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Resume

This study presents a new dynamic modeling of a vehicle by considering the
engine dynamics. By selecting the vehicle coordinate system as the reference
frame, all the force-torque equations of the sprung mass and unsprung
masses are derived in this coordinate system by using the Newton’s
equations of motion. Unlike the previous researches, in this work the
sprung mass of the vehicle is not considered as a rigid body. The dynamics
of the sprung mass components, such as gyroscopic effects of the engine
crankshaft, is considered. In order to study the vehicle's dynamic behavior,
in the J-turn maneuver, the governing equations of the full-car model are
evaluated and validated by the numerical simulation method and ADAMS/
Car software. Based on the results, the maximum roll angle and roll rate
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of a vehicle reach about 8 degrees and 40 degrees per second, respectively.
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1 Introduction

Safety assessment is one of the most important issues
in the automotive industry. The safety of vehicles can be
examined from two perspectives: the pre-crash safety
and post-crash safety. Stability analysis is an important
factor in the pre-crash safety and vehicle instability
plays a major role in fatal crashes. Understanding the
dynamic behavior of a vehicle in standard maneuvers
can be effective in assessing its stability.

A set of experimental examinations was performed
to evaluate the actual dynamic behavior of a vehicle
in various standard maneuvers [1], from which the
phase IV rollover tests of the National Highway Traffic
Safety Administration (NHTSA) [2] can be pointed
out. Cooperrider et al. [3] performed experiments
to investigate tripped rollover, the results of which
included five types of the curb-tripped rollover tests. In
their researches, acceptable information was obtained
through the minimum required speed for the rollover
occurring, as well as the characteristics of the rollover
phenomenon at different speeds. Labuda et al. [4] studied
the simulation of wheeled vehicle dynamic regimes
in laboratory conditions by considering the congruent
courses of driving speeds. Sindha et al. [5] developed an
experimental prototype along with its simulation to study
the steer system on the vehicle stability improvement.
Zhang et al. investigated the vehicle maneuverability

and its lateral stability by experimental validations,
[6]. Phanomchoeng and Rajamani [7] developed a new
rollover index that can detect both tripped and untripped
rollovers by experimental and simulation examinations.
The purpose of computer simulations is to reveal the
effect of systems and components on the dynamic
behavior of a vehicle as much as possible. By using
the computer simulations, this purpose can be reached
much earlier in the targeting and initial design stages
of a vehicle than for the actual prototype. Chen et al. [8]
simulated the rollover dynamics, such as rollover speed
thresholds of a vehicle in roundabouts. Loktev et al.
[9] determined the geometric, kinematic and dynamic
characteristics of a vehicle and its state parameters on
the road by computer vision algorithms. Phalke and
Mitra [10] simulated a quarter-car model to investigate
the effect of damping coefficient, stiffness, sprung mass
and velocity on ride comfort and road holding. Saga et
al. [11] investigated possibilities of a fuzzy technique
in a vehicle dynamic analysis by computer simulations.
Kazemian et al. [12-13] presented the rollover index and
new dynamics of suspension system in order to study
the vehicle’s dynamic behavior by computer simulations.
Rajamani [14] and Gillespie [15] studied the vehicle
dynamics and its subsystems such as tire in order to
study on the vehicle’s dynamic behavior, such as roll and
yaw dynamics, by considering the dynamics’ basics [16].
Pacejka [17-19] examined the tire characteristics, such
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as its longitudinal and lateral forces and obtained the
data, by mathematical expressions based on a formula.
In vehicles, knowing the dynamic behavior of the
engine elements, such as crankshaft, can be useful
for obtaining the dynamic behavior of the vehicle [20-
21]. The effect of static misalignment on the dynamic
behavior of a main crankshaft bearing is examined
by Lahmar et al. [22]. Ahmadabadi [23] proposed an
application of lightweight vibration control strategy
known as nonlinear energy sink (NES) to mitigate
the undesired vibrations in engine crankshaft systems.
Huang et al. [24] proposed a method for dynamic
balance measurement and imbalance compensation of
crankshaft assemblies. Moreover, basic researches of
dynamic modeling have been reported in [25-28]

This study, by presenting a 15-DOF model of the
vehicle dynamics, considers reducing the complexity
of the model to the extent that it would be acceptable
for the dynamic behavior of the vehicle studying and
modeling the necessary subsystems, such as tire and
engine, with sufficient accuracy. The tire is modeled with
the Pacejka 89 model, which calculates the tire forces
using the longitudinal and lateral slips. The moments
due to the gyroscopic effect of engine rotation are taken
into account in the equations and the final equations of
motion of the vehicle were derived. The dynamic behavior
of the 15-DOF presented model is validated by the
ADAMS/Car software. Dynamic behavior and stability
of a vehicle in the J-turn maneuver is simulated by the
Newmark numerical method under the supervision of
the NHTSA, [25].

