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SIMULATION OF RANDOM EXTERNAL DISTURBANCE ACTING ON
THE CAR BODY IN THE URGENT BRAKING MODE

Abstract. Topicality. When creating ESP (Electronic Stability Program) car stability systems, the main task is to
determine the values of the varied parameters of the EBD (Electronic Brake Distribution) electronic block, which ensure
the required accuracy of stabilization of the car body in urgent braking mode relative to the given direction of movement.
The purpose of the article. To solve the problem of parametric synthesis of the EBD block, it is necessary to create a
simulation model of external disturbances acting on the car body from the side of the road surface. Well-known simulation
models are created for car movement modes on a random surface with a constant speed. At the same time, random external
disturbances are stationary in nature. The urgent braking mode is characterized by an intense decrease in the current speed
of the car. Results. The paper proposes a method of constructing a random function of an external disturbance acting on the
car body in urgent braking mode. It is proved that this perturbation is non-stationary in nature; the forming dynamic link,
the input of which is supplied with single "white noise", and the output of which is an external disturbance, is an oscillating
dynamic link, the gain and time constants of which depend on the current value of the car's speed during urgent braking.

Keywords: car course stability system; forming dynamic link; single "white noise"; non-stationary random function.

Introduction

Problem statement. The urgent braking mode is
one of the most dangerous driving modes of the car, as a
result of which some of the car's wheels are locked, as a
result of which the car loses its directional stability. An-
ti-lock braking systems (ABS) have become widely
used to prevent the wheels from locking by reducing the
braking force on the locked wheels. The effectiveness of
modern ABS systems depends on the state of the car's
driving surface and does not always meet traffic safety
requirements. Therefore, ESP (Electronic Stability Pro-
gram) stability control systems appeared in modern cars
at the end of the 20th century, the main task of which is
to help the driver in critical situations, primarily in ur-
gent braking mode. In those cases, when the anti-lock
ABS system is unable to ensure stable movement of the
car, the ESP system comes into play. It should be noted
that the possibilities of ESP for correcting skidding and
stabilizing the car body in a critical situation are not
unlimited. And if the speed of the car at which the skid
occurs is excessively high, or the grip between the
wheels and the road surface is excessively low, even the
ESP system can be helpless. The ESP system signifi-
cantly reduces the risks of skidding and an emergency
situation on the road, but does not eliminate them.

In works [1, 2], the problems of parametric synthe-
sis of continuous and digital ESP systems are solved
under the conditions of the requirement of maximum
speed, maximum margin of stability and maximum ac-
curacy. In the listed works, a mathematical model of the
disturbed movement of a car during emergency braking
was developed, which has the following form:
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where v, (t) is the current speed of the car; w(t) —
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angle of deviation of the main longitudinal central axis
of inertia of the car relative to the given direction of

movement; y(t) — lateral shift of the center of mass of

the car body relative to the given trajectory of move-
ment; M — mass of the car; g — acceleration of gravi-

ty; | —the moment of inertia of the car body relative to
the main vertical central axis of inertia; B - track
width; H,, — the distance from surface of movement of

the car to its center of mass; f; — the static component

of the car's movement resistance coefficient, which de-
pends on the type of road surface and wheel tread;

Af (t) — the dynamic component of the traffic re-

sistance coefficient, which depends on the micro-profile
of the road surface and is a random function of time;
po — the maximum value of brake fluid pressure in the

main brake cylinder; k- is the proportionality coeffi-

cient between the braking force on one of the sides of
the car and the pressure of the brake fluid in the line of
the corresponding side.

To analyze the dynamic processes of disturbed car
movement and the parametric synthesis of the ESP system,
it is necessary to add a simulation model of random exter-
nal disturbance to the mathematical model of disturbed car
movement. The development of such a model determines
the purpose and content of the proposed article.

Main material

Development of a simulation model. The works [3,
4] obtained expressions for the correlation function and
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spectral density of random irregularities of the surface of
movement of the car moving at a constant speed vy :

R (r)=Dge *0% cos piz ;
Sf (CD) = Df X
20V [vg (az +ﬂ2)+ a)z] (5)
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X

where Dy is the dispersion of the height of irregulari-

ties; a, B are correlation coefficients, the numerical

values of which for different road surfaces are given in
Table 1.

