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Parametric synthesis of car suspension
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Abstract. Problem. When driving a vehicle with comfortable suspension settings, there is a high
probability that such adjustments may, firstly, cause discomfort to the driver and passengers, and
secondly, when cornering, there is a high probability that the vehicle will overturn. A stiffer
suspension leads to discomfort when driving on bumps. To choose the optimal parameters of the car's
suspension, it is necessary to take into account the various parameters of the car's suspension, its
settings and the features of the road surface. Goal. The goal is solving the problem of choosing the
values of the varied parameters of the car suspension — the coefficients of stiffness of the elastic
elements and the average values of the damping coefficients of the shock absorbers, which provide a
comfortable state of the driver and passengers while driving. Methodology. The approaches adopted
in the work to solve the problems are based on the algorithmic method of parametric synthesis of
dynamic systems. Results. The maximum values of generalized coordinates, speeds and accelerations
of the sprung part of the car body were obtained, as well as the minimum values of functionalities;
with the help of ratios, it is possible to estimate the values of weights of additive functionality based on
MathCAD software package. With the help of the algorithmic method of solving the problem of
parametric synthesis of a dynamic system it is possible to automate it. Analysis of the process with the
specified coefficients allows to detect high efficiency of damping of vertical oscillations of the under-
sprung part of the car body. The amplitude of the linear displacement of the center of the body mass
does not exceed 0.02 m, and the amplitude of the generalized velocity of the centre of mass of the
housing sprung part does not exceed 0.08 m/s. Originality. The obtained parameters allow to
minimize the time for selection of average values when designing the vehicle suspension. Practical
value. The results can be recommended when studying the design features of vehicle suspensions.
Thanks to the optimization of the MATLAB software package, modeling with different suspension
parameters is possible.
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Introduction may be limited due to poor stability or lack of
smoothness. Therefore, the final evaluation of
the car is carried out taking into account the
whole set of performance properties. The
smoothness of the car when moving on roads
with uneven surfaces depends on the component
characteristics of the car, the parameters of the
suspension and tires.

Smoothness of the car is a set of its proper-
ties that characterize the possibility of prolonged
movement on rough roads in the range of oper-
ating speeds without disturbing the discomfort
and fatigue of the driver and passengers, damage
to cargo and the occurrence of excessive dynam-
ic loads in the element’s car.

The main indicators of smoothness are the
levels of vibration load of the driver, passengers,
cargo and characteristic elements of the chassis
and body. Estimation of the level of vibration

The car is part of the system "car - driver - envi-
ronment” (here the "environment" also means
the road on which the car moves), and its prop-
erties are manifested in interaction with the ele-
ments of this system. Therefore, the significance
of a certain performance property in the evalua-
tion of the effectiveness of the car depends on
the conditions in which this property is mani-
fested, ie on the operating conditions. All per-
formance characteristics are closely related, and
the change in the design properties of the car,
the improvement of one of the properties, inevi-
tably affects the others. So, for example, stabil-
ity improves at decrease in the center of weight
of the car, however at the same time its passabil-
ity can worsen. Traction and speed properties
determine the maximum speed of the car, but it
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load is performed on the basis of root mean
square values of vibration accelerations (vibra-
tion accelerations) or vibration velocities (vibra-
tion velocities) in the vertical and horizontal
directions.

When the wheels of a car hit road bumps,
there are dynamic forces that are transmitted to
all its elements, the action and the passengers in
the car, as well as the goods transported. The
main elements that protect the car from the dy-
namic effects of the road and reduce vibrations
and vibrations to an acceptable level are the sus-
pension and tires.

The oscillations of the car caused by the une-
venness of the road, usually lead to the deterio-
ration of some of its operational properties, the
worse the quality of the road the worse the
smoothness of the car. In particular, due to the
need to limit speeds, which leads to failures due
to high dynamic loads in various parts of the car,
the deterioration of smoothness leads to reduced
car productivity, increased costs for mainte-
nance and repairs, which ultimately, leads to an
increase in the cost of operation of the car. Rap-
id driver fatigue in cars with poor smoothness
significantly affects traffic safety. The accepta-
bility of the level of oscillations that occur in
cars during their movement on the road, we are
primarily assessed by the effects of these oscilla-
tions on the driver and passengers. There are
many works aimed at finding gauges and sen-
sors that are used to assess the smoothness of
cars. However, as a result of these works, no
generally accepted indicators and norms have
been developed that would allow a comprehen-
sive assessment of the smooth running of vari-
ous cars.

