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A simple two-degree-of-freedom linear model is used to derive a number of analytical
formulae describing the dynamic behaviour of passively suspended vehicles running on
randomly profiled roads. Two different power spectral densities are considered for
modelling the road irregularity. The derived analytical formulae can be used either during
preliminary design or for other special purposes, especially when approximated results are
acceptable.

An optimization method, based on Multi-Objective Programming and Monotonicity
analysis, is introduced and applied for the symbolic derivation of analytical formulae
featuring the best compromise among conflicting performance indices pertaining to the
vehicle suspension system, i.e., discomfort, road holding and working space. The optimal
settings of the relevant vehicle suspension parameters (i.e., tyre radial stiffness, spring
stiffness and damping) are derived either symbolically and/or numerically.

© 2001 Academic Press

1. INTRODUCTION

In this paper the dynamic response of road vehicles running on rough roads is dealt with by
deriving simple analytical formulae. This is useful for academic purposes but also for
designers who may benefit from a simplified but general theory. In addition to the study of
the dynamic response, the optimization of vehicle parameters is performed on the basis of
Multi-Objective Programming, (MOP) a branch of Operations Research. The analytical
formulae derived in the first part of the paper are used in conjunction with MOP to find
symbolically the optimal suspension parameters ensuring the best compromise between
discomfort (i.e., the standard deviation of the vehicle body vertical acceleration), road
holding (i.e., the standard deviation of the vertical force applied between tyre and road) and
body-wheel working space (i.e., the standard deviation of the relative displacement between
wheel and vehicle body).

In the literature, a number of papers exist dealing with the problem of deriving simple
analytical formulae for the estimation of the dynamic response of road vehicles subject to
random excitations generated by road irregularity [1-6]. In each of the cited papers the
derived formulae refer to a very simple power spectral density of road irregularity (of the
form 1/w? [7]). Here a more complex power spectral density (of the form 1/(w? + s7?)) is
used which estimates more accurately the amplitudes of the road irregularity at low
excitation frequencies.
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With reference to wheel and body vibrations, a number of authors have dealt with the
problem of deriving basic concepts useful for road vehicle suspension tuning [3, 8-15].
Many important relationships have been highlighted among vehicle suspension parameters
and suspension performance indices. However, an ultimate general theory was not derived.
This was mainly due to the fact that a theoretical definition of the best compromise between
conflicting performance indices was not explicitly introduced and properly exploited.
Another limitation was that authors often resorted to numerical simulations even when
dealing with simple models.

In this paper, an attempt to introduce a comprehensive general theory is performed by
deriving analytical formulae defining the optimal relationship among vehicle suspension
parameters and suspension performance indices. The derivation of these analytical
formulae has been made possible by exploiting Multi-Objective Programming (MOP).
MOP represents a rigorous theoretical way for selecting parameters when a number of
conflicting requirements on system’s performances have to be satisfied. In references
[16-25] the adoption of MOP has been proposed to solve many engineering problems,
with particular reference to vehicles. Basically, the optimization procedures based on
MOP allow the best trade-off among user-defined conflicting performance indices to be
found. Given the model, the designer is often charged with the hard task of finding
one optimal solution by changing a number of parameters. When many performance
indices have to be taken into account at the same time, and many parameters may
be changed, often the optimization problem cannot be handled easily, i.e., a solution cannot
be found in a straightforward way. Moreover, in this case, the concept of optimal solution
is not obvious and requires a special definition (see e.g. reference [17]). The concept
of optimal solution which will be considered may be synthesized by stating that if more
than one criterion (performance index) has to be satisfied by changing one or
more parameters, the possible optimal solutions constitute a set. This implies that
the designer has to choose a preferred solution among those solutions (and only
those) belonging to the set. As the solutions of the set are directly related to performance
indices, the task of the designer is to consider performance indices (or criteria) instead of
considering parameters. The methods (and related computer programs) that allow such
a procedure (and thinking) are presented or reviewed in references [17-19]. Successful
applications of the method in the field of ground vehicle design are reported in references
[16, 21-26].

In the first part of the paper, analytical formulae describing the motions of road vehicles
on rough road are derived. These formulae are used in the second part of the paper for
deriving, by means of Multi-Objective Programming, the optimal tuning of the vehicle
suspension parameters.

2. SYSTEM MODEL

2.1. EQUATIONS OF MOTION AND RESPONSE TO STOCHASTIC EXCITATION

The adopted quarter-car system model is shown in Figure 1. The mass m; represents
approximately the mass of the wheel plus part of the mass of the suspension arms,
m, represents approximately 1/4 of the body mass (m, could be computed more precisely
taking into account the position of the centre of gravity along the wheelbase, as shown in
references [4, 8]. The excitation comes from the road irregularity ¢. The model is generally
reputed to be sufficiently accurate for capturing the essential features related to discomfort,
road holding and working space (see reference [8]). The linear equations of motions of the
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........ m,

Figure 1. Quarter car vehicle model.

system model are
myXy —1a(X; — Xy) — ka(xs — x9) + ki (xy — &) =0,
MyX, + 12(X; — X1) + ka(x; — x4) = 0. (1)

The responses of the vehicle model are, respectively, the vertical vehicle body acceleration
(X,), the force applied between road and wheel (F,;), the relative displacement between
wheel and vehicle body (x, — x4).

The discomfort is evaluated by computing the standard deviation of the vertical vehicle
body acceleration (o). The higher the standard deviation, the higher is the discomfort. This
approach seems to provide very good correlation with subjective ride comfort ratings
[2, 27].

