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ABSTRACT

The study of dynamics of tank vehicles carrying liquid fuel cargo is complex. The forces and moments due to liquid
sloshing create serious problems related to the instability of tank vehicles. In this paper, a complete analytical model of
a modular tank vehicle has been developed. The model included all the vehicle systems and subsystems. Simulation
results obtained using this model was compared with those obtained using the popular TruckSim software. The com-
parison proved the validity of the assumptions used in the analytical model and showed a good correlation under single

or double lane change and turning manoeuvers.

Keywords Analytical Model; Tank Vehicle; Stability; Dynamic Behavior; Suspension

1. Introduction

In general, numerical models are developed to under-
stand the liquid sloshing phenomenon coupled with tank
structure. They are able to determine the coupling be-
havior, only under specific conditions, such as periodic
accelerations. The effects of suspension system, tire and
road excitation on a moving vehicle have not been taken
into consideration. Regarding the vehicle itself, different
simple models for tractors and trailers have been de-
scribed in literatures to study the dynamic behavior of
heavy vehicles during various maneuvers. Ellis [1] de-
veloped a simple model for tractor-trailer type bicycle
with four degrees of freedom where the load transfer was
modeled using an additional degree of freedom (rolling
motion). Hyun [2] adopted a model for vehicle with four
degrees of freedom for the active control of roll-over of
heavy vehicles. While various solid-liquid models have
been developed to determine the dynamic behavior of
vehicles carrying liquids, few models have been devel-
oped to reflect the effects of vehicle systems and subsys-
tems, such as suspension and tire components. The mod-
els adopted for the vehicle systems are al based on sim-
plified assumptions.

It is necessary to develop a comprehensive model be-
cause a vehicle is composed of various subsystems and
the effects of those need to be considered. AutoSim
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package, one of most popular software for modeling of
the behavior of a vehicle, was developed at the Univer-
sity of Michigan [3,4]. Three software applications were
created based on the AutoSim package [5]. These soft-
ware applications are CarSim, TruckSim and BikeSim
for cars, heavy vehicles and motorcycles respectively.
However, the TruckSim software does not include the
effects of motion of a moving load [6-8]. They are easy
to use for conventional vehicles only. However, they
offer some models for unconventional designs and the
models find applications in some specific research pro-
jects. Another drawback with these tools is that they
work in a closed environment. Therefore the present
work focussed on devel opment of custom made models.

2. VehicleKinematic

To develop the model of the vehicle, there are several
methods that could be exploited to derive the equations
of motion such as Lagrange, Newton and virtual work
methods. The popular alternative approach for dynamic
modelling of vehiclesisto use of simple models having a
reasonable excution time. In this study, a new model was
developed based on the simplified Ervin model [4]. This
model was solved without any mathematical approxima-
tion and it took care of the complexity of liquid motion
inside the tank. The solutions of the equations were ob-
tained using the mathematical software Maple [9]. The
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equations were derived based on the principles of New-
tonian mechanics and conservation of linear and angular
momentums for a solid body.

2.1. Coordinate System

The large number of degrees of freedom for trandation
and rotational motion, required to represent an articulated
vehicle, excludes the use of a single coordinate system.
In fact, the equations of motion can be written more eas-
ily if several coordinate systems are employed. The pur-
pose of this section is to identify the orientation of the
various coordinate systems, and specify the variables
required to connect the processing unit vectors in the
various systems. The inertial coordinate system, the body
coordinate system fixed to the sprung mass and the coor-
dinate system fixed to the unsprung mass were used to
describe the system. Newton's laws are valid only for a
finite acceleration in an inertia coordinate system
[, Yo, Z,] . The orientations of coordinate axes were ex-
pressed in accordance with the Society of Automotive
Engineers standard (SAE), where the positive x axis
points anterior, the positive y axis is oriented to the right
and the positive z axis points downward. In our model,
each sprung mass was represented as a rigid body with
six degrees of freedom namely, longitudinal, lateral, ver-
tical, roll, pitch and yaw. For the unsprung mass, there
were assigned two degrees of freedom namely, the roll
and vertical motions relative to the point of attachment of
the sprung mass. The equations were formulated such
that there was no limit to the number of sprung and un-
sprung masses. All the equations were solved, without
any mathematical simplification, using the symbolic
computational software Maple [9].

Three coordinate systems were used to develop the
equations of motion. The first one was attached to the
inertial system [X,, Y, Z,]. the second one was attached
to each sprung mass [X,, Y., z,| and the third one was
attached to each unsprung mass [Xx,,Y,,z,]. Figure 1

Figure 1. Fixed unit and articulated tank vehicles.
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shows the coordinate systems for fixed unit and articu-
lated vehicles.

2.1.1. Coordinate System Fixed to the Sprung

Mass
The three rotational motions of the sprung mass were
expressed by the three Euler angles. yaw y (around
axis z), pitch 6, (around axis y) and rolling motion
¢, (around axis x) asshown by Figure2.