An approximate assessment of the smooth-
ness of the course can be made by comparing
the measurements of oscillations that occur dur-
ing the movement of the car on real roads, with
the corresponding measurements that character-
ize the oscillations of man in the process of
walking. A person gets used to such oscillations
from childhood, and if the indicators of his os-
cillations in the car do not exceed those occur-
ring when walking, the smoothness of the car
will be acceptable.

The estimation of these oscillations can be
performed according to two main parameters -
frequency and rms vertical acceleration. Scien-
tists consider the limits of oscillations equal to
1.2 - 2 Hz to be the most acceptable. RMS verti-
cal accelerations should not exceed: for comfort
- 0.1 g; for the limit of comfortable driving -
0.25 g; at short action - 0,40 g.

Analysis of publications

The task of synthesis of the car suspension sys-
tem, which corresponds to the choice of such
defined parameters, suspension elements, so that
perturbation of the suspension part of the body
when moving the car on a random traffic surface
with specified stochastic characteristics meets
certain requirements.

In the first scientific publications on the
smoothness of vehicles, the choice of parameters
of springs and shock absorbers of vehicles was
made by analyzing their impact on the dynamic
processes of forced oscillations of the sprung
part of the body when hitting a step inequality
[1]. In works [2-8] for research of smoothness of
the course of wheeled and caterpillar vehicles
their disturbance at rectilinear movement on a
surface of a sinusoidal profile is found. Atten-
tion was paid to the study of resonant phenome-
na, in which the perturbations acting on the
sprung part of the body reach a maximum, and
the values of variable parameters of the suspen-
sion were selected from the resonance condi-
tions in the operating range of the basic speed.
In [9-12] the problem of stochastic modeling of
the random surface of the vehicle is considered,
and the choice of variable parameters of the sus-
pension is made on the condition of minimal
linear and angular deviations of the sprung part
of the body from the state of equilibrium.

In [13] the basics of the algorithmic method
of parametric synthesis of dynamic systems
based on the use of the Optimization Toolbox
procedure of the MATLAB software package or
the Minimize procedure of the MathCAD soft-
ware package are presented. Using the algorith-
mic method, the solution of the problem of par-
ametric synthesis of a dynamic system can be
fully automated, including the choice of weights
of the additive functional of the quality of the
dynamic system, which reflects a set of re-
quirements for the dynamic system.

Purpose and Tasks

The aim is to select the optimal parameters of
the car suspension and automate the process of
selection of these parameters using the algo-
rithmic method of parametric synthesis of dy-
namic systems. The process with these coeffi-
cients allows to detect high efficiency of damp-
ing of vertical oscillations of the sprung part of
the car body.

Parameters of the values of the generalized
coordinates, speeds and accelerations of the
sprung part of a car body, and also the minimum
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values of functionalities will allow to minimize
time for selection of average values at designing
of a suspension bracket of the vehicle.

Measuring the zone of soil density when it is
punctured by an asymmetric cylindrical tip

The system of differentials, which describe the
restless motion of the sprung, parts of the car
body, can also look [9]:
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The right-hand sides of the differential equa-
tions are generalized forces acting on the sprung
part of the car body from the side of the road
bumps. The simulation model of external per-
turbations acting on the sprung part of the body
from the road side is the microprofile of the traf-
fic surface on the right and left sides of the car,
it is assumed to be the same. Assume that the car
is moving on a certain type of soil with known
characteristics at a con-stant speed. In this case,
random oscillations of the sprung part of the
body can be considered stationary, flowing over
time relatively uniformly.

In [10, 11], the correlation function and spec-
tral density of a random process h(t) are pro-
posed to be represented as:

K (t) = De " cospvr, 3)
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S(w)=D (4)

where h (t) is the value of the variance of the
random process; correlation coefficients. Nu-
merical values for different road conditions are
given in Table 1.