The standard deviation of the tyre radial force (or ) is related to road holding. The
variation of tyre radial force can lead to a loss of contact with the ground and poor handling
ability [2].

The standard deviation of the relative displacement between the wheel and vehicle body
(0., -x,), 1.6, the rattlespace or working space, is related to design and packaging constraints,
as well as to wheel lateral vibrations.

Discomfort (gy,), road holding (or ) and working space (o, ) are the performance
indices to which reference will be made in the paper.

The transfer function [25] between the displacement & and x; is given by

) kiky + jr,0 — myw?
X, (o) = 0 )

)]

D(jw) = kiky + jkyrao — (kamy + kymy + kymy)o®

— jra(my + my)0® + mymyow*.
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The transfer function between the imposed displacement ¢ and x, is

_ ki(ky + jrom)

Xyjo) == 5 ()
The transfer function between ¢ and X, is
H,(jo) = — 0*X,(jo). 4)
The transfer function between & and F; is
H,(jo) = ki (1 — X (jo)). )
The transfer function between & and x, — x; is
H;(jo) = X,(jo) — X, (jo). (6)

The displacement ¢ (road irregularity) may be represented by a random variable defined
by a stationary and ergodic stochastic process with zero mean value [7, 28]. The power
spectral density (PSD) of the process may be determined on the basis of experimental
measurements and in the literature there are many different formulations for it (e.g., see
references [7, 9]).

In this paper, two spectra have been considered:

Ay
Seale) = 215 )

Avsc

Séz(w) = m > (®)

where s, = av. The value of the coefficient a (rad/m) depends on the shape of the road
irregularity spectrum.

In a log-log scaled plot (abscissa w), the spectrum of equation (7) takes the shape of a line
sloped at rate —2. The simple expression (7) approximates various roads with different
degrees of accuracy. It generally overestimates the amplitudes of the irregularity at low
frequency. In the following, equation (7) will be shown as one slope power spectral density
(1S-PSD).

A better correlation with measured spectra can be obtained by resorting to more complex
spectra as suggested in reference [7]. Equation (8) has been reported in references [9, 29]. In
a log-log scaled plot (abscissa w) equation (8) takes the shape of a two slope curve, thus
reference will be made by the acronym 2S-PSD.

The parameters A, and A, are obviously uncorrelated as they refer to two different
excitation spectra.

The power spectral density (PSD) S; of the output of an asymptotically stable system can
be computed as (see, e.g., reference [1]))

S{o) = [Hi(jo)*Sg(w), 1=1,....3, ¢=1,2 ©)

For [ =1, S, represents the PSD of the vertical acceleration of the vehicle body, for [ = 2,
S, represents the PSD of the vertical force at the wheel-road interface, and for [ =3,
S; represents the PSD of the relative displacement chassis—wheel (suspension stroke), the
index g = 1 refers to the 1S-PSD and the index g = 2 refers to the 2S-PSD.
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2.2. DERIVATION OF STANDARD DEVIATIONS IN ANALYTICAL FORM

By definition (see reference [1]) the variance of a random variable described by
a stationary and ergodic stochastic process is

1 + o0
o? =5 J Sy()dow. (10)

— 0

In reference [30] it is shown that an analytical solution exists for o7 if S; can be written
as

_ Ni—1(Jo)Ng—1(— jo)
Di(jo)Di(—jw) ~

S, (11)

where D, is a polynomial of degree k, and N, _; is a polynomial of degree k — 1 (k > 1). By
inspection of equations (4-9) one may understand that S, can be written as in equation (11);
in fact, for example, considering the vertical acceleration of the vehicle body (x,), and being,
from equation (9)

Si(@) = [Hy(jo)* Se(jo), g=1,2

and being
|H, (jo)|* = Hy (jo)Hy (—jw)
and, for ¢ =1
AbU . 1 1
S =— -39S =AW ————
s1() o2 - Se1 (Jo) U o (—jo)
and, for g =2
A,S, . 1 1
Sez(w) - Su(jo) =4

= —"FF" Usc . . 9
(s2 + »?) (5. +Jo) (s — jo)

the following expressions for N, _;(jw)/D;(jw) can be obtained: for ¢ = 1 (1S-PSD), k =4
(see equations (3, 4))

N,(jo)

Dy(jo)

kijo(ky + rijm)
(kiky + jkiryw — (kamy + kymy + komy)o® — jra(my + my)o® + mymyw®)

= (A)'?

for ¢ =2, (2S-PSD), k = 5 (see equations (3, 4)).

N;(jo)
Ds(jw)

— kyow?(ky + r2jw)

— A ; 1/2 . . - .
(4ss) [kiky + jkiraw — (kamy + kimy + kama)w® — jra(my + my)o® + mimao*] (jo + s.)
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It is important to notice that S; can be written as in equation (11) if Ss,(jw) can be
expressed as

Syylitn) = RUDNL(ZJ0).

De(jow)De(—jw)

This occurrence was first exploited in reference [4], with reference to the simple 1S-PSD
(¢ = 1). The more refined 2S-PSD (g = 2) has been introduced in this paper.

The analytical formulae presented in the following subsections have been derived by
means of the analytical solutions of integral (10) introduced in reference [30] and reported
in Appendix A.

