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MATHEMATICAL MODELING OF SPEED
CHANGE OF VEHICLES AT EMERGENCY
BRAKING

06’ exkmom docaidceniis € peKoHCMPYKYis PO3CUMKY MEXAHIZMY MA 06CMABUI DOPONCHHO -MPAHCROPMHOL NPU-
200u. Kniouosum momenmom 00Caiodcenns € 6CManosienis weuokocmi pyxy agmomodiis y 6yosb-aKui Momenm
PO36UMKY 00POACHLO-Mpancnopminoi npuzoou. Came mounicmy y BUsHAUEHHT WEUOKOCE PYXY ABMOMOBLLL 6NIUBAE
Ha xXapaxmep 0CHOBHUX BUCHOBKIG excnepmusu. [Ipu pospaxymky weudxocmi pyxy agmomobins excnepm eupiuye
360pomiy 3adauy, mobmo GUHAUAE WEUOKICIb 304 NOKASHUKAMU ePeKMUBHOCTI 2aNbMYBANHS ABMOMOOIL Mma
dosacunu caidy zaromysanns. 3a ocmanii 06a OecAmMupiuUs SMIHUIACS KOHCMPYKULL 24 lbMIBHOT cCUCMeMU A8Mo-
mobins. lanoma cmanu obradnysamu anmu-610Kysarviolo cucmemoro. Ilpu ypomy egexmusnicmo 2aivMysais
asmomobini6 3HaUH0 NOKPAUULACS. AL GUABUILOC, WO EKCREPMU He MONCYMb 00 EKMUBHO GUSHAYUMU WBUOKICMY
PYxXY asmomobins, axuil 001aonanuil anmu-610KYEaIbHOI0 CUCTREMOTO 2ATbM, TOMY U0 MAK] 241bMA He 3ANUULA -
10mo cii6 2aibMyBamnis Ha 0OPOICHLOMY NOKPUINMA.

IIpu pospobui ma eupiwenni uiei npobiemu 3 GU3HAUEHHA WEUOKOCT PYXY ABMOMOOINL, AKULL 001a0HaANULL
anmu-60KY6ANLHOI CUCTREMOIO 2ATbM, GUKOPUCTRANT Memoou Judepenyilnsanis ma inmezpyeanis CKAaonoi
Gynxuii. Ilpu nopisnaivHomy anauisy iCHYOU020 MA 3ANPONOHOBAN020 MeMOOié PO3PAXYHKY WEUOKOCTI PYXY
a8MoOMOOINAL 8 NPOUECT eKCMPEHO20 2ANbMYBANHL 3ACMOCOBAHUTL 2PAGTIUHULL MEMOO.

3a pesyromamamu po6omu po3pobIeHa MAMEMAMUYHA MOOCID 3 BUSHAYEHISA WEUOKOCTE PYXY A6MOMOOIN,
axuti 06aa0nanutl anmiu-010KYy8aIbHOI0 CUCTNEMOTI0 2alvM. LI moders dossonse epaxysamu 6naue Oii cui onopy
nogimpsi, 0noOpy pyxy ma onopy nNidiuomy e milvku 6 ycmaienii asi earvmysanis, aie i nio uac peaxyii 600is
Ma uac Cnpaubosyeaniis 2aivM. Ananiz mamemamuunoi MoOeNl NOKA3YE, W0 3d Ui IHMePeaiu uacy na asmomooiiy
6yoe disimu nesue cnosiivienis, ske 6yoe aneicamu 6i0 wWeUIKOCmi pyxy ma Cmamy 3a6anmanicenis asmomooiis.
Ipuuomy, dis cunu onopy nidtiomy s0amua 3nauno 30LILULYEAMU Ye CNOBLILHENHS | GAUCAMU 1A 3MINY WEUOKOCTMT
PYXY a8moMmobins. 3anponono8ana MamemMamuyna Mooeib Giivil mouno 6i006PaINCYE PearvHuil nPOYeC eKCmpenozo
2anpMy6anis agmomobins i 3ab6esneuye sHuIcents NOXUOKU PO3PAXYHKY WeUOKocmi pyxy asmomobis na 4—8 %
Y NOPIBHSAHHI 3 ICHYIOUUMU PO3PAXYHKOBUMU MEMOOAMU.
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Kmwouesi cnosa: doposcrvbo-mpancnopmua npuzooa, smMina weuoKocmi pyxy asmomoobiis, npoyec eKxcmperHozo

2aJlbMYBaHH S, aHmu-6ﬂ0Ky6aJlea cucmema eajlom.

