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Abstract—A methodology is proposed for the efficient determinatidngoadient information, when
performing gradient based optimisation of an off-road ekets suspension system. The methodology is
applied to a computationally expensive, non-linear vehinbdel, that exhibits severe numerical noise. A
recreational off-road vehicle is modelled in MSC.ADAMS dacoupled to MATLAB for the execution of
the optimisation. The successive approximation methodyanic-Q, is used for the optimisation of the
spring and damper characteristics. Optimisation is peréar for both ride comfort and handling. The
determination of the objective function value is performesing computationally expensive numerical
simulations.

This paper proposes a non-linear pitch-plane model, to ke e the gradient information, when
optimising ride comfort. When optimising for handling, amlinear four wheel model, that includes roll, is
used. The gradients of the objective function and congtfaittions are obtained through the use of central
finite differences, within Dynamic-Q, via numerical simiig& using the proposed simplified models. The
importance of correctly scaling these simplified modelsnigpkasised. The models are validated against
experimental results. The simplified vehicle models extsignificantly less numerical noise than the full
vehicle simulation model, and solve in significantly lesmpaitational time.

Keywords— Dynamic-Q, gradient-based mathematical optimisationmistive, ride
comfort, handling, vehicle suspension.

1. INTRODUCTION

The use of mathematical optimisation techniques for therawgment of the
engineering design process is rapidly gaining acceptahioere is great debate in
the optimisation world as to whether gradient based appration techniques or
stochastic based methods, like genetic algorithms, aree rafficient and suited
to engineering design. Stochastic techniques generalipine a large starting
population, in order to achieve a sufficiently feasible solu This makes the
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stochastic methods computationally expensive, when estgemumerical models,

of the physical system are to be optimised. Most researdiars to utilise costly

multiple processing systems, as the desktop computer kardtgys or even weeks to
arrive at a solution. On the other hand, gradient based dgattion techniques tend
to be heavily dependent on the initial starting point, anguie accurate gradient
information for the iterative approximation of the desigrase. The determination of
this gradient information, is costly when many design Jalga are considered. The
gradient calculation is also adversely affected by numaémoise that is normally

inherent in complex numerical simulation models, e.g.\¥ahicle models. Research,
with reference to vehicle suspension optimisation, is naefly discussed.

Dahlberg [1, 2], as early as 1977, investigated the optitioisaof a vehicle’s
suspension system for ride comfort and working space, stigj@ random road input.
A 1-degree of freedom (dof) model, was optimised using tregiBatial Unconstrained
Minimisation Technique (SUMT). This was then expanded toedr 2-dof model, to
investigate the speed dependence of the optimal suspessitings. It was found
that for a small suspension working space the optimal s@itjdamper settings are
heavily dependent on vehicle speed, while for a large workimace the optimum is
not really dependant on vehicle speed. It is suggested thigeasuspension systems
be considered when small suspension working spaces atatdeai

Eberhard, Bestle and Piram [3] successfully used gradiased optimisation
methods (a sequential quadratic programming, or SQP,itligorto optimise a simple
pitch-plane vehicle model’'s non-linear damper charasties for ride comfort. The
non-linear damper characteristic is modelled with piesewHermite splines. The
Hermite splines, however, require difficult to handle coaists in order to ensure
feasibility of the optimised damper characteristic. Néveless, satisfactory results
were obtained. Boggs and Tolle [4] provide an introductiothe SQP method and
discuss recent developments.

Etman et. al. [5] designed a stroke dependent damper, fofrtint axle of a
truck, using Sequential Linear Programming (SLP), a gradimsed optimisation
algorithm. They use a 2-dof quarter car model, for the ihitiaestigation of the
desired non-linear damper characteristics. Ride com$oaptimised using discrete
road obstacles. The non-linear damper characteristiocnagdelled using an empirical
piecewise quadratic approximation. Finally a full vehioledel is used for the ride
comfort optimisation, for one discrete road obstacle. Bistgp contact is ignored,
to remove numerical noise and lessen computational expdiffeculties were
experienced due to poor finite difference approximationthefgradients, and with
multiple feasible optima being found.

Naudé and Snyman [6, 7] and Naudé [8] make use of a pitaheplahicle model
to optimise the piecewise linear damper characteristiesaff-road military vehicle,
for ride comfort. The ‘Leap-Frog’ (LFOPC) optimisation akithm [9] was used, and
although taking many iterations to reach the optimum, therdgation was complete
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within a few seconds, because the vehicle model was speuwigtten for the vehicle
being investigated.