2 Modeling and equations

In this research, the vehicle is considered as a set
of lumped masses including the sprung mass and four
unsprung masses as a set of wheels and tires. The
unsprung masses are connected to the sprung mass by the
spring and a damper. Each tire is assumed equivalent to
a spring and a damper, parallel in the vertical direction.
The number of degrees of freedom that are considered for
the vehicle model is 15, out of which 6 DOF's are related
to translation and rotation of the sprung mass. The
next 4 DOF's are for vertical movement of the unsprung
masses, which indicate the vertical movement of the
suspension systems, while the following 4 DOFs are
related to rotation of the wheels around their axes and
1 DOF is considered for steerability of the front wheels.
For this set of masses, separate coordinate systems,
such as fixed inertial coordinate system (O), sprung
mass coordinate system (S), roll axis coordinate system
(vehicle coordinates (V)) and wheel coordinate system
(US), are considered. The direction of the coordinate
systems, as shown in Figure 1, is in accordance with the
SAE (Society of Automotive Engineers) standard [15]. In
Figure 1 the sprung mass coordinate system is located
at its center of gravity (CGS). The coordinate system

located on the roll axis, which is the most important
coordinate system and all variables are expressed in
that system, is located at a point on the roll axis and
below the center of gravity of the vehicle mass (VCG).
It is also assumed that this coordinate system rotates
only around the Z axis. To obtain the equations of
wheels motion in the vertical direction and around their
rotation axis for each wheel, a coordinate system is
used at the center of rotation. According to coordinate
systems and using the Newton’s equations of motion,
all equations of motion for the sprung and unsprung
masses are obtained in the vehicle coordinate system.
Therefore, for the sprung mass, the following Equations
can be written:

oy ={00 @}, Vi ={V. V, 0},
ngS = {ls 0 hx}Ty (1)
VgGS = {Vﬁc V} VZ}T = {Vx Vy ZCGS}s

w¥ ={0cosp dcosd ¢ + Psind + Osing}
singy = ¢ =0,cosp =1 vV A ., . T (2)
@$ ={6 dcosd ¢ + ¢sinb},

V§ = Vies + 0§ xples— V§ =
Ve + hspcos®

Vy— h®+ (¢ + psin@) .
Zcas — lsgpcos O

(3)

Similarly, for the unsprung masses, next Equations
are obtained:
Whyr = {WwsinSm wwcosSm ¢},
Wy, = {@wsinSp wwcosSs ¢}

4
a);/srL = {0 @y (.D}Tya);/srR = {0 @y (D}T; @
Vg(}usij = { Vx Vy Zusij}T
Pk = {ls t/2 Zugr}', pu. = {lr — t/2 Zup Y, )

)0;/371, = {lr - t/2 Zusrll}Ty p;{srR = {lr If/2 ZuxrR}T;

14 _ vV Vv v L
VCGusij - VCGusij + @ usij X pCGuSij — VusfR —
L.
Vi + Zusr®wcosd g — (7>(0
Vy — Zugr@wsindr + Lr@ X

Zuyr + a)w(%sinéﬂe — l/COS5ﬂe)

Vx + Zusta)wCOSSfL - (%)(0
VszL - ‘/} - ZustwwSin 5fL + lf¢ ) (6)

Zussr, + ww(%Sil’leL — lfCOS5fL)

Vet Zumww+ (&)¢
Vit ¢ :
Zusr, — @wly
Vet Zusnww +(5)p
Vit Lo
ZusrR - a)wlr

LA
VusrL -

L
Vus;‘R -

By placing velocities of Equations (1)-(3) in the
Newton’s linear momentum equation of the sprung
mass, the force vector of the sprung mass in the vehicle
coordinate system is obtained:
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Figure 1 Direction of the vehicle coordinate system according to the SAE standard

FY = ms| LV + obx V|~ FY =
) ¢COSG—),(Vyh39+ )
VerhS((ﬁésinG 14 (¢ + ¢sinO)
¢+¢sine+) , .

