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Abstract. Problem. Malfunction of the service braking system of a wheeled vehicle (WV) significantly 

affects road safety, especially when operating multi-axle vehicles with big masses. One of the ways to 

increase the level of road safety of multi-axle vehicles, when braking using a spare (emergency) 

braking system, is the introduction of automated adaptive braking systems into the design of the brake 

drive of vehicles. The definition of the limits of using the adaptive braking system on vehicles with 

many axles is almost not disclosed in the scientific and technical literature, therefore, the issue of 

using such a system on vehicles with a large number of axles requires additional research. Purpose. 

The purpose of this work is to develop a simulation model for adaptive control of the braking process 

of a multi-axle vehicle using a spare (emergency) braking system, taking into account the simulation of 

the dynamics of the drive and the variability of the adhesion properties between the tire of the vehicle 

wheel and the road surface. Methodology. To achieve this goal, it is necessary to develop a simulation 

model of the brake drive in an adaptive mode, implement a model of the interaction of the tire with the 

road surface, and implement a model of the braking dynamics of a multi-axle vehicle in the event of a 

malfunction of its service brake system. Originality. The proposed key criterion (Kr) for changing the 

throttle section in electro-pneumatic pressure modulators, which provide adaptive air inlet or outlet 

from the corresponding brake chambers of the drive, during simulation, made it possible to simulate 

the operation of the drive circuits in the adaptive mode. It has been established that, depending on the 

potential for the realization of the adhesion between the tires of automobile wheels and the road 

surface, the pressure in the electro-pneumatic brake drive with its adaptive regulation can be 

increased by no more than 0.04 MPa. 

Keywords: brake control, multi-axle vehicle, adaptive control, braking, secondary brake system, 

emergency braking, adhesion utilized by axle. 
 

Introduction 

Failure of the working brake system of a 

wheeled vehicle (WV) significantly affects road 

safety, especially during operation of multi-axle 

vehicles with large masses. One of the ways to 

increase the level of road safety of multi-axle 

vehicles, during their braking using a secondary 

(emergency) braking system, is the introduction 

into the design of the brake drive WV automated 

adaptive braking systems. Determining the lim-

its of the use of adaptive braking system on ve-

hicles with many axles in the scientific and 

technical literature is almost not disclosed, so 

the question of using such a system on WV with 

a large number of axles requires further re-

search. 

 

Analysis of publications 

A search analysis on the Internet showed that 

a number of scientific papers have been devoted 

to the use of an adaptive brake system on the 

WV [1-6]. Based on these studies, it is estab-

lished that determining the braking efficiency of 

multi-axle vehicles is a difficult task, because 

the brake system of multi-axle WV is divided 

into several independent circuits [7-12], which 

can work differently due to the implementation 

of adaptive control algorithms for pneumatic 

brake actuators.  The analysis of scientific works 

[13-14] showed that most authors consider the 

issue of adaptive braking in terms of the imple-

mentation of permanent coupling properties 

between the tire of the vehicle wheel and the 

road surface. At the same time, in scientific 

works [15-17] it is noted that the adhesion prop-

erties between the tire and the road surface are 

constantly changing depending on a combina-

tion of different factors, such as: changes in 

wheel load, tire slip speed relative to the road 

surface [ 13-16], the condition of the road sur-

face and more. Therefore, when studying the 

issue of adaptive braking of vehicles in addition 

to choosing the method of forming the amount 

of braking torque in modeling the dynamic 

properties of the interaction of the vehicle wheel 

with the road surface [18-15] should take into 

account changes in the adhesion properties of 

vehicle wheels with the road surface [24-27].  
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Purpose and problem statement 

The purpose of this work is to develop a 

simulation model of adaptive control of multi-

axle vehicle braking using a secondary (emer-

gency) braking system, taking into account the 

simulations of drive dynamics and variability of 

adhesion properties between the tire of the vehi-

cle wheel and the road surface. 

