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Non linear optimization of a sport motorcycle’s
suspension interconnection system
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School of Engineering and Mathematical Sciences
City University London
London, United Kingdom
ciromoreno@city.ac.uk

Abstract—A high fidelity nonlinear model of a sport
motorcycle is modified to include interconnected sspension
forces between the front and rear ends. The comforand the
suspensions efficiency have been studied for a widange of
interconnection stiffness and damping coefficients. An
optimization of these -coefficients is performed caidering
different possible mechanical implementations, gom from a
simple damping connection to full variable stiffnes and damping
coefficients depending on the speed. Finally the stgm is
analyzed from the stability point of view to ensurethat the
oscillating modes are not strongly modified and thesystem
stability is not compromised.
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. INTRODUCTION

Interconnected suspensions have been widely usethon
industry. Nowadays most of the marketed cars ateppgd
with antiroll bars that connect mechanically the twheels of
the front and rear ends separately. Although theneoction
between the front and the rear ends is not as wsighe
antiroll bars, some notable example has been netkéting
the 1948 Citroén 2CV the first mass productionfiting this
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front wheel and the rear wheel fly times after anpu That
means the time during each wheel looses contadt thie
road. The control that the rider has over the nuytde is
drastically reduced if one wheel is out of the gmbubeing the
front wheel the most critical. Shorter fly timesciease the
control during road perturbations and represent esteb
suspension precision. These can be calculated ®ytithe
while the tyre contact forces are equal to zero.

On the other hand, the maximum pitch achieved gy th

motorcycle’s main frame and the maximum accelenatio
perceived by the rider have been chosen as godchiods of
the rider’s comfort. Smaller values of these owggat a bump
input becomes in better comfort results.

By means of a non-linear high fidelity motorcycleadel
and dynamics simulations it can be predicted howoua
suspension settings will affect the performancéhefvehicle.
Carrying on different optimization processes, i & finally
proposed a suitable configuration of the intercatioa
system for different mechanical implementations.eSéh
theoretical mechanical implementations considerfedift
complexity scenarios. The simplest
mechanism proposed consists in a direct connedafothe

system. Some carry on research on semi-activelassifront fork to the rear swinging-arm through a damypeit with

connected suspension obtaining good results suclillas
However, in the two wheels field, these systems m@oe
extended although some proposal can be found. @rkeo
most significant examples is that Creuat [2] hasogluced in
an electric motorcycle prototype. Also a couplebafycles
concept demonstrators have been developed by yarsq[3]
and [4]).

constant damping value. An increase in complexégults
from the use of dampers with speed variable caeffts in
order to achieve different damping values for tliecent
forward speeds. Finally, the most complex confitjara
would imply the use of actuators to provide varabl
interconnection stiffness coefficients. In the tigbf the
results, configurations for constant stiffness tioient are not
proposed due to the fact that while a positive ealdi the

interconnection

Usually the interconnection is presented as a way tinterconnection stiffness coefficient returns gomsults in
uncouple the pitch and bounce modes involved in thgerms of overall precision for speeds under 40ntifs
suspension motion. With an interconnected suspensioprecision is worsened for speed over this pointweieer, the

system, their frequencies and damping can be sepposite happens with negative values of this @defft as
independently. In this work, we focus on the suspEM can be observed in Fig. 4.

performance and how interconnected suspensionsmganve
it. The final goal is to obtain the optimized irtennection 1.
parameters that achieve an improved performantieecéntire
suspension system.

MATHEMATICAL MODELLING AND SIMULATION TOOLS

A. Motorcycle model

. _ The motorcycle mathematical model used for thigstg
Four response variables have been stated to beedtud 4 mogjfication of an existing model of a Suzuki GRX000.
Two of them related with the precision of the suspen and  This model has been widely used in the past in raéve

the other two with the rider's comfort. The twostirare the  conyributions in the field of motorcycle dynamiasdastability



analysis (see [5], [6], [7], [8]). It consists afven bodies: rear
wheel, swinging arm, main frame (comprising riddows/er
body, engine and chassis), rider's upper-bodyristeérame,
telescopic fork suspension and front wheel. It lage 13
degrees of freedom: 3 rotational and 3 translatidoi the
main frame, 2 rotational for the wheels spin, Jatiohal for
the swinging arm, 1 rotational for the rider's upfedy, 1
rotational for the frame flexibility, 1 rotation&r the steering
body and 1 translational for the front suspensiork.f The
tires are treated as wide, flexible in compressam the
migration of both contact points as the machinésrglitches
and steers is tracked dynamically. The tire's ferand
moments are generated from the tire’s camber aetiéve to
the road, the normal load and the combined slipguBiacejka
Magic Formula models [9], [10] . For a detailed dgstion of
the complete model the reader is referred to [11].