1. Introduction

The relevance of the topic and its feasibility are due
to the fact that the problem of improving the methods of
investigating the circumstances of a road accident through
the development and improvement of new calculation me-
thods is constantly in the field of view of expert vehicles.

Analysis of the practice of investigating criminal cases
involving acts of criminal violation of road safety and the
operation of vehicles is evidenced by the following. In the
reports of the inspection of the place of road accidents, the
circumstances of the accident, road conditions, the nature
of technical damage to vehicles, traces on the road surface,
etc. are not always fully reflected. Using information from
the DVR during the auto-technical expertise determines the
following problems: there are objective complexities of using
data from the DVR to determine the speed of movement,
deceleration or acceleration, the coordinates of the location
of the car on the road. For example, as evidenced by the
relevant scientific and technical publications, the existing
calculation methods for assessing the braking efficiency
and the speed of the car give a deliberately significant
error. Therefore, a reasonable question arises about the
validity of the application of existing calculation methods

for estimating the parameters of the vehicle’s movement
during the investigation of an accident. The expediency
of solving this topical problem is the need to improve the
accuracy and objectivity of assessing the circumstances and
the mechanism for development of an accident in general.

2. The ohject of research
and its technological audit

The object of research is the reconstruction of the de-
velopment of the mechanism and circumstances of a road
traffic accident. An objective investigation of an accident is
carried out by experts and specialists on certain methods.
These expert methods allow to calculate the dynamics of
traffic in the process of road accident. The key moment
to all calculations of the parameters of the vehicle move-
ment is the establishment of the speed of movement at
different times. One forward is the vehicle speed before
braking. Also, an expert can be tasked with determining
the speed of movement at any time during the develop-
ment of the accident mechanism. Precisely the accuracy
in determining the speed of vehicle movement affects the
nature of the main conclusions of the examination. When
calculating the vehicle speed, the expert solves the inverse
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problem, that is, in terms of the braking performance of
the vehicle, the length of the braking trace determines
the speed of the vehicle at the beginning of the braking
and at different times. Experts used this method during
the 20th century. During this time the design of the ve-
hicle brake system was changed. The brakes were equipped
with an anti-blocking system. The effectiveness of braking
cars with anti-blocking system (ABS) has improved. And
at the beginning of the 21st century, in the developed
countries of the world, the relevant regulations were adop-
ted regarding the mandatory use of ABS on new cars.
Now the majority of cars, operated in the last decade,
are equipped with ABS. But it turned out that experts
can't objectively calculate the speed of the vehicle, it is
equipped with ABS, because these modern brakes do not
leave traces of braking on the road surface. The expert
did not understand what method to follow in such case.

3. The aim and ohjectives of research

The aim of research is improvement of the accuracy of
calculating the car speed in the process of investigating
an accident.

The objectives of research:

1. To develop a mathematical model for determining
the speed of vehicle movement in the process of emergency
braking.

2. To analyze the developed mathematical model.

4. Research of existing solutions
of the prohlem

In Ukraine, Belarus, Russia and some other countries in
the study of road accidents experts determine the speed of
the vehicle according to approved methods. These methods
give the best result for the accuracy of determining the
speed of movement of the vehicle in the case that the
driver managed to apply emergency braking. As a result,
braking traces remain on the road surface. In expert prac-
tice, these tracks are given special attention [1].

The problem of determining the speed of the vehicle
is complicated by the fact that modern vehicle brakes are
equipped with ABS, which does not allow wheel locking
to improve road safety [2].