Baumal, McPhee and Calamai [10] compared the efficiency afrae@c Algorithm
(GA) to a gradient-based optimisation method (gradienjgaton method) for a
pitch-plane vehicle model, that was computationally edfiti The GA converged to
an optimum that was only a 4% improvement over the gradies¢danethod, but,
required thousands more objective function evaluations.

Eberhard, Schiehlen and Bestle [11] investigate the usestdehastic optimiser
(simulated annealing) and a gradient-based (deterndpigiptimiser (a SQP
algorithm) for the optimisation of a full linear vehicle melt ride comfort. The four
design variables considered are the linear spring and dacopéicients, the distance
of the body center of gravity (cg) between the axles and tektwidth of the wheels.
They conclude that deterministic optimisation approaabféer rapidly converging
algorithms, that often get stuck in local minima when opsimg multi-body dynamic
systems. Nevertheless, the global optimum may be obtaigethdse methods if
used within a multi-start strategy. They also find that seted annealing is useful
in avoiding local minima. It does, however, require subs#dly more function
evaluations in order to locate the global optimum. Thus boéthods are successful
in locating the global optimum. They consequently suggédstlaid combination of
stochastic and deterministic algorithms for optimisatibney state, however, that the
switching strategy is and will continue to be a challengiskt

Eriksson and Friberg [12] optimised the linear spring anchpler characteristics
of the engine mounting system on a city bus, for ride comidse was made of a
linear finite element method (FEM) model to simulate the oasge of the bus to a
given road input, with three passenger positions used fritte comfort objective
function. Only a 7 % improvement in ride comfort was achieesd it was found
that the local minima, to which the gradient based algorifform of SQP algorithm,
with gradients determined by forward finite differencingheerged to, were heavily
dependent on the initial starting point. Eriksson and Affd/3] investigated the use
of three continuous global optimisation methods for the kidmfort optimisation of
the city bus. It was found that the modified zooming methoceims of number of
objective function evaluations (464) is most efficient indting the global optimum.

Gobbi, Mastinu and Doniselli [14] and Gobbi et. al. [15] usback-propagated
Artificial Neural Network (ANN) of the full vehicle simuladin model, coupled with
a genetic algorithm for the optimisation of ride and hamgllof a sedan vehicle.
Suspension non-linearities are modelled as piecewisarliapproximations. The
full simulation model has been verified against test dat@ ANN was used for
function evaluations within the genetic algorithm optiatien process. However, this
methodology requires an extensive number of function etaios, of the expensive
full simulation model, to sufficiently train a representatANN, making it infeasible
for stand-alone workstations.
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Schuller, Haque and Eckel [16] optimised the comfort anddliag of a BMW
sedan using a simplified vehicle model composed of transiections. Because of
the nature of the vehicle model the design parameters wkengad to have a small
variance of 15% over the current vehicle design. This pretess aims to refine an
already feasible design for the next model launch. The nizadenodel solves faster
than real-time, making the use of genetic algorithms féasibnly open loop handling
manceuvres were considered for the optimisation process.

Andersson and Eriksson [17] optimised the non-linear damged spring
characteristics of a full city bus vehicle model, that walideded against test data.
The model consists of non-linear bushings, bump-stopshgar dampers and a
non-linear ‘Magic Formula’ tyre model. The ride comfort tietbus was optimised
for three discrete road obstacles, with a 23 % improvemdnitaed. The handling
was optimised using a single lane change manceuvre at 40 ana 80, with a 6 %
improvement achieved. The handling objective functiongfireed as a combination
of the yaw rate gain and yaw rate time lag, with an inequaldpstraint limiting
the maximum body roll angle to less than H&rees. The built-in MSC.ADAMS
SQP method was used, and the optima were reached after apptely 145 function
evaluations. An attempt was made at the combined optiroisati handling and ride
comfort, and it was found that the result is heavily depehdarhe weights assigned
to the various performance objectives.

Els et. al. [18] compared the efficiency of the Dynamic-Q mygation algorithm
to the SQP method for vehicle suspension optimisation. Thegd that the use of
central finite differencing for the determination of gragtisnformation improved the
convergence of the Dynamic-Q optimisation algorithm ta¥gaa feasible optimum
within fewer objective function evaluations, when compghte SQP or Dynamic-Q
with forward finite differencing. The objective functiongtgbited severe noise. It
appeared, however, that using central finite differenciith velatively large steps in
computing gradient information, was successful in smathout the effect of the
noise in the optimisation.

