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Abstract

The paper presents a new methodology for calculating the optimal linear
distribution of braking forces for a three-axle trailer with "walking beam" and
"bogie" suspension of the rear axle assembly that will meet the requirements of
the new European legislation, EU Directive 2015/68. On this basis, a computer
program for selecting the linear distribution of braking forces between axles
has been developed. The presented calculations and simulation results of the
braking process can be used in the design process to select the parameters of the
wheel braking mechanisms and then the characteristics of the pneumatic valves
of the braking system. The adaptation of the braking system of agriculture trailers
is a very important factor for improving the safety of the transportation systems.
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1. Introduction

Currently, in trailers and towed agricultural machines, the most frequently
installed braking systems are pneumatic or hydraulic powered and are operated
from an agricultural tractor (Forrer, 2019; Haldex, 2015; Knorr, 2015; Wabco,
2013, 2016, 2017). The use of inertial overrun brakes is only possible on slow-
moving towed vehicles (v<40 km/h) with a total mass of less than 8000 kg and
on high-speed vehicles (v>40 km/h) with a total mass of less than 3500 kg
(Commission Delegated Regulation, 2014).

Depending on the weight and design of tractor, the tractor’s service brakes
are operated by mechanical, hydraulic or pneumatic systems. Low- and medium-
power tractors use simple and inexpensive hydraulic braking systems without
power assistance (Keyser, Hogan, 1992). Mechanically actuated brakes are also
still attractive for cost reasons. Higher-power tractors use hydraulic braking
systems powered by the tractor’s hydraulic and pneumatic braking systems (Lin,
Zhang, 2007).

The cooperation between the tractor and trailer braking systems is ensured
by the tractor-mounted trailer-brake control valve (pneumatic or hydraulic).
Depending on the type of tractor service brakes applied, trailer-brake control
valves are actuated mechanically, pneumatically or hydraulically (Kaminski,
2014; Kaminski, Kulikowski, 2015; Khaled, Mahmoud, 2005).

Since 2016, the new EU Regulation on agricultural vehicles (Commission
Delegated Regulation, 2014) has imposed a number of more strict and previously
unused requirements on agricultural machinery manufacturers in terms of the
braking performance of tractors and trailers, compatibility, safety and stability
standards, as well as the introduction of ABS for vehicles moving at speeds
above 60 km/h.

For all categories of towed vehicles, the required braking rate has been
increased and for vehicles with a total mass of more than 3500 kg (agricultural
trailers of categories R3 and R4 and towed agricultural machinery of category S2)
and moving at a speed of more than 40 km/h, a specific distribution of braking
forces between the axles of vehicle is required. In this way, it is possible to meet
the requirements of achieving a sufficiently large relative deceleration (braking
rate, i.e. the quotient of deceleration to earth acceleration z=d/g), conditioning
the achievement of a short stopping distance, and ensuring the directional
stability of the braked vehicle in all traffic conditions for safety reasons. As in the
regulations for wheeled vehicles (ECE, 2001), no separate recommendations
were drawn up for vehicle combinations, treating the individual units as if they
were single vehicles.

The adoption of new European legislation in the field of agricultural vehicles
imposes high requirements on the manufacturers of agricultural tractors, trailers
and machinery with regard to the design of braking systems (GliSovic, etal., 2015).
The design calculations should take into account many parameters related to
the characteristics of the braking process, such as the mass of individual vehicle
combinations and load (the above requirements apply to unladen and fully
laden vehicles) and their arrangement, as well as the overall dimensions and
structural parameters of the vehicle, including the axle system and the type of
suspension used. It results that meeting the combined requirements with regard
to the efficiency, stability and compatibility of the braking of agricultural trailers
depends on the proper selection and calculation of the individual components of
the braking system: braking mechanisms, brake actuators, valves and regulators
of braking forces (Andrew, 2014; Kaminski, 2012; Khaled, Mahmoud, 2005).

This article has been created as a result of the demand by agricultural
machinery companies for new solutions for the selection of braking force
distribution in multi-axle trailers. The current methods (Andrew, 2014; Kaminski,
2005; Kaminski, Kulikowski, 2019; Kaminski, Miatluk, 2005; Ondrus, etal., 2018;
Ren, Zhecheng, 2019; Tayanovsky, Balsay, 2015; Wang, et al., 2011; Vrabel, et
al., 2017) of selecting the distribution of braking forces between the front axle
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and rear axles, treating the rear axle assembly as a single axle, do not meet the
requirements of the new EU Directive (Commission Delegated Regulation, 2014)
forthree-axletrailers. Thisresultinaxle blockageinfullbrakingand, consequently,
reduced braking efficiency of the rear axle assembly. This paper presents the
methodology of design calculations and graphic results of a simulation program
in the Matlab environment related to the selection of the optimal distribution
of braking forces between the axles of three-axle agricultural trailers equipped
with a pneumatic braking system. The manuscript describes a new method for
selecting the distribution of braking forces between the front axle and the rear
axles in three-axle agricultural trailers, including rear axle suspension, using
the example of the two most commonly used suspension variants. In addition,
the article contains a new, not previously developed method for selecting the
distribution of braking forces between the axles of rear suspension together with
the correction of the distribution of braking forces between the front axle and
the rear axle assembly resulting from the braking process characteristics. The
distribution of braking forces of the rear axle assembly has also been optimised.
The presented results have been developed using a program to simulate the
braking process of three-axle trailers created in the Matlab environment. On the
basis of the presented methodology, it is possible to develop in the computer
program a mathematical model for engineering calculations supporting the
design of braking systems of trailers and towed agricultural machinery of R3,
R4 and S2 categories, aimed at obtaining and shaping the desired functional-
utility properties. The correct distribution of braking forces between the axles
of a vehicle determines the proper efficiency and stability of braking and is an
essential basis for the further design of braking system components.