+ [ . + T+ hs

l’(+(p60059 " (p(V hshcosB)
Zcos — 1s(pcosO + PpOsind)

ms

Similarly, for the unsprung masses the following
Equations are obtained:

Fuvsz'j - musij[% I/zz/sij + (0!‘; X VXSlj:Iy (8)
Iyx + COS&/R(Zusza)w + Zus/l\’d)w) -
(L) . ( Vv - Zus/Ra)wSin5ﬂ\’ +)
I/y + Sinaﬂ\’(Zuszww + Zusfkd)w) -
Vx - ZuszCUwCOSSfR - )

06[( 1) v

A
Fusz = MusfR

Zusr + d)w(%sin&ye + lfCOS6fR>

‘./x + COS(s/I,(Zustww + Zusfl‘a.)w) -
(L)(p . I/y — Zusfl,a)wsin5/[, + )
2 lrp
Vy + sind i Zugr@w + Zugr ) —
( Vi — Zusr @1y cOS 6 1, —
i +ol/t).
e <§>(P

Fust, = Mug. , (10)

Zussr + d)w(%sinam + lfCOSSfL)

Vet Zurntow+(5)p — ¢

(Vw+ 1)
Vx + ZusrL +

(3)e

Zusrl, - C()w lr

FuvsrL = MusrL r/y + lr¢ + (P ) (11)

Vet Zumtow +(£)p — ¢
(Vv + 1)

FuvsrR = MusrR (12)

. Vx + ZusrR +
”+“¢+¢Q%M )

Zusrk - a)wlr

According to Equation (13), the total forces acting
on the vehicle include the forces acting on all the sprung
and unsprung masses:

FV =F{+ Fiy =
m Ve — m@Vy + ms| hs(Ppcosd —
GOsind + ¢0) — I(P@sin® + ¢)| + muy
cos 6/((010(214#1? + Zus:fL)
+ 0w Zugr + Zugsr.)
(Zusie + Zuss) — 29% 1y
W Zusk + Zust) + 0w Zusk + Zust.) —]
: +
20% 1,

mVy + m@V, — ms[

)+ Pw,Sind s +

Musr[

hs(6 — Pp@cosO) + I } (13)

(¢ — psin® — PO cosO)
B Singf(a)w(Zusfk + Zuss) )
+ @0 Zusr + Zuss) + Musr
20l7 + . cosS r( Zugr + Zussr.)
Zees — I
(0w Zusrr + Zusrr) + 2901 Im ((Z)cose —) +
$Osin6
mus/[Zu_qf[, + Zusﬂ( — 2d)wl/0055/] + Musr

[ZusrL + ZusrR - Za)wl;]

Mousf

where m = m; + 2muy + 2mys is the total mass of
a vehicle. According to the Newton’s angular momentum
equation, the resultant of the torques, acting on the body,
is equal to change of the body’s angular momentum. If
one writes this relation for the center of the vehicle’s
coordinate system, the distance of which to the center
of the sprung mass coordinate system remains constant,
Equation is obtained:

MY = RYMS = RY L Bw?).

di (14)

where RY is the matrix of coordinate transformation
from the sprung mass coordinates to the vehicle
coordinates (see Appendix 1). Assuming that values of
inertia moments remain constant, with small rotation of
the roll and pitch of a vehicle, on obtains:

MY = Kol + ol x(Kwl), (15)

where:
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0§ = Lol + oV xal =

60— ¢¢coso
$cos — (pésin‘e +6¢;.
@ + ¢sin6 + PpOcosH

(16)

Since the xy plane is a symmetry plane of the
vehicle with a good approximation, so [, = [, = 0 and
with ignoring the value of /.., the matrix of the sprung
mass inertia moments is presented by:

[xx [xy [xz Ixx 0 0
Ig - [y)c [yy [yz nd Ig - O I;V;V O . (]-7)
]z)( ]zy [zz 0 0 Izz

By placing wl,@f and IY, respectively, from
Equations (2), (16) and (17) in Equation (15), one obtains:

I.(6 — ¢pcosO) + (L. —

(@pdhcos6 + ¢h*6cos0)
Ly(¢pcos® — PpOsin@ + 6¢) +
(L. — L.)(Bsin6 + 6 )
L.(¢ + ¢sin® + PpOcosO) +
(Ly — L) cos O

L) x

(18)

To derive the equation of the unsprung mass
angular momentum, similar to e equation of the sprung
mass angular momentum (15), Equations (19)-(21) are
obtained as follows:

Mii = L@ i + @i X (LYsija);/sij), (19)

. d .
Wit = 7 Dusip + OV X Dusip — Dy =
@SN ;g — P cosd
WSOk + Pwwsind sk,
0

@wSind s — P, oS 5/1,} (20)