The transformation matrix between inertial system and
the system fixed to the sprung mass was defined sepa-
rately for the three successive rotations: yaw, pitch and
roll.

Yaw ..
. . T . . T
(i dn k) =4, (0 0 k)
cosy, —-siny, O
A, =| sny, cosy, O @
0 0 1
Pitch 6,:

Figure2. (@) Yaw: w, =y Kk, ; (b) Pitch: w, = 6"5j1; (©) Rall:

w, = {éis . Sprung mass orientation defined by euler angles.

WIM



124 M. TOUMI

cosd, 0 sind,
A,=| O 1 0 (2
—-sing, 0 cosé,
Roll 4,:
(iz i kz)Tzﬂ“ws(is Js ks)T
1 0 0
A4,,=| 0 cosp, —sing, (3
0 —-sing, cose,

The transformation matrix, connecting the inertial sys-
tem and the system fixed to the sprung mass, was aob-
tained by combining the three matrices as follows:

(in In kn)T:Rg(is is ks)T

A LA EN @

where: (please see Equation (5) below)
and:
(i J k) =R 0 k)" ©

withindex (C=cos, S=sin).

2.1.2. Linear and Angular Velocities of the Sprung
Mass

The equations of motion of each sprung mass were de-
veloped and written for the system fixed to the sprung
mass in terms of linear velocity [U,,V,,W,] and angu-
lar velocity [ps, 0, r] of the center of mass of the
sprung mass. In order to calculate the velocity and Euler
angles, expressions connecting the linear and angular
velocities for both the systems were devel oped.

(x ¥y 2 =R(U, V, W) )
psis+qus+rsk5:¢sis+ésj2'H/./skn (8)

Introducing the transformation matrices between the
two systems, the relationship between the angular veloci-
ties can be calculated by the following equations:

sing, sing, N sing, cosg, ;

ET AL.

2.1.3. Coordinate System Fixed to the Unsprung Mass
As mentioned earlier, two motions were assigned to each
unsprung mass, namely, the roll motion and vertical mo-
tion relative to the sprung mass. It may be noted that the
pitching motion of the unsprung mass, representing the
axle of vehicle, is infinitely small and can be neglected
[3]. The orientation of the sprung mass relative to the
inertial coordinate system was defined by two rotational
motions namely, yaw motion y, and roll motion ¢,
asillustrated in Figure 3.

The transformation matrix between the system fixed to
the unsprung mass and the inertial system can be ex-
pressed as:

Yaw y:
(i dn k) =A Gk k)
cosy, —siny, O
4, =| siny, cosy, O (20)
0 0 1
Roll ¢,:

1 0 0
4, =|0 cosp, —sing, (11)
0 -sing, cosg,

b =p. + Ju
%=ps cosf, cosf, ° ¢
. _ ki ku
6, =cos —sing,r
s ¢sqs ¢s s (9) ()
v, = sing, oS¢, Figure 3. (a) Yaw; (b) Roll ¢, . Unsprung mass orientation
° cosf, ° cosf, ° defined by Euler angles.
Cl//scgs _S//SC¢S + Cl//SSHSS¢S S'//sws + CWSS€5C¢S
Rsn = Sl//scgs CI//SC¢S + SV/SSHSS¢5 _C'//ss¢s + S(/ISSGSC¢S (5)
_Sas Cgss¢s C95C¢S
Copyright © 2013 SciRes. WIM
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Therefore, the transformation matrix, that connects the
system fixed to the unsprung mass and the inertial system,
can be obtained by combining the above two transforma-
tions ((10) and (112)).

(o o k) =[2 [A 00 d0 k)" (22

The angular velocity of the unsprung mass can be de-
fined by the following equation:

W, = puiu + rsks (13)
By introducing the transformation matrices between
the inertial system and the system fixed to the unsprung

mass, the angular velocity was expressed in terms of
Euler angles asfollows:

P =4 (14)

On the other hand, the road excitation forces are in
contact with the unsprung mass. These forces are trans-
ferred to the sprung mass through the suspension system.
Therefore, the transformation matrix between the two
systems fixed to the sprung and unsprung masses needs
to be calculated.

(o k) =[A [ ][]0 6 k)" as)
R =D¢u ][’ﬁﬂ%J

where: (please see Equation (17) below).

(16)

2.2. Sprung Mass Kinematics

For the derivation of equations of motion of the vehicle it
is necessary to calculate the expression for the accelera-
tion of an arbitrary point on the vehicle. Figure 4 shows
O, as the coordinate system fixed to the road (inertial)
and O, as the system of the body coordinate with a

Figure 4. Coordinate systems.
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trandational velocity v, and an angular velocity w.
For agiven vector q, the following expression [10] was

obtained:
[—j 1|—(—j gq+Ww,xq
ot f ot b S

The indices f and b indicate that the derivative was
calculated with respect to the inertial system and system
of the body concerned respectively.