Bandler et. al. [19] and Koziel, Bandler and Madsen [20] adirced to the
engineering optimisation world the theory of ‘Space Magpiwhich makes use of a
coarse simple model (surrogate model) and a detailed fineehfimdthe optimisation
process. The Space Mapping technique involves the mataridgupdating of the
coarse model to more accurately describe the fine model. s been used
successfully for the structural optimisation of a vehiabe érash safety, by Redhe
and Nilsson [21]. In their research the coarse model wastaaried using linear
Response Surface Methodology (RSM) with the optimisatiomverging within 14
iterations, and using a total of 26 expensive function eatidims. However, the RSM
model must be trained.

The concept of Automatic Differentiation (AD) is a novel wafyobtaining gradient
information with one function evaluation [22, 23]. This rhetiology was evaluated by
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Bischof et. al. [24] for the shape optimisation of an airfailth the objective function
being evaluated by a software chain. Although AD providesevaxcurate gradient
information than forward finite differences, the evaluatif the objective function
was approximately 16 times slower than the original codeefght (» = 8) design
variables. Using forward finite differences would have u#tesl original coden +

1 times, equating to a cost of nine times the cost of one funatialuation of the
original code. The other downside of AD is that access to tiggral source code is
necessary, and it is normally not available when commesgiallation software, such
as MSC.ADAMS is used.

The research, described in the current paper, proposes sheofu carefully
chosen simplified numerical models of the vehicle dynanmiccdmputing gradient
information, and a detailed vehicle model for obtainingeaive function values at
each iteration step. This allows for the more efficient usgraflient approximation
methods for optimisation. This paper discusses the vehiotelels and the
optimisation algorithm used.

A case study for the optimisation of an off-road vehicle'sisp and damper
characteristics for ride comfort and handling is presentéx vehicle is fitted with
a ‘4-State Semi-Active Suspension Systed15() [25] currently under development.
The vehicle is modelled using a full non-linear MSC.ADAMS ded, including
non-linear suspension and tyre characteristics.

2. OPTIMISATION PROCEDURE

The gradient-based optimisation algorithm, Dynamic-Q],[2&ing central finite
difference approximations for the gradients, is used fer ¢chrrent research. The
Dynamic-Q method has been developed to address the gep&raisation problem:

m’;)n:‘Té(ze f(x)7 X = [xlaan --7xn]T e R (1)
subject to the inequality constraints:
g;(X) <0, 5=1,2,..,m (2)

and the equality constraints:
hij(x)=0, j=1,2,.,r 3

where f(x), g;(X) and h;(x) are scalar functions oX. In this formulationx is
the vector of design variableg,(x) is the objective functiong,(x) the inequality
constraint functions, antl; (x) the equality constraint functions.

The Dynamic-Q algorithm is defined as: ‘Applying Bynamic trajectory
optimisation algorithm to successive spheri@ahdratic approximations of the actual
optimisation problem’ [26]. This algorithm has the majovadtage that it requires
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relatively few function evaluations (simulations) of thaginal expensive objective
and constraint functions to construct simple quadratic@dmate functions. These
new functions can then be evaluated cheaply and the optinoimh @f the associated
approximate optimisation sub-problem may be found econaltyj using the robust

dynamic trajectory method LFOPC [9]. At this new approxienaptimum point, a

new quadratic approximate optimisation sub-problem isstroted, that is again
solved. This procedure is iteratively repeated until cogeace is obtained. This
method is very efficient for optimising objective functiotht require an expensive
computer simulation for their evaluation. The details af thethod can be found in
the publications by Snyman and Hay [26], and Els and Uys [2¥8ne it was applied

to a similar vehicle as in this study.

In this research simplified numerical models of the full wiimodel, are used
for the determination of gradient information. Althougle thynamic-Q optimisation
method is used, the principle can be applied to any gradiaséd optimisation
method. For the determination of the required first ordedigrat information central
finite differencing is used. Central finite differencing wamind to significantly
improve the gradient based optimisation process by ThoneZ8] and Els et. al.
[18]. The use of the simplified vehicle models for the deteation of the gradient
information, reduces the number of numerically expensivaukations of the full
vehicle model to one per iteration, as it is only required ibdain the objective and
constraint function values. This has the advantage thatotlaé optimisation time is
greatly reduced, as the analysis of the simplified models #proximately 10% of
the simulation time of the full vehicle model. Traditionathe use of central finite
differences would have resulted 2m + 1 full simulations per iteration, where is
the number of design variables. In this case the optimisatikes effectively, in terms
of computational time2n times0.1 for the gradient and for the objective function
resulting in0.2n + 1 function evaluations per iteration.