@t = 1 DwcosS s + G@wsind s,

4

— Q0w — QW
@ oyt = Dw ],d)l‘{sr}e = { D J,
@ @

Lous (@0SINS o — Py cosd sr) +
(Lewsr — Loyusr ) P01c08 8 sz
Lyuss (00088 x — P@wSINS ir) +
(Lowwsy — Lezusy )¢a)w sind w

Lo @ + (Lyusr — Lexuss ) X

w?%sin S rcos S r
Loy (@DwSINS 1 — P@0,5cosSs1) +
(Laws — Lyusr ) @008 8 s1.
Lyusf (00088 11, — P@wsind ) +
(Leewsy — Ly ) @SN G g1,

Leusr @ + (Lousr — Loy ) X

@%sind s1.cosS s

Vo
M usfR —

My = , (21)

— Lo @0 w + (Lausr — Liyusr )P0
My = [ Lyyusr @ ],
Lousr @
— Lowsr @0, + (Lzusr — ]yyusr)¢ww
Mior = l Lyusr @ ]
Leusr @

Considering that the coordinate center of a vehicle
is a point that differs from the center of mass of the
sprung and unsprung masses, the total torque applied
to the vehicle can be calculated as [16]:

(HQ)rel = (HG)VeZ + EX mvi’el~ (22)

Equation (22) shows the angular torque around the
desired point Q. According to the toques principle in
which the sum of the torques of all the external forces of
a system around the point Q must be equal to resultant
torque around Q and the following Equation is obtained:

ZMQ:ZMG-FEXZF. (23)

By placing the vector of forces and torques in
Equation (23) for the proposed vehicle model, one
obtains:

My = MY + My + plos X F¥ + posi X Fus . (24)

By entering the force-torque equations (Equations
(7), (9)-(12), (18) and (21)) in Equation (24), the torque
components of the vehicle are obtained:

Mix = I.(6 — ¢p¢pcosO) + (L. — Iy) x
(@ cosB + ¢p?*sin@cosO) + 2 X
(@wsinS s — P cosSs) + 2( Lausr — Liyuss) X
PWwc088 s — 2L PWw + 2(Lowsr — Liyusr ) Q0w —
ok [IA — h@+ (¢ + Psind + (béCOSQ)}
T+ o( Vit hapcosh)
| My (Zuste — Zussr, + @t sind ) +
f[musf(zusm — Zusrt, + @ut)

Vi — sind s (Zur@w + Zuge®w) +
lrp + (0( Ve + Zuyr@.,cos6 5 — %q))
Vy = sinS( Zugpr 0w + Zuspr ) +
U+ (Ve + ZupwucosSs + )

] Mousf X

(25)

Zusir +

Z usfL

Vy = sin8 j( Zusr.@w + Zuspr. @) +
L+ @ Vet Zupwucosss — 5¢)
V, — sind r (ZugwWw + Zusm@w) +
U+ ( Vet ZupawcosSr++9)

Z usfL +

Z usf/R

MYy = Ly(¢pcos® — PpOsin® + 6¢p) + (L. — L.)
(PpOsin® + 09) + 21y (oSS s + P wsinds) +
2(Lewsy — Loy ) @SN s + 2y @ + mshs| Vi +
hspcos® — hsp@sin® + [(p + Psin6 + PpOsind) —
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— (Vi — h6 + (@ + ¢psin®))| — mls x
(Zcas — LipcosO + L,pOsin@) + muy x
[20;@wcosS r — Zugr — Zusi] + miusel %
(20005088 5 — Zusrit — Zusrr,] + Miusy X [ Zussre X
< Ve 4 €088 ( Zuyr @ + Zusgr@w) — %qb _
O(Vy — Zugp@usinds + L @) + Zugr (Vi +
Cosaf(ZquLCUw + Zustd)w) — %(p — QX

(Vi = Zuspp@wsinS s + Lr@))] + s [ Zussr, ¥
< Ve + cos8 i ( Zuspr@w + Zusr. ) — %go —
O(Vy— ZugpusinSs + ;@) + Zugr( Ve +
088 1 ( Zusw@uw + Zugr@w) — %(o —@x

(Vs — Zurwsindy + 1)),

(26)

My = Iz (@ + ¢psin® + ¢pOcosO) + (I,y — L)
P0c0s0 + 2Lusy @ + 2(Lyusy — Levusy ) 0%SINS 5 X
€088 s + 2Lus @ + ms L[V, — b0 + [,(p +
$sin® + PO cosO + hippcosd + ¢ V.| + musy x
[L,2V, — sind;((Zugr + Zussr) 0w +

