode
destabilizes. This trend is also reported 7hdnd leads to our first two design guidelines:

Design Guideline 3.1.The open-loop system (i.e. no steering damper fitted) should be stable in
weave.

Design Guideline 3.2.1f confronted with a conflict between stabilizing wobble and stabilizing
weave, opt to stabilize weave since wobble can be stabilized using a ste@mipgnsator.

The main issue when the ES1 is fitted with the GSXR road tires is that Design Guigeliis
violated. This means that in order to guarantee a stable rigid vehicle with readthe top speed
of the ES1 must be capped76m /s and the vehicle fitted with &0 Nms/rad steering damper.
To avoid this restriction, the tires are changed to racing slicks or competitian tirbe main
difference between competition racing tires and road tires is the frictiortalid-of the Magic
Formulae 6].

Tablel shows that the lateral frictional forces produced by the front andraeing tires are signif-
icantly larger than their road-tire counterparts. This increase in latexa frauses a stabilization
of the weave mode at high speeds (see Fidille The wobble mode now enters the right-half-
plane atl4.7m/s. In obtaining a stabilizing steering damper we first calculate the root-lothéor
motorcycle at different lean angles (see Figlil¢. Here we confirm that Design Guidelirdel

is satisfied and the open loop weave mode is always stable. A Nyquist miagzlotted at the
operating point that corresponds with the most unstable wobble mode:hstmangping at;9m /s
(see Figurel2).



driving torque

Linear Model outputs

steering torque

steering angular velocity

Figure 7. The feedback diagram used to design the steering danipés.the value of the
damper inN'm/rad that maps the steering angular velocity to steering torque.
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Figure 8. Nyquist diagram for the straight running ES1 fitted with tbad tires found inT].

The forward velocity is held &5m/s. The point labeledd occurs at an angular frequency
of 58.1rad/s (wobble frequency) and intersects the real axis@i421. The point labeled

B occurs at an angular frequency2s.5rad/ s (weave frequency) and intersects the real axis
at—0.0104.

Tire | D | Roadtire (V) | Racing tire (V)
D, 1560 1845

Front| p. 1560 1714

Rear D, 1560 1669
D, 1560 1543

Table 1. Table comparing the longitudinal and lateral frictiodadvalues in the Magic For-
mulae for the road and racing tires. Thevalue associated with the lateral force is labeled
D,, while the corresponding value for the longitudinal fors¢aibeledD,,. For both the front
and rear tires, the normal force is assumed ta258¥) V.
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Figure 9. Nyquist diagram for the straight running ES1 fitted with tbad tires found inT].
The forward velocity is held &&0m/s. The point labeledd occurs at an angular frequency
of 27.7rad/s (weave frequency) and intersects the real axis@0433. The point labeled3
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at—0.0329.

~
o
T

60 pitch
IQ « x x: x N
. sop ‘ _wobble
G 40 K on:
% 30
£ bounce l

:X o weave
X

N
o
T

=
o
T

<

x
X x
! X %5
X x
ﬂonwm@*ooo‘x I ] 4?&)()(@ ]
i i i i i
-20 -15 -10 -5 0 5 10

real

Figure 10. Straight running root-locus for the ES1 fitted with competi tires. The velocity
is swept from0 (square) tal 10m/s (diamond). No steering damper is fitted to the vehicle.

At 59m/s there are two unstable complex conjugate poles that are associated withtihke wo
mode. Therefore in order to stabilize the vehicle, we require a dafpsuch that—1/K lies
between the pointst and B in Figure12. The pointA corresponds to the wobble frequency
48.4rad/s while B is at the weave frequen®p.9rad/s. Hence, a steering damperasfNm /rad
stabilizes the ES1 fitted with competition tires58tn/s. Figure13 shows that th&0Nm /rad
steering damper also stabilizes the vehicle over the entire regime of operatidgi@ans. This
leads to the third design guideline:
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Figure 11. Root-loci for the ES1 fitted with competition tires. Theagity is swept fromL0
(squares) td 10m /s (diamonds). The x-curve (blue) corresponds todegree lean, a lean
of 20 degrees is shown in the *-plot (red), the o-curve (greenjesponds ta0 degrees and
the +-plot (black) iS50 degrees lean. No steering damper is fitted to the vehicle.
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Figure 12. Nyquist diagram for competition tire model at a velocity 5m/s. Point A
corresponds to 48.4 rad/s and point B corresponds to 25/8.rad

Design Guideline 3.3.High friction tires stabilize the weave mode.

