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The main purpose of active vehicle safety systems is to prevent an emergency situation. If such a situation
arises, the system independently (without the participation of the driver) assesses the probable danger
and, if necessary, prevents it by actively intervening in the driving process.

One of the ways to increase the active safety of vehicles when braking is the use of anti-lock braking
systems (ABS). The main problems in ensuring the operation of the ABS, built on different control
principles and with different control parameters, are the impossibility of directly determining the vehicle
speed and, as a result, the slip coefficient, as well as the inability to effectively respond to changing
road conditions during braking. For example, when braking on a slippery supporting surface and trying
to avoid an obstacle in front, there is a risk of losing traction and skidding. The algorithms of the ABS
operation developed at present do not ensure the prevention of the occurrence and development of
skidding under the conditions indicated above.

The aim of the work is to increase the stability and controllability of two-axle vehicles with one driving
axle during braking due to the adaptive redistribution of braking forces on the wheels. An algorithm for
the operation of an anti-lock braking system with adaptive redistribution of braking forces on the wheels
of a vehicle is proposed. Thanks to this algorithm, when braking on a slippery surface of a two-axle
vehicle with one driving axle, the absence of wheel blocking and also skid resistance are ensured. The
efficiency and effectiveness of the proposed algorithm when braking a two-axle vehicle with one driving
axle on a slippery supporting surface were proved by the methods of simulation.
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Introduction

The anti-lock braking system (ABS) is one
of the solutions to the problem of increasing
vehicle active safety during braking. Recognizing
this fact, the legislators of several countries are
encouraging vehicle manufacturers to implement
the ABS. As a result, in Russia, all M2 buses
with more than 8 passenger seats are required
to have an ABS (in the European Economic
Community, since 2004, every new vehicle has
been equipped with an ABS). Simultaneously,
the algorithms for controlling ABS operations
are being improved, resulting in a higher level
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of control over vehicle movement parameters

during braking.

Based on the control parameters, the ABS is

categorized by the following [1-6]:

e the wvalue of the wheel slip coefficient
corresponding to the maximum wheel
adhesion (s-regulation);

e the maximum interaction coefficient value
(u-regulation); and

e the value and sign of the du/ds parameter,
which characterizes the degree of approach
to the maximum adhesion (gradient
regulation).
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When using s-regulation, the following basic
algorithms and their combinations are typically
used [7-13]:
 the equality mode of angular wheel and linear

decelerations of the vehicle;

» the wheel slip coefficient and its further
maintenance within the specified limits; and

» the threshold deceleration of the braking
wheel.

Most of the disadvantages of s-regulation are
since  neither wheel slip nor wheel
deceleration provides sufficient information
to determine the optimal braking force control.
The impossibility of directly determining
vehicle speed, and thus the slip coefficient,
and the impossibility of effectively responding
to changes in road conditions during braking
are the main problems in ensuring ABS
operation based on different principles and with
different control parameters.

This work is aimed at increasing
the stability and controllability of two-axle
vehicles during braking owing to the adaptive
redistribution of braking forces on wheels.

Algorithm for estimating vehicle

movement parameters during braking

Wheels are known to slow down with
an increased braking torque during braking.
At a certain point, the wheel deceleration exceeds
the value that the vehicle deceleration cannot
physically exceed. As the braking torque
increases, the wheel declaration (not the vehicle)
also increases. The physical vehicle declaration
determines wheel deceleration threshold ®, , and
can be approximately calculated as follows:
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where a,, is the current linear vector
of acceleration projection a, of the wheel
center O (Fig. 1) on the plane of its rotation; 7, is
the static radius of the wheel.

To determine a,, , we consider the accelerat
ion plan for the wheel center during curvilinear
vehicle movement and assume that the rolling
plane of the wheel is perpendicular to the flat
support base.

The acceleration a, (Fig. 1) of point O (wheel
center) during plane motion is equal to the vector
sum of acceleration a. of the center of mass
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of the wvehicle (point C) and acceleration @,
of point O during rotational motion around
pole C:

Ao =ac +a,. @

In Figure 1, C is the center of mass of the vehicle;
O is the center of the vehicle wheel; CXY represents
axes of the coordinate system associated with
the center of mass of the vehicle; OX, Y, represents
the coordinate system axes associated with
the center of the vehicle wheel; a,. represents
the wvector of acceleration of the vehicle
mass center; a, represents the vector
of acceleration of the vehicle wheel center;
a,. represents the tangential
acceleration; a,. is the vector of normal
acceleration; a,, represents the current linear
vector of acceleration projection, a,, of the center O
of the wheel on the X axis; © is the angle
of rotation of the controlled wheel; ®,, is the angular
speed of the vehicle rotation about the vertical
axis.