In work [3] it is noted that one of the main factors
that predetermines the possibility of determining the cause
of an accident is the values of the speeds of vehicle move-
ment. This speed at the time of an accident, for example,
collisions in existing techniques are determined by the
operation of friction tires on the road, taking into ac-
count the traces of the braking distance. In many cases,
these methods may not be sufficient, since there are no
traces when braking modern vehicles equipped with ABS.

In the world automotive science, the formula for deter-
mining the coefficient of traction of wheels with the road
became dominant, depending on the longitudinal slip of the
tire [4]. In the work it is shown that when braking, the
tangential reaction R, for a given normal reaction R, will
reach its maximum value, when the degree of slip in the
contact of the wheel with the road surface will reach its
optimum value s=20 % . That is, this means that vehicles
equipped with ABS provide a higher coefficient of traction
of the wheels with the road. But with an increase in the
initial speed of vehicle movement before deceleration, this

coefficient of adhesion decreases. These factors are not
taken into account in expert techniques for determining
the vehicle speed in the process of emergency braking.

In the opinion of the author [5], the determination
of the vehicle speed just before the collision, transfer, pe-
destrian collision or immovable object is one of the most
urgent and difficult task in expert practice. Excess speed is
the most common violation of traffic rules. Exceeding the
established speed is in causal connection with the fact of
the accident and affects the severity of the consequences.

Of course, for the modern auto-technical expertise of
interest is the development of new methods for assessing
the parameters of vehicle traffic in the investigation of ac-
cidents. Thus, in [6], a method is proposed for determining
the speed of a vehicle during a collision, when there are
no basic parameters for the standard calculation model.
The calculation is based on the dynamics of the seat belt
load, which is used as a means to limit the movement of
people inside the car during a sharp slowdown. This indi-
rectly allows to determine the car speed at the time of the
accident. The application of this method is very limited.

At the present time, automated technical facilities have
become widespread in the field of traffic management, which
are integrated into an intelligent transport system. With
a constant increase in motorization, this can reduce emer-
gency, economic, environmental losses in road traffic by
15 % [7]. In case of violation of traffic rules, the creation
of an emergency situation, the information obtained in this
way can be used to investigate the circumstances of an
accident [8]. But such information systems only began to
be created and, as a rule, only in large megacities.

In European countries, experts widely use computer
simulation of the development of the mechanism of acci-
dents [9, 10]. For example, very close to the experimental data,
the results of estimating the braking efficiency of the vehicle
are provided by the software CYBID V-SIM-3.0.35 [11].
This program allows to take into account the difference
between the braking performance of the vehicle with and
without ABS.

In general, it is possible to state that at present for
experts in Ukraine there are no clear recommendations for
determining the speed of movement of vehicles equipped
with ABS. This leads to the possibility of different es-
timates of the speed of movement of the vehicle in the
study of emergency braking of the same vehicle, may have
different effects on the findings of the examination as
a whole and give a biased picture of the circumstances
and mechanism of the accident.

5. Methods of research

The most accurate method for estimating the speed
of the vehicle movement and its dynamics of braking is
testing and carrying out the experiment. But in the pro-
cess of an accident a car can get such damage that the
experiment will be impossible. Calculation methods used
by experts are also impossible to use, since for calculation
it is necessary to know the length of the braking track.

In the work, when studying the works of previous
researchers and determining the unsolved scientific prob-
lem, the method of analysis is used. When developing and
solving deterministic mathematical models for determining
the speed of vehicle movement during an emergency braking,
the methods of differentiating and integrating a complex
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function are used. In the comparative analysis of computa-
tional methods for determining the speed of movement of
the vehicle against time and in the process of emergency
braking, a graphic method is applied.

6. Research results

For the general account and analysis of the influence
of most factors on the dynamics of the car’s movement,
let’s consider the scheme of external forces and moments
acting on the car during its braking (Fig. 1).

In accordance with the design scheme, let’s write the
detailed equation of the vehicle’s movement, decelerating:

G;j —(G,cos ) (o+ )+

+3 o

Ta

—0.5¢,pF,0* G, sinA =0, @)
where P; — longitudinal inertia force of the vehicle, P, =
=m,j=(G,/g)j, H; G, — vehicle weight, N; P, — air resistance
force, P, =0.5¢,pF.0% N; ¢, — streamlining vehicle coefficient;
p — air density, p=1.225 kg/m? F, — frontal area of the
vehicle, m? A — magnitude of the longitudinal slope of the
road, degrees; j — steady deceleration of the vehicle, m/s%
g — gravity acceleration, m/s? ¢ — traction coefficient of the
wheels with the road; f — coefficient of rolling resistance.