The velocity of point p in the vehicle, relative to iner-
tial system, can be calculated by the following expres-

sion:
vV, =V, + _8 r
p s ot ), p

Therefore, substitution of Equation (18) in Equation
(19) gives:

(18)

(19)

0 .
vp:vs+(— Mo WX, =V +F +W,xr, (20)
b

The acceleration of the point p can be calculated by
differentiating Equation (20) with respect to time:

0
ap: a pr

:(%j (vs+r'p+ws><rp)+wsx(vs+r'p+wsxrp) 1)
b

=V + WXV W X Ty o+ WX (W X T )+ 20, x Ty +

Since the center of mass of the sprung mass coincides
with the origin of the coordinate system attached to the
sprung mass, acceleration of the center of mass of the
sprung mass was obtained by replacing (r,=0) in
Equation (21): a, =V, +W, x V.

iU+qW—rV

dt
% d
a, |= EV+rU—pW (22)
&/ | d

—W+ pV-qu

at +pv—-q

In this study, it was assumed that the load of the liquid,
represented by the center of mass, can move as a material
point and can be represented by a remote vector
r.=[x.Y.,z] from the center of mass of the sprung
mass with the same angular velocity | p;, g, rs]T as that
of the sprung mass of the vehicle as shownin Figure5.

Cgs Sess¢s Sesc¢s
R: = _Sess¢u C¢sc¢u + S¢SS¢UC(95 _C¢u S¢s + S¢uc¢sc‘95 (17)
C¢u Sas _S¢u C¢s + C¢u S¢SC95 S¢u S¢s + C¢u C¢5C95
Copyright © 2013 SciRes. WIM
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Hence, the acceleration of the center of mass of the liquid
can be obtained by replacing the expression (r,=r, ) in
Equation (21). Moreover, in this study the interaction
between the vehicle and the liquid was modeled as a

ET AL.

coordinates of the vector r, were updated at each time
step, the relative velocity and acceleration relative to the
coordinate system fixed to the sprung mass were ne-
glected.

multi-body system using small time step At. As the =V + WX Vg + WX +Wox (Woxr ) (23)
Fu+[ L)z [ Lrly +aw+ py, —ax )-r(V+rx - pz,)
a dt dt dt
aLX v Erij —(E psz +1r(U+az -1y, )~ p(W+py_-ax)
/ dt dt dt
aLZ d d
GV g P g d PV —pz ) —a(U +az -y )
2.3. Unsprung Mass Kinematics Equation (25) with respect to time:
The position of the unsprung mass is located in relation a, = (as FW X, +WSX(WSX r ))
to the point where the sprung mass is attached as shown _ °
in FlgureSSand 6. i Wuxrru+Wu><(Wu><rru) (26)
(ru)f =+ +hy (24) +2Wu X rru +Wu XTI, + f;u ;

where:

r, : represents the position of center of sprung mass
from theinertial system.

r.=(%,0,z),: represents the position of the roll

center relative to the system fixed to the sprung mass.
r,=(0,0,2,), : represents the position of the roll
center relative to the system attached to the unsprung
mass. The velocity was calculated by differentiating
Equation (24) with respect to time:
V, =V +Wxr +1, W, XTI, +1,,

25
:(Vs+strr)s+(Wueru+rru)u (25)

The acceleration was calculated by differentiating

Mcx, Fex

Fey

C Fifth wheel

Tire

B Spin

Su D> 8 direction
P pra Ti ‘
Ct
Zu Pneu ka
ke Fex
Body I (Tractor)

where suffixes (s) and (u) indicate systems fixed to
the sprung mass and unsprung mass respectively.

w, =[ ps, 0, rs]T is the angular velocity of the sprung

massand w, =[p,,0,r,]" isthe angular velocity of the

unsprung mass.

As described in Figure 7, suspension forces transmit-
ted to the sprung mass for each axis can be expressed as
follows:

Fsir + Fsaz
F, = Fsyi
Fgi +

(27)
=

sz2 /)y

Suspension
ssgs s

L ce
m l Axe b CE:‘JiL

——

Su 8 direction
Dru Ti

Ct

Roll center

i
e B Spin

Zu ke
ke

<

Body 2 (Trailer)

Figure 5. Vehicle mathematical model.

Copyright © 2013 SciRes.
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Ys qs

spring mass

pring s
Is
)

Figure 6. Unsprung mass kinematics.

where;

F,, and F_, are the vertica suspension forces at

left and right sides respectively.
F.. is the interna lateral force applied to the rall

syi
center of each axis. This force is the result of the lateral
forces applied to thetires.
F.: and F,, arethe longitudina suspension forces
at the right and left sides respectively.
The suspension forces in the system attached to the

———ccca-

———eccaaa

wyi3

Fwizid  Fwzi3
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sprung mass S can be defined using the transformation
matrix that connects the unsprung mass and sprung mass
(Equation (17)).The internal forces can be eliminated
according to the dynamic equations of motion for each
axis i, asillustrated in Figure 7.