vector of

Wheel
) _rotation plane

Longitudinal axis /
of the vehicle /|

Fig. 1. Acceleration plan for the center of the wheel
during curvelinear motion of vehicle
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In the associated coordinate system, we take
into account that the transfer velocity vector V.
of point O relative to the pole C'is as follows:

Voe =0x0C, ?

where ® =[mx, o, coz] is the vector
ofthe angular velocity of point O relative to point C
and OC =[xa, Y, Zo] is the radius vector from
point O to point C in the axis of the associated
coordinate system CXY projections.

Thus,

a,. =ex0C+ox(®x0C), s=dd—(:), 3)
where € is the vector of the angular

acceleration of the vehicle.

It is noteworthy that the acceleration vector
a,. consists of tangent and normal components:

ay. =ex0C, ap. =0x(®@x0C). &)

The vector of tangential acceleration a;. is
directed perpendicular to the CO ray. The normal
acceleration vector a,. is directed from
the center of the wheel O to the center of mass C
of the vehicle.

Thus, the vector modulus ‘aoxr ‘ =da,y, can be
defined as follows:

Aoy, = Aoy COSO +a,, sinO, ®)

where a,,,a,, are the projections of the center O
of the wheel acceleration vector @, on the X and
Y axes of the coordinate system associated with
the center of mass of the vehicle.

The intended purpose of braking

torques on wheels

The braking torque M, on the i-th wheel
can be determined as follows, taking into account
the ABS operation:

M, = hbrakehABSihfbiTmax si=L...,N, )

where A, =[0...1] is the degree to which

the driver presses the brake pedal; %, =[0...1]
is the reduction degree of the effective braking
torque on the i-th wheel due to the ABS;
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hy, =[0...1] is the redistribution degree
of the braking torque on the i-th wheel when
braking on a straight line (taking into account
the normal reaction redistributions between
the front and rear axles); 7,, is the maximum
braking torque developed by the wheel
brake mechanism; N is the number of wheels
on the vehicle.

The value %, can be defined as follows:

0,5 o,
i7o .
hps =|———i=L...,N,
0‘)1' wmax
O =max(o,,i=1,...,N), (7)
where ®, is the current angular speed

of rotation of the i-th wheel.

(Dnop

The cofactor in Eq. (7) allows

the braking torque on the i-th wheel to be
reduced when its angular deceleration @, exceeds
the threshold value ®,,,. Using the fastest
wheel of the vehicle as a reference, cofactor

o, . . .
2 —— allows for an adjustment in braking torque
®

max

reduction.

An adaptive algorithm for braking

force redistribution on the vehicle

wheels

When a vehicle brakes on a straight-line
section of motion, the vehicle “bounces” forward,
the rear wheels are relieved from normal loads,
and the front wheels take on additional load owing
to inertial forces. Therefore, the dynamic normal
load R,, on the wheels of the front axle and R,,
on the wheels of the rear axle can be determined
as follows for a two-axle vehicle:

R, =R +AR, R,, =R, —AR,,
Ml Ml
Rls = _]’ R2s = _2’
L L
where R, ,R,, are the normal reactions

on the wheels of the front and rear axles,
respectively in a static position; AR ,AR, represent
an increment of normal responses to the front
and rear axles, respectively, during braking; M
is the weight of the vehicle sprung parts; [, /

> P 2
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are the distances from the center of the vehicle
mass to the front and rear axles, respectively; and
L =1 +1, is the vehicle wheelbase.

On the assumption that the stiffness
of the suspensions of all wheels is approximately
equal, the increment of normal reactions

to the front and rear axles AR, and AR, , is defined
as follows:

a a
ARIZM—| p 21‘ =, ARI:M—| = 212 =,
IF+0 g I+
@®)
where |aCx is the projection module

of the center of mass acceleration onto the X-axis
of the associated coordinate system and /%, is
the height of the vehicle center of mass.

R
We defined the value %, = R—’d. Finally, using
Eq. (8), we obtained the following for braking
a vehicle in a straight-line section of motion

(|©]<3°):

h

|aCx
c 72 2

g I+

h

13 =1+

— for the front axle wheels,

|aCx h

h .
8 ‘ 112 +122

poa =1 — for the rear axle wheels.

)

If |©|<3°, and &, =1.

Testing the performance

and efficiency of the ABS algorithm

Theoretical vehicle braking studies were
performed using simulation mathematical
modeling. The aspects of the mathematical model

of motion have been considered in previous
studies [14—19].