The sum of the inertial forces from the rotating masses
of the vehicle and its longitudinal inertia force will be
the total inertia force of some conventional mass (reduced
mass), which can be expressed in terms of the coefficient
of influence of the rotating masses, on the basis of which
expression (1) takes the form:

G.j
8

8, — (G, cosh)(¢+ [)=0.5¢,pF.0* FG,sink=0, (2)

where §; — coefficient of accounting for rotating masses.

If there is no wheel slip, §; will equal to §; =1.04+0.04%.
To simplify the calculation, in view of the slight influ-
ence on this calculation, the value §; can be assumed
as §;=1.04 [12].

With the expanded equation of equilibrium of for-
ces (2), let’s express the deceleration of the car in case
of emergency braking:

.8 ;
i=5 [(Gacosh)(o+ )+ 0.5epF07 £G,sink],

+sinA |.

0.5¢,pF,v?
G ®

j= g[(cosk)(¢+f)+

a

The obtained mathematical model (3) allows to de-
termine the deceleration value for a given speed value.
In this case, the speed is an independent variable, ab-
stracted from time. But when the vehicle is decelerated,
the speed of movement is constantly decreasing in time.
Therefore, in order to take into account such changes,
let’s write down the mathematical model of the vehicle
braking dynamics in a differential form:

do 8 \ 0.5¢,pF,0? +sinh A
TR (cos )((p+f)+T_sm , (4)
or with the initial conditions:
do 8 A+sin 0.5¢.pF.0?
_E_S—j (@+ f)cosA+sin +T , )
U(O) =y,

where v, — speed of vehicle movement at the beginning of
braking with maximum intensity, m/s.

To solve this mathematical model, let’s write it in
a simplified form by making a substitution of complex
constants with new variables:

dvo g ,
'EZE‘TJ(“UZW)’ (6)
where
0.5¢.pF,
Wz%, s2/m?;

b=(¢+ f)coshtsinA.

Further, let’s express the speed of vehicle
movement, as:

do 8 dr
(b+oW) 3,

and take the indefinite integral:

Jo L farc

b+ W) @

Fig. 1. Diagram of external forces and moments acting on the car during braking:
P, — longitudinal force of car inertia; P, — air resistance force; 4, — car weight; P, — lateral
force; Ay, By, By, By — longitudinal (tangential) reactions in contact of wheels with the road
surface; Hyy, Hyp, Hys, Hy — lateral reactions in contact of wheels with the road surface;

Let’s reduce the left-hand side of expres-
sion (7) to the table integral of the form:

B, By, By, B,y — vertical (normal) reactions in contact of the wheels with the road surface; dx 1 X
M, Mp, M3 — inertial moments of the car relative to the axes of the coordinate system; J.iz —arctg—+C.
v — direction of vehicle speed; A — road gradient angle (a2 +x2) a a
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To do this, let’s perform the following conversion:

do

;J(b]=—§jw+a (8)

—+0?
w

After integration:

o)
v\/? = tg[\/ﬁ(—émcﬂ.

In order to determine the constant C, let’s substitute
into the expression (9) the values of the variables ¢ and o,
which correspond to the initial conditions of integration,
namely, £=0 and ©v(0)=0v,. Then the change in the speed
of the vehicle movement as a function of time during
emergency braking will occur according to the function:

fof el

1 fi
where C — const, C =——=arctg| vy4/— |, m/s.
oW f’[ ° bJ /

With the help of equation (10), it is possible to de-
termine the vehicle speed depending on the current time,
taking into account the geometric and weight parameters
of the vehicle, the effects of external forces and operating
coefficients (Fig. 2).