(Zusr + Zuggr)@w) + 215 + @2V + @ cos Sy X
(ZZ¢SfR + Zust))) + %( C055.fw1v(ZquR + ZquL) +
O Zugr + Zugr)) + td — pwpsin 7 X

(Zusig + Zussr))] + mus [ - (2Vy — (Zusrw + Zusrr) X
Ow + (Zusrk + Zusyr)@uw + 20-@ + @2V + @ X

(ZusrR + ZusrL))) + %(ww(ZuSrL + ZusrR) =+
d)w(ZuxrR + ZusrL) + t(P - (pww(ZusrR + ZztsrL))]~

27)

The left-hand side of Equations (13) and (25)-
(27), which are the main equations of motion of the
vehicle, includes the forces and torques of the external
forces applied to the vehicle and an example of them is
shown in Figures 2 and 3. Note that by considering the
directions of the coordinate systems, these forces and
torques are entered into the equations of motion of the
vehicle.

FyA ‘
Fypu Fep_«
2
Fyry ) |
A > '
t/2
F yrRA
t/2 Fytr
\ &
T F XTR | IR
| <
.
‘ L P,

Figure 2 External forces on the xy plane of vehicle
coordinate system

2.1 Equations of external forces

By writing the resultant of forces and torques
applied to the vehicle, next two Equations are obtained:

Fyrcos m — Fyrsind m + Fycosd i, —
Fysind g, + Fur + For
Fyrcosd m + Fyrsind m + Fyrcosd g, +
Fysind s + Fyr + For . ]
msg — kij(Zn - Zusij) - Cij(Zn - Zuxij)
n=12,3,4

Fy = , (28)

where n shows the unsprung masses.

M k(21— Zu) = ke (Zs = Zusi) +
ka(Zo— Zug) + kot (Zs — Zusr) — Ce X
(Z1 — Zusw) — (2o — Zusr) + cy1 %
(Zy — Zug) + i\ Zs — Zug)] + hrey X
(Fyrcosd r + Fyrsind g + Fyrcosd . +
Fyrsin8 ) + hrer(For + Fyr) +

msghssin @
Lilkm(Zy — Zuyr) + kg (Zs — Zugr)] —

UL kw(Zs — Zuser) + ker(Zs — Zusrr)] +
lilem(Zy — Zugt) + cn(Zo — Zugn)] —
Llew(Zs — Zusw) + cri(Zs — Zus)] —
msglscosp + hra(Fyrcosd s —
Fyrsind g + Fycosd . — Fysind g, +
Fur + Fur)

%( — Fyrcosd g + Fyrsind g +

FyrcosS . — Fyrsin g — For + For) —
Ly (FyrcosS sk + Fyrsinm + Fyrsind g
+ Fysind ) + L (Fr + For)

.(29)

In Equations (28) and (29) Z  is the displacement of
a point of the sprung mass in the vertical direction above
the unsprung masses, which is calculated according to
Equation (30):

»>mga,

X ¢

Sprung mass |

(hee msg
F f
Roll center
hge - -
vy

< >
t

Figure 3 Vehicle’s roll dynamics with stationary roll center
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Zi = Zcas + sin@ — Iysing,

Zy = Zces — %sine — Irsing,
P (30)
Zy = Zcos — g sinf + [-sing,

Zi = Zcas + £sin@ + Lsing.

2.2 Equations of engine rotating

Generally, in deriving equations of a vehicle, the
sprung mass is considered as rigid. Now, if a part of
the sprung mass has a rotation, relative to the vehicle
coordinate system (such as the engine crankshaft), then
it is necessary to enter the effect of that rotation in the
force-torque equations that have been calculated so far.
In this study, it is assumed that the rotating components
are symmetric, so the product of inertia multiplications
is zero. In this case, the rotation of these components
will not create any force and therefore the force equation
remains stable. However, if the rotational velocity of
the rotating components or their moment of inertia
are significant, then the gyroscopic moments, due to
the angular momentum of the rotating component, are
considerable and their effect must be considered in the
torque equation. The gyroscopic moment is obtained
according to:

dH

Su= (4 +o¥xn n- ol

dt (31)

In Equation (31) H is the angular momentum vector
of the engine and the vector of the angular velocity of
the engine in the vehicle coordinate system (w!) is
considered according to:

w! ={6 ¢pcosb + w. ¢+([)sin9}T. (32)

In this study, the crankshaft coordinate axes are
considered to correspond to the vehicle coordinate axes,
in which case the product of the crankshaft inertia
multiplications in the vehicle coordinates is also equal
to zero. Thus:

L 0 0
0 I 0
00 L

I = . (33)

By placing Equations (32) and (33) in Equation (31),
the gyroscopic moment vector in the vehicle coordinate
system is obtained as:

L(6 + ¢*cosOsin® + ¢ cosO) —

Le(pcosO + w.)(psind + ¢)
Le(pcos® — Odsind + @.)