2. Braking efficiency and stability requirements for braking
systems of vehicles of categories R3 and R4

In the process of the selection of braking-force distribution between the axles
of trailers (towed machine), it is necessary to aim of an ideal distribution. In this
case, the adhesion utilized rates f; of all axles are the same throughout the braking
process and are thus equal to the braking rate (braking intensity) z of vehicle:

T T T

_1:_2:._‘:_’:ﬁ:z (1)
R, R, R

where: T, — braking force of wheels of i axle, R, — vertical reaction of road surface
on wheels of i axle, z — braking rate of vehicle z=YT,/XR,.

This distribution of braking forces was assumed to be optimal because on a
homogeneous surface, the highest possible braking intensity is obtained under
the given conditions and the requirements for braking performance are easily
met (Table 1).

Table 1. Required braking efficiency of service brakes of agricultural trailers (Commission Delegated
Regulation, 2014)

Vehicle category Braking rate z [%] at p=6.5 bar
v<30 km/h v>30 km/h
Trailers R2, R3, R4 35% 50%
Towed machines S2 35% 50%

Due to the variable loading level of trailers, it is practically impossible to
achieve a perfect distribution of braking forces, even with the use of braking-
-force regulators. Therefore, for high-speed agricultural vehicles (speed above
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0 Fig. 1. Adhesion utilization limits for both
' solutions

40 km/h), permissible limits have been set for the deviation of the adhesion
utilization rates of individual axles from the ideal distribution. Since 2016, the
two solutions shown in Fig. 1 (Commission Delegated Regulation, 2014) have
been are allowed.

First solution: The adhesion utilization rate for each axle must meet the
minimum required braking performance (Commission Delegated Regulation,
2014) (short braking distance):

fl}gHO‘W for z=0.1—-0.61 )

£ 0.85

and the condition of the earlier blocking of the front-axle wheels of the vehicle
to ensure heading stability is:

fi>z>f, for z=0.15-0.30 3)
Second solution: for z = 0.15 + 0.30, the adhesion utilised rates by both axles

should be within a certain range, and then the limits of wheel blocking are
determined by dependencies:

f,22-0.08
for z=0.15-0.30 @)
fi, <z+0.08

However, the lower limit of z — 0.08 does not apply to the utilization of rear-
axle adhesion. In addition, for z > 0.30, the following relation applies:

z—0.3
f, < o +0.38 for z>0.3 (5)

The requirements described above also apply to trailers with more than two
axles. The wheel-lock sequence requirements are regarded as met if for a range
of braking rates between 0.15 and 0.30, the adhesion utilized by at least one
front axle is greater than that utilized by at least one rear axle.

firfy forany i (6)

3. Determination of the permissible brake-force
distribution area

In three-axle agricultural trailers, the two rear axles are positioned very close
to each other and operate in tandem (Bengt, 2016; Colaert Essieux, 2017; Van
Stralen, 1983). The braking force must be distributed between the front axle and
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Fig. 2. Diagram of forces acting on a three-
axle trailer with a walking beam suspension
where: L — wheelbase of trailer, h — height of
the centre of gravity position above the ground,
b — distance of the centre of gravity from the
vertical plane passing through the suspension
mounting, h, — height of the suspension
mounting position above the ground,

L, — wheelbase of the rear axles of the trailer

G 4Rz

the rear axle assembly according to the load distribution between the axles. The
system of forces acting on a three-axle agricultural trailer with a walking beam
tandem suspension is shown in Fig. 2. The adopted design model assumes the
omission of the unsprung mass of the tandem axle, which means omitting the
gravity and suspension inertia forces.

The balance of forces and moments acting on the trailer has the form of:

> F=T+T,-G-z=0 @)
D F =R +R,-G=0 ®)
> M, =G-b+G-z-(h—h )+T,-h,—R,-L=0 ©)

If the above system of equations is solved, the dependencies describing the
reactions of R, and R, on the trailer are obtained:

R1=G[2+—(h_h5)zj+Tl~£ or R1=G(k+ﬁzj—T2-£ (10)

L L L L L L

R2=G(1—£—MZJ—TI-£ or RzzG(l—k—ﬁz)—sz‘i (11)
L L L L L L

On the model without suspension mass, the horizontal and vertical forces
acting on the suspension mount correspond to the sum of reaction and braking
forces of the rear-axle wheels. Knowing that:

’I'Z = TZ*I +T272 R2 :szl +R272 (12)

and that the adhesion utilized rates applied to the rear axles are:

T, T,
flfl = Rz . .f272 = RZ : (13)

2-1 2-2

In this case, the adhesion utilized rates used by the rear axle assembly are
calculated from the dependency:

R
f2 — Z(fo 21) (14)
DR,
From the above formulas, the relative (related to the G-weight of trailer)

braking forces of the front axle and rear axle assembly can be determined for
the braking intensity limits depending on the braking rate z:
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L _Ref (bre(R))f T RS @bz,

In three-axle trailers, the relative braking force of the rear axle assembly can
be written as the sum of relative braking forces of the tandem suspension axle:

(15)

1

Y=YtV (16)

The relative braking force of the rear axles can be written as follows:

:E: (szl +tR,, )fz — R, 'fz—l +R,, ‘fz—z
G G G A7)

1,

Under ideal braking conditions, the adhesion utilized rates used by the front
and rear axle assemblies of the trailer are identical and equal to the braking
intensity f, =f, =z, and the brake-force distribution is described by the parametric
equation:

(b+z(h—hs))z :(L—b—z-h)z
L—z-h, ’ L—z-h,

1

(18)

By substituting dependencies (2), (3), (4), (5) from Section 2 to the formulas
for relative braking forces (15), the limits of brake-force distribution between
the front axle and rear axle assembly of a vehicle can be determined, and the
limitation areas will be obtained in which the values of vehicle axle adhesion
utilized rates should be found. Table 2 lists the limitations for the first and
second solution. The relation y, =z —y, applies to all ranges.

Table 2. Braking efficiency and stability requirements

Curve Dependence f,-z Scope of z T

(b+z(h—h,))((z+0.07)/0.85)

A-B >0.85-f,,-0.07 0.1+0.61 =
‘ fa n L—((z+0.07)/0.85)h,
. :Z,(thfz'h)z
C-D z<fi, 0.15+0.30 [
A-C 0.85 0.07 01015 T (L-b—z-h)((2+0.07)/0.85)
: 5 085.f._ 0. -
22085-fi2=0 : ' L—((2+0.07)/0.85)h,
D-B’ 0.85 0.07 03+ 061 T (L-b—z-h)((2+0.07)/0.85)
- > - 0. =
22085-fi2=0 : ' L—((2+0.07)/0.85)h,
) _(b+z(h*hs))(z+0.08)
J-K z2fi,-0.08 0.15+0.30 v = L2+ 008)h,
b+z(h—h))(z-0.08
M-N z<f,,+0.08 0.15+0.30 ylzw

L—(z—-0.08)h,

(b+2(h—h,))((z-0.3)/0.74+0.38)

- >0.3+0. -0.38 0.1+0.61 =

Kt 2203+074 (- 038) n L—((z-0.3)/0.74+0.38) ,

) __ (L-b-2z-h)((2-0.3)/0.74+0.38)
K’-L 2203 +0.74 (fi, - 0.38) 0.1+0.61 Y=z L ((2-03)/074+038)h,
K 0.15 + 0.30 v :Zi(thfz»h)(erO.OS)

R z>f,-0.08 .15+ 0. T ook

L—b—z-h)(z—0.08

M’-N’ z<f,+0.08 0.15+0.30 71=17%

L—(z—-0.08)h
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After substituting appropriate values to Table 2, values were obtained in
the v,—v, system depending on braking intensity for extreme limit points. The
coordinates of the characteristic points are shown in Table 3.

Table 3. Coordinates of characteristic points

Point z fiz N 2
A o s _(b+0.1(h=h)))o2
) ) [y 1n=01-7
. 06l os _(b+o61(h—h,))0.8
: - YT o8, R0
B _(L=b=0.15:h)0.15
C 0.15 0.15 11=0.15-7, 2 L-0.15-h
_(L-b-03:-h)0.3
D 0.3 03 11=03-7, 2T Lo03h,

i _(L-b-0.1-h)02
A 0.1 02 71=01-7, 2T o2,

i B _(L=b=0.15-1)0259
C 0.15 0259 Y1=015-7, 2 L—-0.2588-h,

) _ _(L=b=03-1)0435
D 0.3 0.435 1=03-7 2 L—0.435h,

, _(L-b—-0.61-1)0.8
B 0.61 0.8 Y1=061-7, 2T o8k,
3 0.15 0.23 _{brots(ht)oxs

. ) N o, 12=015-7
« 0 038 _(b+03(h=h,))0.38

- : Y L-038h, RE03om
" ol . _(b+0.15(h—h,))0.07

: - =TT 007, B0
N 03 022 _(pr03(ih oz

- - T o022, H=03-1
) 06l 079 _(b+061(h=h,))0.799

: : T 0799k, S

' _ y, = L=b=015h)023
J 0.15 0.23 Y1 =015-7, 2 L—0.23-h,

o o 038 B _(L=b=03-1)038
3 3 11=03-1 2 L—0.38-h,

w . oo _ _(L=b=015:h)0.07
.15 .07 Y1 =015-7, z L—0.07-h,

" o 02 B _(L=b=03-1)022
3 . 11=03-1 2 L—022-h,

. s o _ _(L=b=061-h)0.799
.61 .799 71=061-7, 2 L—0.799-h,

Using the relations between the limit values of the adhesion utilized rates
of the axles (2), (3), (4), (5) and the technical data of the trailer, the limit values
of the permitted distribution of the braking forces can be determined in the
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graph of relative braking forces y, = f(y,). A graphical interpretation of the above
dependencies is presented in Figure 3 and Figure 4. The requirements of the
braking efficiency of Table 2 inf, , - zsystem from the described recommendations
according to the first solution are illustrated by AB and CD lines in Figure 3a and
Figure 4a. The corresponding limits of braking forces in the y, - y, coordinate
system for an example trailer in the laden condition are shown in Figure 3b and
the unladen conditionin Figure 4b. The limit curves are calculated by substituting
(2), (3) adhesion utilized rates f,, f, to the relation (15). The lower limit is set by
the AB line, which meets the requirements of the front axle adhesion utilized
rate. The upper limit is determined by A'B’ lines for the rear axle and CD with