I:9<i1 + I:s>(i2
Fmpi = Rj Fwi (28)
FartFaz )y )
4
Fis = _(”Liaui ) Jui +[Z Fayi ]COS%
= (29)
4
_(Zszi jgn%i +m,gsing,
i
4
Fer + Faz =—(m,ay )iy + 2 Fu (30)

j=1

2.4. Fifth Whed Kinematics

The motion of the sprung mass of tractor and trailer are
coupled via the fifth wheel joint. Several studies sug-
gested to consider joint connection as a rigid one in the
case of trandational motion. This alows to consider a
joint as a point. With this assumption, the number of de-
grees of freedom was reduced. Thus we can calculate the
expressions for velocity and acceleration of the trailer

Fwzil  Fwizi2

Figure 7. Vehicle model (front view).

Copyright © 2013 SciRes.
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depending on the velocity and acceleration of the tractor
[4]. If the harness is not rigid enough, it can be modeled
as an assembly of a spring and a damper in parallel [3].
However, torsional component of the fifth wheel acts in
the case of rolling motion. From Figure 8, velocity and
acceleration of point C were calculated with respect to
the two systems fixed to the sprung masses of tractor and
trailer asfollows:

Vc :Vsl +Vc/sl :Vsz +Vc/52
& =8y t8yg =8t 8y

(31)

with:
lost = Xals + ZuKg @Nd T = Xolg, + 75K,
where:
Vora =Wy X Tyyg
Vc/sZ = WsZ X rc/sZ

and

Tractor

ET AL.

By = W X Tgrgq +Wey X (W X Ty )
at:lsz = WSZ x rclsz + Wsz X (Wsz X rc/sz)
The following relations can be obtained by introducing
the expressions of Equation (32) in Equation (31).
Ul + qzcl
V, =| RE| Vi + 10X, — Py
Vvl - qlxcl sl /g
U, +0z%,
=V + X, — P27,
Wz — 0% s2
The transformation matrix RS between the system
attached to the sprung mass of trailer (s2) and the sys-

tem fixed to the sprung mass of tractor (sl) can be cal-
culated through the inertial system asfollows:

(32)

(33)

R =R R}
|5
Ys2 Trailer

Figure 8. Fifth wheel kinematic.

d

dt

d d
—V,+|—r
dt * (dtl

%,

dt dt

at

dt dt

Copyright © 2013 SciRes.

d
Ul+(aquzcl+ql(vvl_qlxcl)_rl(vl+ M Xq— plzcl)
d
jm—[a pljzcﬁrl(uﬁoazu)— P (W — %)
d d
E\M_(E%jxcﬁ‘ P (Vi + 10Xy — P2y )~ G (Uy + 2 )
d d
_Uz +(_Q2chz +q2(\N2 _qzxcz)_rz(vz X — pzzcz)
d d d
= _Vz +(ar2jxc2 _(a pz]zcz + rz(Uz +q22c2)_ pz(Wz _qzxcz)

d d
—W, _(_quxcz P (Vo 1% = P2 )~ G (U, + 0,2,

(34)
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The simultaneous solution of Equations (33) and (34)
gave the final expressions for the velocity and accelera
tion of the trailer as a function of the velocity and accel-
eration of the tractor.

The sweep on the roll angle between the tractor and
trailer was useful to calculate the constraint of the fifth
wheel for the roll motion (roll moment):

Mcslz kxc(¢sl_¢s )Isl
Mcsz =_F§12(kxc(¢s_¢sz)isl) (35)

3. VehicleKinetics

This section is devoted to the definition of variables with
some algebraic manipulations chosen for the equations of
motion. All kinetic parameters were developed for an
articulated vehicle. The same settings were applied in the

ET AL. 129

case of a unit vehicle. The free body diagram shown in
Figure 7 shows the external and internal forces and mo-
ments applied to each subsystem of the vehicle. To ob-
tain the eguations of linear and angular motions, it is
important to model the rigid body as a set of material
points.

3.1. Linear Motion

The application of Newton's laws eventualy gives the
equations of linear motion for the tractor and trailer.

2. F=ma (36)

The equations of trandational motion can be obtained
by the combination of the Equations (36), (22), (24), (29),
and (30). These equations were represented by second
order differential equations for sprung mass si:

K k
(myay +m;ay; )iy = cosby Z(stlef Fs><j2)_3in¢uj siné Zij
=t

i=1

(37)

k
+C0s¢; Sindy Y (Fy, + Fy, )-sind, (my +m; ) g+ Y (Constraint forces)-ig
=1

Kk

K
(msiasi +M,a; ) s =(C03¢uj COS@y +SiNg,; COS; Sin gy )Z Fy; +SiNg, cosgy Z(Fszjl+ Fssz)
i

k

j=1
k

— 0S¢, C0SOy Singy D" (Fyyy + Fyyp ) +8in0, singy > (Fuyy + Fy, ) (38)

=

=t

+00s6 singg (my +m; ) g+ Y (Constraint forces)- j

k k
(myay +m,a; )-ky =(-cosg, sing, +sing; cosy cosgy ) Y Fy; —sing, sing, > (Fyy + Fy, )
i1

=1

k k
— COSgh; COSO, COSgy D" (Fgy + Foyp )+ SN0, €08, D" oy + Fiogr) (39)

j=1

+C0s6; cosgy (my +my; ) g+ > (Constraint forces)- kg

where

i =1: tractor

i=2:trailer.

j - axle number.

k: axle number. k=3 for tractor and k=2 for
trailer.