2.2.1. Formulae referring to the 1S-PSD (equation (7))

The analytical formulae giving the discomfort, road holding and working space are
reported. They have been obtained by solving analytically equation (10) (1S-PSD).
—Variance of the vehicle body acceleration X, (square of oy, )

of, = 1/2 Aya3,, (12)
1 k3
0%, = 2<(’”2 s k1r2>. (13)
mj Iz

— Variance of the force acting between road and wheel F, (square of o)

O’%:: = 1/2Abva_§z, (14)
ar, = (my + my)* (P), (15)
(my + my) k3 2k ikymy kim, kyry
P = > — + 5+ —5 |
mar; mara(my +my)  ra(my + my) m3

—Variance of the relative displacement between wheel and vehicle body x, — x; (square of

O-xzfxl)

O-)Zczfx1 = 1/2Ab UG_chzfxla (16)
G2, = M (17)
Fa

These formulae were already derived and presented in references [3, 4, 5, 25].
Figure 2 shows, respectively, the discomfort (o), road holding (or) and working space
(0x,-x,) as function of the vehicle speed (v) considering the reference vehicle.

2.2.2. Formulae referring to the 2S-PSD (equation (8))

The analytical formulae giving the discomfort, road holding and working space are
reported. They have been obtained by solving analytically equation (10) (2S-PSD).
—Variance of the vehicle body acceleration X, (square of oy,)

o2 = ¢ [kir3 (ks + ras. + mas?) + kik3((my + my) (ky + r28.) + mymys?)] (13)
" " (m% 12(Ds)) ’
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Figure 2. Discomfort (g%, ), road holding (¢ ), working space (o, - »,) as function of the vehicle speed. Data of the
reference vehicle in Table 1, running condition data in Table 2. , 1S-PSD; - =+ —-—- , 2S-PSD.

where
Ds = kiky + kyrase + ka (my + my)s? + kymys? + (my + my)rasd + mymys?,
s, = av, ¢ = 1/2 4,av.
—Variance of the force acting between road and wheel F, (square of oy )

o2 = ¢ (Azs + Bys + Cy)
F. — Lro s
kim3r3(Ds)

(19)

where
Azs = kf(my + my)ry(—2kymymy + myrs + myr3) (ky + ras + mys?),
Bss = kik3(my + my)?ry(komy + komy 4+ myrys, + marys, + mymss?),
Cas = kimumars(kiky + kyrase 4+ kymys? + komys? 4 myrss?).

—Variance of the relative displacement between wheel and vehicle body x, — x; (square of
O-xz — X3 )

2
) _ ki(komy + kam, + myr,s, + myr,s, + mym, sg)
O-XZ*XI - crU r2 (DS)

. (20)

The main difference between the formulae referring to the 1S-PSD (equation (12-17)) and
those referring to 2S-PSD (equation (18-20)) is that in the first formulae the running
condition parameters 4, and v are always not mixed with system model parameters (my, m,,
ki, ks, 1r5). The opposite occurs for 2S-PSD formulae in which running condition
parameters s,, ¢,, are mixed with model parameters (my, m,, ky, k,, r,). This implies that for
1S-PSD excitation, the minima of 65, 65, 0., , (as function of the suspension parameters)
do not depend on running conditions (A4, v).
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2.3. PARAMETER SENSITIVITY ANALYSIS

The dynamic response of the road vehicle system model in Figure 1 is analyzed on the
basis of equations (12, 14, 16, 18-20). A typical, small-sized sports car is taken into
consideration (vehicle data in Table 1 and road roughness data in Table 2). All graphical
results in the paper refer to this vehicle, and thus they do not have a general meaning and
might even be qualitatively inaccurate for another (quite different) vehicle. However, the
formulae derived in the previous paragraph do have a general meaning and can be used for
simulating the comfort, road holding and working space of every road vehicle that could be
modelled as in Figure 1.

The results of the parameter sensitivity analysis are shown in Figures 3-5. The
parameters are varied within wide ranges. The data are presented in non-dimensional form,
i.e., the standard deviation of interest o; is divided by the corresponding one (g;.) computed
by considering the parameters at their reference values reported in Table 1, i.e.,

O-jézr = O-jéz(mlra my,, klra k2r» 7‘2,), (21)
GF:r = O-Fz(mlra my,, klra era r2r)a (22)
O-xzfxlr = O-xzfxl(mlra my,, klra k2ra r2r)7 (23)

The non-dimensional standard deviations given by equations (12, 14, 16) do not depend
on vehicle speed. The opposite occurs for the non-dimensional standard deviations derived
from equations (18-20) referring to excitation given by 2S-PSD (equation (8)). For this
reason these non-dimensional standard deviations are analyzed at two different vehicle
speeds, low speed (10 m/s) and high speed (50 m/s).

TABLE 1

Data of the reference road vehicle taken into consideration

Parameter Reference value Lower and upper boundf
my, (kg) 229 114-458

m,, (kg) 31 15-62

ky, (N/m) 120000 60 000-240 000

k,, (N/m) 20000 10000-40000

15, (N's/m) 1200 600-2400

+Lower and upper bounds refer to parameter sensitivity analysis.

TABLE 2

Data of the road roughness taken into consideration

Parameter Reference value
A, (m) 1-4e-5
a=s,v (rad/m) 0-4

A (m?) 3-5e-5

v
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Figure 3. g,/0y,: non-dimensional standard deviation of the vertical body acceleration as function of model
parameters. Data of the reference vehicle in Table 1, running condition data in Table 2. Each diagram has been
obtained by varying one single parameter, the other ones being constant and equal to those of the reference vehicle.
--——,2S-PSD: v = 10m/s; - —-—-—- , 2S-PSD: v = 50 m/s; ——, 1S-PSD: any speed.

