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ABSTRACT - A free-running model of a truck train, which simulates a truck train consisting of a QeR\;I;L?&E1I(-JItIhS L?]Ezmg
tow truck MAN TGS 19.360 and a biaxial semitrailer Utility VS2DC with a steerable front axis, has Accepted: 121 Dec 2019
been developed. A semitrailer model is active with the wheel drive enables to control its movement

by slow downing one of the wheels. The model was equipped with all necessary control equipment. KEYWORDS

It proved that driving a semitrailer by slow downing one of its wheels is identical to driving a Truck train, Model,
semitrailer front axis with direct drive and a driver transmission ratio of 0.5. Differences in all cases Semitrailer, Semi-trailer
have not exceeded 12% that is slowingdown one of the wheels of a semitrailer is reasonable for base, Braking moment,

driving a truck train with a long base semitrailer. Locus, Speed, Shift.

INTRODUCTION

The container transportation is known to be one of the most convenient and economic cargo delivery types, which is
carried out by the local and international transportation organisations. The containers freight transportation is widely used
around the world due to the high level of safety and the simplicity of customs registration. The modern motor-service for
transporting containers has available a wide range of cars, trailers and semi-trailers the volumes of such transportations
grow from year to year [1].

To transport 45-foot containers by carryall container trucks, it is necessary to elongate the long haul trucks. Such
elongation decreases the vehicles’ cornering performance. It is possible to improve the long haul truck’s cornering
performance by means of steered (adjustable) axels (wheels) of the semi-trailer or by braking the wheels of the semi-
trailer’s one side [2].

Manoeuvrability indicators of a long-haul truck consisting of a carryall semi-trailer - container with an adjustable axle
are defined in this work [3]. In particular, the long-haul truck with an adjustable axle proved to meet the requirements of
Council Directive 96/53/EC and Directive 2002/7/EC for manoeuvrability. In previous work, [4] to ensure safe traffic
conditions, which are regulated by international and national rules and standards, the dynamic parameters, in particular,
stability and handling of the vehicles were studied. Rather sophisticated models for numerical simulation of vehicle
dynamics on an uneven road are known [5-9].

In previous work [10], it was proved that a considerable performance improvement of a truck train agile handling with
a long base semi-trailer can be reached when slow downing one of the wheels of rear-axis. In such way, with braking
moment value in between 2 kNm on one of the rear axis wheels the locus curve of a semi-trailer increases by 33% and
correspondingly the semi-trailer turning radius becomes less by the same value and its locus approaches the tow truck
locus, which is identical to turning of the truck train with driven semi-trailer axis (wheels). However, the dependences
require experimental check. Such checking was done on the scaled truck train model [11]. The objective of this work is
to define the peculiarities of long haul truck pivoting movement when the carryall semi-trailer - container is steered by
braking the wheels of one axle.

MATERIAL AND METHOD

A physical model is a reduced research object copy having the same physical properties as the original does, that is
why it is the model under experiment. A mathematic model is not necessary for the physical model, so the calculations
are simplified and data can be received directly from the research object using gauges, recording elements, and movement
can be done with actuating mechanisms [12].

A model of a truck train consists of a tow truck model and a semi-trailer is shown in Figure 1. The base for the tow
truck model was chosen as a long-haul truck MAN TGS 19.360. This is the vehicle with wheel arrangement of 4x2. Its
unladen weight is 6790 kg, load capacity for long-haul coupling mechanism is 12210 kg. Its length makes up 5872 mm,
its track width is 2240 mm, and seat height is 1185 mm. The base for calculation of a semi-trailer model is a biaxial semi-
trailer Utility VS2DC with steerable rear axes. The length of its body is 16154 mm, its wheel base is 8075 mm, its total
width is 2600 mm, its coupling height is 1190 mm. Full truck train weight is 22 tons.
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First of all, in order to develop the model it is needed to define element dimensions (dimensional or non-dimensional
number) and derivative (which numbers will be taken as basic ones and which can be defined from others). To study
mechanical features it is enough to enter three basic measurements: for length, weight or power, and time. Dependence
of derivative number measurement from basic numbers' measurements can be shown as a dimensional formula. The most
spread dimensional system for now is CGS which is used to determine physical similarity. In this dimension system all
measurements look like exponential monomial:

L'MmT (1

Figure 1. A truck train model with a steerable coupling link.