L(¢ + ¢psin®) + L.0(dpcos6 + w.)

My, = (34)

In Equation (34), @. is the angular velocity of the

engine and /. is the crankshaft inertia moment around
its rotation axis. In this study, the gyroscopic moment of
the crankshaft is considered like other external torques
and is added directly to the torque vector of external
forces.

2.3 Wheels equations of motion
The wheel’s equations of motion in the vertical
direction are determined according to Equations (35)-

(38). With writing the resultant of forces for each of the
unsprung masses (Figure 4), one obtains:

Yo F = musiZusi — ke (Zy — Zugr) + c(Zy —

Zus:f'R) + Mg — ky (Zusir — Zgr) — th(Zusz - (35)
ngR) - muszusz,
b (Zy — Zus) + ci(Zs — Zugr) + musrg — 36)
ktf(Zus:fL - nyL) - th(Zus:fL - nyL) = muszusty
krl,(Zs - Zusrl,) + CrL(Zﬁ - Zusrll) + Musrg — (37)
ktr(ZusrL - ZyVL) - ctr(ZusrL - Zer) - muerusrL,
kr Z4 - Zusr + 7. Z 7Zusr + usrd T

»( ®) + crw(Zy ) + Musrg i (38)

ktr(ZusrR - ZyrR) - Ctr(ZusrR _ZgrR) - musVZusrR-

2.4 The tire modeling

In this research, the model of Pacejka 89 (Magic
Formula), which has the ability to estimate the lateral
and longitudinal forces of the tire under the lateral and
longitudinal slips, is considered [17-19]. This model
receives variables such as vertical force of the wheel
and longitudinal and lateral slips as input, while its
output are the longitudinal and lateral forces of a tire.
The longitudinal slip is considered based on Equations
(39) and (40):

The longitudinal slip during the acceleration is:

0. >0-0=1—(Ve/Va). (39)
while the longitudinal slip during the braking is:
ax<0-0=(V,/V:)—1. (40)

In Equations (39) and (40), V, = rw@. and the
lateral slip angle is the difference between the direction
of tire longitudinal axis and the direction of tire velocity
vector in the xy plane (Figure 5). The lateral slip angles
are obtained in the form:

o = arctan[(Ver(blf)/( Vx+(p%>]*5/, )
41
o = arctan[( Vi + gblf)/( Ve+ qo%)] — &y,
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Figure 4 Modeling of the unsprung mass
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Figure 5 Tire coordinates according to the SAE
standard [17]

ok = arctan[(%+(pb)/< Vx+¢2)] 42)
o= arctan[( Vi + @l) ( Vit oy )]

Therefore, the longitudinal and lateral forces of the
tire are obtained according to Equations (43) and (44)
by determining the longitudinal slip and lateral slip
angle. In the appendix 1, the constants of the Magic
Formula (Pacejka 89) are given and longitudinal and
lateral forces of the Magic Formula are shown in Figures
6 and 7.

F, = Dsin(Carctan(BX: — E(BX: —
arctan(BX1)))) + Sv,C= bo, D = (b1 2 + by F.),

BCD = (b F2 + by F.)e' "™ B = BCD(C/D),  (43)
E= (bth + b7 F, + bs),Sh = boF. + bl(),

Sv=0,X, =0 + Sh,

F, = Dsin(Carctan(BX: — E(BX| —

arctan(BX1)))) + Sv,C= a0, D = (a1 F? + a2 F.),
BCD = assin(arctan(F./as))(1 — as|y|), 44)

B = BCD(C/D),E = (asF: + az),
Sh = ayF. + aw + asy,
Sv = aulzy + awnl:+ais, Xi =0 + Sh.
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Figure 6 Variation of the longitudinal force of the Magic

Formula according to longitudinal slip
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Figure 7 Variation of the lateral force of the
Magic Formula according to lateral slip angle

3 Numerical method

By using the Newmark numerical method in the
form of time integration [25], vehicle’s dynamic behavior
is simulated. In the Newmark methods family, at time
of T the vector of displacement (g), velocity (¢) and
acceleration () are estimated by Fs+1, Eq+1 and @i+
at time of T,+1. The vehicle’s displacement vector is
selected as Equation (45) and the governing matrix-
vector equations at time f T = T4+1 can be changed to
an estimated prescription as Equation (46).

