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A STUDY OF THE DYNAMIC PARAMETERS INFLUENCE OVER
THE BEHAVIOR OF THE TWO-SECTION ARTICULATED VEHICLE
DURING THE LANE CHANGE MANOEUVRE

Summary. The course stability and the steerability of the two-section wheeled vehicle
at high velocities during the lane change manoeuvre are studied in this paper. Mechanic-
mathematical model is developed, on which base simulation programmes are elaborated.
Simulation studies of the course stability at different velocities depend on some
constructive and exploitation factors are made by these models. Based on the simulation
results an idea for an algorithm and a semi-active control system of the resistance in
the pulling-supporting device is proposed.

NCCJIEJOBAHUE BJIMSAHUSA JTUHAMUYECKUX ITAPAMETPOB HA
HOBEJEHHME /IBYX3BEHHOI'O COYJIEHEHHOI'O ABTOIIOE3 1A BO
BPEMS MAHEBPA INEPEMEHBI I10JIOCBI IBUKEHUA

AHHoTanus. B 310l paboTe ncciaenoBaHbl KypcoBas yCTOMYMBOCTD M YIPaBIAEMOCTh
JIBYX3BE€HHOI'O KOJIECHOTO aBTOIOE€3/1a BO BPEMSI MaHEBpa NEPEMEHBI MTOJIOCHI JBUXKEHHUS C
BBICOKUMHU CKOpOCTsiMU. Ha OCHOBaHMM NPEMJIOKEHHON MEXaHMKO-MAaTeMaTUYECKOU
MOJENH, pa3paboTaHbl CHMYISIHOHHBEIE TporpaMMbl. C TIOMOIIBIO ASTOW MOIENH
MPOBEJEHbl  CHUMYJSILUM  JABUXKEHHUS, TIOKa3bIBAIOLIHE 3aBUCUMOCTh  KypCOBOM
YCTOMYMBOCTH M YIIPABIAEMOCTH OT HEKOTOPBIX KOHCTPYKTUBHBIX U 3KCILTyaTallMOHHBIX
(hakTOpOoB. B pe3ynbrare CUMYINSIIAN MPEUIOKEHBI aTOPUTM U TIOMyaKTUBHAS CHCTEMa
YIIPaBJIECHUS COMPOTUBIIEHUEM CEIEIbHO-CIIETHOTO YCTPOUCTBA.

1. INTRODUCTION

The strong development of the automobile transport put with significant sharpness some problems.
One of them is the traffic safety. Car accidents bring to society big damages, destroy health and take
lives of thousands of people. The question of improving the active and passive safety of vehicles got
considerable actuality [1 - 5]. The complicated traffic conditions as a result of high velocities and
the large number of participating automobiles and vehicles imposed more strict requirements to their
course stability and steerability. The estimation of these characteristics currently is considered
inadequate, resulting in limitation of the maximal velocities [3, 5]. The rise of the tractive and
dynamic properties of vehicles and the travel intensity impose growing requirements to the course
stability and their transverse overturn stability. In many cases of high-velocity motion in small-radius
curves in stopping regime the vehicle show tendency towards knife-jacking.
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For improving the traffic safety, definite requirements are demanded to the processes of steerability
and course stability:

1. Steerability and course stability are characteristics of the system vehicle-driver. Many constructive
parameters of the vehicle, occasional environmental factors and also the qualification of the driver
exert influence on them. This dependence leads to complicating the studies in this area and that is
why these characteristics are referred to as characteristics of the machine itself.

2. During the last 20-30 years the course stability and traffic safety have considerably improved due
to introduction of technical means such as:

- automated projecting of units and their aggregates;

- improvement of tyre characteristics;

- introduction of antilock braking systems, stability systems, different dampers of transverse
vibration at the connection point of the truck to the trailers;

- computerized control of the steering processes of the automobile systems, etc.

Despite of these improvements, the permitted exploitation velocities in most European countries do
not exceed 70km/h. Many papers are devoted to investigations of vehicle behavior during transient
motion and determined the influence of vehicle design factors and driver inputs to the steerability and
stability of the vehicles on various roads [2, 3, 5, 7, 10 - 14].

Different devices are proposed for overcoming this phenomenon [6 - 12]. These devices exert as
well positive influence on the travel stability of the vehicle during different manoeuvres, as the one of
line change.

From the analysis and the conclusions done it is obvious that despite the introduction of modern
devices and systems for improvement of the steerability and the course stability during vehicle motion,
their safety is not significantly bettered. As a result of this the permitted velocities for these vehicles
are not enhanced above 70-80 km/h in last years.