B. Interconeccion modelling
In order to illustrate the interconnection concéptan

Fig. 1. Sketches of interconnected suspensionragste) system for positive
and negative values of interconnection paramet®rssystem for negative
values of interconnection parameters. c) system gositive values of
interconnection parameters.

intuitive mannerFig. 1a) shows a sketch of an interconnection

system where positive and negative values of th

interconnection coefficients can be achievety. 1b) andFig.

&£. Smulation tools
VehicleSim is the software suit used to program and

1c) show simpler arrangements where only negative osimulate the motorcycle model. It contains two imant

positive values are allowed respectively. In thppraach, the
coefficient sign will depend on the application qtodf the
resulting interconnection force on the swinging arm

The motorcycle original mathematical model has bee
updated to include the effects of the interconectorces. In
the original model, while the front suspension egstis a
telescopic fork and is described in the model #eeal force
applied to the front wheel from the main frame, tear
suspension consists in a swinging-arm and is destras a
moment reacting between the main frame and thisging-
arm.

Following the approach in [12] the total force apglby
the front telescopic fork is divided in both, stardl and
interconnection forces, which are defined indepatigeThe
suspension force depends linearly on the front fookition
and speed, whilst the interconnection force does ithe rear
swinging arm angle and rotational speed. For the ead the
force is modelled in a similar way. Equations (tjl §2) show
the total front suspension force and rear suspemamment.

(1)
(2)

F=—ki-Z—c;-Z—ky-0—cs-0
M=—k -0—c -0—k -Z—c,-2

The variableZ and @ are the front fork displacement and
swinging arm angle respectively. The parametgh/m) and
c(N-s/m) are the stiffness and the damping coefiisidor
front suspension. The parametéyéN-m) andc,(N-s-m) are
the coefficients for the rear suspension. Findily parameters
ks(N) andc4{N-s) are the stiffness and damping coefficients fo
the interconnection system. Note that the units foe
interconnection parameters already consider thevezsion
between angular displacement and linear force varedversa.

tools, VS-Lisp and VS-Browser. The first one ise af LISP

macros enabling the description of mechanical rindtly

systems. One of the possible outputs from thispamogs a C-
language project from which a dynamic-link libracgn be
"Sbtained. This library contains the model's equatioof

motion and it is used in the second program, VSaRHY.

This other program is a powerful simulation toohttlcan
integrate the model’'s equations of motion for dif& initial

conditions, external perturbation or events sucbaa profile.
Other output that VS-Lisp returns is a Matlab scriith a

state space description of the linearized modédl rigaresents
a fundamental tool for the stability analysis.

VS-Browser is compatible with Matlab Simulink and
allows performing simulations directly from Matlaldt
becomes a useful tool for including external cadigran the
loop or to develop general purpose Matlab functiomose
results depend on the simulation outputs. Fig. @wshan
example of a Simulink model where the VehicleSirochl is
used to call a bump simulation which will be ruprfr VS-
Browser and whose outputs will be passed to theereifit
Matlab functions. These functions can be eithes¢hased for
mapping the response of the precision and comfariables
or the target functions set used in the optimizaficocesses.

a)

Fig. 2. a) Simulink model including VehicleSim Bloto call a simulation
that will be run from VS-Browser. b) VS-Browser silation interface.



I1l.  RESULTS

The two most important functions of a sport motatey
suspension system are to provide enough precigiorthie
wheels to follow the road profile as close as pgmesand to
keep certain comfort levels for the rider even undsad
perturbation. In comparison with the preliminary rwo
presented on [12], here we consider a nonlinearemetere a
discontinuity is introduced in the tires forces rabhdg, as a
result, these forces become zero when the tires aéfkfrom
the road. As it has been already explained in tt®duction
section, wheels fly times have been considered as
measurement for the suspension system’s precismmwhich
shorter fly times will represent a greater precisiorhe
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comfort is studied through the maximum acceleration JARRSE ey 80 L oy
perceived by the rider and the maximum pitch amgiched x 10 K, AT P ) fBO

by the motorcycle’s main frame. ws

A. Efficiency Mapping Fig. 4. Mapping of the efficiency on the comfortdaprecision variables for

. . . . the different values of skwith c¢=0 for a 0.05m step input at speeds going
In order to investigate the effects of the intem@etion  from 10m/s to 80m/s. a) Front wheel efficiency,rér wheel efficiency, c)