2.3.1. Standard deviation of the vertical body acceleration (discomfort)
By inspection of Figure 3 it may be noted that

(1) the tyre radial stiffness k; influences significantly oy, (the influence is stronger at high
speed considering the 2S-PSD),

) o, increases with the suspension stiffness k,

) 05, does not depend significantly on the wheel mass m;,

) oy, depends strongly on the vehicle body mass m,,

) the suspension damping r, has influence on the standard deviation oy, .

Some of the above considerations can be derived by inspection of equation (12) or
equation (18).
2.3.2. Standard deviation of the dynamic wheel load (road holding)

Figure 4 shows that

(1) oF. depends linearly on the tyre stiffness k,

(2) o, increases with the suspension stiffness k, (almost the opposite occurs at high speed
considering the 2S-PSD),

(3) oF, increases with the wheel mass m,,
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Figure4. or /or ,:non-dimensional standard deviation of road holding as a function of model parameters. Data
of the reference vehicle in Table 1, running condition data in Table 2. Each diagram has been obtained by varying
one single parameter, the other ones being constant and equal to those of the reference vehicle. - ---, 2S-PSD:
v=10m/s; - —-—-—- , 25-PSD: v = 50 m/s; ——, 1S-PSD: any speed.

(4) o does not depend significantly on the vehicle body mass m,,
(5) the suspension damping r, has significant influence on the standard deviation oy .

Some of the above considerations can be derived by inspection of equation (14) or
equation (19).

2.3.3. Standard deviation of suspension stroke (working space)

By inspection of Figure 5, it may be noted that
(1) o.,-x, is not influenced by k; and k, for the 1S-PSD excitation,
(2) the remarkable influence of m, on o, _,, is less important at high speed for the 2S-PSD
excitation,
(3) ox,—v, is strongly influenced by the suspension damping.

The above considerations can be derived by inspection of equation (16) or equation (20).

3. MULTI-OBJECTIVE PROGRAMMING

3.1. PROBLEM FORMULATION

The theory of Multi-Objective Programming (MOP) can be found in references [17, 20,
31]. Here a brief introduction on the main issues of MOP will be given, with reference to the
problem of a vehicle running on rough road. Consider a system model as the one depicted in
Figure 1. The relevant performance indices of the system are, as shown in the previous part
of the paper, discomfort, road holding and working space. These performance indices are
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Figure 5. o,,_, /0, -« non-dimensional standard deviation of working space as function of model
parameters. Data of the reference vehicle in Table 1, running condition data in Table 2. Each diagram has been
obtained by varying one single parameter, the other ones being constant and equal to those of the reference vehicle.
-——— 2S8-PSD: v =10 m/s; - —-—-—- , 2S8-PSD: v = 50 m/s; ——, 1S-PSD: any speed.

conflicting, i.e., improving one of them implies at least worsening another one. Usually,
designers are interested in finding the best compromise among these performance indices by
varying the system’s model parameters (e.g., suspension stiffness k, and damping r,).
Finding the best compromise implies, in this case, the contemporary minimization of the
performance indices (often called “objective functions” or “objectives”). Thus, a vector
composed of many objective functions has to be minimized. Consider the minimization of
a vector composed of two objective functions, e.g., discomfort 63, and road holding 57 ,
which are assumed to be functions of suspension stiffness k, and damping r,. If discomfort
and road holding were to be minimized separately, the suspension parameters minimizing
6, and 67 would read as

min 552 (ka, 13) — (kz.minc?fzy r2,mina’§z)s
min 61%“ (k29 7’2) - (kz,mimi}:a r2,min(f§:)'

Obviously, there are two different vectors of parameters (namely kz,mi,,,;xgz, Y2 minzz, and
Ka.minsz > T2.minsz) Which minimize separately 63, 67.. If 63, and 67 were to be minimized
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min <f_7:§2 (kz, ”2))
5%:”(2, 1) ’

the solution would be, by definition (25), function of parameters k,, r,

f(kZ: 7'2) =0.

There are many methods to find f(k,, r,) = O (see reference [17]).

The designer should tune the suspension parameters according to the above equation.
The function f(k,, r,) = 0 will be derived below (equation (32)).

In general, a Multi-Objective Programming (MOP) problem can be formulated as

contemporarily, i.e.,

gl(Zla Z3, "‘7Zn)
. | 92(z1,22, -, 2)
min g(z) = min Zebee ", (24)
gk(zla 22y ann 7Zn)
where zy, z,, ..., z, are the n model’s parameters and ¢;, ¢,, ..., gx are the k model’s

performance indices. For computational purposes, the performance indices or objective
functions g, should at least be continuous functions of the model’s parameters. The aim is to
find the optimal solutions, i.e., those solutions which minimize the vector g(z) as indicated
above. The model parameters (z) may vary within a pre-defined domain Z (feasible domain).
These optimal solutions are often called efficient solutions or Pareto-optimal solutions.

In a multi-objective optimization problem the “best” solutions (“Pareto-optimal”
solutions) do exist and can be found by using the following definition. The solution z* is
Pareto-optimal (non-dominated) if another solution z does not exist such that

g.(2) < g.(z%), r=1273,.. k

25
3l gi(z) < gulz*). 2

The designer will skip all dominated solutions and choose the final preferred solution
among the non-dominated ones only.

Parcto-solutions are in general not unique and constitute a set. Methods to find the
whole set of efficient solutions are reported in references [17, 20, 31-35].