3. VEHICLE SUSPENSION UNIT

The suspension unit currently under development, has thguearfeature that it
incorporates two damper packs (fitted with bypass valvedhao gas accumulators,
effectively giving two damper characteristics and two sgrcharacteristics in a single
suspension unit. This unit will be refered to as the ‘4-S&deni-Active Suspension
System’, ordS, [25]. Switching between the two spring and damper charisties
is achieved by solenoid valves as illustrated in Figure llv&/switching times
vary between 50 and 100 milliseconds depending on systessym& Spring and
damper characteristics can be taken as design variablds tiptimised for both
ride comfort and handling respectively. It is assumed that guspension system
will switch between the ride comfort and handling option,stgite the operating
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conditions. Provided an intelligent control system cartigiish between the two
different operating conditions, and switch the suspensystem to the correct setting.
Each operating setting is expected to have different optimalues for the spring and
damper characteristics. This suspension has the abilélrtonate the traditional ride

comfort vs. handling compromise.

4. FULL VEHICLE MODEL

A Land Rover Defender 110 is modelled in MSC.ADAMS View [29ithvstandard
suspension settings, as a baseline. The non-linear MSCM®AMacejka 89 tyre
model [30] is fitted to measured tyre data, and used withinntioglel. The tyre’s
vertical dynamics and load dependent lateral dynamics@msidered in this model.
In order to keep the model as simple as possible, yet as cangslenecessary,
longitudinal dynamic behaviour of the tyres and vehicleas considered here. The
vehicle body is modelled as two rigid bodies connected aliwegroll axis at the
chassis height, by a revolute joint and a torsional springyrder to better capture
the vehicle dynamics due to body torsion in roll. The anti-bar is modelled as a
torsional spring between the two rear trailing arms to beesgntative of the actual
anti-roll bar's effect. The bump and rebound stops, are hhedlevith non-linear
splines, as force elements between the axles and vehicle Od@ suspension
bushings are modelled as kinematic joints with torsionaingpcharacteristics that
are representative of the actual vehicle’s suspension ¢piaracteristics, in an effort
to speed up the solution time, and help decrease numeriésé.ndhe baseline
vehicle’s springs and dampers are modelled with measuredinear splines. The
vehicle’s center of gravity (cg) height and moments of ii@entere measured [31] and
used within the model. Only the spring and damper charatiesiare changed for
optimisation purposes. ThE5, unit has been included in the MSC.ADAMS model,
using the MSC.ADAMS Controls environment to include the &imk model, and
replaces the standard springs and dampers. Figure 2 ieditteg detailed kinematic
modelling of the rear and front suspensions. The completdeinoonsists of 15
unconstrained degrees of freedom, 16 moving parts, 6 sghgaints, 8 revolute
joints, 7 Hooke’s joints, and one motion defined by the stepdiriver. The degrees of
freedom are:

Associated Motions
body torsion

Body Degrees of Freedom
Vehicle Body 7

(2 rigid bodies)

longitudinal, lateral, vertical

roll, pitch, yaw

Front Axle 2 roll, vertical
Rear Axle 2 roll, vertical
Wheels 4x1 rotation
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The vehicle’s direction of heading is controlled by a callgftuned yaw rate
steering driver, adjusting the front wheels’ steering aaglccording to the difference
of the desired course from the current course at a previgardie ahead of the vehicle.

The longitudinal driver is modelled as a variable forcectt to the body at wheel
height depending on the difference between the instantersaeed and desired speed.
This MSC.ADAMS model is linked to MATLAB [32] through a Simink block that
requires as inputs the spring and damper design variablesaand returns outputs
of vertical accelerations, vehicle body roll angle and velocity.

4.1. Validation of Full Vehicle Model

The MSC.ADAMS full vehicle model is validated against maasuresults, from
physical tests performed on the baseline vehicle. The ledioa results are presented
in Figure 3 for the baseline vehicle travelling over two déte bumps to evaluate
vertical dynamics, and in Figure 4 for the vehicle perforgnandouble lane change
manceuvre at 65m/h. From the results it is evident that the model returns egoell
correlation to the actual vehicle. Itis, however, compotally expensive to solve and
exhibits severe numerical noise with respect to the desagiables defined in Section
5, due to all the included non-linear effects.