Using simulation modeling methods in testing
the performance and efficiency of the proposed
algorithm, it was discovered that emergency
braking on a slippery road (coefficient
of adhesion at full slip 0.35) of a passenger
vehicle with a gross weight of 6000 kg at
an initial speed of 60 km/h with a simultaneous
turn of the steering wheel (the driver’s attempt
to bypass the obstacle) causes front axle drift.
The trajectory of the vehicle’s motion during
braking is presented in Figure 2.

To avoid this drift in the front axle, it is
required to first recognize the occurrence and
development of this process. For this purpose,
we used previous data [20], where a parameter

5, :||Vc1|_|ch|| represents the difference
in the estimate of the linear velocities of the center
of the vehicle mass, first using the linear speed
of the center of the front axle (vector V), and
subsequently using the linear speed of the center
of the rear axle (vector V,,), as a diagnostic
sign of the onset of front axle drift or rear axle
skidding. Figure 3 presents a graph of the change
in time of the diagnostic sign 8, while the vehicle
is braking.

£

o 10 :
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£, : :

®

o 0 20 40
Distance, m

Fig. 2. Trajectory of movement of a vehicle
with a gross weight of 6000 kg when braking
with ABS without anti-skid function of the front axle

Fig. 3. The graph of the change in time of the diagnostic characteristics 5, when braking the vehicle
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The graph in Figure 3 shows a diagnostic sign
that appears during braking 6, >0, indicating
the front axle drift occurrence.

A counter-rotation moment for skid resistance
at the front axle is required owing to increased
braking of the rear wheel inner concerning
the direction of rotation. However, because
more braking can cause the wheel to become
stuck, it is necessary to release the brakes
of all wheels, except for the rear wheel inner,
concerning the rotational direction. Thus, Eq. (6)
for determining the braking torque on each wheel
is as follows:

hbrakehABSLh/hzhESPt]:nax’ =L...,N, (10)
where Nigpi = [0...1] is the degree
of reduction of the effective braking torque
on the i-th wheel due to the skid resistance
algorithm at the front axle during braking (anti-
skid function of the front axle).

Thus, considering the rule of signs adopted
in the simulation, the algorithm for determining
the value %,,,i =1,...,N should be as follows.

If ®, > 0° (turn left) and 6, >0 (front axle drift),
then 71zgp = Nygpy = hpgpy =1=C, 8, 3 hygpy =1

If © <0° (turn to the right) and 6, >0
(front axle drift) then g = hypgp, = Nypgpy =
=1-Co,;h,p =

In the above equations, C, is the controller’s
gain which is adjusted individually for each
vehicle.

Using  simulation  modeling  methods,
the motion of a two-axle vehicle with a total
mass of 6000 kg was simulated under the same
conditions as described earlier to access
the efficiency and performance of the proposed
ABS operation during braking. Figure 4 presents
the trajectory of the vehicle when braking with

Distance, m

0 20 40 60 80
Distance, m

Fig 4. Vehicle trajectory when braking with ABS
and anti-skid function of the front axle

V, km/h

Fig. 6. Graphs of changes in angular speeds of wheels from time to time
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Fig. 7. The graph of the change in time of the diagnostic characteristics 3, when braking a vehicle
with ABS and with the function of countering the drift of the front axle

the ABS and the anti-skid function of the front
axle, Figure 5 demonstrates the dependence
of vehicle speed on time, Figure 6 presents graphs
of changes in the angular velocities of the wheels
on time, and Figure 7 presents a graph
of the change in time of the diagnostic sign oV
during braking.

Figures 4 to 7 illustrate that when braking
with ABS and the anti-skid function of the front
axle, the wheels do not lock, and the maximum
value of the diagnostic sign o6V decreases
by 40%, indicating that the proposed algorithm
for the operation of an ABS with an anti-skid
function of the front axle is operable and efficient.

Conclusions

When braking a vehicle on a slippery supporting
surface with a simultaneous steering wheel
rotation, an algorithm for the operation of an ABS
with an anti-skid function of the front axle for two-
axle vehicles is proposed and characterized by not
only the absence of wheel blocking but also
an increase in vehicle controllability.