8

8—]t+C,

NI (—§t+C],
j

)

(10)

To analyze the effect of the coefficient of traction of
the wheels on the road on the speed of vehicle move-
ment, let’s write this dependence in the form of a linear
equation of the form:

¢ =0 — Ao, 1D
where @y — cohesion coefficient of the wheels at the speed
of movement close to 0 m/s; A — linear coefficient of the
function slope, s/m.

Substituting function (11) in expression (4), let’s obtain
a complicated mathematical model of the form:

do
de

= E((pocosk — Avcosh+ feosh £sind+o0*W),

5, (12)

after the transformation of which:

do g
—dt.
(@ocosh — Avcosh + fecoshtsinh+0°W)  §;

]

The solution of this differential equation is an indefi-
nite integral of the form:

do
J. (@ycosh— Avcosh+ fecosh £ sind+0°W) B
8
=-aja+a. (13)

This integral is reduced to the tabular form of the
integral of the form:

dx 1 x
J.mz EarCth+C.

After integration:

»  41.66 J2(=20W + Acosh
= —2\/§arctg ( )
< 2177 \/—A2+8W(f+q)0)cosk—A2 cos(2A)+8W sinA
Q =
8 1388 \\\ \/—Az+8W(f+(p0)cos7»—A2cos(27»)+8Wsin7»
g
0 1 23 4 5 =——1t+C,. 14
Time, s Sj 2 (14)
a
éﬁ 22.22 \\ For a further solution, let’s simplify expression (14)
B N by making a substitution of the variables:
2 1111 N
wn
V2(=20W + AcosA
0 1 2 3 4 5 —2\2arctg ( )
Time, s B 8
3 =— gt +C,, (15)
Fig. 2. Results of the calculation of the vehicle speed function as a function J
of time: a — Ford Mondeo, vg=36 m/s, b=(cosA(@+f)+sin))=0.85,
6=2050 g H, F=19 m? p=12 kg/m® 8=1.04, £,=03; where
b — Neoplan Tourliner, vg=25 m/s, b=(cosMe+f)}tsinA)=0.7,
5=9000 g H, F=8.23 m?, p=12 ky/m’, §=104, =079 J2(=20,W + Acos )
—2\/§arctg B
Thus, the proposed mathematical model allows to de- C,= B ;

termine the change in the speed of movement from time
to time, taking into account many other parameters —

{(p’f’ xvaj’cvamGa}-

Bz\/—A2 +8W(f +¢o)cosh—A%cos(21)+8WsinA, m/s.
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Further, from equation (15) let’s express v:

arctg B

2(—20W + AcosA B
J2(=20W + Acos )=—tg——§t+C2 ,
B 220§,

V2(-20W+Acos))| B
__22(_

then at the end:

_ B B g J2Acos)h

The suggested mathematical model allows to take into
account the influence on the vehicle speed of the depen-
dence ¢(v) for a certain tire brand.

Thus, on the basis of a more accurate description of
the emergency braking of the vehicle, a mathematical
model is proposed that allows one to take into account
the effect of air resistance on the change in the speed
of movement of the vehicle. And also the dependence of
the adhesion coefficient of the wheels to the road on the
change in the speed of movement, which was not taken
into account earlier in the theoretical estimation of the
vehicle speed.

In addition, existing mathematical models for deter-
mining the vehicle speed determine the effect of external
forces — air resistance Py, rolling resistance Py=/G,cos\
and resistance Pr=/G,cosA only in the deceleration area
with constant deceleration ;. Calculations show that in
case of emergency braking of the vehicle, the component S;
of the stopping path Sy will vary depending on the initial
speed of braking. So when braking at a speed of 60 km/h,
the stopping distance of the car will be Sy=51.8 m, of
which most of the stopping distance the car will move
without braking and only §;=20.1 m the car will pass
with a constant slowdown.

At a speed of 90 km/h the stopping distance of the
car will be 92.8 m, of which half the way the car will
move without braking. And only at the initial braking
speed of 120 km/h, when the stopping distance of the
car is 143.8 m, most of this way the car will pass with
a constant deceleration and a fairly large part — without
braking. This means that the existing methods of calculating
the speed of the vehicle during emergency braking can’t
account for the effect of the forces of air resistance, rolling
resistance of wheels and resistance to lifting by 40-60 %
of the length of the stopping road of the vehicle.