0.8

0.6

0.2

0 02

0.8

0.6

0.2

0 02

0.8

0.6

0.4

f1’f2

0.2

0.8

0.6

0.4

1*

0.2

Fig. 3. Determination of parameters of
constant brake-force distribution between
laden trailer axles with parameters:

m=24 000 kg, L=5.15m, b=1.85m, h=1.8 m,
L,=1.2m,,=0.62m, ,,=0.58 m, h=0.54 m:

a and ¢ - limit values of adhesion utilized rates,
b and d - limit values of braking distribution
between vehicle axles

Fig. 4. Determination of parameters of
constant brake force distribution between
unladen trailer axles with parameters:

m=7700 kg, L=5.15m, b=1.85 m, h=1.08 m,
L,=1.2m, ,,=0.62 m, ,,=0.58 m, h=0.54 m:

a and c - limit values of adhesion utilized rates,
b and d - limit values of braking distribution
between vehicle axles
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the wheel lock sequence condition (3). In the case of three-axle trailers, the
condition of not exceeding the limit line CD need not be met if the condition of
the wheel-locking sequence (6) is met. In the second solution, the MN and JKL
lines in Figure 3c and Figure 4c indicate the limits of the permissible area of
the adhesion utilized rates. The corresponding relative braking-force areas of
the second solution for laden and unladen trailers are shown in Figure 3d and
4d. The upper limit is defined by the lines J’K’L’ for the rear axle and MN for
the front axle. Due to the restrictive nature of condition (4) for the upper limit
K'L’ on the graph v, :f(yl), the scope of its application was limited to the range
z=0.3 + 0.61. The lower limit is determined by the JKL line. The dependence
of the impassability of line M’N’ does not have to be met, which is a result of
condition z — 0.08 and does not apply to the use of the adhesion of the rear axle
(Commission Delegated Regulation, 2014).

3.1. Adjustment of brake-force distribution on three-axle trailers

In air-braking systems of agricultural trailers, the braking force correctors with
radial (linear) characteristics (Haldex, 2015; Knorr-Bremse, 2015; Wabco,
2016) are usually applied. This characteristic is described by the equation of
the straight line passing through the origin of the coordinate system and the
second selected point in the graph of relative braking forcesy, :f(yl), takinginto
account the area limitations described in the previous section (Section 3). The
procedure for determining the permissible range of changes in the directional
coefficient i = T,/T, = y,/y, of straight lines representing a constant distribution
of braking forces must be carried out with the laden and unladen vehicle.

In the first solution, the permissible values of linear brake-force distribution
coefficient (i = T,/T,) are determined by a directional line tangential to the limit
curve AB at point S (Figs, 3b and 4b) and a line passing through point B’ or D.
A straight line with a lower value of the directional coefficient which does not
cross the border lines of the braking distribution limits between the axles of the
vehicle is selected (Figs. 3b and 4b in Section 3).

In the second solution, the lower limit of the permissible area is determined by
the tangent line at point T with curve JK (Figs. 3d and 4d). If the point of contact
T lies outside segment JK of the limit curve, the directional coefficient of limit line
is determined from the coordinates of point K. The upper limit of the permissible
range for the linear distribution of braking forces is determined by the line
passing through the L, K’ or N points (Figs. 3d and 4d), similar to the first solution.

The straight linear brake-force distribution passes through the origin of
coordinate system v, = f(y,), and its directional coefficient is then calculated
from the ratio of the ordinate to the cut-off of the characteristic point:

iZY—Z_ (L—b—Z’h)'fz ~(L—f1 hs)

7, _(b+z(h—hs))-fl-(L—f2-hs) 49

Using the relation , it is possible to describe the relative braking forces for
each line with equations in which the braking rate z is a variable:

z T, z

y=mt=2 oy =i X (20)

2

G 1+i ! G 1+i

Based on the above formulas, the course of adhesion utilized rates by the
axles depending on the braking rate z are determined by the formulas:

f _L_ z 1)

R (b (h—h,) z-h, )
[L+ . z+L(1+i)J(1+z)

. Z : Z E n https://doi.org/10.37705/TechTrans/e2021029 9
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T irz
=

b h i-z-h
2 1_7_7 + s . .
( L 1” L(1+i)) (1+)

Table 4 presents the calculation results of the limit values of directional
coefficients i for the three-axle trailer in question.