L : liquid.

§ :sprung mass i .

In this study the constraint forces due to the fifth
wheel were eliminated by using the kinematic Equations
(33) and (34) developed earlier. It should be noted that
all these equations of motion were programmed in the
Maple software in a systematic way. Therefore, to obtain
the equations of motion in the case of a unit vehicle, only
change of theindices (i =1,k=3) wasneeded.

The equation of vertical motion of the sprung mass for
each axis i wasgiven by the folowing expression:

Copyright © 2013 SciRes.

(miay )k
= _[iszij ]COS% _(iF\wij jgn%i (40)

+m,gcosg,; +Fy, +Fg),
where:
i : axle number.
j - number of tiresin each axle.
k: k=2 fortractor front axle and k=4 for the
other axles.

3.2. Angular Motion

It is important to model the rigid body as a system of
material points p with masses m, to obtain the equa-
tion of angular motion. According to Newton’s equation,
angular momentum relative to the inertial system can be

WIM
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given by the following expression:
MS=ZMp=erxmpi"p (41)
p P

Substituting Equation (21) in (41), the following ex-
pression can be obtained:

Vg + W, X Vg + W XT,
M= mr x (42)
5 +w, x (W, <1, )
M =D mor, x|V, +w, xV,]
" (43)

+ymr, x[v’vsxrp]Z myr, X[st(wsxrpﬂ
p p

Thefirst term of Equation (43) can be simplified as:

M, =T W, +w, x I w, =

dt

d d
_rsqsl ys _[Ersjlxzs +[_ psjlxs - psqslxzs + rsqslzs

d d
— T Izs+psqslys+rsqs|xzs_psqs|xs_ aps Ixzs

ET AL.

Domur, X[ Vg + W, XV | =y x [V, +w, x v, ]
p
The second and third terms of Equation (43) can aso
be simplified [10] as:

> myr, <[V xr, | =1,
P

Z:mpl’p ><|:WS><<WS>< rp)] =W, x | W,
p
Therefore Equation (42) takes the following form:
My = myrg x [ Vg + W x v ]+ T W +wyx I w,  (44)

Since the sprung mass center coincides with the origin
of the body axis system (r,=0), the expression of an-
gular motion (44) can be formulated as follows:

dt

[%qulys+(ps)2|xzs_(rs)2|xzs_psrslzs+psrslxs (45)

The matrix of inertia |3 was expressed in the system Si as follows:

S
S §
S

Since the tractor body and the trailer body can be mod-

eled as contained bodies, al mathematical expressions can

Z(y§+2ﬁ)mp —;(Xpyp)mp _Z(szp)
_Z(szp)mp Z(Xi"'zi)mp _Z(ypzp)

m P
S
m, (46)

S S
Tlehm Elw)m T(Eev)m

system fixed to the sprung mass were calculated as fol-
lows:

be expressed by integrals (I) instead of a sums (Z) . X m; (& )-is [0
The moments applied to the sprung mass due to the Mu =1 Yu [X]| My (a“)' Js +[/19s ’1¢J 0 11(47)
liquid load and the suspension forces expressed in axis Z; my; () Ky m;g
IR _ Foi1 + Fs2 IR _ 0
Mwspizzi s; [¥R} 0 +; 0 [xRj|Fy, |+k, (5 —¢) (48)
" Z; Fai1+ Fyz " Z; 0

Substituting in Equation (45), the terms of the mo-

ments due to the liquid charge (47), the moments of the

suspension (48) and the moments due to the fifth wheel

congtraints (35), the final equations of angular motion of
the sprung mass (si) can be obtained as follows:

d d
(Ixsi +|x,_i )(E sz:_rsqs(lzsi +|zL, _Iysi _IYLi )+[psqs+(arsjj(lxz§ +|xz,_i)

+(yLi COSO; COSPy — Z,; COSO Singy )mLi g+VYy (au )z —Z; (au )y (49)
K
+Z(k¢i (¢si — 4, ))+(Mcsi + Msupi)'isi
j=1
WJIM

Copyright © 2013 SciRes.
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(Iys +IYL| )(%qu=—(p§—r52)(lxzs +IXZ|_,)+<Mcsi +wai). ig + psrs(lzs +IZL| _ng _IXL|) (50)

_(Zu Singy + X,; COSO; COSgy )rnl_ig ++Z; (au )x =X (aLi )Z

K d d
(IZS +IZL| +§-|Zujj(arsj:_psqs(lys +IyL| _lxs _IXLl)_[rsqs_(a psjj(lxzs +IXZL|)

+(yLi Singy + X; oSOy Sin¢s')rnl_ig+XLi (aLi )y —Yu (au)x (51)

+zk:MTj+(MC§+wai)-kg
j=1

k: axle number k = 3 for tractor and k = 2 for trailer.