To achieve this goal it is necessary to devel-

op a simulation model of the brake drive in 

adaptive mode, to implement a model of interac-

tion of the tire with the road surface, to imple-

ment a model of braking dynamics of a multi-

axle vehicle in case of failure of its service brake 

system. 

 

Main research 

Analysis of scientific and technical litera-

ture [27] showed that the magnitude of the brak-

ing torque can be determined from the depend-

ence [27]: 

– for drum brake mechanism: 
 

 
,Ti a S e tb iM F i K r p    
 (1) 

 

where aF  – active area of the brake chamber or 

pneumatic cylinder, m2; 

Si  – gear ratio of the mechanism of un-

clamping of brake pads; 

  – efficiency of the brake mechanism; 

eK  – coefficient of the drum brake mech-

anism; 

ip  – the pressure in the brake chamber of 

the corresponding circuit of the brake actuator, 

Pa; 

– for the disc brake mechanism: 
 

,T

Ti a T d e H iM F i n K p     
 (2) 

 

where Ti  – gear ratio of the disc brake mecha-

nism; 

dn  – the number of friction pairs in the 

disc brake; 
T
eK  – coefficient of the disc brake mech-

anism; 

H  – the average radius of friction of the 

brake pad on the disc. 

The realized force in the patch of contact of 

the tire with the support surface is determined 

by the formula [23]: 
 

,x x
x
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C
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 (3) 

where xC – the tangential stiffness of the  

tire, N · m / rad; 

x  – angular displacement, rad; 

dr  – dynamic radius of the vehicle 
wheel, m. 

 

Mathematical model of secondary  

brake system control 

Assume that the control of the secondary 

brake system is possible on the basis of match-

ing the value of the adhesion realized obtained 

from the equation of torques of the vehicle 

wheel relative to its axis (4) and the value of the 

adhesion realized force obtained from equa-

tion (3). 

Thus, the adhesion realized will be the main 

criterion for adapting the operation of the ser-

vice brake system in case of failure of any ele-

ments of its brake actuator. Therefore, the value 

of the adhesion realized  is determined from the 

dependence:  
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where TiM   – the braking moment, N · m; 

jiM  – inertial moment of the wheel, 

N·m; 

ziR  – the vertical load on the axle, N; 

Rf
R  – the rolling resistance force of a ve-

hicle wheel, N. 

The inertial moment of the vehicle wheel is 

determined from the known dependence: 
 

 

,ji k

d
M I

dt


 

 (5) 

 

where kI  – the moment of inertia of the  

wheel, kg·m2; 

d

dt


– angular deceleration of the wheel, 

с – 2; 

For vehicle wheels with a static radius from 

0.4 m to 0.575 m, the moment of inertia can be 

determined with sufficient accuracy depending 

on 
 

 292 473 636k st stI r r     , (6) 

 



Автомобільний транспорт, вип. 48, 2021  

 
29 

where str = dr  – static wheel radius, m. 

Based on the mathematical model, we use the 

dependence (7) to determine the amount of de-

celeration of a four-axle wheeled vehicle, which 

is based on the adhesion realized of the tires of 

vehicle wheels and the coordinates of the center 

of gravity vehicle: 
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where ga , gb  and gh  – longitudinal and verti-

cal coordinates of the location of the center of 

gravity of a four-axle wheeled vehicle, m; 
2

1i

A


  and 
4

3i

A


  – parameters that are de-

termined by dependencies: 
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where xi – the corresponding longitudinal coor-

dinates of the location of the axles of the 

wheeled vehicle relative to the center of  

gravity, m. 

When modeling the brake actuator in the 

adaptive mode, we use as a criterion (Kr) chang-

es in the cross-sections of the chokes in electro-

pneumatic pressure modulators, on the adaptive 

inlet or outlet, the ratio of the current value of 

the adhesion realized  force obtained from equa-

tion (4) to the limit value of the adhesion force, 

which can be determined from equation (3): 

 

 max
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Criterion (Kr) determines, in addition to the 

value of the cross-section in the pressure modu-

lator, also the initial conditions (pressure at the 

inlet to the modulator or the pressure of the me-

dium where the air is released) when determin-

ing the flow of compressed air in the electro-

pneumatic pressure modulator. 