5. DEFINITION OF OPTIMISATION PARAMETERS

5.1. Definition of Design Variables

In choosing the design variables for optimisation, the agtion is made that the
left and right suspension settings will be the same, butftbat and rear settings may
differ. The design variables chosen for optimisation aezdfore the static gas volume
of the accumulator (Figure 5), and damper force scale f4€ligure 6), on both the
front and rear axles. Thus there are two design variablesxjer

For this initial study the standard rear damper force chargstic is multiplied
by a factor which constitutes the damping design variabigufie 6). The general
shape and switch velocities of the damper are thus kept the.sa@his paper only
considers the cases of two and four design variables, wegbectively corresponds
to the case where the spring and damper characteristicdeargdal for the front and
rear axles (two design variables), and where they may diffiefront and rear (four
design variables).

The static gas volume of the accumulator is denoteghlay, and allowed to range
from 0.1 to 0.6 liters. The range is dictated by the smallest and largest gas velume
that are possible with the curreh$, unit. The damper force scale factor is denoted
by dpsf, and allowed to range from.1 to 3. The range is again determined by the
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current design limits of thé.S, unit. The design variables are normalised to allow a
range fron0.001 to 1 in magnitude, which are accordingly chosen as upper and lowe
bounds. The normalisation of the design variables is gélgesaund optimisation
practice, to ensure that the problem to be solved by the ég#tion algorithm, is not
poorly scaled. Poor scaling results in optimisation ditfies, and poor convergence.
The i*" design variabler; is defined as a ratio of: the parameter’s current value
V_,.one» the lowest permissible valug, , and the highest permissible valug
as follows:

igh?

T; = ’Ummw‘ent — vlow (4)
v —v

high low

The design variables are then explicitly defined as follows:

n = B,y = gl ®)
with bounds
0.001 <2; <1, 1=1,2 (6)

For the four design variable problem the front and rearrsgdtare uncoupled. This
means that there are separate front and rear damper sctesfand front and rear
spring static gas volumes. This results in two design véggadbescribing the front and
two describing the rear, giving four design variables imkot

The front damper scale factor is denoteddpy f f, the front static gas volume by
gvol f, the rear damper scale factor djys fr, and the rear static gas volume dpyolr.
These design variables are also allowed to range from 0d®Q1irt magnitude. Thus
the design variables are defined explicitly as follows:

or = P, 22 = LY
dpsfr—0.1 Ir—0.1 0
__ dpsfr—0. __ gvolr—0.
T3="3701 » T4~ Tg6-01
with bounds
0.001<a; <1, i=1,..,4 (8)

5.2. Definition of Objective Functions

For ride comfort the motion of the vehicle is simulated favilling in a straight
line over the local Belgian paving, and the sum of the drivgf,;sqs and passenger
a.rMmsp frequency weighted (according to British Standard 6841)[83ot mean

square (RMS) vertical accelerations are used for the dbgeéunction. This was
found to be a sufficiently representative measure of passshgubjective comments
by Els [34]. The Belgian paving test track used, is locate@Gerotek Test Facilities
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[35], and has a 1SO8608 [36] roughness coeffic@&ns of 1 x 10~* m?/(cycles/m),
and a terrain index of 4 [28]. Following sound optimisation practice the objective
function is scaled as for the design variables to range letwero and one (equations
5 to 8). This is done by assuming that the maximum and minimbj@otive function
values will lie on one of the corners of the design space. ©hedorners for the two
design variable case were evaluated. The maximum vertikt$ Rcceleration was
found to be 4.4n /52, and the minimum to be 0.7/s. RMS accelerations are then
scaled so that the expected maximum and minimum valuestieslea zero and one.
The ride comfort objective functiofi.;4.(x), is defined as the sum of the scaled driver
and passenger accelerations divided by two, as follows:

Z( a:rMsd—0.7 azRIWSp*OJ)

fride(x) — 4.4-0.7 2’ 4.4-0.7 (9)

The motion sickness component is ignored as the track isongténough to evaluate
such low frequencies. In a study by Griffin et. al. [37], itsvund that the motion
sickness component is more dependent on individual driyts than on the vehicle’s
suspension system.