Table 4. Limit values of the directional coefficient for the linear distribution of braking forces for
a three-axle trailer

Solution option Unladen trailer Laden trailer

First variant according to (2), (3) i = is= 0.6958 i = is= 0.5204
iy = ip=1.4791 ipmax=ip=1.2388

Second variant according to (4), (5) iin = ip=0.9312 iin = ip=0.7509
e = iy = 2.4099 i = = 1.5724

The values of adhesion utilized rates f,, f, for the axles corresponding to the
individual limit lines of directional braking distribution coefficient (Table 4) for
solution 1 and 2 are shown in Figs. 3a,c and 4a,c.

In order to calculate the optimal coefficient of the directional constant
distribution of braking forces, the coefficient of vehicle weight utilization for
braking is used (Kaminski, Kulikowski, 2015,):

C(n)=—=Z (23)
wG u
where: p — adhesion coefficient to the ground

According to the above mentioned methodology (Kaminski, Miatluk, 2005),
for further calculations the criterion of maximising the average value of the
coefficient of adhesion utilization {(p) in the given range of the adhesion
coefficient (Gredeskul, et al., 1975) is adopted:

1 I
G= J, G(w)du (24)

2 1

The optimal value of the adhesion coefficient is then (Kaminski, Miatluk, 2005):

b
u.,p=ul+z(uz—ul) (25)

where: foragricultural trailers, the following are adopted: i, =0.2 and p,=0.5+0.6
(Kaminski, 2005)

The optimal value of the directional coefficient for the constant distribution
of braking forces is calculated from the following relation:

L=b—p, h

i = (26)
" by, (h-h,)

The optimal value of the coefficient of directional constant distribution of
braking forces should be between the limit values of the coefficient of brake-
force distribution within the area permitted in the system.

Table 5 presents the optimal values for an example of an unladen and a laden
trailer. The optimal values for the directional distribution of braking forces are
between the limits for both solutions.

10 https://doi.org/10.37705/TechTrans/e2021029 . o
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Fig. 5. Diagram of forces acting on the
walking beam and boogie suspension

Table 5. Optimal values of the directional coefficient for the linear distribution of braking forces for
a three-axle trailer

Solution option Unladen trailer Laden trailer

Optimal ratio according to (26) i = 14719 i = 1.2271

3.2. Adjustment of the brake-force distribution in the rear axle group
of three-axle trailers

Two types of walking beam and boogie suspension are used in this trailer
model, as shown in Fig. 5. The braking force of the rear axle assembly must be
distributed according to the load distribution between the tandem suspension
axles (Bengt, 2016; Colaert Essieux, 2017; Van Stralen, 1983). The adopted
design model assumes the omission of the unsprung mass of the tandem axle,
which means the omission of gravity and suspension inertia forces.

R R

In both cases, the balance of forces and moments acting on the suspension
is the same and has the form:

> E=T,-T,-T,,=0 27)
ZPy =R, ,+R,,—R, =0 (28)
ZMYA :Tz 'hz _Rz 'lz—1 +R272 'Lz =0 (29)

In order to take full advantage of the adhesion according to formulas (1) and
(A7), f,.1 = f,., = f, should be adopted. In this case, the distribution of braking
forces between the rear axles can be written as the ratio of their normal reaction
on the road surface:

i'r — Tz—z — Rz—z (30)
T, R

By solving the system of equations (27)-(29), the forces acting on the tandem
suspension wheels during braking are obtained:

l h l h
RH:Rz'ﬂ"'Tz' s RHZRz.ﬁ_TZ._S 3D
LZ LZ LZ LZ
T, i T,
T2—1 = 2‘ ’1—'2—2 == .2 (32)
1+i 1+i

The adhesion utilized rates applied to the rear suspension axle, depending
on the braking intensity, can be written as follows:
f= T, , _ 1-z.-G (33)
R,, R, '(1+lr)'(1+i)
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i-i-z-G (34)

T,
fz—z = = . ;
Rz—z Rz—z'(1+zr)'(1+1)

Figure 6 shows the results of the simulation of the values of adhesion
utilized rates f,, f,, fo.1, fo., used by the axles corresponding to the optimal value
of directional braking-force distribution coefficients (Table 5) for laden and
unladen vehicles. In the method described above, the most favourable values
of the coefficient of the directional inter-axial distribution of braking forces are
the optimal i, values for unladen and laden conditions. However, as shown in
Fig. 6a, this method will not ensure optimal braking of the rear suspension axles,
the adhesion utilized rate f, , has significantly exceeded the adhesion limit value
of the conditions (2), (3), (4), (5) described in Section 2, which may result in axle
blockage at full braking.

0.8
0.6

0.4

fifoyifos

02

3.3. Correction of braking-force distribution between the front axle
and rear axle assembly of three-axle trailers

In case of three-axle trailers, limits may be set for the distribution of braking
forces between the front and one of the rear axles of vehicle. The calculation
methodology is similar to that of Section 3 when selecting the distribution
between the front axle and rear axle assembly on three-axle trailers. Knowing
the distribution of braking forces between the rear axles (30), the limit values
can be represented by the permissible ranges of relative braking forces for each
rear axle relative to the front axle. In this case, the equations of relative braking
forces for the braking-intensity limits depending on the braking rate z take the
following form for the front axle limit (points A+N):

T, _R-f z—Y, .z,
=1 =——— or =i -— (35)
" G G Yo 1+i, Lk 1+i

T

VYo = =—xin Y1 :Z_(1+i7)YZ—1 (36)

Tzfz szz 'fz (1+i»’ )Yz—z 37)

Vi = G :T Yi=2— ;

r

Using the limits of the adhesion utilized rates used for the axles (35), (36),
(37) and the technical data of the trailer, the lower and upper limits of the
permissible distribution of the braking forces of the rear axles relative to the

Fig. 6. Optimal course of the adhesion utilized
rates used by the axles: a — laden trailer,
b — unladen trailer
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front axle can be determined from the graph of relative braking forces v, ,=f(y,),
Y,..=f(y,)- A graphical interpretation of the above dependencies on the basis of
solution II (4), (5) is presented in Figure 7.