 

 

Simulation model of secondary 

brake system control 

The simulation model of the control system 

of the secondary braking system, which has 

adaptive properties, is an integral part of the 

simulation model of the braking of a wheeled 

vehicle. 

For example, for a four-axle wheeled vehicle, 

the simulation model of the braking dynamics of 

the vehicle can be presented in the form of a 

block diagram (Fig. 1) built in the Simulink 

package MatLAB environment. The block dia-

gram of the simulation model of the secondary 

brake system will have the form shown in Fig-

ure 2. Each of the elements in the block dia-

grams (Fig. 1 and Fig. 2) is a structurally logical 

connections that work in a closed cycles during 

the implementation of 30,000 iterations of the 

calculation in the time interval from 0 s to 3.5 s. 

The block diagram shown in Figure 1 con-

sists of: 

1. The unit that determines the nature of the 

pressure change in the first, second and third 

circuits of the brake actuator; 

2. The block of definition of the adhesion re-

alized  between tires of vehicle wheels and a 

road surface; 

3. The unit for determining the braking rate 

of the vehicle; 

4. The unit for determining the change in 

speed of the vehicle during its deceleration; 

5. The block of redistribution of vertical 

loading between the corresponding axes of the 

four-axle vehicle. 
The block diagram shown in Figure 2 clearly 

shows that on the basis of the criterion (Kr) is 

the formation of a signal in the pressure modula-

tor on the intake or exhaust air in the electro-

pneumatic pressure modulator. The criterion 

(Kr) also determines the initial conditions in the 

simulation model of the electropneumatic brake 

actuator. 

The results of simulation modeling of the 

braking process of a four-axle vehicle with an 

electropneumatic brake drive, which can operate 

in adaptive mode, are presented graphically in 

Figures 3 - 9. 

For convenience of the analysis of schemes 

of a brake drive of the vehicle we will designate 

them by coding of the following look: 

 

I – II – III, 

 

where I, II and III – respectively, the number of 

the brake circuit. 
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Fig. 1. Block diagram of a simulation model of the braking dynamics of a four-axle vehicle 

 

Fig. 2. Block diagram of the simulation model of control of the secondary brake system 

 

Each brake circuit can have several connec-

tion points to the brake mechanisms of the axles 

of a multi-axle vehicle, so marked the connec-

tion points of the respective circuits through the 

letters written as a fraction, for example: 

 

A / B - C – D. 

 

This entry for a four-axle vehicle with brake 

mechanisms of "simplex" type will indicate that 

two brake mechanisms, the first and second 

axles of the vehicle, are connected to the first 

brake actuator circuit. The third axis of the vehi-

cle is connected to the second circuit and the 

fourth axis of the vehicle is connected to the 

third circuit. 

An example of the result of simulation mod-

eling of pressure change in the I, II, II and III 

circuits of the electropneumatic brake actuator 

during their sequential failure (I circuit failed at 
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time 1 s, II - in time time 2 s, and III at time 3 s) 

are shown in Figures 3 and 4. The simulation 

results are shown in Figure 3 and Figure 4 are 

performed for a vehicle with a circuit connection 

circuit I-II-III → A / B-C - D to brake mecha-

nisms of the "simplex" type with a single splint-

ing of the vehicle wheels. 

 

From the example (Fig. 3) it can be seen that 

the increase in pressure in the II and III circuit 

of the brake actuator in the event of failure of 

the I circuit occurs in proportion to the decrease 

in the amount of adhesion between the tires of 

the respective wheels of the vehicle and the road 

surface (Fig. 4). 