3.2. CONSTRAINTS METHOD TO FIND OPTIMAL SOLUTIONS

One useful method to find Pareto-optimal solutions is the Constraints Method [17, 20,
32, 36]. It may be introduced with an example. Consider a problem in which two conflicting
performance indices ¢; (i = 1, 2) and n parameters z; appear

min<gl(zla22> "'9Zn)>. (26)

92(21, 22, -5 Zy)

By constraining the performance index g, to a level g,, the problem can be transformed
into the following Non-Linear Programming problem:

mingl(zl’ Z2y eeey 2 ),
’ (27)
92(21, 22, .5 20) < G-
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The values of the parameters which minimize g, are efficient (i.e., optimal) solutions. By
properly varying the value of g, and searching for the new minimum of ¢, it is possible to
find the whole set of optimal solutions. The designer is aware of all possible choices when
the whole set of optimal solutions is known.

3.2.1. Two performance indices

If two conflicting performance indices g;, which are analytical functions of two system
model’s parameters z; are considered, it is possible to directly apply the Constraints Method
to find the analytical expressions of both the optimal performance indices and the optimal
parameters, that is,

(1) g% = g%(g%), ie., the analytical expression which gives the optimal value of the
performance index g, when ¢, is at its best (or vice versa, which is conceptually the same,
g3 = g3(g7)).

(2) zF = zF(z%) (or vice versa z% = z%(z¥)), i.e., the analytical expression which gives the
optimal values of the parameters z; and z, corresponding to g¥ or g%.

Being g, = g¢4(z4, 2z3) and ¢, = ¢g,(z1, z,) the performance indices and z; and z, the
system model’s parameters, the procedure to find the analytical expressions gF = g¥(g%)
and g3 = g3(g%) is the following:

(1) from the mathematical expression g; = ¢g;(z;, z,) the expression z, = z,(gq, z1) 1
derived by fixing the value of gy;

(2) by substituting the expression derived at point 1) in the expression g, = ¢g,(z4, z,) the
expression ¢, = ¢,(g4, z1) 18 obtained;

(3) the minimum of g, is searched for by setting to zero the following derivative:

dg2(g1»21) _

0
dz,

and checking that

2
d 92(921, Z4) -0
dzy
this corresponds to the search for the minimum of the performance index g,, while the
performance index g, is kept constant; from the expression of the first derivative, the
expression z; = z;(g;) can be obtained;

(4) the expression z; = z;(¢g,) is substituted into g, = ¢g,(g;, z;) and by this way it is
possible to get the expression g% = g%(g¥) which defines the relationship between the
two optimal performance indices;

(5) the equation g% = g% (g¥) is the image in the plane (g,—¢g,) of the equation zF = z§(z%) in
the plane (z,-z,). zf = z¥ (z%) may be obtained by substitution.

3.2.2. Three performance indices

Before applying the Constraints Method (introduced in the previous section) to problems
with more than two performance indices, Monotonicity analysis has to be applied for
determining constraint activity.

The following theorems [37, 38] (Theorems of Monotonicity) apply to the problem of
finding the optimal compromise between more than two performance indices.
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If the performance indices and all inequality constraints (37) are globally monotonic with
respect to all parameters z; € Z > 0 then

Theorem 1. If the variable z; is explicitly represented in the performance index to be
minimized, then there exists at least one active constraint with opposite monotonicity with
respect to z;.

Theorem 2. A variable z; that is not explicitly represented in the performance index must
either only be contained in constraints that are inactive, or else there must exist at least two
active constraints having opposite monotonicities with respect to z;.

These theorems will be used in the next section.

3.3. OPTIMAL SUSPENSION PARAMETERS

The mathematical procedure described above has been used to optimize the parameters
of the suspension of a road vehicle described by the simple system model in Figure 1. The
parameters to be optimized are the stiffness k, and the damping r, of the suspension and the
tyre radial stiffness k, and the performance indices are oy, (discomfort), of_(road holding)
and g, ,, (working space).

By analyzing the expressions given by equations (14) and (12) it can be seen that both
o, and o increase monotonically with k; (if reasonable variations for the suspension
parameters are considered) and o, —,, depends only on r,. For these reasons, the problem
can be simplified by considering only two parameters, k, and r,. The first result is that in
any case the tyre radial stiffness k; has to be kept at the lower bound of the admissible
range.

The following subsections describe in detail the derivation of the Pareto-optimal set for
different combinations of performance indices.

3.3.1. Suspension parameters for optimal oy, o (1S-PSD)

By applying the procedure based on the Constraints Method presented in section 3.2.1
the suspension setting for optimal oy, — o5, can be found.

Consider two parameters (k; is kept at the minimum) k, the suspension stiffness and
r, the damping constant.

The performance indices are oy,
(15)).

Solving equation (13) with respect to k5, a function of r, and 6%, is obtained

ky = \/(5,%2””%"2 kﬂ’% (28)

my+my)  (my 4+ my)’

discomfort (equation (13)) g5, road holding (equation

By substituting k, in equation (15) 67, can be expressed as

ki, 2kyimy )<Ss>>, 29)

~2 =)
op. = (my + m,) <<7x'2 + —
ra(my +my)*  mary(my + my

(S)_\/fffzm%rz kyrs
5) =
(

my +my)  (my +my)
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Figure 6. Pareto-optimal sets for the o; -0y problem. Plot in non-dimensional form, vehicle data in Table 1,
running condition data in Table 2. The points highlighted by using special symbols (&, O) refer to the points in
Figure 7. -——-, 2S-PSD: v = Il m/s; - —-—-—- ,2S-PSD: v =10m/s; ------- , 2S-PSD: 50 m/s; ——, 1S-PSD: any
speed; O, ref. vehicle.