Since we know that the ES1 fitted with competition tires is stabilizable using a stekmger,
the following sections aim to isolate parameters that can be used to furthek'tthe stability
properties of the vehicle. This is done by using the rigid motorcycle fitted withpetition tires
as a benchmark when comparing the machine’s eigenvalues as a singhefsauia varied.
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Figure 13. Root-loci for the ES1 fitted with competition tires. Theagity is swept fromL0
(squares) td 10m/s (diamonds). The x-curve (blue) corresponds €odegree lean, a lean of
20 degrees is shown in the *-plot (red), the o-curve (greemesmonds td0 degrees and the
+-plot (black) is60 degrees lean. A steering dampeB6iNm /rad is fitted to the vehicle.

3.2 Proposed lateral flexibility

The diminishing effect of the suspension under cornering is a well-kniesure in motorcycle
dynamics. One way to potentially resolve this problem is the deliberate introdwdten damped
lateral compliance between the front steering body and the lower wishiptregical joint fL].
This section investigates the consequences on the motorcycle’s stabilitythehproposed lateral
freedom is introduced. The root-loci of the straight running vehiclenithe lateral compliance
stiffness and damping aé®k N /m and2k N s/m respectively are shown in Figulie. Two high-
speed unstable modes labelddand B are observed. The corresponding eigenvector plots in
Figurel5indicate that modéd3 is the motorcycle’'s weave mode, while modds a wobble-like
mode that involves oscillations of the steering assembling about its roll andasteg What is
clear from Figurel4is that the introduction of front lateral compliance destabilizes both the weave
and wobble modes.

A Nyquist diagram for the open loop system with a corresponding spegthe:/s is plotted in
Figure 16, and there exist no point on the real axis that the Nyquist diagram éshaur times
in an anticlockwise direction. Hence, a steering damper cannot be usidhileze the system.

To further investigate the effects of front lateral compliance, root-logipotted with the lateral
compliance stiffness and damping as the varied parameters. The laterdiacm®aplamping had
little effect on the stability, while the lateral stiffness plays an important roleurgig7 shows

the root-loci for the straight running ES1 &t0m/s as the lateral stiffness compliance varies.
Several conclusions are drawn from this plot. At low steering dampeesatudecrease in stiffness
tends to destabilize the wobble mode. Furthermore, an increase in stearipindatabilizes the
wobble mode, but this has a small destabilizing effect on the weave mode. dhewnode is
only stabilized at high stiffness values. As a stabilizing stiffness value iapped, the ability

of the lateral stiffness to act as a suspension system under roll is cbeanlyromised. Thus, by
applying Design Guidelin8.2, the authors advise against the deliberate introduction of a front
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Figure 14. Root-loci for the ES1 fitted with competition tires. Theffsiess and damping of
the lateral steering compliance @@k N/m and2kNs/m respectively. No steering damper
is fitted to the vehicle and the velocity is swept fror{square) tal 10m /s (diamond). Mode
B crosses into the right-half-plane@.1m /s while modeA intersects the imaginary axis at
5.5m/s and14.5m/s.

lateral compliance. This conclusion is corroborated 1g}.[

3.3 Rear swinging arm flexibility

The effect of a rear swinging arm flexibility along the body-fixedxis is shown in Figuré8. Fig-
ure 18 (A) holds the compliance damping 81Nms/rad and varies the lower wishbone stiffness
from 1kNm/rad to 500k Nm/rad. Figurel8 (B) holds the flexibility stiffness atOkNm /rad
and varies its damping fromN ms/rad to 500Nms/rad. Interestingly, these plots indicate that
the rear swinging arm flexibility stabilizes both the weave and the wobble mattesever, in-
troducing swinging arm flexibility brings a swinging arm flexing mode into cagrsition. Even
though the swinging arm flexing mode is stabilized at intermediate stiffnesssamgiidg values, it
is ill-advised to deliberately introduce a potentially unstable mode. Complianceimigimgavily
affects the wobble mode while having little effect on the weave mode.