The eguation for rolling motion of the sprung mass of each axle i can be given by the following expression:

| ey Pui :(qul - Fsal)SJi -2k _Zk:(':wy,, )(hn cos(¢, ) - Zui)

=1 (52)

+(Fugy =y )T+ (Fu, = F ) (T + )+, (5 — )

where:

i : axleindex.

j : number of tiresin each axle.

k: k=2 for the front axle of the tractor and k=4
for other axles.

3.3. Suspension M odel

The external forces acting on the vehicle are generated
mainly due to the contact forces between wheel and
ground. These forces are transmitted to the sprung mass
through the suspension system of the vehicle. To sim-
plify the model, the suspension system was represented
with a linear spring and a damper assembled in parallel.
The vertical force applied on the vehicle through the
suspension system was assumed to be equal to the sum of
the static equilibrium force and the excitation forces.

Fs = K& +Cy&; + Faaic (53)

where g, is the suspension deflections and can be cal-
culated based on the geometry of the vehicle.

€ =%+ (—si Ng, COSgg + COSg; COSO; SiNgy )s;Uj

- (cos¢uj siné, ) Xy
d

= aeuj (54)

&
where:
i =1: sprung mass of tractor.
i =2 sprung mass of trailer.
j: axle number (j=1,2,3 for tractor and j=4,5
for trailer).
3.4.TireModd

Thetireis an essential element in a vehicle. It represents

Copyright © 2013 SciRes.

the contact between wheel and ground. The forces and
moments transmitted to the vehicle by the tires due to
wheel-ground interaction are complex and nonlinear.
These forces and moments depend primarily on normal
forces, longitudinal and lateral load transfer, dip rate 4
anddipangles o asillustratedin Figure9.

There are several models available for tires. Most
studies have used linear model or models based on tables
from experimental tests. The forces and moments were
characterized according to vehicle velocity, normal force,
longitudinal dip ratio and dlip angle [4,11-14]. These
models usually have a better prediction capability for the
traction force of contact. However, their data are specific
for the type of tire which reduces their universal use.
There are other numerical models which use different
analytical approaches [15-17]. The choice of model of

Aligning moment.M,

| Camber.y

TN

Wheel torque

. . Direction of wheel heading
Rolling resistance moment. M, s

Overturning moment.My

Tractive force.Fy

— —7 X

. Slip angle.a
- -

Direction of wheel travel.v

Lateral force.F,

, Normal force.F,
z

Figure 9. Forces and moments applied on thetire.
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the tire affects the calculation of the efforts at the wheel-
soil interface. The data from these models are important
when one wants to make a dynamic model of avehicle.

In this study the efforts of the tires were studied with
the model called dlip circle [11,18]. The model is closely
related to the model of friction ellipse shown in Figure
10[11].

With this model, it is possible to obtain lateral and
longitudinal forces in the case of combined motions
based only on measured data for separate motions such
as, braking/traction alone or direction case, as illustrated
inFigure 11.

The calculation was based on the evaluation of friction
4y and . The caculation of these coefficients de-
pends on the rate of longitudinal slip 4 and dlip angle
a . Therate of longitudinal slip and slip angle of the tire
can be calculated by the formula:

r.w, —U
A=t P EVJ P (55)
P
aztan’l\ﬁ )
U,
@y —Y,
S (0)

where r,, isthe radius of the wheel and w,, the veloc-
ity of rotation of the wheel. V4 is the velocity of latera
translation of the axis and U,, is the longitudinal velocity
of thetire asshown in Figure 12.

The expressions can be evauated from the velocity of
center of mass of the vehicle.

Vo = COSPy (Vs' +I5X; — PsZ; )_Cos¢uj p;Hy (57)
U,.=U, +Tr,

Uy, =Ug +(T; +d; /2)r, (589
Uya=Ug-Tr,

‘FXmax

Braking ! Traction

Figure 10. Friction ellipse concept.
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Figure 11. (a) Lateral tire-road contact force; (b) Longitudi-
nal tire-road contact force; (c) Aligning moment generated
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generated at tireroad contact for several vertical load
charge[19].

Figure 12. Tiremodel.
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Uy, =Ug —(T,+d;/2)r,

(58b)
3.4.1. TireVertical Load

In this study, the vertical load of the tire was modeled as
alinear spring. Therefore, the vertical force depended on
the spring constant.