The handling objective function is defined as the sum of thenatised first peak
value of the body roll angle; st .., for the first lane change [27] of the ISO3888 [38]
double lane change manceuvre, and the normali§ed roll velocity ¢ rass for the
whole double lane change manceuvre. The roll angle was faunel @ suitable metric
of vehicle handling by Uys et. al. [39]. Th&M S roll velocity is used in addition to
the roll angle, so as to have a measure of the transientigtadfithe vehicle in roll.
The handling objective functiofi,..4(x) is defined as the sum of these normalised
parameters divided by two, as follows:

; —0.8)0. (pyst —1.4)0.9
So({Bras 0809 4 g1, Pistpear +0.1)
fhand(x) _ 5.7-0.8 5 12.2—-1.4 (10)

5.3. Definition of Inequality Constraint Functions

Tyre hop effects need to be considered when optimising fie domfort, as the
damping design variables tend to be sensitive to tyre hop. rEguirement was
introduced, that the tyre could only be permitted to loosetact with the ground
for 10% or less of the simulation time, when considering ¢gpoff-road and rough
terrain as used in this investigation. The time the tyre basdontact with the ground
was determined by observing when the tyre’s vertical fdreg,.., is equal to zero.
The tyre hop effect is added as inequality constraints fehdadividual tyre: as
follows:

Zt(FZtyrei = O)

ttotal

gi(x) = 10( ~0.1) <0 (11)
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The factor of10 was used to better scale the tyre hop constraint betweensnoimel
and one.

6. SIMPLIFIED VEHICLE MODELS

The need for simplified smoother models to obtain gradidotination, is justified by
the high amplitude noise inherently present in the MSC.ADABMmulation model,
as illustrated in Figure 7. This figure reflects the changéénride comfort objective
function value for a change in only the front damper desigmiatde x;. This was
performed at the center of the design space. It can be seethéhaoise in relation
to the objective function value is severe, especially whemsiering the tyre hop
constraint values. Figure 8 represents the objective ansti@int values for changes
in the front damper design variable, for the simplified vé&himodel. It can be seen that
the noise present in the objective function is greatly redualthough no significant
benefitis observed when considering the constraint funstilbis speculated, that this
is attributed to the low tyre damping, which results in ublayre dynamics.

6.1. Handling Model

For the simplified vehicle handling model it is assumed that\tehicle drives on a
smooth surface, and uses exactly the same steering inphe 83C.ADAMS model
for that iteration. The model consists of two parts, firstldteral and yaw dynamics,
and then the resulting roll dynamics of the body. For the fdation of the equations
of motion for the simplified handling model, Figures 9 and 1€ eonsidered. The
model is simplified so that only three degrees of freedom arsidered, namely:
body roll 9, vehicle yawy and vehicle lateral displacememnt The assumption will
be made that the vehicle will drive at a constant longitudirdocity & along the
vehicle’s x-axis. Looking at the top view of the vehicle (&ig 9) the overall yaw and
lateral equations of motion can be formulated. For yaw:

> M. =Lt = a(Fy + Fys) — b(Fys + Fya) (12)

where it is assumed that the steer anglie small (i.e.Fy;cos(d) = F,;). Thus the
full lateral tyre forceF,; acts along the y-axis. Also the longitudinal component ef th
lateral tyre force is low in magnitude and can be ignored.tReldateral direction:

> Fy=myjy=Fn+Fp+Fs+Fu (13)
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Similarly by considering Figure 10 the equation of motiontfe body roll about the
bodycg can be formulated as follows:

ts m
2 + hcg(Fyl + Fyr)m_z
Wherem,, is the entire vehicle mass (i.ey, + m,, see Figure 10). The mass ratio
—2 is introduced so that the the tyres’ lateral force effect lo@ ¥ehicle body can
be uncoupled from the axles and wheels, as the body motiohas @ur suspension
can control. This was done so as to decrease the number afetegf freedom to
be calculated, helping to speed up simulation time. The figft, and right fag,,
suspension forces are the sum of the suspension forces msgiective side. Similarly
the left F,,; and rightF,,, lateral forces are the sum of the lateral tyre forces for
the respective side. The lateral forces are calculated kiggahe vertical load and
slip angle for the tyre, as inputs to the ‘Magic Formula’ Rea89 [30] tyre model
using the same coefficients as for the full vehicle simutatimdel. For this model the
following simplifications have been applied:

ZMz =I1,.¢ = (fasy — fasy,) (14)

e The tyre lateral force produces a minimal longitudinal comgnt that is taken up
by the longitudinal driving force and can be ignored.