When calculating similarity it is common to use n-theorem according to which model construction requires and has
enough p=n-k of non-dimensional numbers, where 7 is a quantity of physical variables which are described with the help
of k of fundamental measurements. It comes out from z-theorem that if two dynamic systems are described with the same
differential equations, the solution of differential equations will be scale unchangeable for the same 7 groups. So that the
model was dynamically similar to original, numbers of these 7 groups should be equal for both systems. On the basis of
this idea it is possible to pick out model sizes which correspond to real ones [13-15].

Selected scale is 1:20. Chassis length of the real and the reduced vehicle is fixed. The length of the tow truck model
is 280 mm, its wheel base is 210 mm, its track is 145mm, its seat height is 60 mm. The length of the semi-trailer is 1170
mm, distance from the coupling point with the tow truck to the first axes can be changed within 370-570 mm, its wheel
base is 100 mm, its track is 140 mm. A model tire size is counted by equating of = group that corresponds to the tire size
of the reduced copy to z group of the real vehicle that is:

(R/l)original:(R/l)model (2)

The tow truck tire size is 315/80 R22.5; the semi-trailer has tires 385/65 R22.5. By inserting the original measurements
we get Rmode=62 mm. Tire width of the tow truck model is 25 mm, of the semi-trailer is 20 mm. To count the model
weight we suppose that the model’s and original’s densities are the same:

(plj/m)model:(plj/m)original (3)

Then from the similarity we receive unladen weight of the tow truck model of 2.1 kg, weight of the semi-trailer model
with maximal load of 4.5 kg. The tow truck base is made of 2 mm chipboard. This material is easily processed, enables
to change elements fast and easy and adjust fixing for reading devices. The most appropriate from existing wheels as to
sizes were chosen for driving axes, their width makes up d=25 mm, their radius is R=62 mm. The turn is driven by a
servo controlled drive MG995 in Figure 2(a), which makes steering arm strut moving, which in its turn turns wheel pins.
The model is driven by two stepped motors 17HS8401 in Figure 2(b), from which the torque is passed to driven wheels
of the tow truck. Stepped motor 17HS8401 is a commutatorless 2 — phase motor with maximal torque of 0,52 N-m, motor
weight is 0,37 kg. Engines work from power of 12-24 V.

Tires of driving wheels have diameter of 62 mm and width of 25 mm, as it is the nearest similarity to the necessary
sizes among existing wheels. With materials chosen for truck train elements production the tow truck weight makes up
0.7 kg, that is why additional load of 0.8 kg on the front part of model is used during the ride.

The semi-trailer model is made of chipboard. Front overhang is shortened because of steering rod installation which
is situated on the tow truck. Gauge of turning angle, which is used to measure bending angle between the tow truck and
the semi-trailer, works as coupling pivot axel. In this system we use the analog rotation gauge shown in Figure 2(c),
Arduino which is a compliant rotation gauge, its maximal turn angle is 270°, its measuring accuracy is 0,2°. The gauge is
connected in three contacts: to power of 5V, to earth and to analog inlet of a microcontroller. In the truck train model
rotation gauge is firmly fixed on the semi-trailer, and its torque works as a pivot axel which is put in the semi-trailer
coupling device and is fixed in it. Gauge handle location corresponds the direction of the tow truck during movement,
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and card location corresponds to the direction of the semi-trailer. In such a way, gauge readings are equal to the angle of
the truck train bending.

Wheels with tires width of d = 20 mm and radius R = 75 mm are used on the semi-trailer. Stepped motors 17HS8401
are installed on the wheels of the first and the second axis. Weight of the semi-trailer makes up 1.2 kg, and weight on the
semi-trailer axes makes up 0.8 kg. Truck train speed and turn during kinematic way of driving (by turning of the semi-
trailer front axes) is given by operator with the help of a control board. Signals from the remote control are transmitted to
the card microcontroller Atmel 2560 for programming of Arduino Mega 2560 shown in Figure 2(d). In its turn, after
processing of these signals and performing of given algorithms of the movement, it transmits the signal to the engines
drive A4988 in Figure 2(e). For the installation of drivers we use coordinating card Ramps 1.4 in Figure 2(f). Peculiarities
of A4988 are the adjustable current, high-voltage and overheat protection. This driver also has five variants of microstep
(up to 1/16 of a step), it works from the voltage of 8-35 V, and it can provide current up to 1A.

o
L

5
@

S8 ON

Figure 2. (a) Servo controlled drive MG995, (b) stepped motor 17HS8401, (¢) rotation gauge, (d) microprocessor card,
(e) engines drive A4988 and (f) ramps card 1.4.