 
Fig. 3. The result of simulation modeling of the pressure change in the electropneumatic brake 

actuator taking into account the adaptive properties of the brake system of the vehicle (scheme of 

designation A / B - C - D) 

 

 
Fig. 4. Simulation modeling of the change of the realized coupling between the tires of the respective 

wheels of the vehicle axles and the road surface (the scheme of designation A / B - C - D) 

 

The fall of the adhesion realized between the 

tires of automobile wheels and the road surface 

on the third and fourth axles of the wheeled 

vehicle, in the time range from 1 s to 2 s, is ex-

plained by the increase of vertical load on these 

axles at failure of the first brake circuit. 

The fall of the adhesion realized on the 

fourth axle of the vehicle (Fig. 4), in the time 

range from 2 s to 3 s is also associated with an 
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increase in axle load and an additional decrease 

in vehicle deceleration due to failure of the 2nd 

circuit of the brake actuator after 2 s (Fig. 3).  

The correspondence of the adhesion realized  

(fx3) to the adhesion realized (fx4) during the 

simulation time from 1 s to 2 s (Fig. 4) is ex-

plained by the fact that the third and fourth axles 

of the modeled vehicle are connected by a bal-

ancing trolley, which extends axles 3 and 4 of a 

four-axle wheeled vehicle. The performed calcu-

lations for another layout scheme of connection 

of the brakes of the brake drive (I-II-III → A-B-

C/D) with brake mechanisms of the "simplex" 

type with a single busbaring of all wheels of a 

four-axle wheeled vehicle show (Fig. 5 and Fig. 

6 ) that it will not be possible to make a signifi-

cant increase in pressure in the electropneumatic 

brake actuator during the adaptive control of the 

secendary brake system. 

Based on simulation studies, it was found 

that the maximum value by which the pressure 

in the serviceable circuits of an electropneumat-

ic brake actuator with adaptive properties can be 

increased is not more than 0.04 MPa when the 

adhesion realized changes to two tenths of a unit 

(Fig. 6).   

It should also be noted that increasing the 

value of the adhesion realized, while performing 

the adaptive functions of the brake system of a 

wheeled vehicle, cause to reduce the pressure in 

the brake drive and vice versa, while reducing 

the adhesion realized allows to increase the 

pressure in the circuit. 

 

 
Fig. 5. The result of simulation modeling of the pressure change in the electropneumatic brake 

actuator taking into account the adaptive properties of the brake system of the vehicle (scheme of 

designation A – B – C / D) 
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Fig. 6. Simulation modeling of the change of the adhesion realized  between the tires of the respective 

wheels of the vehicle (scheme of designation А – В – С / D) 

This is due to the rolling of the car wheel on 

the verge of locking it with a deceleration that 

provides no more than 20% of the car tire slid-

ing relative to the road surface. 

Studies of braking of a wheeled vehicle 

(Fig. 9) in cases where the driver limits the pres-

sure in front of the modulator showed that when 

the driver limits the pressure in the brake drive 

at a level of, for example, 0.4 MPa (Fig. 7), and 

provided not exceeding the locking limits of 

automobile wheels (Fig. 8), the possibility of 

increasing the pressure in the drive is absent for 

the realization of the adaptive properties of the 

brake system, since there is no excess pressure 

in the electropneumatic brake drive necessary 

for the regulation of brake forces.  

Therefore, it should be noted that during ser-

vice braking, it is necessary to ensure the im-

plementation of the tracking action of the brake 

system due to the proportionality between de-

pressing the brake pedal and deceleration of the 

vehicle, rather than taking into account the pro-

portional increase in pressure in the drive cir-

cuit. 