Another interesting observation is the change in the characteristics of akdoonis when the
swinging arm deflection axis is rotatéd degrees to lie along the beam’saxis (see Figuréd9).
This type of flexibility stabilizes the weave mode while having almost no effedherwobble
mode. From the trends obtained in these plots, it is concluded that a conirgheduction of
swinging arm flexibility can be used to improve the stability properties of the kehitowever,
there is an issue in trying to independently introduce torsional flexibility alormydsthogonal
axes of the beam. A hypothetical model is presented in the final desigteclo&fB] that deliber-
ately uses torsional flexibility of the rear swinging arm to help improve the stabilitye weave
mode. Whether this can be manufactured in practice is an issue beyonapeeadche present
analysis. To avoid this issue the ES1’s swinging arm is made as stiff asramally possible
(> 11ENmr—1).
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Figure 15. Plots showing the eigenvectors’ components related tergéimed velocities,
normalized with respect to the largest component value @h ease, for the ES1 machine
described in Figurd4 with a forward velocity ofl00m/s. Plot (A) shows the eigenvector
associated with the weave-like mode labeleth Figure14. This mode contains the general-
ized coordinates of a typical weave mode along with the c@npé deflection term. Plot (B)
shows the eigenvector associated with the wobble-like naloleled A in Figure14. This
mode involves the steering assembly oscillating about i®tteer and roll axes.
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Figure 16. Nyquist diagram for the ES1 fitted with competition tiresheTstiffness and
damping of the lateral steering compliance a6&N/m and 2kNs/m respectively. The
diagram corresponds to the operating point of the straigiming vehicle with velocity of

110m/s. PointA corresponds to the wobble-like mode’s frequency4ifrad/s.

3.4 Front lower-wishbone flexibility

The effect of a front lower wishbone flexibility along the body'saxis is shown in Figur&O.
Figure20 (A) holds the compliance damping @ Nms/rad and varies the lower wishbone stiff-
ness fromlkNm/rad to 500k Nm/rad. The lower wishbone stiffness is held Btk Nm /rad

in Figure20 (B) and its damping varies fromNms/rad to 500 Nms/rad. These plots demon-
strate that a flexible lower wishbone destabilizes the weave mode while stabiliEngobble
mode. The lower wishbone flexibility has a greater influence in affecting twhie mode than
the weave mode. This trend remains unchanged when the deflection axiatexlf® degrees
and is oriented parallel to the beam’saxis (see Figur®l). Using Design Guidelin®.1 and
Design Guideline3.2, the lower wishbone flexibility should be made large, but such stiffening
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Figure 17. Root-loci for the ES1 fitted with competition tires as theetal compliance stiff-
ness varies fromkN/m (square) t&00kN/m (diamond). The lateral compliance damping
and the vehicle’s velocity are fixed 2t N s/m and100m /s respectively. The x-curve (blue),
*-curve (red), o-curve (green) and +-curve (black) coroggpto steering dampers 6f 30,

60 and90Nms/rad respectively. The weave mode stabilizes in the x-curvee(bltrcurve
(red), o-curve (green) and +-curve (black) at stiffnessi@slof320, 350, 385 and430kN/m
respectively.
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Figure 18. Plots (A) and (B) correspond to a swinging arm flexibilitynggliance about the
wishbone’s body-fixed-axis. The ES1 is fitted with competition tires and the plaise-
spond to a forward velocity of10m/s. The x-curve (blue), *-curve (red), o-curve (green)
and +-curve (black) correspond to steering damper@, 80, 60 and90Nms/rad respec-
tively. Plot (A) is the root-locus when the torsional danwis held at50 Nms/rad while
the stiffness is swept frohk Nm/rad (square) td00kNm/rad (diamond). Plot (B) is the
root-locus when the torsional stiffness is held @ Nm/rad while the torsional damping is
swept fromb (square) td00Nms/rad (diamond).