Therefore, to more accurately determine the speed of
the vehicle in the process of emergency braking, a hypo-
thesis is proposed about the need to take into account the
effect of external forces of resistance to movement on the
whole section of the stopping road of the vehicle. This

hypothesis has a certain basis, corresponds to the physical
essence of the movement of the real vehicle.

Let’s write the equation of equilibrium of external forces
and the moments acting on the vehicle during the reac-
tion time of the driver to the danger and the operation
of the brakes:

Guju

8, -G, fcosh—0.5¢,pF,0* ¥G,sinA =0, (17)

where j, — vehicle deceleration under the influence of
external forces (up to the moment of activation of the
brakes), m/s2.

Let’s write a mathematical model of the dynamics of
vehicle traffic during the time of the driver’s reaction
to the danger and the operation of the brakes in a dif-
ferential form and with the initial conditions:

do g ,
— = S 02 +G. si
"G, (G,,fcos?»+0.50~,pF_,v +G, sm?»), (18)
do g Feoshsinh 0.5¢,pF,0*
——=2| fcosAEsinh+——F— |,
dt 9, G, (19)
0(0) =0,

where o, — speed of vehicle movement at the moment of the
driver’s reaction to danger, m/s.

Let’s try to solve the problem of calculating the speed
of the vehicle in the process of emergency braking in
stages. First, the driver begins to react to the danger after
a time ¢, and then depresses the brake pedal, but the
start of the brakes is not instantaneous, but with some
delay ¢,. During these time intervals ¢, and ¢, the car
will go the way S,,,, where the braking will occur only
under the influence of the forces of air resistance, rolling
resistance of the wheels and resistance to lifting, if any.
Further on the site §; during the deceleration time t;,
the vehicle begins to grow intensively under the action of
braking forces, and the speed of movement decreases. And
in the fourth section during the time ¢, the vehicle brakes
with maximum efficiency (with a constant deceleration).

Known in this task are the technical parameters of
the vehicle, the value of the speed of the vehicle before
deceleration, the type and condition of the road surface,
as well as the value of the time intervals ¢, t,, t;, that are
taken according to expert data. Accordingly, the algorithm
for solving this problem is as follows. It is necessary to
compile and solve mathematical models of the change in
the vehicle speed for each segment of inhibition.

The speed function on the segments of the stopping
path is represented in a differential form. On the site:

do .
T (20)
v (0)=10,.

To solve equation (20), it is necessary to integrate it:

{[dv: —joJde+C,

C,=0v(0)=0,.

1)
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After integrating the table integral of the form Jdt =t+C,
let’s obtain an expression for calculating the speed of ve-
hicle movement on the section Si.,:

V=0, — Jot. (22)

Hence the speed of the vehicle at the end of the
site S, (on the back of the site Sy):

0y :Ua—ju.(t1+t2). (23)

Expression (23) is valid for the assumption that the
deceleration j, appears instantaneously in the case when
the ratio of the time of appearance of the deceleration to
the time of its action will be relatively large. In the case
when the time of appearance of deceleration j, will be
comparable with the time of this deceleration, the function

of increasing deceleration can be submitted as a linear
function of the form:

If, in the first approximation, let’s assume that the
deceleration j, increases in proportion to the given time
interval, we obtain one more formula for calculating the
velocity of movement of the TS in the section Si,,:

Jul
7
Let’s consider the process of braking of the vehicle in
the area Sy of the deceleration growth under the action of
braking forces. The function of increasing the deceleration j
of the vehicle in this part of the braking can be given as
a linear function of the form y=ax+b, which is given
by the coordinates (y,=0, x,=0), (y»=J,, x,=t;), where
js — steady deceleration of the car, m/s%. Then the coef-
ficients of the linear function are equal to a=j,/t;, b=0.
The function itself will take the form C= j(¢)=(j,/t;)¢. The
differential equation of the change in the speed of vehicle
movement on the section S5 will have the form:

(24)

Uy =0, —

do it
Cde (25)
0(0) =2,

the solution of which is the integral:
[do= —éjtdt+C
tg 3uy (26)
Cy, =0v(0)=10,.