The purpose of this study is dedicated to improvement of the steerability and the course stability of
a two-section vehicle via adaptive management of the characteristics of the link between its sections.

2. DEVELOPMENT OF A MECHANIC-MATHEMATICAL MODEL OF AN
ARTICULATED VEHICLE

The mechanic-mathematical model of a vehicle, which point of articulation lies in the longitudinal
basis of the truck (fig. 1), is plane and has four degrees of freedom, because of the applied links in
the articulation of the two sections of the vehicle.

In the horizontal plane the model of the articulated vehicle includes masses my, m P and the mass

inertia moments Jy, Jp related to the vertical central axes of the two sections. The side slip

coefficients of the front, middle and rear axle are ks, Ksy Ky respectively, and the resistant moment

between the two sections during their relative angle displacement is M £

As coordinates, determining the movement of the systems, are choose the longitudinal and
the lateral velocities of the center of the truck masses V,,V, and the angle velocities of the front and

rear section @y, ®, .
The relationship between the projections of the reactions and velocities in the point of articulation
in the chosen moving coordination systems x C; y and 7 C p 11 for two sections of the vehicle (fig.

1) are:

T, =-T,.cos¢—N,.sinp (1)
N, =+T,.sinp—N,.cos¢@ (2)

where: =@, — @, = ledt - jwzdt
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V,=V,cosp—V, sing (3)
Vyy =V, sinp+V, cosp 4)

where:
be = Voy + a)l‘lbt (5)

As [p is taken with its sign (“+” or “-* ) in the moving coordination system X C; Y (on fig.1.
Ipt < 0).If point B of articulation is forward the mass center of the truck, /,; > 0.

The motion of the two sections is described by the following system of differential equations:
-m,.a, + ZFX =0
—my.a,+ ZFy =0
—J,@+ > M, =0 (6)
—-m,.a, +2FT =0
—-m,.a, +24F,7 =0

The accelerations of the mass centers of the truck and the trailer on the axes of their corresponding
moving coordination systems are:

va, :Vx —a)lVoy;ay :Voy +ayl,
a,=V,-woV,;a, =V, +o,V, (7)

The lateral reactions of the road on the tyres are proportional to the corresponding coefficients K 5
and side slip angles & .

V i
F,=-kg.6, 0, = arctg(V—y ]— 6., ()

X

After rearranging and substituting of the forces with their corresponding expressions in case of
6, =0 and 6; =0, for the system (6) we will have:

my V- oV, )= (Foua — Fiyry Jeos(6+6,)+ (Fye —be'2)00552 +
+ Fyy Sin(6+ 6 )+ Fy,p Sin 6, + F, cosay, +

mp(Vx cosp—V, o sin¢—V0y sin @ —ayly, smp—amV,, COS¢)—a)121bt cos@+ a)zzlpt)—

—Fp c0803 + Fp 0863 — F),

+cosg . *t9)
sin &3 — Iy, cos

m, (Vx sin@p+ @V, cosp+ Voy cosQ+ @yl cosp -V, sng— a)lzlbt sin@— !, )—

+sin ¢
—Fsindy + Fpsindy + F, cos 3 — F ), sina,,

m, (Voy + a)le): (Fbkl —Fy, )sin(t9+ 51)"' (Fbk2 —Fy, )Sin 0, —

-F,, cos(6+ 9, )—Fby2 coso, + F,, sina,, —

_ing m, (Vx cosp—V. @, sinqo—Vay sing—al,, sinp—aV,, cosp—a;l, cosp+ a)zzlpt)—  (0)
~F, cosd;+F, coso, —F, sino, - F, cosx,,

{mp (V. sinp+ @V, cosp+ V,, cos@+ayl, cosp—aV, sing—a}l, singp— d)zlp,)—}
+cos

—F,sind; +F, sind; +F, cosd, —F, sina,,
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Fig. 1. Mechanic-mathematical model of an articulated vehicle

Puc. 1. Mexanuko-MaTeMaTH4eCKast MOJIENIb COUJIEHEHHOT'O aBTOIIOE31a



A study of the dynamic parameters influence over the behavior... 33

J, @, :lhkl(Fbkl -F

bl )sin(é? +0, )+ Lipa (_ Foo + Fyy )Sin 0, -
— Ly F,, cos(6+ 6, )+lkszby2 cos o, +

+1,,F, smne,, + M, +M

rezist +

) m, (VY cosp -V o, sinqo—Vw smop—-wl,, smp-wV, cosgo—a)lzlbt cos@+ wzzlp,)—] | (11)
sin @ ’ ’ -