Table 1 — Values of correlation coefficients and dispersions
of irregularities for different types of road surfaces

Type of
road sur-
face
Asphalt
concrete
Cobble-
stone
Unpaved
road

a,mt| g,mt | Dj,m? fo

0,22 0,44 55-10°8 0,01+0,02

0,32 0,64 8,0-10% 0,02+0,03

0,47 0,94 11,6-10° | 0,03+0,05

In the process of emergency braking, the current
speed of the car v, (t) is reduced from the initial value

Vo to zero. The spectral density of a random variable
Af (t) is described by the formula

St [a),VX (t)]z Dy x
2av,, (t)[vi (t)(o:2 +ﬁ2)+w2}
ot + 202 (t)(a2 —ﬁ2)+vf (t)(a2 +pB° )2

In Fig. 1 shows spectral density curves (6), which
are constructed at different values of the car's current

speed v, (t) during emergency braking on asphalt con-

crete.
On each of the curves, we highlight three charac-
teristic points

St [0.vy (1)]. S¢ [a)p,vx (t)] and o, [ vy (1)],

the values of which are given in Table 2.

(6)

X

Table 2 — Dependence of the characteristic points of the
spectral density curves on the current speed of movement

Speed of

m(F))vement St [Ovi (t)] : @p[Vx (t)] St [mp*vx (t)J ;

vy (t) ms? m?s st m2s
25 0,396-10% 10,92 0,963-10°3
20 0,495-10°3 8,74 1,207 -103
15 0,66-1073 6,56 1,604 -103
10 0,99.10%3 4,37 2,407 -103
5 1,98.10° 2,19 4,813-10°%
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Fig. 1. Spectral densities of external disturbance
at different values of car speed

Consider a non-stationary dynamic link with a
transfer function W (s,t), where s is a complex varia-

ble of the Laplace transform. It is known [5] that the
spectral densities of the input x(t) and output y(t)

signals of the dynamic link are related by the ratio
Sy (a),t): R? (a),t)SX (o), )

where R(w,t) is the amplitude-frequency characteristic

of the non-stationary dynamic link.
Assume that the input signal of the dynamic link is
"white noise” x(t)=¢&(t) whose spectral density is

constant and equal to unity

Then the relation (7) will take the form
St [y (t)]=R*[@.v, (1)]. ©9)

According to fig. 1, it can be concluded that the
non-stationary dynamic link with spectral density (9) is
oscillatory, the transfer function of which is written in

the form
K| vy (t
W[s,v (t)] == 2[ ()] :
T [V (1) 8% + T [ vy (1) s +1
In relation (10), we replace s= jw. As a result,
we get

R [0,y (1)] = K2 [vy (1)]/
-2 v, ) + 0?72 v, (1)] -
=S5; [a),vx (t)]

In (11) we put @=0. As a result, we have

2fy = vy (1) ] = &
K [v (t)] =S¢ [0.vx (1) |= Dy vX(t)(a2+ﬂ2)

or Klve(t)]=0 S R— (12)
0] (et +7)

(11)
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where o is the mean squared deviation of the random

variable Af (t).

The time constants of the oscillating dynamic link
(10) are determined from the relations

L-0pT [ (1)]=0; St [p. vy (1) ] =
1 (13)

2T [v (0]

From relations (13) we have

1
T [ ()] == (14)

@p

1
To[w (t)]= : (15)

@p St [a)p,vx (t)]
Analysis of Table 2 allows us to write down:
op [ vy (1) ] =k (1) (16)
k

S t) vy (1) =——, 17
f{a)p[VX()] VX()} VX('[) A7)
where the coefficients k, and kg are equal to:

ky =0,44 m*; ks =24,065 me.

Taking into account formulas (16) and (17), the
time constants T, [vy (t)] and T,[v, (t)], determined
by formulas (14) and (15), are written in the form

T2[vy (t)] = 1t); T [y ()] = ——

k\lzv)% ( I(V kSVX (t)

In work [4], the dynamic link, the input of which is
supplied with single "white noise”, and the output is a
random signal with the given correlation function and
spectral density, is called a forming dynamic link.

Let's write the differential equation of the per-
turbed motion of the forming oscillatory dynamic link in
the form

. (18)

T2 [V (1) ] AF (1) + Ty [ vy (1) ]- Af (1) +
A1 (1) = K[ (0] £()

where the gain and time constants are determined by
formulas (12) and (18).

We will call the non-stationary differential equa-
tion (19) a simulation model of external disturbances
acting on the car body from the side of the road surface
during urgent braking.

In fig. 2 shows the solutions of the differential
equation (19) for different implementations of "white

noise” & (t), (j =1_3) The analysis of the given ran-

(19)

dom functions Af; (t), (j:1,_3) indicates their non-

stationary nature. Both the mathematical expectation
m¢ (t) and the dispersion Dy (t) of random functions

Af;(t) depend on the current time t €[0,t;], where t

is the braking time. Let's write equation (19) relative to
the higher derivative

1
T2 (v (1)]
_ T2 [VX (t)] Af (t)+ K [VX (t)]
U% [Vx (t)} g [Vx (t)]

The system of differential equations (1)—(3) and
(20) form a stochastic mathematical model of the dis-
turbed motion of the stabilization object.