After integrating, let’s obtain an expression for calcu-
lating the speed of vehicle movement in the segment S,
of the stopping track:

it

T,

Hence the vehicle speed at the end of the section S
will be:

=0, (27)

jxt3
U =05 (28)
If in §; the factors affecting the braking process of the

vehicle are other factors than the effect of external forces,

for example, a change in the coefficient of traction of the
wheels with the road from the speed of movement, then
it is possible to express the braking efficiency through
the steady deceleration:

[ do
7= s

dt . (29)
9(0)=0,=0 —&
| —to— 02 2 )
[do=—j [di+Cu,

jits (30)

v(O):vozvz—Tsz

After integrating, let’s an expression for calculating the
car speed any time ¢ in the segment §; of the stopping path:

jst3 . . jstB .
it =0 —]m(t1+t2)—7—]sf-

(C2))

On the basis of the calculated formulas, an expression
can be written for calculating the initial speed of the
vehicle equipped with ABS, in case of emergency braking:

. . . . t3
vazjm(t1+t2)+ 92 +]xt4=]m(t1+t2)+]x §+t4 . (32)

An analysis of the developed mathematical model shows
that when the influence of external forces of resistance
to the movement on the entire extension of the stopping
track on the vehicle is taken into account, the speed of
the vehicle’s movement from time to time will vary more
intensively. This will affect the shortening of the stop-
ping path of the TS in comparison with the calculations
that are performed according to known methods (Fig. 3).

25 ! 22\1‘ 100
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2 10 40 &~
w

5 20

0

Time, s

Fig. 3. Influence of calculation of change of speed of vehicle movement
on length of a stopping way: 1 — under existing expert method;
2 — according to the developed method; 3 — according to the developed
method, on an ascent with a slope of 6 %

The difference in determining the speed of the vehicle
during emergency braking will be 4-8 % depending on
the chosen calculation method. It should be noted that
under real conditions of brake tests, the vehicle speed
will change even more intensively (it is below curve 3).
This can be explained by the fact that vehicles equipped
with ABS have higher braking efficiency.

7. SWOT analysis of research results

Strengths. According to the research results, a mathe-
matical model is developed to determine the car speed,
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which is equipped with ABS. The proposed mathematical
model more accurately reflects the actual process of emer-
gency braking and the change in the car speed, provides
a reduction in the calculation error in comparison with
existing calculation methods.

Weaknesses. The calculation process according to the
proposed mathematical model requires more initial data
than the usual expert calculation. To obtain this data, it is
necessary to have additional sources of objective informa-
tion, for example, records from the DVR. This increases
the cost of conducting a thorough study.

Opportunities. The next step is the application of the
developed mathematical model in the computer simula-
tion of the reconstruction of an accident to improve the
objectivity of the conclusions of expert studies.

Threats. At present, for the reconstruction of the road
accident there are no clear recommendations for determining
the speed of the car equipped with ABS. This leads to
the possibility of different estimates of the speed of the
same vehicle during the reconstruction of road accidents by
various specialists. This may have different effects on the
findings of the examination as a whole and give a biased
picture of the circumstances and the development of the
accident mechanism.

1. A mathematical model is developed to determine
the car speed in the process of emergency braking. The
model allows to take into account the impact of external
forces of resistance to movement in the current phase of
braking, as well as during the reaction of the driver and
the timing of the brakes. An analysis of the mathematical
model shows that during these time intervals a certain
deceleration will act on the car, which will depend on the
speed of movement and loading of the car. The action of
the resistance force to lifting can significantly increase the
deceleration. All this significantly affects the calculation
of the car speed during the investigation of an accident.

2. Analysis of the developed mathematical model shows
that when considering the effect on the vehicle of external
forces of resistance to movement throughout the exten-
sion of the stopping distance, the speed of the vehicle’s
movement from time to time will vary more intensively.
The proposed mathematical model provides a reduction
in the error in calculating the speed of the car during an
emergency braking by 4-8 % compared with the existing
expert method.
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