» —F, cosd, +F, cosd;, - F, sind; - F, cosa,,
bt

—cos @) : . .
—F, sind; +F, sind, +F, cosd, - F, sine,,

m, (V'X sim@p+mV_cosp+ Voy cos@+ @y, cosp—al,, singp— /1, sin(p—d)zlp,)—]

de)z=lpkl(—Fpk+pr)sin§3+prcos53J+Fpasinapa+Mpa—Mrezm+
o mp(szinqo+a)1Vxcos¢)+V0ycos¢)+d)llbtcosqo—a)lVoysin(p—a)flbtsinq)—d)zlpt)— (12)
i —F,sind;+F, sind, +F, cosd, —F, sinx,,

=0, - (13)

One of the criteria for the course stability of the vehicle is the grip force of the composition by
axles. As a value of this criterion 80% of the corresponding maximal value of the grip force of axles or
exceeding the angle of side slip &; > 8° is accepted [13]. After exceeding these values the vehicle

motion is considered unstable, due to the elastic properties of the tyres this state is very close to the
entire slipping of the tyres on the road. Only 80% of the maximal value of the grip forces are taken to
guarantee work of the model just in the elastic part of the relationship between lateral reaction and the
slip angle. A limiting criterion is the altitude of the lateral accelerations of the vehicle sections as well.
For solvation of the differential equations a SIMULINK program in MATLAB is developed, which
does the calculations. It gives opportunity to examine the vehicle motion during making a turn as the
road conditions, vehicle equipment and the law of changing the steering angle of the steerable wheels
are varied. There is a possibility for visualizing the steering angle of the wheels, the side slip angles of
the axles, the lateral reactions on the axles, the lateral accelerations of the vehicle sections as well as
visualizing the position of the sections on the road plane. The model is developed in the presence of

resistance moment M £ in the point of articulation.

The change of lane manoeuvre of the truck is chosen for studying the stability and steerability.
The adequacy of the model, was verified via previous investigations [11, 12]. By natural experiments
the changing of the angle of deviation of the steerable wheels is established as a sine form.

3. MODELING THE MOTION OF AN ARTICULATED VEHICLE WITH ONE
SEMI-TRAILER AND TESTING ITS COURSE STABILITY

The influence of the travel velocity, the lateral tyre hardness, the grade/degree of loading and
the grip coefficient on the travel stability of an articulated vehicle with one semi-trailer is examined.
The study is done with the mechanic-mathematical model, shown on fig. 1. As a prototype a Russian
vehicle has been used.

A linear regression analysis for establishing the degree of influence of the control factors on the
trajectory, the angles of slipping, the lateral forces and the lateral accelerations of the centers of
gravity of the two vehicle section is done. The results from it are shown in table 1.

A conclusion can be made on the basis of the tests and the regression analysis that for further
investigations it is important to study the vehicle unstable motion above 70 km/h and the influence of
its velocity along asphalt-covered roads on the travel stability. The carried out simulations show that
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traveling at higher velocities along curved trajectories with rapid change of direction is unstable and
often the vehicle loses its stability. On its turn this worsens the travel safety at such speeds.

In order to establish the critical cases of motion during the line change manoeuvre series of
simulations are done at velocity 70-95 km/h. The semitrailer load varies from empty to full-loaded
trailer. The tyre hardness changes in the range 80000-120000 N/rad. The road conditions are changed
only by the grip coefficient from ¥ = 0,65 (wet asphalt) to i = 0,85 (dry asphalt). The model from

the previous experiment is used. The time for manoeuvre accomplishment is taken as a condition. This
is inevitable because of the impossibility of the driver to reduce the manoeuvre time with raising
the speed so as to keep the manoeuvre distance constant at different velocities, especially greater than
70 km/h.

Table 1
Values of the regression equations coefficients
Equation for Variable coefficients for

\Y% k, 4 m free term
Y1 -0,0452 -0,073 0,002237 0,02664 3,554487
Y2 0,02086 -0,014 -0,00249 0,03692 3,566749
Y3 0,0303 0,01706 -0,0262 0,00279 3,519358
F1 7528,979 688,6911 -732,515 560,2792 14768,68
F2 12989,48 4563,515 -6255,67 6496,019 22717,72
F3 12991,48 6936,027 -9170,53 8156,427 21241,10
a, 1,192088 0,05359 -0,0832 0,05278 2,252825
a, 1,125407 0,03088 -0,0697 0,03207 1,905868

For manoeuvre time that at 70 km/h is accepted. Criterion for evaluating the motion is the lost of
stability and value of the side slipping of the axles’ middles during and after the manoeuvre.
The criteria for stability remain the same — limitation on grip, angle of slipping and lateral
accelerations. For evaluation of the trajectories the term that the trajectories are in the corridor of the
adjacent line after manoeuvre accomplishment with size 35+4, where A4=025m, is used.
The simulations are done at complete combining of all control factors — velocity, loading, slipping
coefficient of the tyres and grip coefficient of the tyres with the road. Fig. 1 shows the trajectories of
three of the cases.