The operability and efficiency of the proposed
algorithm for the operation of an ABS with an anti-
skid function of the front axle have been proved
using simulation modeling methods of braking
a vehicle on a slippery supporting surface with
a simultaneous steering wheel movement.
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Mathematical model of rolling an elastic wheel over

AJITOPUTM PABOTbI AHTUBJIOKUPOBOYHOW CUCTEMbI A191 ABYXOCHbIX
ABTOMOBWJIEN C OQHOIN BEAYLLEN OCbIO C ABANTUBHbIM
NEPEPACMPEAEJIEHUEM TOPMOS3HbIX YCUJTUHIA

A.7.H. XXuneitkun M. M., YyryHos [1.C.
®re0Y BO «MockoBckmii rocyapCTBEHHBI TeXHUYeckuid yHusepeuTeT uM. H.9. baymata», Mockea, Poccust
jileykin m@mail.ru, dan0634@mail.ru

naBHbIM NpeaHa3Ha4YeHNEM CUCTEM aKkTUBHOV 6Ge30rMacHOCTY aBTOMOOWIIS SIBISIETCS MPefoTBpaLLeHe
aBapuiiHoi cutyaumn. py BO3HUKHOBEHUM TakoW CUTyauuu CUCTeMa CaMOCTOSITE/IbHO (6e3 y4acTus
BOAUTESISI) OLEHMBAeT BEPOSITHYIO OrfnacHOCTb U 1pu HeobXoAMMOCTY MPenoTBpallaeT ee MyTeMm
aKTVIBHOIO BMeLLIaTes/IbCTBa B MPOLECC YripaBieHns aBToOMOOUIEM.

OaHuM 13 criocoboB MoBbILLEHNS] aKTUBHOKM 6€30MacHOCTY aBTOMOOUIIEN MPY TOPMOXEHUN SIBISIETCS
Mncrnosb3oBaHne aHTUbI0KMPOBOYHbIX cucTeM (ABC). OcHOBHbIMM rnpobiemamu B obecrne4yeHny paboTs!
ABC, noCTPOEHHbIX HA Pa3HbIX MPUHLINMNAX YrpaBAE€HUs 1 C Pa3HbLIMU napamMeTpamMu yrpaBiaeHUs, SBJSIIOTCS
HEBO3MOXHOCTb [PSIMOro OrpPeAEsIEHNs] CKOPOCTU aBTOMOOWNS W, Kak CHAeACTBUE, KO3(pduLMeHTa
6yKCOBaHMs, a TakkXe HEBO3MOXHOCTb 3((EKTUBHO pearnpoBaTb Ha U3MEHSIEMbIE [JOPOXHbIE YC/I0BUS
B ripouecce TOPMOXeHus. Hanpumep, rnpv TOPMOXEHUY HA CKOJIb3KO OrOPHOV MOBEPXHOCTU U MOIMbITKE
obbexatb Haxoaseecs Brepeau MpernsTCTBUe CyLECTBYET 0MacHOCTb 0Tepu CLEMNIEHNs KoJsec
C A0POrovi u BO3HUKHOBEHUSI 3aHOca. Pa3paboTaHHbie B HACTOSILLEE BPeMsi airoputMel pabotsi ABC
He obecreynBaroT rpeaoTBPaLLEHNEe BO3HUKHOBEHUS Y Pa3BUTHS 3aHOCA B YKa3aHHbIX BbILLE YCIIOBUSIX.
Lenblo paboTbl SB/SETCS [NOBLILLEHUE YCTOMYUMBOCTU U YPaBASEMOCTU [BYXOCHbLIX aBTOMObuiei
C OAHOM Benylleri OCbio MNPy TOPMOXEHUM 3a CHET aaanTUBHOIMO repepacripeneneHnsi ToOPMO3HbIX
ycunuii Ha konecax. [MpennoxeH anroputm paboTsbl aHTUO/IOKUPOBOYHOM CUCTEMbI C aAanTUBHbLIM
rnepepacnpeneneHnemM TOPMO3HbIX YCUINIA Ha KoJsiecax aBToMobuns. bnarogaps naHHOMY anropuTmy,
rpy TOPMOXEHMNM HA CKOJIb3KOV OMOPHOM MOBEPXHOCTH [BYXOCHOIO aBTOMOOWIS C OAHOV BEAYLLEVi OCbHO
obecrieynBaeTcsl He TOJ/IbKO OTCYTCTBUE GIIOKMPOBKM KOJIEC, HO U MPOTUBOAENCTBME 3aHOCy. MeToaamu
UMUTALMOHHOIO MOAENPOBaHVS foKa3aHbl paboTocrnoCob6HOCTL U 3 DEKTUBHOCTL MPEATIOXEHHOMO
anropuTMa rnpu TOPMOXEHWN [BYXOCHOIro aBTOMOOUIIS C OAHOV BEAYLLEV OCbO Ha CKOJIb3KOM OrMOPHOW
rMOBEPXHOCTH.
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