brings diminishing returns beyond an intermediate stiffness value. Fronodtdoci calcula-
tions, the improvement in the weave mode is minimal when further stiffening tha begond
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Figure 19. Plots (A) and (B) correspond to a swinging arm flexibilitynggliance about the
wishbone’s body-fixed:-axis. The ES1 is fitted with competition tires and the plaise-
spond to a forward velocity of10m/s. The x-curve (blue), *-curve (red), o-curve (green)
and +-curve (black) correspond to steering damper@, 80, 60 and990Nms/rad respec-
tively. Plot (A) is the root-locus when the torsional danwis held ats0Nms/rad while
the stiffness is swept frok Nm /rad (square) t&00kNm/rad (diamond). Plot (B) is the
root-locus when the torsional stiffness is held @ Nm /rad while the torsional damping is
swept fromb (square) tdb00Nms/rad (diamond).

12-13kNm/rad. Numerical studies indicate that the front lower wishbone stiffness skeoxckeed

> 12kNmr~1.
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Figure 20. Plots (A) and (B) correspond to a lower wishbone flexibitigmpliance about
the wishbone’s body-fixed-axis. The ES1 is fitted with competition tires and the plots
correspond to a forward velocity dflOm/s. The x-curve (blue), *-curve (red), o-curve
(green) and +-curve (black) correspond to steering damgfes 30, 60 and 90N ms/rad
respectively. Plot (A) is the root-locus when the torsiotgiamping is held asONms/rad
while the stiffness is swept fromkNm/rad (square) to500kNm/rad (diamond). The
weave mode crosses the imaginary axis at approximagiiyvm /rad. Plot (B) is the root-
locus when the torsional stiffness is held & Nm /rad while the torsional damping is swept

from 5 (square) td00Nms/rad (diamond). The weave mode crosses crosses the imaginary
axis at300Nms/rad.
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Figure 21. Plots (A) and (B) correspond to a lower wishbone flexibiympliance about
the wishbone’s body-fixed-axis. The ES1 is fitted with competition tires and the plats c
respond to a forward velocity dflOm/s. The x-curve (blue), *-curve (red), o-curve (green)
and +-curve (black) correspond to steering dampers, 80, 60 and990Nms/rad respec-
tively. Plot (A) is the root-locus when the torsional danwis held ats0Nms/rad while
the stiffness is swept frok Nm /rad (square) t&00kNm/rad (diamond). Plot (B) is the
root-locus when the torsional stiffness is held @ Nm /rad while the torsional damping is
swept fromb (square) td00Nms/rad (diamond).

The conclusions in Sectior®2, 3.3and3.4lead to the fourth design rule:

Design Guideline 3.4.The motorcycle’s frame should be made as stiff as economically possible.

3.5 Aerodynamics and vehicle loading

The effect of moving the aerodynamic center of pressure, changingabedistribution and in-
creasing the aerodynamic pitching moment are all related. These effertscals in many prac-
tical situations e.g. the rider sitting upright on the ES1 or loading the rear ofehiele. It is
therefore important to determine the changes in the ES1’s stability propesteepiéching mo-
ment is applied. A root-locus, with a pitching moment as the varied parametédottsdoat the
operating point that corresponds with the most unstable wobble mode:hstmanging att9m /s
(see Figur@?2). The pitching moment is increased franto 700 N m—this corresponds to halving
the load at the front wheel. The results show a stabilization in the wobble nmabla possible
destabilization in the weave mode. The choice of steering damper dictatesrthénttbe weave
mode as the pitching moment is increased. However, the system remains stadblemdderate
steering damper value.