Table 1 Numerical values of correlation coeffi-
cients and variance of pave-ment irregu-

larities
Type Asphalt Bridge Dirty road
Coeff. road paving
a, mlc 0.22 0.32 0.47
B, mie 0.44 0.64 0.94
D, m? 0.144-10° | 0.576:10% | 0.11-10%

where pmax is the maximum density of the soil in
the side wall of the hole, which acts when x =0
and is in the opposite direction from the bevel of
the front surface of the cylinder. In [11] the con-
cept of forming a dynamic link is introduced,
which means a link with a transfer function, the
input of which is given a single uncorrelated
"white noise", and the output is a stationary ran-
dom process h (t), and it is also shown that for
the process h (t) with stochastic characteristics
(7) and (8) the transfer function of the forming
dynamic link is written in the form:

W(E)ZL{h(t)}z _ K

T2S +T,S+1

(%)

the values of time constants and gain factors of
the forming dynamic link for different road con-
ditions and different speeds of the car are shown

in Table 2.

Table 2 Values of the parameters of the forming
dynamic link
Road type
Speed Asphalt Bridge Dirty road
road paving

K=0.007m | K=0.01m K =0.04m
5mst | T1=03c¢ T1=02c¢ T1=02¢
T2=2.3C T2=1.60 T2=0.90
K =0.005m | K=0.008m | K=0.03m
10 IT'IS'1 T1=0.1C T1=0.1C T1=0.1C
T2=1.60 T2=1.1C T2=0.60
K=0.003m | K=0.006m | K=0.02m
20mst | T1=0.08c¢ | T1=006c¢ | T:=0.05c¢
T2=1.1C T2=0.8C T2=0.4C

The differential equation of the dynamic link
is written as:

T2h(t) + T,h(t) + h(t) = KE(t).

(6)

As a result, the simulation model of external

influences acting on the sprung part of the body
when moving the car on a random surface is a
set of differential equations (10).
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Ideal for the car would be a suspension that
would provide minimal linear and angular de-
viations of the sprung body from their values in
a state of static equilibrium and minimal dynam-
ic effects on the driver and passengers. Formali-
zation of these requirements leads to the re-
quirement of a minimum of the integral quadrat-
ic functional:

@= {][Bz L) +B325 (1)
)= R 1ZKJ- + ZZKj +
(i=LN) (3

203 (1) + B0 (1) +B225 (1) + B2p4 (0 Jdt} - (7)

2
(R4D + DSpjpns = DI p,dx.

0

Let's make the characteristic equation of a
suspension bracket of the car:

det[ A(a)—es]=0. (8)

Substitute a matrix into the equation and
opening the obtained determinant we obtain the
coefficients of the characteristic equation asso-
ciated with the coefficients of the differential
equations.

Algorithmic method for solving problems of
parametric synthesis

The problem of parametric synthesis of the car
suspension system formulated above belongs to
the class of nonlinear programming problems, in
which the objective function is calculated ac-
cording to the following rule. Introducing new
components x;(t)=h(t) x(t)=h(t) in a dy-
namic system.

The first step in solving the problem of par-
ametric synthesis of the car suspension is to
build a set of allowable values of the parameters
of the sus-pension, which vary G,, you must

select a value & and C which limit the

max

area G,. At the stage of developing a car pro-

ject, this stage does not cause significant diffi-
culties.

The second stage is the choice of weights of
the additive integral quadratic functional, the
algorithm of which is as follows. The functional
is presented in the form of a balanced sum of
private functionals. Through

1) (), 1; (@), I;(a), I;(a), I, (a), I;(a) denote the

minimum values of private functionals obtained
by solving the problem of parametric synthesis,

max !

provided that each of the private functionals is
minimized separately. The solution is to find the
minimum for the & € G, functional 1, («). Any

of the known numerical methods for solving the
problem of nonlinear programming, including
the most common Nelder-Mead method, imple-
mented in the software Optimization Toolbox
and Minimize in interactive environments
MATLAB and MathCAD, respectively, allows
you to find the closest to the starting point,
a € G, local minimum of functionality. Integral

quadratic func-tional has a single minimum on
many variable system parameters. Let us denote
the minimum value of the private functional at

the point a, € G, through 1. We will also find

the points «;,€G,, «a,€G,, a,€G,,

a,€G,, a;€G, and values of the corre-

* * *

sponding functional points 17, 1,,1,,1;,1;.