After signal amplification the steering wheel and the semi-trailer front axes driving takes place during kinematic way
of turning and also by wheels' drivers of the semi-trailer axes during dynamic way of turn. Microcontroller allows
programing necessary actions of the engine work on programming language C++ Program is designed in such a way.
First, the speed parameter is checked; second, the wheel turn parameter is checked if the truck train moves forward then
only engines of the semi-trailer drive wheels work. If the wheels turn parameter is changed and the truck train should
turn, then a turning signal is given to the semi-trailer front axis servo controlled drive (MG995). Output spindle of servo
controlled drive revolves for about 120 degrees and has maximal torque of 0,85 Nxm. To drive MG995 any controllers
with power of 5 V can be used.

In a dynamic way of turn and depending on the truck train speed the frequency of wheels rotation of one of the semi-
trailer’s sides increases, herewith, the opposite side begins to lowering the frequency of wheels rotation, in such a way
semi-trailer precision steering takes place depending on the angle of the turn and the truck train speed.
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Paying attention to the fact that the model was developed to estimate the truck train maneuver effectiveness taking
into account the developed driving law for the semi-trailer rear axis moving with small speed, elements of arbor support
were not designed. Software of the designed truck train consists of a program recorded straightforward into the
microcontroller Arduino and after successful compilation the program of the model driving is transmitted into the
processor by the means of a virtual COM port. It allows the dialogue with the user entering commands from the keyboard
to make a movement, wheel turn or definite maneuvers. Data about turning angles of driving wheels, bending angle,
direction and side of movement are shown each 2 seconds.

Two external libraries are used in the driving program. AccelStepper.h and Servo.h which are used for the motor card
work with direct current engines and servo controlled drivers correspondingly. A monitor installed into development area
allows realizing backlink with the card in the process of program fulfillment. Transmission of commands to processor
and also reading and displaying of data is possible. Experiment program included determining of the semi-trailer locus
deviations as to the tow truck locus when the truck train moves in a circle locus, when doing maneuvers such as "turn"
and "elk test" when the semi-trailer base and braking moment on one of the wheels are changed.

RESULTS

To trace locus of characteristic points’ movement, red diodes for the tow truck axes and green one for semi-trailer
axes are installed on them. There is a camera SJCAM SJ5000 above testing stand which makes pictures in the given time
periods. Received pictures are processed by the program, all except markers is dropped out from the picture. Then
received points are grouped with rides and by connecting them it is possible to receive the locus of movement of
characteristic model points for each test ride.

More than 10 pictures were done for each ride. Results of 4 test rides for the truck train with the semi-trailer base of
370 mm in case of absence of braking moments on one of the semi-trailer wheels is shown on Figure 3. Points on this
scheme correspond to the location of characteristic points at the moment of taking pictures. Approximate locus of
movement of driving axes middle was defined as a middle between the points which are the nearest and the furthest from
the center of the made circle. Averaged movement locuses of both markers have slight deviations, that is, that the model
behavior can be taken as adequate for circle maneuver. Deviations between calculated and experimental numbers of the
semi-trailer shifting according to the tow truck locus do not exceed 5.2%.
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Figure 3. Results of round rides.