The minimum of equation (29) is now computed by setting to zero the first derivative with
respect to r,

222
k1mz(7;e2

doy.
= 2 — — .
m%(a:%z)z (my + my) + ki

dry

0—r (30)

By substituting r, in equation (29) the relationship between optimal o, and optimal
or. can be obtained (see Figure 6)

3

mqk

%2 __ — %2 1"
GEr=my(my + my) 6™ + ——5,

m3 oy,

3 3
mlkl my + my _ mlkl -
2 /¥<o—ﬁz< ©, [|————s>d>0,
m; (my + my)m3

the corresponding expression in the optimal parameter domain (Figure 7) reads as

k% = \/( maky < myky ry? \/kfmg — 4k yr$(my + m2)> (32)

m1+m2) Cm,

(1)

Q2my +my)  m, 2(my + m,)

The last equation has been obtained by substituting equations (13) and (15) into equation
(31).

It is important to note that equation (31), if taken without the constraints referring to
%7 and 657, defines both Pareto-optimal solutions and non-Pareto-optimal solutions. This
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r,/r,,
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0 05 1-0 1-5

k2/k2r
Figure 7. Pareto-optimal sets (parameters domain) for the oy -0 problem. Plot in non-dimensional form,
vehicle data in Table 1, running condition data in Table 2. The points highlighted by using special symbols (<, [)

refer to the points in Figure 6. -—--, 2S-PSD: v =1 m/s; -—-—-—- , 2S-PSD: v =10m/s; ------- , 2S-PSD:
v = 50 m/s; ——, 1S-PSD: any speed; O, ref. vehicle.

is due to the particular implementation of the Constraints Method employed (see section
3.2.1). Thus, in order to compute correctly the Pareto-optimal set, the inequalities have to be
considered. The lower and upper bounds in equations (31) define the extrema (g (min),
92(91 miny) A0 g1 (g2 miny)s 92miny) represented in Figure 8, corresponding to the two solutions
that minimize one by one the two performance indices g; = 65 and g, = 67, The two
extrema of the Pareto-optimal set can be obtained as follows. The minimum of &%, is
obtained by setting 063,/0r, = 0, 06%,/0ky = 0, SO g3 (miny = Ga,mimy = O (the corresponding
91(gamin) = 67, = 00 (see equation (31)) as shown in Figure 8. The minimum of 67, is
derived by setting 957 /0r, = 0, 063 /0k, = 0, so

3
5 2 myki(my + my)
gl(min) = O0F (min) =

ny
and the corresponding

3

) myky
min = GXZ = S N 3-

92(9 1 min) (my + my)m3

3.3.2. Suspension parameters for optimal o, 0., (1S-PSD)

The equation that defines the Pareto-optimal set for the discomfort—working space
problem (Figure 9) is
grz = Kalmi + ma) (33)

Xz 2 =%2
mZze—x|
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Figure 8. Limitations on the curve that contains the Pareto-optimal set. The points highlighted by circles (O)
identify the Pareto-optimal set on the curve derived by applying the Constraints Method.
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Figure 9. Pareto-optimal sets for the o,-0,, — , problem. Plot in non-dimensional form, vehicle data in Table 1,
running condition data in Table 2. -—-—-, 2S-PSD: v =1m/s; -—-—-—- ,2S-PSD: v =10m/s; «+----- , 2S-PSD:
v =50 m/s; ——, 1S-PSD: any speed; O, ref. vehicle.

Equation (33) has been obtained as shown in section 3.2.1. Equation (33) contains the

whole Pareto-optimal set being g gnin = 5;32(,”,-,1) =0 (corresponding to gi(gamin) =
6-32cl—x1 = o0) and g min) = 5§2—x1(min) = 0 (corresponding to g, (91 min)) = 5';31 = ).

The equation of the Pareto-optimal set into the parameter space is
k% =0. (34)
So, the Pareto-optimal set is the r,-axis.

3.3.3. Suspension parameters for optimal o, , or (1S-PSD)

By applying again the procedure presented in section 3.2.1. the Pareto-optimal set for the
road holding—working space problem (oy_, 0,,-,,) can be derived (Figure 10).
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Figure 10. Pareto-optimal sets for the o,,_,,—oF problem. Plot in non-dimensional form, vehicle data in
Table 1, running condition data in Table 2. The points highlighted by using special symbols (<, [J) refer to the
points in Figure 11. -—-—, 2S-PSD: v = l m/s; - —-—-—- , 2S-PSD: v =10 m/s; ------- , 25-PSD: v = 50 m/s; ——,
1S-PSD: any speed; O, ref. vehicle.

2 =x%2 27,2 =%2 3
omikial ., mikiciT . | ki(my +my)

2 bl

oy’ —
2 2 —x
my + my (my + my) m20%, -,

(35)

(my + m,) _2

2 >0

3
miki(my + my _
# < a’F“f < o0, >0.

my m1m2k1

X2 T Xy

The bounds of the inequalities can be obtained by computing the minimum of working
SPACE G2 (min) = G, x,eminy = 0 (corresponding to g;(g2mm) = G7. = o0, see Figure 8) and the

3 T )5
minimum of the road holding g1 i = G (min = 2 /%f"”), 92(G1min) = Gr—x, = %
The Pareto-optimal set in the parameter domain is
mym,k,
T (36)
(my + my)

The Pareto-optimal set is the line parallel to the r,-axis (Figure 11).