Af ()= Af (t)-

(20)

£(t).
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Fig. 2. Random external disturbances in different
implementations of single "white noise™

Conclusions

The mode of urgent braking of the car is character-
ized by a continuous reduction of the current speed of
the car, therefore the previously developed methods of
modeling external disturbances acting on the body of
the car during movement at a constant speed are not
suitable in this case;

* it is proved that random external disturbances
acting on the car body during urgent braking are non-
stationary;

* the forming dynamic link, the input of which is
supplied with single "white noise", and the output of

which is an external disturbance Af (t), is an oscillating
dynamic link, the gain K and time constants T; and T,

of which depend on the current value of the car's speed
during urgent braking.
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ImiTaniline MoJe/TI0BaHHS BUNIAAKOBHX 30BHILIHIX 30ypeHb, 10 Ail0TH HA KOPILyC aBTOMOOIIsA
B pPe:KUMi TepMiHOBOI'0 raJibMyBaHHS

€. €. Anexcannpos, T. €. Anekcannposa, I. B. Koctanuk, 5. FO. Mopryn

AHoTaunisi. AktyanabHicTs. [Ipu cTBopenHi cucTeM KypcoBoi crifikocti aBromobinst ESP (Electronic Stability Program)
OCHOBHOIO 33/1a4€I0 € BU3HAYCHHS 3HAYCHD BAPIHOBAHUX IMapaMeTPiB EIEKTPOHHOTO OJOKY pO3IOIiTy TalbMiBHUX 3ycuib EBD
(Electronic Brake Distribution), siki 3a6e3ne4yiots noTpibHy TOUHICTH cTabimizamii KOpmycy aBTOMOOLIS B PEeXKUMI TEPMiHOBOTO
rajbMyBaHHs BiJHOCHO 33[IaHOTO HANpsMKy pyxy. Mera crarTi. [lyist BUpilieHHs 3a7a4i mapaMeTpuIHoro cuHTe3sy Ooky EBD
HEOOXIZIHO CTBOPUTH IMITalliiHy MOJEINb 30BHIIIHIX 30ypeHb, 110 JiF0Th Ha KOPITYC aBTOMOOIS 3 GOKY TOPOKHBOIO MOKPUTTSI.
Binomi imiTamiiiHi Mozeni cTBOpeHi [UIsl peXUMIB pyXy aBTOMOOUIS MO BHIAJKOBiil MOBEPXHI 3 MOCTIIHOIO MIBUIKICTIO PYXY.
[lpy upOMy BHUNAAKOBI 30BHIIIHI 30ypeHHS HOCATh CTAalliOHAPHUII XapakTep. PeXuMm TepMIiHOBOrO TrajlbMyBaHHSI
XapaKTePH3YEThCSl IHTCHCHBHAM 3MEHIICHHSM ITOTOYHOI IIBUAKOCTI pyXy aBToMoOuUIA. Pe3yabTaTh pociaimxennsi. B poboti
3allpONIOHOBAHO METOJ MOOYIOBH BHUIAAKOBOT (PYHKIII 30BHINIHBOTO 30YpEHHs, IO i€ Ha KOPIyC aBTOMOOUII B PEXKUMI
TepMiHOBOTO TajbMyBaHHs. J[0BeeHO, 110 Iie 30ypeHHs HOCHUTh HECTal[iOHApHUH XapakTep; GopMyroua AMHAMIYHA JIaHKa, Ha
BXIJl IKOT TOMA€EThCS OJMHOYHHMN «OUTMi mIym», a Ha BHXiJ — 30BHIIIHE 30ypeHHs, € KOJWBAIBGHOK THHAMIYHOKO JIAHKOIO,
KoeQilieHT MiACUICHHS Ta MOCTiHHI Yacy sSKOi 3alexaTh BiJ MOTOYHOI'O 3HAYEHHS LIBMAKOCTI aBTOMOOINS TiJ 4ac pi3Kkoro
rajbMyBaHHS.

Kaw4oBi c1oBa: cucremMa KypcoBoi CTIHKOCTI aBTOMOOIISA; GopMyroda TUHAMIYHA JIAaHKA; OJUHUYHHUHN «OUTHH HIym»;
HecTalllOHapHA BUTIAJKOBA (YHKIIis.
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