Fus = Kt;A, (59

ij =]

The tire deflections were calculated from the geometry
of the vehicle asfollows:

Ay =Ap+24— Zjy 14 (1_ CoSg, )

— 7, —Sing;x, +cosd, cosg;z,  (60)
+sing, T, + z, cosg,

A=A +d; cosg,

A=A, =T, cosg, (61)

Ay :Ajl—(Tj erj.)cos¢uj

To calculate the combined forces, a dimensional vec-
tor of dip amplitude y» and direction g was defined
[20] as:

y= /12+(Sin(a)) (62)
sin(a)

()=

The coefficients of friction between the tire and the
ground, in the case of the combined forces, took the
forms below:

u(7.8) = 11, (7)(cos(8))” + m, () (sin())
(7. 8)=p(y.B)cos(B)
u,(7.8)=u(7.B)sin(5)

Finally, longitudina and lateral forces in the case of
combined motion were calculated:

F(7.8)=m(7.B)F,
R (7.8)=n,(7.B)F,

2

(63)

(64)

3.4.2. Braking Force

The braking force was calculated by taking into account
forces and moments developed in the whedl due to rota-
tion (spin) of the wheel as shown in Figure 13. Accel-
eration of rotation (spin) of the wheels &,; were calcu-
lated from the rotational motion of the wheels as follows
[21]:

li @i =Tg — (T + M + Fyr,)

Xi'w

(65)

Ta =Tt Theans€
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xi

Figure 13. Wheel dynamics.

4. Vehicle Modd Validation

The TruckSim software, developed by the transportation
center of the University of Michigan (UMTRI), is spe-
cidlized in the simulation of heavy vehicles [15,19,22].
The center also developed software applications: CarSim
for tourist vehicles and BikeSim for motorcycles. Truck-
Sim, the most popular software in this field, was used to
represent and study the dynamics of vehicles in a com-
puter environment. It is possible to analyze a large num-
ber of vehicle configurations, since the software has a
library of existing models in the transportation industry.
However, TruckSim can only add a load that is consid-
ered to be fixed on the semi-trailer. This feature does not
allow to study the dynamic behavior of liquid sloshing in
tanker trucks. The TruckSim library also has a number of
predefined trgjectories and maneuvers that can enable
researchers to validate the behavior of the vehicle model
developed, for difficult maneuvers such as motion in a
curve, change of single and double lanes. In the Truck-
Sim environment, the maneuvers are predefined paths,
i.e., the excitation is represented by a displacement vec-
tor. However, for the model developed in this study, the
excitation was defined by the angle of steering or braking
torque as an input parameter. From the output vector, the
response of the steering angle was recorded. This re-
sponse was the input parameter for our model that con-
sidered the same configuration for a unit or articulated
vehicle as defined by the Tables 1 and 2 in the annexure
[22]. Two lane change maneuvers (single and double)
with a constant speed v=70km/h were chosen to com-
pare the two models. Figure 14 shows the trajectory and
the steer angle during the two maneuvers [22].

Figures 15 and 16 represent the comparison between
model simulations for the unit vehicle and the TruckSim
software respectively. The vehicle directional responses
were evaluated using two difficult motions, such as
change of single and double lanes. This comparison was
characterized in terms of roll angle, lateral acceleration
of the center of mass and trgjectory traveled from the
center of mass. The simulation showed a good correla
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Table 1. Geometric parameter s of unit vehicle. Table 2. Geometric parametersof articulated vehicle.
@ @
Parameters Symbols Values Parameters Tractor (s1)  Trailer (s2)
Spring mess (kg) m 4457 kg Spring mass (kg) 6308 2800
Roll inertia moment (kg-m?) [ 2287 kg-m?
o 5 5 Roll inertia moment (kg-m?) 6879 2400
Pitch inertia moment (kg-m?) [ 35,408 kg-m
Yaw inertia moment (kg-m?) | 34,823 kg-n? Pitch inertia moment (kg-m?) 21,711 40,000
Height of mass center of z, 1173m Yaw inertia moment (kg-m?) 19,665 40,000
gravity of spring (m) Mixte inertia product 130
Distance between the center of X, 1135m Ixz (kg-m?) )
mass and the front axis (m) * ’ Height of mass (CM) center of 102 17
Distance between the center of % 3250m gravity of spring (m) : '
mass and the rear axis 1 (m) 2 ' Distance between (CM ) and
; 4.601 -
Distance between th_ecenter of X, 4522m thefifth wheel (m)
mass and the rear axis 2 (m) 3
Distance between (CM,) and
() i ] >5
the fifth wheel (m)
Unspring mass. Distance between (CM,) and
1.384 -
Parameters Axlel Axle2 Axle3 the axle number 1 (m)
my, (kg) 527 1007 973 Distance between (CM,) and 4202
lss (kg-m?) 612 579 584 the axle number 2 (m) '
1 (kg-m?) 612 579 584 Distance between (CM,) and 4522 )
K s (kg- m?/rad) 432 3389.54 3389.54 the axle number 3 (m)
2T (m) 2,022 2.06 2,06 Distance between (CM,) and ] a0
25 (m) 0.828 1.020 1031 the axle number 4 (m)
d (m) 0 031 031 Distance between (CM,) and 52
H, (m) 0533 0.686 0.704 the axle number 5 (m) '
(b)
3.59
4 3.0
Unsprung mass.
B 4 2.5
o o Ef'(;_ Parameters Axlel Axle2 Axle3 Axle4 Axle5
5 gl
5 4 - (‘)2 m, (kg) 527 1007 973 735 735
@ ]
2] o Ly (kg-m?) 612 579 584 586 593
Ty 3 4 s s T s s ’ 50 100 150 200
0123 a5 T e e I, (kg-m?) 612 579 584 586 593
@ K,(kg-m’/deg) 11863 15818 1198 14682 14682
5]
5 4 by 2T, (m) 2022 206 206 206 206
S 3 30
g 2| g 25 (m) 0828 1029 1031 1118 1118
& ol T 20
B il N 18 d,(m) 0 031 031 031 031
= -2 1.0
g 3 o H,(m) 0553 0686 0704 0717 0676
= :g’ 00
;1 2 4 6 8 B0 w1 . :
Time(s) X (m) tion between the two models. A small difference was
(b) noted for the trgjectory of the center of mass. This dif-