!71 laden

!71 laden

2.1 Y22

L
0 0.1 02 03 04 05 06 £©1 0 01 02 03 04 05
7,=T,/G 7,=T,/G
qrz_1."qr1 unladen 72_2.*71 unladen
0.4 i 0.15 .
; o
- I/
s
,,'
o
Q 01T
rd
2] L, L
= s
"N i L
L & 0.05 N,
r
M.~ K
7
oc g
Fig. 7. Permissibl ¢ relati L 03 04 05 06 0 0.1 02 03 04 05 06
ig. 7. Permissible ranges of relative rear-axle +,=T,/G +,=T,/G

braking forces for laden and unladen trailers

Based on the brake-force distribution limits of the rear axles (Figure 7), it
is possible to determine the brake-force distribution limits i between the axles
of the vehicle so that the rear axles meet the braking stability requirements of
Chapter 2. The limit values describe the formulas:

1+i ) 1+i )
i(y271):( +lr) ’}/2—1 i(y272):( _:lr.?Y’YZ—Z

1 r 1

(38)

Yo . - . o
where: —— — permissible values of the coefficient range for linear distribution
1

of braking forces of the first rear axle from Figure 7y, , = f(y,), Yoo permissible
1

values of the coefficient range for linear distribution of braking forces of the

second rear axle from Figure 7 v,,=f(y,),

If the coefficient of inter-axial brake-force distribution i (19) is not within
the above permissible limits (38), its value must be changed. Knowing that the
reaction of the rear axles depends on the rate i, it is necessary to recalculate
the distribution of braking forces between the rear axles i, and the values of
permissible areas for the distribution of braking forces i (38) between the axles
of the vehicle in the condition y,, = f(y,), ¥», = f(v,). This operation must be
repeated until the value i is close to the limit value.

Table 6 presents the limit values of directional coefficients of the linear
inter-axial distribution of braking forces (38) from the first test calculated from
optimal parameters (Table 5) with the coefficient of braking-force distribution
between tandem suspension axles (30) for the laden trailer i, = 0.365, and the
unladen trailer i, = 0,39.
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Table 6. Limit values of directional coefficients for the linear inter-axial distribution of braking forces
for a three-axle trailer

Solution option

Unladen trailer

Laden trailer

First variant according to Figure 7

i(fa1)mn = 0.9312

i(Y2.) min=0.7509

i(Y22) ma= 1.3047

Y=fr) (721) s = 1.8498 i(721) = 14388
Second variant according to Figure 7 i(Y22) min = 0.9212 i(Y22) min=0.7509
Yz-z:f("ll)

i(Y22) max= 0.7619

Finally, after several simulation tests from the analysis of limit values of the
brake-force distribution i for the laden and unladen vehicle axles on the basis of
permissible values of the coefficient range of the directional linear distribution
of the braking forces of the rear axles (38), for the above example, in Figure 8
the following has been assumed: i = 0.88 for a laden vehicle and i = 1.34 for an
unladen vehicle.

a b
0.8 - 0.8 7
."’I -/ 7
0.6 7 0.6 £
o f1 2 /:/\ o Je
; 25" faa ; (%
L : s //_ \f
o4 4 * o4 Y Ll
W _/.r £ o 2 /(
ol g - £ A o T2
— E : et %
0.2 : 0.2
< ¥ A
&
iz z £ 2
0 ]
1] 02 0.4 0.6 08 o 02 04 06 08
= z

Using formula (30), a graph of the coefficient for the distribution of braking
forces of the rear axles, depending on the braking rate z was created for the inter-
-axial distribution of braking forces for laden and unladen trailers, adopted in Fig. 8.

1

0.8

R242;R241

0.4 Toa

02

The optimal value for the constant distribution of braking forces for the rear
axles is determined with a minimum permissible braking rate (Table 1). Table 7
presents values for an example of an unladen and a laden trailer.

Table 7. Optimal value for constant brake distribution for rear axles

Unladen trailer
0.4065

Laden trailer
0.4326

i,(z=0.5)

Such a selected brake-force distribution of rear axles will be the most optimal
and requires the use of expensive brake-force regulators between the rear axles.
In fact, the distribution of forces between the rear axles is usually constant for
all loading conditions.