Having obtained the values of the weights of
the additive functional, we move on to the third
stage - finding the optimal vector of the parame-

ters of the suspension, varying «, € G, . This is

done using the software products Optimization
Toolbox and Minimize similar to the optimiza-
tion of private functionality. As an example,
consider the problem of parametric synthesis of
the undercut system of the car, the values of
mass, inertial and geometric characteristics of

which are: G, =17-10°H; 1,=37-10°H;
4

r=2: q=2; a=>Y1=-0,076m;
i=1
4 4

u=> 17 =8563m% p=>1,=-0,068m;
i=1 j=1

4
v=YI?=8539m’.

=1

Values o,,, and cmax area G, selected equal:
3 -1. 3 -

max =30-10°H -m™; 5., =8-10°H -m™ -c.

Taking into account the given values of the

parameters of the suspension system of the car,

the coefficients of the characteristic equation for
the example, take the following form:

a, =-2,308-10°5;  a,2=-2308-107s;

a;,=0,039-1075 a,, =0,044-107s;
! -3 . 3

A, =-2,308-10"°5; a,, =0,0205-107° s.

Substitute into the characteristic equation and
make a replacement in it. Let's separate the real
and imaginary parts and equate them to zero.

C
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We write down the relations for the boundary of
the stability region of a dynamic system in the
plane of varying parameters (J, c¢) c=1,656°.

Let us distinguish the region of stability in
the plane (J, ¢) bounded by a parabola and the
lines Cmax and Smax. The shading is directed in-
side the area of stability. Thus, the area has the
form shown in Fig.1.

35 ¢
kHw!
30 }

0 1 2 i 4 5 L 7 g xHwcq
d

Fig. 1 The range of parameters of the suspen-
sion, which varies

By choosing the values of the varied parame-
ters of the suspension, corresponding to different
points of their allowable values in the field, you
can estimate the maximum values of the gener-
alized coordinates on the solutions of the sys-
tem.

In the example, the values of these coordi-
nates are: Zma=0,15 m;  @umx =0,15;
Zkmax=0,45 MSY; pmax =0,42 S, Zymax=2 MS;
@xmax =0,42 §72,

The next stage in the process of parametric
synthesis of the car pi drive is the search for the
minimum values of the functionalities using the
software products Optimization Toolbox or
Minimize. In the assessment of private function-
alities, the condition was introduced that the
movement of cars near the asphalt concrete at a
speed 10 ms?. Using the obtained maximum
values of generalized coordinates, velocities and
accelerations of the sprung part of the car body,
as well as the minimum values of private func-
tionals, with the help of relations we estimate
the values of weights of the additive functional.
Finally, the last stage of the process of paramet-
ric synthesis is the search in the Ga region for
the minimum of the additive integral quadratic
functional. Minimizing the value using the algo-
rithm described above x7 (T, ¢, ), for the exam-
ple under consideration, we obtain the optimal
values of the parameters of the suspension
6*=4,012-103 H'm*-c and ¢*=15,01-103 H-m™.

In Figure 2 shows a cross section of the func-
tion I (c, o) by a variable value 6 and at c=c*.

025
Lid.cl|,
02 F N
015 +

(IR

005 -

10 401108 Hwule 10

Fig. 2 The intersection of the function | (c, J) on
the variable value of 6

In fig. 3 shows random processes of coordinate
change x1(t)=zK(t) and x2(t)=zK(t) when mov-
ing the car on the asphalt pavement at speed 10
m-st with the selected optimal values of the pa-
rameters of the suspension system. The analysis
of processes allows to draw a conclusion about
high efficiency of damping of vertical oscilla-
tions of the sprung part of a car body. The am-
plitude of the linear displacement of the center
of mass of the body does not exceed 0,02 m, and
the amplitude of the generalized oscillation
speed of the center of mass of the sprung part of
the housing does not exceed 0,08 m-s2.

Conclusion

The suspension system of the car should not be
too rigid to avoid increased dynamic effects on
the driver, passengers and goods transported,
and should not be too soft to avoid seasickness
in the driver and passengers.