¢ No longitudinal effects except vehicle speed are consitlere

¢ Nothing can be done about the tyre deflection and the angiehbaaxle makes
with respect to the ground.

e For this reason the axle roll effects, due to tyre deflecti@ignored.

e The MSC.ADAMS calculated tyre slip angles are used as thetislp angles for
the MATLAB simulation.

e \ertical tyre forces are taken as being the same mass propéant to rear as the
static case, of the side suspension force.

The simplified handling model is thus a significant simplifica of the actual vehicle
dynamics. It will be shown to still return very good trendsemircompared to the full
vehicle simulation model.

6.2. Ride Comfort Model

For the simplified ride comfort vehicle model a simple pitdarg vehicle model is
used, similar to that used by Eberhard et al, Etman et al, 8laadl [3, 5, 6] and
many others. The measured rough road profile seen by thechiltle model's wheels
is averaged left and right to give an effective centerliraifg. The pitch plane model
then follows the averaged path using a point follower tyraleloThe basic layout of
the simplified model is indicated in Figure 11. The equatidescribing the vehicle
behaviour are derived as follows. Consider the forces gaimthe front unsprung
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massmy¢, as a result of the road disturbance input. The summation of vertical
forces on the unsprung masses leads to:

Z F, = mtfz':o, = 2I€tf(—23 + 2rf + 5525&15) + Qth(—Z'g + er) —mifg — 2f454f
(15)
for the front, and similarly for the rear:

Z Fz = mtrznél = 2ktr(_24 + zZpr + 6stat) + 2Ctr(_z.4 + er) — Mtrg — 2f4S4,~
(16)
where the2 relates to the fact that there is both a left and a rigkif strut. It is
taken thatg = 9.81m/s?. Them, is the total front axle unsprung mass including
the two tyres. Andf,s, , is the4S, front suspension force which is a function of the
displacement of the vehicle body, and the unsprung mass:

fasy, = f(z3 — 21 + 0a, 25 — #1 + ba) (17)
The rear suspension for¢gs,, can similarly be defined as:
fuss, = f(za — 21 — Ob, 24 — 2 — 6b) (18)

The tyre spring stiffness and damping are only active whitetyre is in contact with
the ground thus the following if statement also applies:

Zf 23 — Zrf — 6stat <0
then ktf = kt Ctf = Ct (19)
else ki =0 cr=0

For the sprung mass:, two equations of motion are applicable, first for vertical
motion:

> F.=mpi = mug — 2f1s,, — 2f1s,, (20)
and then for pitch motion:
> My, =10 = a2fss,, — b2fis,, (21)

These equations of motion can be manipulated as follows:

—mpZ1 = —mug + 2fas,; + 2fas,,
—1,0 = —a2fys,; +02fss,, (22)
mypZs + 2k p 23 + 2¢, 523 = 2k p(2rf + Ostar) + 2¢p2rp — Mypg — 2f48,;
mtré.él + 2ktrz4 + 2Ctr2'4 == 2ktr(zrr + 5stat) + 2Ctrz7'“r — Myrg — 2,]0454,‘
This results in a clear set of matrices for mads stiffnessk, dampingC, and force
F', which correspond with the formula:

M;+Kz+Ci=F (23)
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The above differential equations can be re-arranged, ieraim be solved with a
numerical integration scheme, as follows:

1= st e )+ e ) (24

The modelling units of the models are meters and radianstHeoexecution of the
numerical integration of the simplified models, the builtMATLAB ode45 [32],
Runge-Kutta solver is used with a relative tolerance ofrkis/s? and a maximum
time step of 0.05 seconds.