Fig. 8. Course of the adhesion utilized rates
used by the axles: a — for a laden trailer,
b —for an unladen trailer

Fig. 9. Determination of optimal values for
the constant distribution of braking forces on
rear axles
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Fig. 10. Optimal course of the adhesion of
utilized rates used by the axles for a laden
trailer: a — i,= 0.4065, i = 0.088;

b —i,=0.406S, i =0.92

3.4. Optimising the distribution of braking forces on the rear axle
assembly

In order to determine the constant distribution of the braking forces of rear
axles, the braking-force distribution coefficient between the rear axles i, should
be optimised taking into account the extreme loading conditions of the trailer
(Venkataraman, 2001). The most optimal distribution of braking forces between
the rear axles will be achieved if, for the i, coefficient, the course of adhesion
utilized rates used by the rear axles is close to each other or to the optimal value
of the adhesion utilized rate of the rear axle assembly (Kaminski, Radzajewski,
2019; Tang, et al., 2013). This means that the objective function Q, being their
differences, for different values of the i, coefficient tend to be minimal.

Q(iy):(fz—l_fz—z)zémm or Q(ir):(fZ—l_.fZ)Z-'—(fZ—Z _f2)2_>min (39)

In order to select representative (comparative) values, the maximum
differences are sought for the course of adhesion utilized rates used by the axles
for an unladen and a laden trailer for different values of the braking-distribution
coefficient of the rear axles. Its scope has been limited to the range between the
optimal values for the unladen and laden trailer i, € (0.406S + 0.4326).

Qmax(ir):(fz—l(z)_fzfz (Z))2 —>max (40)

In the second case, we can determine the sum of differences in the course of
adhesion utilized rates used by the axles in braking rate range z for an unladen
and laden trailer for different values of the coefficient of rear-axle braking
distribution.

Qo (i)=Y (D)~ £ (2)) (41)

In both cases, the following condition can be verified for both loading
conditions after obtaining the maximum values (40) or the sum (41) depending
on the braking rate i

Q e sum taden (ir )+ Q. e /sum wntaden (ir ) —>min (42)

In this case, the value of brake force distribution ratio i,, which corresponds
to the minimum function value of the relation (42), is the optimal value for
constant brake-force distribution for all loading conditions. Based on the above
dependencies, a computer program was developed for optimisation in the
Matlab environment. The optimal course of adhesion utilized rates used by the
axles is shown in Fig. 10 for a laden trailer and in Fig. 8b for an unladen trailer.

After optimisation, the constant value of braking rate for both extreme
loading conditions was adopted as 0.4065. This means that it remains constant
for the unladen trailer (Fig. 8b). As can be seen in Fig. 10a for a laden trailer

0.8 R 0.8
0.6 i 0.6 ! £ o

0.4

ffoifos
PP PRTR P

0.2

1] 02 04 0.6 0.8 06 08
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after optimisation, the value of inter-axle braking-force distribution ratio i can
be increased according to formula (38) so that the adhesion utilized ratio used
by the second rear axle f,, reaches the limit point L’ or B, as shown in Figure
10b. This will ensure shorter braking distances as we reach the optimal value of
braking distribution ratio Topt (Table 5).

4. Summary and conclusions

The method described in this paper enables the selection of an optimal linear
distribution of braking forces in the air braking systems of three-axle agricultural
trailers, in which brake-force correctors with radial characteristics are used. This
methodology takes into account the requirements of EU Directive 2015/68 on
vehicle-braking efficiency and stability and uses braking-process characteristics
to determine braking-force distribution limits between the front axle and
rear axle assembly, and between the rear axles. The selection of brake-force
distribution is the basis for calculations used in the design of pneumatic braking
systems for agricultural trailers. In addition, it allows the selection of devices,
brake actuators and pneumatic components (characteristics of brake valves) for
different load conditions in trailers of any size.

As shown in this solution, the selection of the brake-force distribution
coefficient between the front and rear axle assemblies may not be sufficient.
In the case of a laden trailer with a weight of twenty-four tonnes, the rear
axle wheels could lock with full braking (Fig. 6a). The aspects of brake-force
distribution and the course of adhesion utilized rates by the tandem suspension
axles must also be analysed. The second solution (4), (5) is most commonly used
for three-axle trailers. The calculated coefficients of adhesion utilized by the
axles for this solution are closer to a straight line, showing an ideal distribution
of braking forces in which the coefficients of adhesion utilized by each axle are
the same and equal to the braking rate.

On the basis of the presented methodology, it is possible to develop rules for
the distribution of braking forces for trailers using brake-force correctors with
different characteristics than radial (linear).

16 https://doi.org/10.37705/TechTrans/e2021029 . o


https://doi.org/10.37705/TechTrans/e2021029

l::: technical
=[O transactions No. 2021/029

References

Andrew J.D. (2014). Braking of Road Vehicles. Oxford: Butterworth-Heinemann.
Bengt J. (2016). Vehicle Dynamics. Goteborg: Chalmers University of Technology.
Colaert Essieux. (2017). Catalogue general, Edition February.

Commission Delegated Regulation (EU). (2014). 2015/68 supplementing
Regulation (EU) No 167/2013 of the European Parliament and of the
Council with regard to vehicle braking requirements for the approval of
agricultural and forestry vehicles.

Forrer, P. Brake systems in agricultural and forestry vehicles. Retrieved from
http://www.paul-forrer.ch (date of accessed 07/05/2019).

Glisovi¢, J., Luki¢, 3., Sustersic, V., Cati¢, D. (2015). Development of tractors and
trailers in accordance with the requirements of legal regulations. In 9th
International Quality Conference (pp. 193-201). Center for Quality, Faculty
of Engineering, University of Kragujevac, paper no. 3504.