force and moment in the suspension response, thevimeirs  acceleration efficiency and c) pitch efficiency.
of these four variables are studied under strafghtvard
bump simulations for a wide range of stiffneds) (and Eight simulation environments have been prepared$n
damping (¢ interconnection coefficients. The focus of this Browser for the eight forward speeds under stutyrting at
study is to understand the effects that the intameotion 10m/s and reaching 80 m/s. In theses simulatiores th
introduces in the response of the suspension, esérdint and motorcycle is forced to pass through a bump of ®.@% the
rear suspension coefficient are kept constant withir  road at a constant speed. These environments ligd fram a
nominal values. Simulink model from where the stiffness and dampiatues
are introduced. The Simulink model is placed im@pl where
these coefficients are varied sequentially, perfograll the
simulations for values df; going from -12000 N to 12000 N
._and values ot going from -1200 N-s to 1200 N-s. With the
It ISresults obtained we can map the efficiency on tmafort and
precision variables.

The ‘efficiency on each variable’ is defined ase th
normalized difference between the value achievedthey
variable after a bump input witlkg0 or cs #0) and without
(k=0 and cs=0) interconnection forces and moments.
defined by (3) as follows:

Eff(x) =100 - (x — xq)/xo (3) Fig. 3 shows the result of varying dampingand the
] ) ] speed while keeping the stiffnegs=0. It can be seen a
Where x is the variable under study (it can be thegifference between low and high speeds. For thespeeds,
maximum acceleration, the. maximum pitch angle, ﬂmt the front wheel efficiency can be improved with tigositive
Wheel or the rear Wheel ﬂy tlmeS) a)QdIS the Value aCh|eVed and negative values of damp|ng whilst for Speegsé‘ﬁ than
by the variable with non-connected suspensioBH. is  40m/s only negative values are suitable.
expressed as a percentage and will be positivehé t
connection arrangement provides a reduction owvadhniable’s a
value.
a)
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Fig. 5. Mapping of the efficiency on the comfortdaprecision variables for
Fig. 3. Mapping of the efficiency on the comfortdaprecision variables for the different values ofs@and k for a 0.05m step input at a constant speed of
the different values ofsonith k=0 for a 0.05m step input at speeds going 50m/s. a) Front wheel efficiency, b) rear wheeicéfhcy, c) acceleration
from 10m/s to 80m/s. a) Front wheel efficiency,réar wheel efficiency, c) efficiency and c) pitch efficiency.
acceleration efficiency and c) pitch efficiency.



For the other three variables, positive dampindfiments
result in better efficiencies at low speeds, whilst high
speeds, the efficiencies are increased with negat@ues of
Cs. Thank to this behaviour of the front wheel effincy, a
compromise solution with constant value of the dimgp
coefficient that improve the overall performance ftbfe
suspension system can be found.

The stiffness variation presents a more complicatec
situation. The front wheel fly time efficiency improve with
positive values ok for speeds under 40m/s whilst for higher
speeds negative values are needed. However, abhthier 3
variables reach positive efficiencies only with atge
stiffness values. This happens in all the speederaxcept for
very slow (10 m/s) values. These results are shiowkig. 4
whereks and the speed are varied agis kept equal to zero.

Finally the combination of stiffness and dampingtiie
interconnection system becomes in a difficult scent find
coefficients that improve the efficiency of all theriables at
the same time. Automatic optimization processes havbe
carried out in order to find these coefficientsy.F5 shows, as
an example, the efficiencies mapping at 50m/s. |18mpmlots
for all the forward speeds under study have beé¢airmdd and
were used to choose good initial values for thenupation
processes of the stiffness and damping.

B. Optimization

Considering that the model under study correspdods
high performance racing motorcycle, the optimizatwocess
is focused on optimize the suspension precisiorndf/ the
comfort has to be sacrificed.

Matlab optimization toolbox is a good frameworkfiod
satisfying results with the minimum time resourde#ferent
target functions are created to evaluate the frdmael fly time
for a desired speed. This functions call to a Sinkumodel
containing the VehicleSim Block, which is configdréo run
the VS-Browser simulation associated to this speEe
results of the simulation are processed to obth&n front
wheel fly time which is passed to the fminseaidatlab
function as the target to be minimized.
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Fig. 7. Precision and comfort efficiencies for #ile speed range for an
interconnection system with optimal varying dampaogfficient.

The results for four optimization processes comgide
four different mechanical arrangements are showrign 6 to
Fig. 9 showing the efficiencies of the front whéeW), rear
wheel RW), accelerationACC) and pitch angleRTC). The
units ofks are N andis in N-s.

The first case, in Fig. 6, is for the full active
interconnection system wheke and ¢ can take positive and
negative values. High efficiencies of the front ahé rear
wheels are found for all the speed range.