The formalization of the requirements for the
car suspension leads the solution of the problem
of parametric synthesis of the suspension to ex-
plain the minimum of additive integration quad-
ratic functional with unknown weights calculat-
ed by the mathematical model of perturbed mo-
tion of the sprung part of the car body on the
software product Optimization Toolbox or Min-
imize, with simultaneous estimation of values of
weights of the minimized additive functionality.
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ITapameTpu4HUii CHHTe3 MiABICKH aBTOMOOiIA

Anomauyin. Ilpoonema. 11io uwac pyxy mpancnopm-
HO20 3ac00y 3 KOMQOPMHUMU HATAWMYEAHHAMU
nioGICKU BeIUKA UMOGIPHICIb MO20, WO MaKi HAla-
WIMYBANHA MOJICYMb NpUGeCmuU no nepuie 00 OUCKOo-
Mpopmy 800ia ma nacazxcupie no opyee 8 nosopo-
max € eenuxa UMOGIpHICMb nepesopomy asmomooi-
as. Binew ocopcmra nidgicka npuzeooums 00 ouc-
KoMopmy nio uac pyxy no 0OpO#CHIX HepiBHOCMAM.
s eubopy onmumanvbHux napamempie nioicku
asmomobinisi HeoOXiOHO epaxogysamu pi3Hi napame-
mpu nioGicKu asmomoOins il HaiQumyeamwHs ma
ocobausocmi 00podxcubozco noxpumms. Iine. Bupi-
wennsa 3a0ayi eubOpy 3HAUEeHb 6apiliogaHux napa-
Mempig niosicKu asmomobiis - KoeQiyicHmie Hcop-
CMKOCMI NPYI’CHUX eNeMeHmi8 I cepeOHiX 3HaueHb
Koegiyicumie Oemnghyganus amopmu3amopis, AKi
3abe3neuyroms KoMpopmuul cman 800is i NACAN*CU-
pis nio uac pyxy mpancnopmnozo 3aco6y. Memooo-
nocia. Ilioxoou nputinami 6 pobomi Oas pileHH:
nocmaegieHux 3a0ay IPYHMyloOmsvCa Ha an2opummiy-
HOMY MemoOi napamempuiyno20 CUHme3sy OUHAMIY-
Hux cucmem. Pesynomamu. Ompumani MaxcumanbHi
3HAYeHHs V3a2anbHeHUX KoopouHam, weuokocmeu i
npucKopens NiopecopeHoi Yacmunu KOpnycy aemo-
MOOLNS, a MAKONC MIHIMANbHI 3HAYEeHH QYHKYIOHA-
78, 3a 00NOMO20I0 CHIBBIOHOUWEHb MOJNCIUBO OYi-
HUMU 3HAYEHHS 8A208UX KOeDIYieHmie aoumueHo20
@yHKYioHany 3aCHOBAHO20 HA GUKOPUCANHI NpOYe-
oypu Optimization Toolbox npocpamnozo naxema
MATLAB abo npoyedypu Minimize npoepamnozo
naxkemy MathCAD. 3a 0onomozoio arzopummiuno2o
Memoody piulenHsa 3a0ayi Napamempuinozo0 CUHmMe3y
OUHAMIYHOI cucmemMu MOICIUBO NOGHICMIO A8MOMA-
musyeamu. Ananiz npoyecy 3 3adanumu KoegiyicH-

mamu 00360J5€ GUABUMU BUCOKY eheKmusHicms Oe-
MNnQhipyBanHa 8epMUKATLHUX KOAUBAHb NIOpecopeHol
YACTMUHYU KY308a A8MoMo0inA. Amniimyou aiHitiHo20
nepemiueHHs YeHmpy mac KOPnycy He nepesuuyye
0,02 m, a amnnimyoa y3a2anbHeHOl WEUOKOCMI KO-
8aHb YEHMPY Mac NIOPecopPeHoi YacmuHu KOpnycy He
nepesuwye geauvyunu 0,08 m-c-1. Opuzinanvnicme.
Ompumani napamempu 00380J5110Mb  MIHIMIZY8amu
uac Ha niobip cepeoHix 3HAYEeHb NPU NPOEKMYEAHHI
niosicku mpancnopmrnozo 3aco6y. Ilpakmuuna yin-
Hicmb. Pesynomamu moocyms 6ymu pekomeHO08aHI
nio yac euueHHs 0cobaUBOCMEl NPOEKMYBAHHI NiO-
8ICOK MPAHCNOPMHUX 3ac00i8. 3a80saKu onmumizayii
npoepamnozo naxkema MATLAB mosciuee moodenio-
BAHHS NPU PIZHUX NApAMempax niogicKu.

Knrouogi cnosa: npoexmysanns niogicku, niogicka
asmomobins, niasricms pyxy, OUHAMIYHA cucmema.
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