As it is seen with growing velocity the axle trajectory of the trailer starts to enlarge its swing.
The analysis of the simulation results shows that at zero and medium loading even with enhanced
swing of the axle trajectory of the trailer the vehicle does not lose stability and does not leave the pre-
determined corridor. This behavior is preserved despite the values of the grip coefficient and the side
slip coefficient. The latter influences just the amplitudes and the process of attenuation.

At greater values of the side slip coefficient of the tyres amplitude magnitude is reduced and
oscillation process is attenuated faster, which is good for the travel safety.

With a fully loaded trailer the behavior changes. These simulations show that in any case
the vehicle violates some of the limit terms. At equal other conditions the tyre hardness exert
significant influence on the slip angles and the trajectory. In the cases with enough cohesion and small
tyre hardness considerable violation of the corridor is seen. At low loading and with enhancing the
tyre hardness the amplitudes are diminished and the oscillations are resolved. At speeds above
80 km/h these conditions are not enough for the vehicle to enter the corridor or to reduce the axle slip.

Two types of resistance of the articulation are examined in this paper: viscous friction; and
mechanic dry friction with consideration over the elasticity of the link of the frictional. The results on
fig. 3 shows the effect of two devices that increases the resistance in the point of articulation of the
two sections on the stability of the vehicle in critical situations.
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A device with purely viscose resistance and a device with dry friction are used. The simulations are
repeated when the border terms were violated. They are done in two groups — one with the first device
and another with the second device and the results are compared.

As a common conclusion from the analysis a good effect from the application of both devices is
noted. Improvement of travel stability is realized in all simulations independently from the conditions.
Fig. 3 shows the trajectories with both types of devices at 92 km/h.

The vehicle trajectories in cases of hydraulic or dry friction resistance have different character.
The hydraulic resistance offers quick oscillation silencing. Increase in the resistance moment does not
affect the pre-determined trajectory. At constant time for ruling the steering wheel by the driver, with
increase of the resistance moment, the time and respectively the distance for manoeuvre completion
are prolonged. However, if maximal approximation to the trajectory to the middle of the corridor
3,5 m is not seek, the prolongation of the manoeuvre time is not significant.

With mechanic dry friction considerably smaller in absolute value resistant moments are needed for
reduction of trajectory amplitudes than with the previous device. It turns out that applying the friction
moment changes the predetermined trajectory. This imposes the correction of the steering angle of the
wheels so that the vehicle could travel in the predetermined corridor. Another effect is the slow
silencing of the trajectory oscillations. Compared to the hydraulic resistance the silencing time here is
much longer.

It is noticed that applying a dry friction moment provides the same manoeuvre time with the
moments increase. Its increase leads to a more serious correction of the angle of steerable wheels
deviation. This deviation angle enhancement is analogous to the manoeuvre time enhancement in the
previous case with the hydraulic moment.

4. FUNCTION ALGORITHM OF THE SYSTEM FOR ACTIVE REGULATION OF THE
RESISTANCE IN THE ARTICULATION DEVICE BETWEEN THE TRUCK AND THE
TRAILER

The travel stability during the change of line manoeuvre depends on many factors. Some of them
exerting strong influence can be used as entrance for a system for ruling the resistance device between
the vehicle sections. Firstly, the machines velocity can be received from the system for management
and control of the brakes. This system as well as the system for management of the engine and the
gearbox can give information about the presence of a braking or driving force. Setting the machine
load is registered by the system for sustaining a constant trailer level. The road cohesion can be set by
the driver via a button on the control panel or can be taken from the memory of the block that controls
the brakes (ABS). The tyre hardness can also be set by the driver or “the intelligent tyres” can be used,
that continuously deliver data about the pressure in them, their load and hence their hardness, being
connected to the board computer. A switching on point for the system is the increase in the speed of
the steering wheel turning over a definite critical for the situation point. Then according to the turning
speed optimal resistance in the articulation device between the two-vehicle sections is realized. There
is also a following device that follows the angle and the speed of turning of the two sections one in
relation to the other. Fig. 4 shows a block scheme of the system for active control of the resistant
moment. When the steering wheel turning is terminated by the driver for straight motion of the
vehicle, the system for stable articulated vehicle motion switches off.