6.3. Validation of Simplified Models
6.3.1. Handling Model Validation

Figures 12 and 13 illustrate the comparison between thesélilicle MSC.ADAMS
model and the simplified model for the handling objectivection parameters. It can
be seen that the simplified model does not capture all thenrdtion of the full vehicle
model. Although the the minimums and maximums are not nurallyithe same, they
occur in approximately the same position in the design sgaageneral the trends are
very similar, while only varying in absolute values. The MAAB handling model
is thus scaled so as to give a better approximation of the MBEMS full vehicle
model. For the scaling of the MATLAB simplified models, theotdesign variables
were considered and 30 function evaluations were perforoned the design space
using the full MSC.ADAMS simulation model and the simplifietbdel. The results
for the simplified model were then scaled so that the surfecggided over most of
the design space. This was achieved by considering thentiialab function value
Fryrewrrent, the maximum Matlab function valuEys,,,.., and the minimum Matlab
function valueF s, the maximum ADAMS function valué's,,, ..., and minimum
ADAMS function valueF 4,,;,. The simplified model function valug, used for the
determination of gradient information will thus be definesdalows:

Fo— (Fl\r{current - FMmin)(FAmam - FAmln)

(FMmam - Fl\lmin) A ( )

6.3.2. Ride Model Validation

The simplified MATLAB model for ride comfort was evaluatedadgst the full

MSC.ADAMS vehicle model to investigate whether the gratielosely matched
that of the MSC.ADAMS model. The sum of the vertical weightetelerations was
normalised in both cases so that the objective functionevalould range from zero
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to one. Figures 14 to 16 illustrate the close correlationeast when observing the
effect of the design parameters on the objective functiahtha tyre hop effect. Again
numerical values are not the same but the trends are verlasimi

7. CONCLUSIONS

This paper proposes the combined use of simplified numexiehicle models
and computationally expensive full vehicle simulation ralsdin gradient-based
optimisation algorithms, for vehicle suspension optirtitcsa

In particular the specific optimisation methodology to bediss described and the
objective functions and design variables are defined. Thedhicle is modelled in
MSC.ADAMS. This model is validated against measured testlte with excellent
correlation being achieved. However, this model is compurtally expensive and
exhibits severe numerical noise.

In order to help overcome the problems associated with highputational cost
and numerical noise in the optimisation process, simplifreztiels of the vehicle
are described. These models exhibit very similar trendsedtll vehicle simulation
model, however, the absolute values are not the same. Basraportant to note that
the constraints, especially the tyre hop constraints, daaoessarily cross the zero
axis at the correct points, even though the gradient trerdsaay similar. The required
scaling of the simplified models to be more representatithefull vehicle model is
presented. The cost of this scaling must be taken into a¢eduen optimising. Here
30 expensive full vehicle model simulations per simplifieddal were performed.
The simplified model's objective functions were suitablgled, to be representative
of the full simulation model’s objective function valuesnéz scaled, the simplified
models are representative of the full vehicle simulatiomeigbut exhibit significantly
less numerical noise, and solve significantly faster.

Part 2 of this paper investigates the implementation of thglfied models in
the optimisation procedure. The optimisation resultsgisliee full simulation vehicle
model throughout, will be compared with that obtained ushey simplified models
for computation of the gradient information.
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4S4 Spring Characteristics
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Fig. 5. Definition of4S4 Spring characteristics for various gas volumes
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45, Damper Characteristics
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Ride Comfort Objective Function Trend
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Fig. 7. Level of inherent numerical noise in objective fuostand inequality constraints, for change in
front damper design variable, , for full vehicle MSC.ADAMS model
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front damper design variable; , when considering the simplified MATLAB model
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Fig. 9. Top View of vehicle in handling manceuvre
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Fig. 10. Rear view of vehicle indicating body roll
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Fig. 11. Simple pitch-plane vehicle model
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Full MSC.ADAMS Vehicle Model, 55km/h Simplified Handling MATLAB Model, 55km/h
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Fig. 12. Validation of 1st peak roll angle over design spémedouble lane change.
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Full MSC.ADAMS Vehicle Model, 55km/h Simplified Handling MATLAB Model, 55km/h
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Fig. 13. Validation of RMS roll velocity over design spacer, louble lane change.
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Full MSC.ADAMS Vehicle Model, 40km/h Simplified Ride MATLAB Model, 40km/h

0.1

0.2
03
0.4 ’ 0.4
05

0.4

gas volume rear 06 0.6 gas volume front gas volume rear 06 06 gas volume front

Fig. 14. Model validation of ride comfort for differing froand rear gas volumes
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Full MSC.ADAMS Vehicle Model, 40km/h Simplified Ride MATLAB Model, 40km/h
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Fig. 15. Model validation of ride comfort for differing froand rear damper scale factors
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Full MSC.ADAMS Vehicle Model, 40km/h Simplified Ride MATLAB Model, 40km/h
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Fig. 16. Model validation of ride comfort for differing frormnd rear damper scale factors: effect on rear
tyre hop