Figure 14. (a) Simple lane change maneuver and the desired
trajectory; (b) Double lane change maneuver and the de-
sired trajectory. Maneuvrer used for the comparaison be-
tween the model and TruckSim software.
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ference may be due to the steering angle error of the out-
put vector obtained using TruckSim. In addition, excite-
ment used for the TruckSim software was in closed loop

(predefined trajectory).
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Figure 15. (a)-(d) Single lane change maneuver for a unit
vehicle (Solid: trucksim; Dashed: model).

In case of articulated vehicles, the analysis was more
complicated. This difficulty was due to addition of the
hinge point where there were additiona forces and mo-
ments acting between the tractor and trailer. Figures 17
and 18 represent the comparison between the two models
for the same difficult issues such as motions during
change of single and double lanes. A good overal corre-
lation was observed. However, our model underestimated
the response to some extent. This difference in response
was observed due to yaw motion. TruckSim software
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Figure 16. (a)-(d) Double lane change maneuver for a unit
vehicle (Solid: trucksim; Dashed: modd!).

was able to handle such situation in a better way. This
difference can be explained based on the assumption that
the fifth wheel was considered as a rigid body for our
model. However, in TruckSim it was modeled by a
spring-damper combination, which can represent multi-
body connections between subsystems in a better way.
The increase in the response of yaw motion influenced
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Figure 17. (a)-(f) Single lane change maneuver for an articulated vehicle (Solid: trucksim; Dashed: model).
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Figure 18. (a)-(f) Double lane change maneuver for an articulated vehicle (Solid: trucksim; Dashed: model).
the trgjectory of the vehicle asillustrated by Figures 17 lation between the two models.
and 18. This may be due to the error of steering angle
recorded from the TruckSim output vector. Still, this
difference did not practically affect the very good corre

5. Conclusions
A complete nonlinear three-dimensional vehicle model

Copyright © 2013 SciRes. WIM
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was developed and validated by Trucksim software. Both
unit vehicle and articulated vehicle combination systems
were considered in this study. The model gave redlistic
results in simulation of handling maneuvers near and
beyond the adhesion limits.

The load-transfer for mobile charge due to the liquid
was accurately modeled and integrated into the vehicle
model as a multibody system. The dynamic responses of
tank vehicles were further investigated in view of varia
tions in vehicle maneuvers, fill volume, road condition,
and tank configuration [8].

This research, can help better understanding of this
kind of complex problem. This will make it possible to
answer some queries in the field of safety and the sta
bility of the heavy vehicles, in particular for the tank-
truck.
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Definitions of Symbols z,, : Initial vertical distance between roll center and
center of theaxle j;

z;: The vertical distance between the roll center and
center of mass of the sprung mass si ;

M  : Moment due to constraints of the fifth whese!;

Mg, - Moment due to the suspension forces;

T, : Wheel drive troque;

T, : Engine torque;

T, : Wheel braking torque;

T,; - Wheel moment of inertia;

Tyans - TFENSMiSSION rétio;

ngy - Différentiel ratio;

& : Torque function (the fraction of engine torque ap-
plied to the specific wheel);

F,; : Longitudinal tire-road contact force;

M, : Resistance moment of thetire.

U, : Longitudinal velocity of sprung mass si ;

V; : Lateral velocity of the sprung mass si ;

ry - Yaw rate of the sprung mass si ;

pg : Roll rate of the sprung mass si ;

d; : Distance between the two tires;

T, : Distance between the center of mass of the axle
j and the center of (onetire or dual tires);

x,; : Longitudinal distance between the center of mass
of theaxle j and the center of thesprung mass s ;

z,: Vertica distance between the roll center of the
axle j and the center of the sprung mass s ;

H, : Vertical distance between the roll center roll of
theaxle j andtheroad;

A, - Initial deflection due to static deflection;

z, : Sprung mass vertical displacement i ;

z;: The vertical distance between the roll center and
center of theaxle j;
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