Gredeskul, A.B., Fedosov, V.M., Skutnev, V.M. (1975). Opredelenie parametrov
tormoznoj sistemy s regulatorom tormoznych sil. Avtomobilnaja
promyslennost, 6, 24-26.

Haldex. (2015). Agricultural trailer product catalogue. Europe, Edition 1.

Kaminski, Z. (2005). Distribution of braking forces in two-axle agricultural
trailers. Teka Kom. Mot. Energ. Roln, 5, 80-86.

Kaminski, Z. (2014). Mathematical modelling of the trailer brake control valve
for simulation of the air brake system of farm tractors equipped with
hydraulically actuated brakes. Eksploatacja i Niezawodnosc — Maintenance
and Reliability. 16(4), 637-643.

Kaminski, Z. (2012). Simulation and experimental testing of the pneumatic brake
systems of agricultural vehicles. Biatystok: Oficyna Wydawnicza Politechniki
Biatostockiej.

Kaminski, Z., Kulikowski, K. (2015). Determination of the functional and service
characteristics of the pneumatic system of an agricultural tractor with
mechanical brakes using simulation methods. Eksploatacja i Niezawodnosc
— Maintenance and Reliability, 17(3), 355-364.

Kaminski, Z., Miatluk. M. (2005). Brake systems of road vehicles. Calculations,
Biatystok: Wydawnictwo Politechniki Bialostockiej.

Kaminski, Z., Radzajewski, P. (2019). Calculations of the optimal distribution of
brake force in agricultural vehicles categories R3 and R4. Eksploatacja i
Niezawodnosc — Maintenance and Reliability, 21(4), 645-653.

Keyser, D.E., Hogan, K. (1992). Hydraulic brake systems and components for
off-highway vehicles and equipment. National Fluid Power Association
Technical Paper Series 1992, 1-1.4, 1-9.

Khaled, M., Mahmoud R. (2005). Theoretical and experimental investigations
one new adaptive duo servo drum brake with high and constant brake shoe
factor. Warburger: University Paderborn.

Knorr-Bremse. (2015). Agricultural and forestry vehicles. Brake equipment
catalogue, Y206317 - (EN — Rev. 001).

Kulikowski, K., Kaminski, Z. (2019). Methods for improving the dynamic
properties of the air braking systems of low-speed agricultural trailers. The
Archives of Automotive Engineering — Archiwum Motoryzacji, 84.2, 5-22.

Lin, M., Zhang W. (2007). Dynamic simulation and experiment of a full power
hydraulic braking system. Journal of University of Science and Technology
Beijing, 29(10), 70-75.

Ondrus, J. Vrabel, J., Kolla E. (2018). The influence of the vehicle weight on the
selected vehicle braking characteristics. In Transport Means — Proceedings
of the International Conference: 22nd International Scientific on Conference
Transport Means 2018, 384-390. Lithuania.

Ren, H., Zhecheng, J., (2019). Study on braking stability of commercial vehicles:
An optimized air brake system. Advances in Mechanical Engineering, 11(5),
1-10.

. Z : Z E n https://doi.org/10.37705/TechTrans/e2021029 17


https://doi.org/10.37705/TechTrans/e2021029

Bl::: technical
=[O transactions

No.2021/029

Safim. Trailer brake valve. Retrieved from http://www.italgidravlika.ru/pdf_files/
Safim/safim_11.pdf (date of access: 15/05/2018).

Tang, G., Zhao, H., Wu, J., Zhang Y. (2013). Optimization of Braking Force
Distribution for Three-Axle Truck. SAE Technical Paper 2013-01-0414.

Tayanovsky, G.A., Basalay, G.A. (2015). Specificity and trends in improvement of
tractor train braking dynamics. Hayka u TexHuka, 104(1), 69-79.

UN Economic Commission for Europe. (2001). ECE Regulation No. 13. Uniform
provisions concerning the approval of vehicles of categories M, N and O with
regard to braking. Geneva. Switzerland.

Wabco. (2017). Air braking system. Agriculture and forestry vehicles, Edition 11,
Version 1.

Wabco. (2013). FPB - Full Hydraulic Power Brake, Version 2/09.

Wabco. (2016). Off-highway. Overview technologies and products, Edition 2,
Version 3.

Wang, X. et al. (2011). A study on the asynchronous brake lock-up of a statically
indeterminate tractor with an air suspension. Proceedings of the Institution
of Mechanical Engineers, Part D: Journal of Automobile Engineering, 225(4),
507-516.

Van Straelen, B. (1983). Lastverlagerung und Bremskraftverteilung bei Einachs
und Doppelachsanhangern. Grundl. Landtechnik, 33(6), 183-189.

Venkataraman, P. (2001). Applied Optimization with MATLAB Programming. New
York: Wiley-Interscience.

Vrabel, J., Jagelcak, J., Zamecnik, J., Caban J. (2017). Influence of Emergency
Braking on Changes of the Axle Load of Vehicles Transporting Solid Bulk
Substrates. Transportation science and technology, 187, 89-99.

18 https://doi.org/10.37705/TechTrans/e2021029 . o


https://doi.org/10.37705/TechTrans/e2021029