q — {Xy YvyZCGSy 9,¢9¢)9 »Zusﬂ?,ZustyZusrR,ZusrL}T ) (45)
T(Eqi)ai+ G(Eqi,Eai1) = Aasa
Ey = E(0), £y = E(0), (46)

a0 =—T"(£(0))G(E(0),£(0)).

where, I" is the inertia matrix and I" and G are
functions of the displacement and velocity, A is
the vector of external excitations, FE) is the initial
displacement, £y is the initial velocity and ao is the
initial acceleration. Displacement and velocity can be
predicted by:
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Es= Eis+ ATE,; + 0.5AT% (1 — 28)aa, 47)

Ed = Ed + (1 — ﬂ)ATdd . (48)
respectively, where AT = T, +1 — Ts is the time step
size, £ and 7 are the Newmark’s algorithm parameters
which show the accuracy of the algorithmic. Updated
displacement and velocity are obtained from Equations
(49) and (50), respectively:

Eqi1= Eq+ EAT*aas1, (49)

Ei = Ed + NATaa+1 . (50)
In order to obtain Es+1 and £441,an update of the

acceleration must be known (aq+1). By using method

the Newton—-Raphson for each time step and by placing

Equations (49) and (50) into Equation (46), a4+ is

obtained from:

(51)

u u _ utl
Aaji1+ ag1 = aq+,

Jiv1Aage1 = —Tirag+e1 — Gie + Aasa, (52)
where, d and u are the iteration number of the time
step and Newton-Raphson method, '+ = I'(Ej.),
Gin = G(Ei1,Ei+1) and Ji+: is the Jacobian matrix
and is defined as:

Jiv1=T(Ej 1)+ Ent? 8ﬁ+1ua‘”1 aGZ+1 +
aler»l aE,1+1 (53)
UATanil
Fj 1

The process of the Newmark method is shown in
Figure 8.

Eq. (46), E;, E,

and a,

Eq. (47— E,

Eq. (48)— fzd

4 Validation and simulation results

Several different test programs in the phase IV
of the light vehicle rollover research program were
reviewed and evaluated to select the most appropriate
maneuver to investigate the rollover. According to
Table 1, it can be seen that one of the best maneuvers
is the J-turn test, which has obtained the highest
score. Due to the fact that the vehicle is assumed to
be perfectly symmetrical with respect to its xz plane,
direction of the steering wheel angle (clockwise or
counterclockwise) of Figure 9 has no effect on the
maneuver results. The initial speed of the vehicle is
shown in Figures 10 and 11 and the engine speed is
5000 rpms. During the J-turn maneuver, the passed
trajectory by the vehicle is shown in Figure 12. By
applying the steering wheel angle according to Figure
9, the Newmark numerical method and parameters
of Table 2, the dynamic behavior of the vehicle
is compared by ADAMS/Car software according to
Figures 13 and 14. Based on the validation results,
it is found that the 15-DOF presented model in this
research simulates the vehicle’s dynamic behavior
with a good accuracy. According to the numerical
results (Figures 13b, 14b, 15 and 16), by applying
the steering input, the lateral acceleration reaches
about -0.8¢g and finally decreases with decreasing
longitudinal velocity of a vehicle.

The maximum roll angle and roll rate of a vehicle
reach about 8 ° and 40 %s. Moreover, the yow rate of
the vehicle reaches a maximum of about - 41 %s and
then decreases to about -15 s and finally reaches about
-35 9s.

u
’ a, H Ay H

Eq. 49— E!,
Eq. (50)— E!,

(2]

Yes

Convergence condition?