Methods of experiment planning were applied on one of the semi-trailer wheels to analyze the influence of a semi-
trailer base and braking moment. During experiment planning the following factors were checked: semi-trailer base,
braking moment on one of the semi-trailer wheels, truck train speed. Since all mentioned factors correspond to the
demands as to factors that are used during planning of experiment [16] (driver, simple, directly effect the object, defined
operationally, non-correlational, possibility of different combination installation) they can be used as factors in the
experiment.
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Maximal and minimal numbers, that is, changing intervals, are set for each factor. For the semi-trailer base L, minimal
value corresponds to typical base size of modern semi-trailers, maximal one comes out of the condition of maximal truck
train length according to Traffic Regulations of Ukraine (22 m). For breaking movement M, maximal value is chosen
between 0.5 N-m (maximal moment on wheel in reverse mode), minimal one is 0 (without any breaking moment on the
wheel). For truck train speed V,, maximal value realized in the model makes up 1.5 m/s (for real truck train it is 30 m/s),
minimal one corresponds to minimal stable truck train speed of 0.1 m/s. Corresponding values of factors are given in
Table 1.

Table 1. Factor change intervals.

Minimum (Ximin) Maximum (Ximax)  Naught level

Factors

Semitrailer base (mm) 370 570 470
Breaking moment (N.m) 0 0.50 0.25
Truck train speed (m/s) 0.10 1.50 0.80

For considerable simplification of further calculation we will come from natural factors to coded ones. Receiving [16-
17]:

X = 0, S(Ximax + Ximin) @
1 "

L2AX,
AXi = Oa 5(>(imax - Ximin ) (6)

where Xg; - factor's zero points; AX; - half range of factor's change. Change from coded variables to natural ones and
vice versus is done according to the next dependence:

X, - X, (7
X. =—>
LAX,
X, = x,AX; + X, (8)

where X, x; — natural and coded factor number correspondingly. Experiment task is to receive regression equation
which looks like the following using of three factors [18]:

2 2 2
Y =b, +bx, +b,x, +b,x; +b, ;X +b,,X5 +by;x] +b,X,X, +b;;x,;x; + ’ ©)

+b23X2X3 + b123X1X2X3

where b;; — regression coefficient and X1, X2, X3 — factors. To make the coding, the value Ximax corresponds to coded
value “+17, and “-1” corresponds to the value Ximin. In Table 2 (coded factor values, natural factor values) a matrix of
orthogonal plan of the second degree of a complete factor experiment is given, in which three factors are changed on two
levels (FFE? — full factorial experiment) [18]. The values of the semi-trailer locus shifting as to the tow truck locus on the
truck train circle movement during three repetitions are given in Table 3.

Experiment results were processed according to Table 3. Regression coefficients were calculated according to
dependences [17-18]:

u=1

P (10)

N
’
Z‘xiuxjuyu zxiuyu

— u=l u=1

ij N bii_ N

> (e, (x)

u=1 u=1

where y, — state change, that is a value of the semitrailer locus shifting as to the tow truck locus, xi,, X, — coded factor
numbers of corresponding research, x'; — fixed numbers (given in Table 4) and N =15 — total quantity of experiments. As
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aresult of calculations such coefficient data were received: bg=-7.0191; b1=-4.7551; b,=-3.0918; b5=15.1602; b;;=1.2551;
b2x=0.1511; b33=0.0651; b1,=-1.2511; b13=-2.1751; b23=0.4201; b;23=0.4995.

Table 2. FFE matrix organisation.

Coded factor values Natural factor values
Ne Xo X X, X; |Lomm M,Nxm Vym/s
1 +1 +1 +1 +1 570 0.5 1.5
2 +1 -1 +1 +1 370 0.5 1.5
3 +1 +1 -1 +1 570 0.5 1.5
4 +1 -1 -1 +1 370 0.5 1.5
5 +1 +1 +1 -1 570 0.5 0.1
6 +1 -1 +1 -1 370 0.5 0.1
7 +1 +1 -1 -1 570 0 0.1
8 +1 -1 -1 -1 370 0 0.1
9 +1 +1.215 0 0 692.55 0.25 0.80
10 +1  -1.215 0 0 449.55 0.25 0.80
11 +1 0 +1.215 0 470 0.6075 0.80
12 +1 0 -1.215 0 470 0 0.80
13 +1 0 0 +1.215 470 0.25 1.8225
14 +1 0 0 -1.215 470 0.25 0.1215
15 +1 0 0 0 470 0.25 0.8

Table 3. Values of the semi-trailer locus shifting as to the tow truck locus.