3.6 Acceleration and braking

In order to use the method derived ] fo study stability changes due to acceleration, a bound
on the maximum accelerating force must be obtained. The range of inertiakfthat the vehi-
cle undergoes is calculated i8]] where the maximum acceleration/braking force is limited by
the machine’s tires. The ES1’'s maximum acceleration and deceleration plsteetuaction of
velocity is shown Figur@3 (see B] for details). Knowing that a velocity af9m /s corresponds

to the most unstable wobble mode whilé)m /s is associated with the least stable weave mode,
two acceleration ranges are considered. The first, shown in F24u#s), investigates the stability

of the vehicle at a speed 6fm /s under accelerations fromto 7m/s? and decelerations from
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Figure 22. Root-loci for the straight running ES1 fitted with compeetittires as the aerody-
namic pitching moment is increased fran{square) t6700Nm (diamond). The machine’s
forward velocity is held atb9m/s. The x-curve (blue), *-curve (red), o-curve (green) and
+-curve (black) correspond to steering damper8, 80, 60 and90Nms/rad respectively.

0 to 13m/s%. The second, shown in Figug (B), looks at the stability of the ES1 at a speed of
100m /s under accelerations fromto 3.8m/s? and decelerations fromto 15.8m/s2.
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Figure 23. Plot for the ES1 fitted with competition tires showing thexinaum acceleration
and deceleration values as a function of its traveling \islod he solid (green) curve cor-
responding to the maximum deceleration value while the ethgred) plot is the maximum
acceleration. The plots are generated using equation<iin8&.6 in J].

In Figure24 (A), the weave mode corresponding4t® degrees lean crosses the imaginary axis at
6.9m/s? and the wobble mode for the straight running vehicle goes unstablé.atn/s%. Here
we conclude that under straight running conditions, acceleration hastahilizing (stabilizing)
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Figure 24. Root-loci for the ES1 fitted with competition tires and aesteg damper of
30N'ms/rad as acceleration is varied. The eigenvalues correspond engles of0 degrees
(blue x-curve),20 degrees (red *-curve) antl) degrees (green o-curve). The solid circle on
each curve corresponds to the zero acceleration point.(Rjatorresponds to the vehicle’s
velocity being held at9m /s as the acceleration inertial forces are varied fre8m /s>
(square) tarm/s? (diamond). Plot (B) corresponds to the vehicle’s velociginig held at
100m/s as the acceleration inertial forces are varied frei®.8m/s? (square) td.8m/s?
(diamond).

effect on the weave (wobble) mode while deceleration has a destabilizagi@ng) effect on the
wobble (weave) mode. The weave mode trend tends to remain the same anméeing while the
wobble mode becomes less sensitive to acceleration under lean. In desigi@®ging damper, it

is crucially important to consider changes in the wobble and weave mode stptiligrties under
acceleration. This is especially the case at intermediate speed9tikés. At higher speeds, like
100m/s (see Figure24 (B), both the wobble and weave modes remain stable across the range of
possible accelerations. Here the trends are consistent with thoseabaémtermediate speeds.

The problem of an unstable weave mode under high lean and acceleaaiibar) unstable wobble
mode under zero lean and deceleration, poses a complex stabilizationnpr@xsign Guide-

line 3.1is violated). This is because there is no steering damper that can simultrstabdize

both the wobble and weave modes. A similar result is shown for the GSXRho6@cycle stud-

ied in [20]. The simultaneous stabilization of both the wobble and weave modes is solved b
optimizing the vehicle fitted with a more general steering compensator.

The conclusions in Sectior®ss5and3.6lead to the final rule-of-thumb:

Design Guideline 3.5.Load transferred onto the rear (front) wheel destabilizes weave (whbble