Egs. (51) and (52) —
Aa:ﬂ

Figure 8 Flowchart of the Newmark numerical method
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Figure 9 Schematics of the steering wheel angle of a vehicle in:
(a) NHTSA J-turn maneuver [2] and (b) this study
Table 1 Comparison of different rollover maneuvers [2]
assessment criterion NHTSA J-turn fishhook #1a fishhook #1b Nissan fishhook
objectivity and repeatability excellent excellent excellent good
performability excellent good excellent satisfactory
discriminatory capability excellent excellent excellent excellent
appearance of reality good excellent excellent good
Table 2 System parameters of this study
parameter value unit parameter value unit
m, 808 Kg c, 882.9 N.s/m
st 2% 315 Kg I 298 Kg.m?
m,, 2x29.5 Kg L 1243 Kg.m?
g 0.54 m I 1130 Kg.m?
hy, 0.1 m r, 0.257 m
t 14 m by 0.1 m
lf 0.945 m h, 0.45 m
L 14 m I, 15 Kg.m?
k, 16 kN/m k, 160 kN/m
k. 154 kN/m k, 154 kN/m
¢ 1414.3 N.s/m I3 0.25 -
c, 0 N.s/m n 0.5 -
l, 0.35 m
80 5
4
—_ 3
Z €2
Eﬂ k .
S
L L L L L -1 L L L
0 1 2 3 4 5 6 0 1 2 3 5 6
Time (s) Time (s)
Figure 10 The longitudinal velocity of the vehicle in the Figure 11 The lateral velocity of the vehicle in the J-turn
J-turn maneuver maneuver
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Figure 12 Trajectory of a vehicle in the J-turn maneuver
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Figure 13 The roll angle of the vehicle in the J-turn maneuver: (a) ADAMS software and (b) this study
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Figure 14 The lateral acceleration of the vehicle in the J-turn maneuver: (a) ADAMS software and (b) this study
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Figure 15 The roll rate of the vehicle in the J-turn
maneuver
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Figure 16 The yaw rate of the vehicle in the J-turn
maneuver
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5 Conclusions

This study presents the dynamics of a 15-DOF model
of a vehicle by performing simulations to investigate the
vehicle’s dynamic behavior in the J-turn maneuver
under the supervision of the phase IV of NHTSA’s
light vehicle rollover research program. Using the
Newton’s equations of motion, the equations of motion
for the sprung and unsprung masses are all written
in the vehicle coordinate system. In order to study
the engine dynamics, the crankshaft coordinate axes
are considered to correspond to the vehicle coordinate
axes. Finally, the gyroscopic moment of the crankshaft
is added directly to the torque vector of external forces
and the governing equations are evaluated by numerical

method of the Newmark. The tire is modeled with the
Pacejka 89 model, which estimates the tire forces by
using the longitudinal and lateral slips. By selecting
the J-turn maneuver, the dynamic behavior of the
presented 15-DOF model is validated by ADAMS/Car
software. Based on the simulation results, it is found
that the 15-DOF model, presented in this research,
simulates the vehicle’s dynamic behavior with a good
accuracy. By applying the steering input the lateral
acceleration reaches about -0.8g and finally decreases
with decreasing longitudinal velocity of the vehicle. The
maximum roll angle and roll rate of the vehicle reach
about 8 ° and 40 %s. The yaw rate of a vehicle reaches
a maximum of about -41 %s and then decreases to about
-15 %s and finally reaches about -35 %s.
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Appendix 1

The transformation relation between the coordinate systems of the sprung mass and a vehicle, which results
from the pitch and roll rotation, is obtained as follows:

cos¢p 0 sing|1 0 1 cos¢p singsin® sin¢gcosO
RY = 0 1 0 ||0 cos®@ —sinf|= 0 cos 6 —sinf (A1)
—sing 0 cos¢pl1 sin® cosH —sing cos¢sin® coscosO
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Table A.1 Constant values used in the Pacejka 89 tire model

lateral constants

longitudinal constants

ay = 1.65,a1 = — 34,a» = 1250,
as = 3036,a4 = 12.8,a5 = 0.00501,
as = —0.02103, a7 = 0.77394,
as = 0.002289, ay = 0.013442,
aw = 0.003709, a1 = 19.1656,
a1z = 1.21356,a13 = 6.26206

bo = 2.37272,b1 = — 9.46, b, = 1490,
bz = 130,b4 = 276,55 = 0.0886,
bs = 0.00402,b7 = — 0.0615, b5 = 1.2,
by = 0.0299, 5610 = —0.176

Appendix 2

nomenclature meaning

damping coefficient
force

height

angular momentum
moment of inertia
stiffness coefficient
mass

torque

radius

track width

velocity

vertical displacement
lateral slip angle
camber angle
steering input

roll angle
longitudinal slip

yaw angle

pitch angle

e ST RINSTHIEITNGTYO R

angular velocity

function of coordinate transformation

acceleration and lateral constants of the Magic Formula
longitudinal constants of the Magic Formula

subscripts meaning

ae crankshaft

Q
Q

center of gravity

engine

front

road

front and rear wheels (f, r)
right and left wheels (L,R)
left side

rear

right side

roll axis

roll center

sprung mass

tire

unsprung mass

vehicle

wheel

longitudinal direction
lateral direction

Nl<§<8<gwmw :U“h\"“'m\"‘“
=TT 8R

vertical direction
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