Semi-trailer base, Torque moment (N.m) Truck train movement |Shifting during repetitions (mm|)
No L, (mm) ’ speed (m/s) first second third  average
X1 X X2 X2 X3 X3 Aq A A3 Aav
1 1 5.7 1 0.5 1 1.5 73 69 71 71
2 -1 3.7 1 0.5 1 1.5 52 50 54 52
3 1 5.7 -1 0 1 1.5 79 77 81 79
4 -1 3.7 -1 0 1 1.5 58 60 62 60
5 1 5.7 1 0.5 -1 0.1 66 70 68 68
6 -1 3.7 1 0.5 -1 0.1 48 50 52 50
7 1 5.7 -1 0 -1 0.1 76 78 74 76
8 -1 3.7 -1 0 -1 0.1 55 57 53 55
9 1.215 6.9 0 0.25 0 0.80 79 81 83 81
10 -1.215 4.5 0 0.25 0 0.80 67 69 65 67
11 0 4.7 1.215 0.6075 0 0.80 65 63 61 63
12 0 4.7 -1.215 0 0 0.80 69 73 68 70
13 0 4.7 0 0.25 1.215 1.8225 68 66 67 67
14 0 4.7 0 0.25 -1.215 0.1215 62 63 61 62
15 0 4.7 0 0.25 0 0.8 65 65 62 64
Table 4. Fixed parameter numbers
No x's x' x's Ne X't x" x's
1 0.27 0.27 0.27 9 0.746 -0.73 -0.73
2 0.27 0.27 0.27 10 0.746 -0.73 -0.73
3 0.27 0.27 0.27 11 -0.73 0.746 -0.73
4 0.27 0.27 0.27 12 -0.73 0.746 -0.73
5 0.27 0.27 0.27 13 -0.73 -0.73 0.746
6 0.27 0.27 0.27 14 -0.73 -0.73 0.746
7 0.27 0.27 0.27 15 -0.73 -0.73 -0.73
8 0.27 0.27 0.27 - - - -

Check of dispersion equal accuracy is done according to Cochran's test:

G, <G.(q.f.1,)> (11)
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where G s> — estimated value of Cochran's test, Gr — theoretical value of Cochran's test (chosen according to
PTN
25,
u=l
tables depending on numbers ¢, 11, f2), ¢=0.05 — significance level, fi=m—1=3 —1=2, f,= N =15 — number of degrees

of freedom, m = 3 — quantity of parallel researches, 2 _ 1 Zm:(y ST line-by-line dispersion, and y = lz Vi
u m _ o ul u u m k:1 u

- average value of state variable. By making all necessary calculations and by comparing theoretical and calculated value

of Cochran's test (Table 5) we make a conclusion about dispersion equal accuracy. Regression coefficients for significance

was checked according to student's coefficient.

tips Lo iy > (@ 1) (12)

where ¢ — M,t,, — M,t,, — M - estimated value Student's coefficient, 7 =2.04 — theoretical value of Student's
1p Sb‘ 1Jp Sb” 1p Sb”
coefficient (chosen according to tables depending on numbers g, f), f = N(m—1) =30 —number of degrees of freedom;
:i Sz_ = S(z) Sz‘, = So Sz_, = S(z)
N e inzu T Z(Xiuxju )2 o Z(X:u)z
experimental error.

By making calculations of corresponding values of Student's coefficient (Table 5) and by comparing them with table
values, we receive the following significant regression coefficients: bo=-7.0191; b;=-4.7551; b,=-3.0918; b3=15.1602;
b11=1.2551; bip=-1.2511; b13=-2.1751; b23=0.4201; b123=0.4995. Let’s check regression equation for correspondence with
the help of Fisher's ratio test:

. . . . 1 &
s? — dispersions of regression coefficient, and g’ =_Zsz -
0 N u
u=1

Fp<FT(q’fadﬂf0)’ (13)
where FT — table value of Fisher's ratio test (chosen according to tables [18] depending on numbers q, fad, f0),
szd
¢ — estimated value of Fisher's ratio test, §° =—— > (yu - yu) — dispersion of adequacy, y — change of

-1 u=l
state, which is received from regression equation, fia =N —1=15-9=6, fy=m — 1 =3 — 1 =2 - number of degrees of
freedom and / =9 is quantity of regression members which are left.
Having the calculated corresponding values (table 5) and compared calculated and table value of Fisher's ratio test we
can make a conclusion about correspondence of regression equation.