 

 
 

Fig. 7. The result of simulation modeling of the pressure change in the electropneumatic brake 

actuator during service braking of the vehicle (any scheme of connection of the brake actuator to 

the brake mechanisms mounted on the axles of the vehicle) 

 

 
 

Fig. 8. Simulation modeling of the change of the adhesion realized between the tires of the 

corresponding wheels of the vehicle during its service braking (scheme of designation A - C - B / D) 
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Fig. 9. Simulation modeling of change of initial parameters of a vehicle during its service braking (the 

scheme of designation A - C - B / D) 

 

It is obvious that in case of emergency pres-

sure drop in the brake actuator it is necessary to 

install special information systems in the cab of 

the car, which would inform the driver about the 

failure of the working brake system of the vehi-

cle, as the efficiency of braking of the car can 

remain invariable, at an emergency condition of 

brake system of WV if limits of blocking of its 

wheels are not exceeded. 

 

Conclusions 

The proposed criterion (Kr) for changing the 

cross-sections of chokes in electropneumatic 

pressure modulators, which provide adaptive 

inlet or outlet of air from the corresponding 

brake chambers of the drive, during the simula-

tion of the system brake actuator. 

It is established that due to the potential pos-

sibilities of realization of the coupling between 

the tires of automobile wheels and the road sur-

face, the pressure in the electropneumatic brake 

drive, with its adaptive regulation, can be in-

creased by no more than 0.04 MPa. 

It is established that during the organization 

of the electropneumatic brake drive which pro-

vides at simultaneous growth of the adhesion 

realized on one axes of WV reduction of the 

adhesion realized on others axes, pressure in the 

drive can be increased by size no more than 

0,025 MPa. 
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Особливості адаптивного управління гальмом 

запасної гальмової системи багатовісного 

автомобіля 

Анотація. Проблема. Несправність робочої 

гальмової системи колісного транспортного 

засобу (КТЗ) суттєво впливає на безпеку дорож-

нього руху, особливо під час експлуатації багато-

вісних транспортних засобів із великими масами. 

Одним із шляхів підвищення рівня безпеки доро-

жнього руху багатовісних транспортних засобів 

під час їх гальмування із застосуванням запасної 

(аварійної) гальмівної системи є впровадження 

автоматизованих адаптивних гальмівних систем 

у конструкцію гальмівного приводу транспорт-

них засобів. Визначення меж використання сис-

теми адаптивного гальмування на транспортних 

засобах з багатьма осями в науково-технічній 

літературі майже не розкривається, тому пи-

тання використання такої системи на транспо-

ртних засобах з великою кількістю осей вимагає 

додаткових досліджень. Мета. Метою даної 

роботи є розробка імітаційної моделі адаптив-

ного керування процесом гальмування багатовіс-

ного автомобіля з використанням запасної (ава-

рійної) гальмівної системи з урахуванням моде-

лювання динаміки приводу та мінливості власти-

востей зчеплення між шиною колеса автомобіля 

та поверхнею дорожнього покриття. Методо-

логія. Для досягнення цієї мети необхідно розро-

бити імітаційну модель гальмівного привода в 

адаптивному режимі, реалізувати модель взає-

модії шини з дорожнім покриттям, реалізувати 

модель динаміки гальмування багатовісного ав-

томобіля у випадку несправності його робочої 

гальмівної системи. Оригінальність. Запропоно-

ваний ключовий критерій (Кr) для зміни перерізу 

дросельної заслінки в електропневматичних мо-

дуляторах тиску, які забезпечують адаптивний 

впуск або випуск повітря з відповідних гальмівних 

камер привода, під час моделювання, дозволив 

змоделювати роботу контурів привода в адап-

тивному режимі. Встановлено, що залежно від 

потенційних можливостей реалізації зчеплення 

між шинами автомобільних коліс і дорожнім 

покриттям тиск в електропневматичному галь-

мівному приводі при його адаптивному регулю-

ванні може бути збільшений не більше ніж на 

0,04 МПа. 

Ключові слова: керування гальмами, багатовіс-

ний транспортний засіб, адаптивне керування, 

гальмування, запасна (аварійна) гальмівна систе-

ма, екстрене гальмування, реалізоване зчеплення. 
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