It should be added that the results obtained can be used to simulate the deformation of a separate
bus, for example, with the use of techniques [16].
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Fig. 2. Trajectories of vehicle axles at different velocities: a — 77 km/h; b — 85 km/h; ¢ — 92 km/h; Y1, Y2,

Y3 — lateral displacement of the center of respective vehicle axels

Puc. 2. TpaekTopun oceil aBTOmoe3qa Ha Pa3HbIX CKOPOCTIX: a — 77 km/4; 6 — 85 km/4; B — 92 xm/4; Y1, Y2,

Y3 — nonepedHoe nepeMeIIeHNE IIEHTPOB COOTBETCTBYIOIIHX OCeil aBTOImoe3aa
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Fig. 3. Trajectories of the vehicle axles: a — no additional resistance; b — with viscous resistance; ¢ — with dry
friction resistance; Y1,Y», Y3 — lateral displacement of the center of respective vehicle axels

Puc. 3. TpaekTopuu oceil aBTomnoe3fa: a — 0€3 JOMOIHUTEIFHOIO CONPOTUBICHUS; O — C BUCKO3HBIM COIIPOTH-
BICHHEM; B — CO CONPOTUBICHHEM THMA CyXoro TpeHus; Y1,Y2, Y3 — momepeuHoe nepeMelleHue
LIEHTPOB COOTBETCTBYIOLIMX OCeil aBTONOE3/1a
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Fig. 4. A block scheme of a system for active control of the resistant moment
Puc. 4. brox-cxeMa cHCTEMBI aKTHBHOTO YIPABJICHUS MOMEHTOM CONPOTHUBICHUS
NOTATION
a.a, - longitudinal and lateral accelerations of the center of the truck masses;
a.,a, - longitudinal and lateral accelerations of the center of the trailer masses;
F,F,F - lateral forces of the axles respectively;
F,; — traction force;
Fr// - grip force;
F, - rolling resistance force;
Fo. F,, - external active forces acting on the truck and trailer respectively;
G - vehicle weight;
Jp - mass inertia moment of the truck, related to the vertical central axle;
Jp - mass inertia moment of the trailer, related to the vertical central axle;

ks ks ks -the side slip coefficients of the front, the middle and the rear axle respectively;
6276,°" 6

I pa - distance along the ¢ 7 axis to the point of action of the external force Fpa;
Ipa - distance along the ¢}, x axis to the point of action of the force Fp,;

Ipt - distance along the ¢} x axis to the point B of the coupling;

mp - mass of the truck;

my - mass of the trailer;

Mpa, Mpa - external moments acting on the truck and the trailer, respectively;

M £ - resistant moment at the articulation point between the truck and the trailer during their
relative angle displacement;

Vy, Vy - longitudinal and lateral velocities of the center of the truck masses;

V..V, - longitudinal and lateral velocities of the center of the trailer masses;

Y., Y,.Y, - lateral coordinates of the respective axle trajectory;

op, - the angle between the longitudinal axis ¢, x and the vector of the external force Fp,;
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Opg - the angle between the longitudinal axis ¢ ,7 and the vector of the external force F,;
0,,0,,0, - side slip angles of the front, middle and rear axle respectively;

Wy, W9 - angular velocities of the front and rear section respectively;

o, - steering angles of the wheels;

/4 - grip coefficient.

Suffixes:

i - concerns the axle number;

b - concerns the truck;

p - concerns the trailer.

5. CONCLUSIONS

1.

The results from the examination have allowed to establish the main exploitational and
constructive factors, upon which the course stability of the two-section vehicles depends directly.

At equal other conditions by enhancing the lateral tyre slip coefficient K , from 80 to 120 kN/rad

the oscillation amplitude of the trajectories of the vehicle axle middles considerably drop and
the silencing time is reduced by 30-40%.

It is not necessary for the driver to correct the angle of wheel deviation in a vehicle with a device
with an hydraulic resistance moment. The damping properties of the system improve with adding
this device, but the manoeuvre time is increased up to 3 times as the hydraulic resistance
coefficient rises to ¢ =1200kNms / rad -

The damping properties of the dry friction device are much worse than those of the hydraulic
device (the silencing process is about 60% longer). The angle of steerable wheel deviation must
be corrected up to 10% to enable the truck to move along the same trajectory as in the case with
no such moment. This imposes an adaptive period for the driver to the system. The manoeuvre
time keeping is considered a positive characteristic of the device.

The development of a vehicle with an adaptive management of the resistance in the point of
articulation gives opportunity for improvement of the course stability of the vehicle.
The heightened velocities due to the adaptive device, will allow to enhance the productivity of
the automobile transport. The positive effect from the adaptive device is improving the course
stability. Its using leads also to enhancing the safety of motion of these articulated vehicles.
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