3.3.4. Suspension parameters for optimal o, 6, 0y, (1S-PSD)
The MOP problem can be reformulated by using the Constraints Method [20, 17, 32] as
minos,_,, =g¢,(r;)  equations (16, 17),
0F., =gs(ra ky) < g, equations (14, 15), (37)
02, = gs3(ry ks) < g5 equations (12, 13),

(ky 1s not considered because it should be kept always at its minimum value).
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Figure 11. Pareto-optimal sets (parameters domain) for the o, -, —oF, problem. Plot in non-dimensional form,
vehicle data in Table 1, running condition data in Table 2. The points highlighted by using special symbols (<, [)
refer to the points in Figure 10. -—--, 2S-PSD: v = 1 m/s; - —-—- -~ ,2S-PSD:v=10m/s; -« -+ , 2S-PSD: 50 m/s;
——, 1S-PSD: any speed; O, ref. vehicle.

The variable k, is not explicitly represented in the performance index g,. According to
the Theorem 2 (section 3.2.2) at least two active constraints having opposite monotonicities
with respect to k, must exist. So the two inequalities constraints in equation (37) are active
(i.e., the equality holds) and problem (37) is reduced to the solution of

622—x| = g1(r2),

612““ = g2(r29 kl): (38)
U:%Z = g3(ra, k»).

The analytical expression of the surface which contains the Pareto-optimal set in the oy,
Or_,, Ox,—x, domain is derived from equation (38) by eliminating k,, r,.

2
kg 2miky (39)

aF2 = ¥ (my + my)® + m, +my) ° m
2 1 2

Q =./2m3 GF2 . — ky(my +my).

The corresponding Pareto-optimal parameters (k,, r,) can be readily calculated

my + mq
R R (40)
GEPmyG Y  — ky(my + my)
ks = \/ 2 22 . 41)

o

Xy — X
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125

Figure 12. Pareto-optimal set in the discomfort (oy,)-road-holding (o5 )-working-space (o, - ,) domain. Plot in
non-dimensional form, vehicle data in Table 1, running condition data in Table 2. The 1S-PSD is considered. The
reference vehicle is represented by the small circle.

It may be noted that r%, k% do not depend on A, v; i.e., the optimal parameter settings do
not depend on vehicle speed.

The Pareto-optimal set, defined by equation (39), is plotted in the oy, oF_, 04, -, space
(performance indexes space) in Figure 12. Geometrically, in this case (three-dimensional
space), the Pareto-optimal set is a surface. Figure 13 shows the projection of the
Pareto-optimal set (surface) depicted in Figure 12 on to the three planes (of_, 04,-4,), (0%,,
or_)and (oy,, 0., — ). The Pareto-optimal sets in the parameters domain (k,, r,) are shown
in Figure 14. k, is kept always at its minimum value.

The Pareto-optimal sets related to the problem formulated by considering only two
performance indices (sections 3.3.1, 3.3.2, 3.3.3) are obviously on the border of the projection
on to a bi-dimensional domain (plane) of the surface which represents the Pareto-optimal
set related to the problem with three performance indices. Moreover, they constitute the
boundaries of the Pareto-optimal surface.

3.3.5. Suspension parameters for optimal oy, o (2S-PSD)

When the road irregularity is defined by the 2S-PSD, the analytical derivation of the
Pareto-optimal set is rather impractical. So the Pareto-optimal set has been computed
numerically, i.e., k, and r, have been varied and the response of the model in terms of
o5, (equation (18)) and gy_(equation (19)) has been computed. The Pareto-optimal solutions
have been selected by directly applying the Pareto-optimality definition (25). The
approximated Parcto-optimal set is plotted in Figure 6 into the performance indices
domain and in Figure 7 into the parameters domain. Three different vehicle speeds (1, 10,
50 m/s) have been considered.

The relationship between k, and r, is different with respect to the case 1S-PSD as the
vehicle speed increases (see Figure 11).
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Figure 13. Projection of the Pareto-optimal set shown in Figure 12 in the discomfort (g%,) road-holding (o)
working-space (o, - ,) domain. Bi-dimensional projections. Plot in non-dimensional form, vehicle data in Table 1,
running condition data in Table 2. x, 2S-PSD: 1 m/s; +, 2S-PSD: 10 m/s; A, 2S-PSD: 50 m/s; O, ref. vehicle.

3.3.6. Suspension parameters for optimal o, 0., _ (2S-PSD)

The numerical procedure introduced in section 3.3.5 has been used to compute the
Pareto-optimal set referring to o5, and o, _,,. The Pareto-optimal set is shown in Figure 9.
Three different vehicle speeds (1, 10, 50 m/s) have been considered.

The shape of the curve (Figure 9) that represents the Pareto-optimal set 3, — 0, is
different from the curve obtained by considering the 1S-PSD, in this case the effect
of the modified road irregularity spectrum is less important with respect to the o5, oF_case.

3.3.7. Suspension parameters for the optimal o, — op_(2S-PSD)

The Pareto-optimal set considering o,,—,, and op_is shown in Figure 10 (parameters
domain) and Figure 11 (performance indices domain). Three different vehicle speeds
(1, 10, 50 m/s) have been considered.