The second case, in Fig. 7, is for semi-active
interconnection for positive and negative valuess@ndks=0.
The efficiencies are still very high for a muchdesomplex
system.

Fig. 8 shows the results of the third case, foniszctive
interconnection system whetgonly can take negative values.
The efficiencies now are not as high as the previmases but
the improvement of the responses can be alreadgcipped.

Finally Fig. 9 shows the case of passive intercotioe
system with one damper whose damping coefficient is
constant and negative. The improvement percentdgdeo
suspension response in the front wheel starts drbtmat low
speeds and rises up to 17% at high speeds. The
suspension response is highly improved for highedpeand
slightly worsened for very low speeds, but neverags under
the -7% efficiency. Considering that the front whesethe
most important in terms of riders control and tha rear
wheel fly time is only increased for very low spsgthis is a
good result for a very simple interconnection systé has to
be considered that this last optimization proceas heen
carried out looking for a compromise solution fovide range
of speeds. If the motorcycle under study will bedis a more
narrow speed range, such as street motorcycles thi
implementation can returns even better results.

rear

It has to be noted that in all the four cases thmfort is
not worsened much, although the optimization preegdave
not taken it into account. For some speed and geraent is
even improved.
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Fig. 8. Precision and comfort efficiencies for #ile speed range for an
interconnection system with optimal negative vagyitamping coefficient.

Finally Fig. 10 shows the response at 80 m/s fer &st
optimization. It is easy to see how the pitch aragid the fly
times for both wheels are reduced whilst the maxrimu
acceleration perceived by the rider reaches a ainvilue.
The response of the independent system is markéu avi
dashed line and the interconnected system withich lge.

C. Sability

When structural modifications are introduced inomplex
dynamical system such as a motorcycle, its stgbd#tn be
compromised. Taking advance of the state spaceriptéso
provided by VS-Lisp and following a similar apprbathan in
[13], several root locus for all the range of thifreess and
damping interconnection coefficients have beeninbth

As an example, Fig. 11a) shows the root locus Far t
motorcycle with non interconnected suspension istarat a
speed of 10m/s1)) and reaching 80 m/s (*) at roll angles &f 0
(blue x), 18 (green o), 30(red +) and 45(black). Fig. 11b)
shows the same simulation for the motorcycle wigtiroal
interconnection damping coefficient of -548 N-s.
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Fig. 9. Precision and comfort efficiencies for #ile speed range for an
interconnection system with optimal constant damgioefficient.
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Fig. 10. Response of the precision and comfortabdes at 80m/s with an
interconnection damping coefficient of -548 N-s.

It can be observed three out-of-plane modes nedhdo
stability limit that remains almost unaffected byet
interconnection. These are the capsize, the weade tiae
wobble (going from low to high frequency respediyeTwo
in-plane modes that, for the nominal case, arelhigamped
can be seen. These modes are related with the pitch
bounce motion and the interconnection system dispthem
towards the right in the real plane. However thiay stable,
even more than the out-of-plane modes, at any speed

For the other optimized configuration, the rootsttod in-
plane modes take much wider areas of the root laadsthe
different modes become more difficult to be ideatf
Nevertheless, none of these roots gets the unstalgien.
Resulting that, for all the possible configuratiotie different
interconnection proposals do not represent anylisyatisk.
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Fig. 11. Root locus for two motorcycle models fittgith a) independent
suspensions and b) interconnected suspensiongd &pearied from 10m/s
(o) to 80m/s (*). Different roll angles are consier @ (blue x),15°(green o),
30° (red +) and 45(black?).



IV. CONCLUSIONS [9]
This work presents the potential benefits in terwk

suspension precision and comfort that an intercciede [10]
suspensions system couiatroduce in a motorbike, if it is
adequately implemented. [11]

For the motorbike model under study, it has beawshthat
satisfactory results are achieved in terms of tyftestime [12]
reduction by the connection of the front and rasspgnsion,
just by means of a simple damper unit. By incregadime
complexity of the mechanical system, better resoéta be
achieved if it is possible to modify dynamicallyetistiffiness
and damping interconnection coefficients.

[13]
It has been found that positive damping connection
coefficients are more adequate for the band ofdpeeds. For
the high speeds, negative values are needed. Th& wo
presented in here considered a wide speed rangembre
narrowed speed ranges, better result can achiaxsdby a
simple device that connect the front and the reapansion
with a constant coefficient damper.

The stability of the system has been also studiezhsure that
this type of modification does not introduce daogsr
instabilities to the motorcycle system. The eigdmanalysis
shows that, as expected, only the in-plane modesffected
for all the speed and pitch angle ranges, and tleepot get
significant low damping values.
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