4 STEERING COMPENSATOR DESIGN

Assuming that we don’t cap the top speed of the ES1, then a more geleerahg compensator is
needed in place of the steering damper. This means that instead of thentteetidpack gaiti in
Figure7, we design a stabilizing transfer functiéf(s). If we place passivity restrictions dki(s),
then the compensator can be synthesized using springs, dampers &8 p&r22, 23]. We seek
the simplest passive mechanical network that stabilizes the rigid vehicle fittec@mpetition
tires over the motorcycle’s operating envelope.
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The operating envelope consists of two groups of linearized models thditttge machine’s op-
erating regime. The first group involves the vehicle’s behavior from oW/ s) to medium
(70m/ s) speeds, over lean angles froro 40 degrees and accelerations frerh0m/s? to 7m/s2.
The second group involves the vehicle’s behavior from I@@n{/s) to high speeds100m/s),
over lean angles frofito 40 degrees and accelerations fremi3m/s? to 3m/s?. The motivation
behind this comes from the trend that the real part of the wobble (weavd® imanaximized at
medium (high) speeds and that the acceleration envelope is a functioeexd.sfphe idea is to
capture the most unstable modes of the ES1 by considering both medium aratbélerations
with their corresponding velocity ranges. When forming the grid, velocitiesrecremented by
0.1m/s, accelerations bym /s? and roll angles by degrees.

The main ingredients of the network design problem are: (i) the weave mastalie in the
open loop, while the wobble unstable; (ii) any attempt to stabilize the wobble mitldlsteering
damping, destabilizes the weave mode (Design Guid@ife and (iii) the frequency separation
between wobble58.1rad/s) and weave 25.5rad/s) is approximately33rad/s. It is therefore
reasonable to implement a high-pass filter as the steering compensatorinmiphesshigh pass
filter is an inerterp, in series with a damper, This gives a high frequency gain equal to the
damping value: and a break frequency ofb.

As a preliminary design, the break frequency is place8oat.d/s and the high frequency gain

is set as30. Using this as a starting point, an optimization procedure that minimizes the largest
damping ratio, between wobble and weave, is carried out over the machjmerating envelope;

see Chapter 9 of] for details or [7] for the general optimization procedure. X.3Nms/rad
steering damper in series with0ar8kg.m? inerter is calculated as the optimal network parame-
ters. The introduction of phase lead ensures that the weave and woblds aredstable over the
machine’s entire operating regime.

5 CONCLUSIONS

General trends are outlined relating the ES1'’s stability with various paressn&esign guidelines
and suggestions are presented that can be extended to general oietdesign. It is shown
in Section3.1, that the high lateral frictional coefficient of racing slick tires is needetelp
stabilize the weave mode at high speeds. The avoidance of a deliberatuatiiva of front
lateral compliance is advised in Secti8r2 due to its destabilizing effect on the weave mode.
There seems to be no advantage in allowing a lower wishbone flexibility. Thisdshe made stiff
enough so that the beam behaves as a rigid object in the dynamic analysssar8ial stiffening
of the lower wishbone should not present a practical problem as mottroporary designs are
deep into diminishing returns for additional stiffness. Introducing swingimg flexibility can
improve the stability properties of the vehicle. The torsional axis of the swirayim flexibility is
important when predicting the vehicle’s stability properties at low stiffnekgega Theoretically,

a low torsional stiffness about an axis parallel to the bean@sis helps stabilize the weave mode,
while having little impact on the wobble and swinging arm flexing modes. It isesstgg that this
property can be used to experimentally improve the stability properties of the ES

Changes in the aerodynamic center of pressure and variational loaidthg wehicle are also
analyzed. Here the emerging trend is a stabilization of the wobble mode asnineet load-

ing decreases and, depending on the vehicle’s steering damper,ilalgodestabilization of the
weave mode as rear wheel loading increases. This trend also emergedatéheration study of
Section3.6.
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The study of the vehicle under acceleration (braking) first approxinthtedhnge of accelerations
(decelerations) the ES1 can undergo at a specific velocity. This is usadiipthe lateral stability
of the vehicle under acceleration (braking) at intermediate and high spédtk results show
that inertial forces are crucial when designing a steering compensatibief ES1. Under straight
running conditions, acceleration has a destabilizing (stabilizing) effecherweave (wobble)
mode while deceleration has a destabilizing (stabilizing) effect on the wolskelave€) mode. The
weave mode trends tend to remain the same under cornering while the woblddoptmines less
sensitive to acceleration under lean. We conclude that no damper existauthsimultaneously
stabilize the ES1 over its entire operating regime. Provided that the top spdetiroachine is
not limited, the stabilization problem is solved by using a steering compensatsistiog of an
inerter in series with a damper.
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