The relationship between k, and r, is different with respect to the case 1S-PSD
(Figure 11). This is due to the fact that g,,_,, does not depend on k, when a road described
by the 1S-PSD irregularity is considered.

3.3.8. Suspension parameters for optimal o5, — 6p. — 0, —, (2S-PSD)

A numerical search algorithm has been designed [34] and used to approximate the
Pareto-optimal set considering three performance indices, namely oy,, of_, and o, _, . The
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Figure 14. Images of the Pareto-optimal set plotted in Figure 13 onto the k,-r, parameter domain. Plot in
non-dimensional form, vehicle data in Table 1, running condition data in Table 2. The optimal k,, r, must lay
within the indicated boundaries. The reference vehicle is not optimal within the speed range 1-50 m/s.

projections of the Pareto-optimal surface on to the performance index domain are shown in
Figure 13. The corresponding parameters are limited by the lines plotted in Figure 14.
Again three different vehicle speeds (1, 10, 50 m/s) have been considered.

4. CONCLUSION

Simple analytical formulae have been derived symbolically in order to describe the
response of vehicles to random excitation generated by the vertical road irregularity. Two
different road irregularity spectra have been considered (1S-PSD and 2S-PSD). The
analytical formulae should estimate with reasonable accuracy the dynamic behaviour of an
actual road vehicle running on rough road. On the basis of the derived analytical formulae,
a parameter sensitivity analysis has been performed with reference to relevant performance
indices, namely the standard deviations of the body acceleration (discomfort), of the vertical
force on the wheel (road holding), of the suspension stroke (working space).

Depending on the power spectral density of the road irregularity (1S-PSD or 2S-PSD)
and on the vehicle speed, the sensitivity of performance indices to suspension parameters
variations may dramatically change. This happens for example, referring to the influence of
the suspension stiffness on road holding, of the damping ratio on discomfort, of the body
mass on working space.

In the second part of the paper, by using the derived analytical formulae, a theoretically
rigorous method, based on Multi-Objective Programming (MOP) and Monotonicity
analysis, has been applied to find the best trade-off for conflicting performance indices such
as discomfort, road holding and working space.

In case the excitation is given by a simplified road spectrum irregularity (1S-PSD), simple
analytical formulae have been derived symbolically for the optimal compromise among
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discomfort, road holding and working space. Correspondingly, the optimal suspension
damping and the optimal tyre and suspension stiffnesses have also been derived symbolically.

If the excitation is defined by the simple road spectrum (1S-PSD) the optimal suspension
settings do not depend on vehicle speed. The opposite occurs when considering the
(2S-PSD) excitation spectrum. The best compromise between discomfort and road holding
is obtained by increasing (or decreasing) both the suspension stiffness and damping. The
relationship between stiffness and damping depends strongly on the vehicle speed if the best
compromise between road holding and working space has to be obtained.

When discomfort, road holding and working space have to be optimized contemporarily,
the optimal suspension parameters (stiffness and damping) have to be set within
well-defined ranges which have been derived (numerically) in the paper. The tyre radial
stiffness has always to be kept at its minimum value.

Some of the above conclusions are partially understood from road vehicle dynamics
research. The main contribution of the paper is the provision, in a rigorous way, and
(whenever possible) in analytical form, of the basic equations for describing and optimizing
the dynamic behaviour of vehicles running on randomly profiled roads.
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APPENDIX A: TABULATED VALUES OF THE INTEGRAL FORM

The tabulated values of I, for k = 4 and 5 reported in reference [30] are as follows

1 J“’O N(jo)N(—jw)

I =—
“T2n ), DGo)D(—jw)

where

N(jo) = me—1(jo) "' + - +no,

I,(k = 4) reads as

_ (N3¢ + (15 — 2nyn3)dod dy + (n7 — 2nony)dodsdy + ng(—dydi + dydsdy))
2dody(— dod3 — didy + dydyds) ’

Iy
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where
Cp = —dids + dod d,.
Is(k = 5) reads as

I — (N3 Cmo + (N3 — 203014) Cut + MyoCrmz + (N — 20015)Co3 + NG Cra)
> 2do(d1Cma — d3Cpz + dscpr) ’

where
Hmo = N3 — 20113 + 2nohy,

1/ds(d3cmy — diCma),

Cmo

—dods + did,,

Cm1
Cmy = —dods + dydy,
Cm3z = l/dO(dZCmZ - d4cm1)a

Cm4 == l/do(dzcm3 _— d4cm2).

APPENDIX B: NOMENCLATURE

S

circular frequency, rad/s

=y -1

reference circular frequency s, = av (2S-PSD), rad/s

break wave number (2S-PSD), rad/m

imposed displacement, m

road irregularity parameter (1S-PSD), m

road irregularity parameter (2S-PSD), m?

transfer function between ¢ and X,, 1/s?

transfer function between ¢ and F,;, N/m

transfer function between ¢ and x, — x;, dimensionless

power spectral density (PSD)

vehicle speed, m/s

tyre radial stiffness, N/m

suspension stiffness, N/m

suspension damping, Ns/m

unsprung mass, kg

sprung mass, kg

mass m, absolute vertical displacement, m

mass m, absolute vertical displacement, m

standard deviation of the road/wheel vertical force (road holding), N
standard deviation of the body acceleration (discomfort), m/s>
Or s, standard deviation of the suspension stroke (working space), m
1S-PSD one slope PSD (equation (7))

2S-PSD two slope PSD (equation (8))

* superscript indicating, Pareto-optimal performance index or parameter
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