Table 5. Calculated values when processing experiment results

Calculated value of Cochran's test, G, 0.3119
Table value of Cochran's test, Gr 0.3346
top 364.32
tip 43.49
top 26.73
t3p 136.10
tip 7.27
Calculated value of Student's test  t, 0.87
t33p 0.37
tizp 9.78
ti3p 16.88
t23p 3.22
ti23p 3.68
Table value of Student's test, tr 2.04
Calculated value of Fisher's test, F, 2.31
Table value of Fisher’s test, Fr 2.42

In such a way regression equation for the semitrailer locus shifting as to the tow truck locus has the following
appearance:

A=7.091+4.7551x,+3.0918x2-15.1602x3-1.2551(x1)?+1.251 Lxx2+2.1751x1x3-0.4201x2x3-0.4995x x 2 3. (14)
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Let’s move from an equation in coded values to an equation in natural values. We receive:

A=56.102-27.075L+3.0918M-15.1602 V;-1.2551(Ls)*+1.2511 Ls M+ (15)
+2.1751 L, V4-0.4201 M, V~0.4995 Ly M,V
To define an experiment error for the value, which is calculated according to the measured values the following

dependence is used [17-18]:
2 2
O°A O°A
2 2 2
A i I i e (16)
pA ( ax j px [ ay j py

where pi — value definition error A, px — relative error of X value defining, px — relative error of Y value defining and

2 2
(MJ (M] — partial derivatives. In our case A value is the semi-trailer locus shifting as to the tow truck locus. Then
Ox oy

outcoming equation to find an error is:

, (074 N o’A ) (17)
pP,= oL P, oM p
Let’s find components of the equation: [ 0°4 _ M and [ 0°4 ) L . Relative error is calculated
oL L +M* oM L' +M*
according to the next dependence: p zﬁ and _Yu  where ¥, Wi — are absolute errors of measuring of
L M
X Y
correspondingly L and M. Absolute errors are instrument precision or half of the lowest graduation on the instrument
1

scale. Measurement L was done with a tape measure with a half of the lowest graduation; ¥;=_* =0.5 mm. Measurement

2
M was defined from drive 17HS8401 characteristic and made up; ¥y =0,05 N-m.

Then, (Y ’ 0.5 ’ X ’ 0.05 * The biggest error value of ps, which was received
Pa= X2 7| * + 2 7| *
+Y X X +Y Y
according to the data from Table 3 makes up 0.67%. Values of the semi-trailer locus shifting as to the tow truck locus
defined according to the Equation. (15) were compared with the same shifting received by driving the semi-trailer front
axis with the help of direct drive and gear ratio of the drive 0.5. Differences in all cases did not exceed 12% that is slowing
down of one of the semi-trailer wheels is identical to driving the semi-trailer front axis.

CONCLUSION

A free running model of the truck train, which simulates a truck train consisting of a tow truck MAN TGS 19.360 and
a biaxial semi-trailer Utility VS2DC with steerable front axis, has been developed. The model is equipped with all
necessary control equipment. Model software enables to realize an algorithm of semi-trailer rear axis driving, into the
based on coincidence of locuses of characteristic points of the tow truck and the semi-trailer. Installed that driving of a
semi-trailer by slowdowning of one of its wheels is identical to driving of the front semi-trailer axis with a direct drive
and a driver transmission ratio of 0.5. Data about turning angles of driving wheels, bending angle, direction and side of
movement are shown each 2 seconds. For truck train speed V,, maximal value realized in the model makes up 1,5 m/s
(for real truck train it is 30 m/s), minimal one corresponds to minimal stable truck train speed of 0.1 m/s. On the basis of
experimental studies, there were derived complex regression relationships to determine the semi-trailer locus shifting as
to the tow truck locus. The biggest error value of p4, makes up 0.67%. Differences in all cases did not exceed 12% that is
slowingdown of one of the wheels of semi-trailer is potential for driving of the truck trains with long base semi-trailers.
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