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Abstract. This paper covers the dynamic modeling ofthe Vehi€he basic mathematical modeling of the vehicle’
non-linear lateral and roll dynamics are coveredsuinptions are made in order to linearize the motkis non-
linear vehicle model uses the non-linear Pacejka thodel. The vehicle model is used for developmeht

autonomous control method, which is optimized frgliel execution.
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1. Introduction 2. Vehicle Modeling

Ground vehicles have become an almos The vehicle schematic shown in figure 1 is a
essential part of modern life where they aresimple diagram of a four wheel vehicle in the
depended upon daily to provide services such elateral and longitudinal planes. In order to sirfypli
transportation for people and/or cargo. For thitthe lateral dynamics, the longitudinal dynamics,
reason, much research has been devoted to tincluding drive force and rolling resistance, were
overall advancement of ground vehicle technology neglected. Additionally, the front and rear track
Modern science has allowed for the production owidths § are assumed to be equal. As seen in
ground vehicles that can operate autonomously ¢Figure 1, the sideslippj of the vehicle is the
semi-autonomously saving both time and moneydifference between the velocity heading (v) and the
Even the military has come to rely on intelligent true heading of the vehiclg). The yaw raterj is
unmanned vehicles for performing routine and/oithe angular velocity of the vehicle about the cente
potentially dangerous tasks. Safety is undoubtedl of gravity. The lateral forcesF§) are shown for
a major source of motivation behind the increasin both the inner and outer tires as well as the front
performance demands of manned ground vehicle and rear tires of the vehicle.
Steer / brake / throttle-by-wire technology has In the figure 1, the lateral dynamics of the
allowed for passenger vehicle safety systems sucvehicle are derived by summing the forces and the
as driver assisted automated lane keeping [1] armoments about the center of gravity of the vehicle
stability control systems[2]to become realizable. as shown in relations (1).

2 Fy =milay =(Fyor + Fyir ) + (Fyor + Fyir ) [E0S(D)

Y My =1, 0p=-bF,, +Fy)+al(F,y +Fy ) £os()] +%[|1( Fyot * Fyir ) [5in(3)]
where

a, =(V, +V,) = (V, +V in(B) +V B Tos())

G=r

(1)

Figure 1. Wheel Vehicle Schematic Showing the Ealeral Dynamics of a Vehicle
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By solvingthe above equations fipandr, the  vehicle are formed by separating the sprung mass
equations of motion for the vehicles lateraland the unsprung mass at the roll center as shown
dynamics can be found and are shown in equation (z in figure 2.

— (Fyor + Fyir) +(Fyof + Fyif) EOS@) —r _V [tan(B)

A mV [Eos(B) \Y/ o
t .
- —bOF, +F,)+al(F, +F,)CosE)] > (F +F,) BiN@)]
r =
IZ
The tire slip angled), as seen in figure 1, is The equation of motion for the roll dynamics

the difference between the tire’s longitudinal axisare formed by treating the system as a simple
and the tire’s velocity vector. The tire velocity spring-mass-damper system. The equation of motion
vector can be found by knowing the vehicle’sis derived by summing moments about the roll center
veloctity (at the center of gravity) and yaw ratéelT  ofthe vehicle for the sprung mass is given in ggoa
direction or heading of the rear tire is the sarse ¢ (4). The moments can be summed around the roll
the vehicle heading, while the heading of the fron center if a lateral centripetal force is added lte t
tires must include the steer angle. The equation ( center of gravity [3].

the tire slip angles for all four tires is given in SM,. =1, [@+k@+bp=

equation (3). _
=-m[a, My [dosp+my [y [Sing
-1 V$in) +alt Equation (4) can be rearranged which leads to

@i =ta t -0 the equation for the non-linear roll dynamics od th
Vm:osﬁ)—zﬁl vehicle as seen in equation (5).
. —k@-Db@-ma h, cosg+mgh, sin
—1| VBin(B)+alt Q= 0o y 1 $+moh, Sin @
a . =tan | —— |- 0 |
of t X (5)
V [tosB) +—=[
2 In the above equationk) is the spring
) stiffness, b) is the damping stiffnesshi is the
_..—1| VE&in{)-bl difference between the center of gravity height and
a. =tan *| ————
l vm:os(a)—lm the roll center height, and,) is the mass moment
2 of inertia about the longitudinal axis. The
expression for the change in vertical forces, or
_1 VBEin(B) +ali weight transfer, at the tires can be found by
a,, =tan ¢ summing the moments about the roll center for the
V [Gos) +Em un-sprung mass for both the front and rear of the

. . vehicle. The weight transfer, in steady state, lsan
The roll angle @ of the vehicle is the amount found by assuming the roll is equal to zero.

of rotation of the vehicles sprung mass about its  Thg total vertical force at each wheel of the
roll axis. In reality, the roll center of the veldic \anicle can be calculated by simply adding the

does not remain constant, however in this case geiont transfer to the static weight of each tlibe

stationary roll center is assumed in order 0gqguations for the total weight of all four tires is
simplify the model. The roll dynamics of the ¢houn in equation (6).

F, =Ny A Fo=iaF
af 2 = of 2 . (6)
Fu =2 40F, o =TE4AF,
2 2

The vertical forces and the tire slip angles can
be used in order to find the total lateral force at
each tire given the tire model. One popular tire
model for determining the lateral tire force as a
function of slip angle is the Pacejka “magic” tire

Figure 2. Free body diagram of the roll dynamics
for the sprung and un-sprung mass
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model [4]. In this method, tire parameters, tha ar Y F, =F, +F , =m(&a, =mV B +vLT)
usually unknown, are used to calculate the later M =alFE. -blE. =0

forces of the tire. For small slip angles the force= " Y yf yi =z

profile can be defined by a linear region and alsovhere

the peak force does not increase proportionally to all (8)
the vertical forceK2). In the linear area of the tire Fyr = Cqt [0 =Cyg E€B+T - j

curve, the slope of the line is known as the tire

cornering stiffness,). In the linear region of the E. =C. [&. =~C [ﬁB_b_D”j

tire curve the forces can be calculated as seen in”" @ " T Y,

equation (7). The above linear equations of motion can be
Fy =—Cor0 rewritten in the state space form show in equa®n
7 X =
Fyr ==Cor, (1) x=Alx+Blu ©)
y=CI[X
3. Linearization of the vehide mode where x = state; y = measurements; u = input;

Some assumptions about the non-linear mode¢A = state matrix; B = input matrix; C =output nbatr
of the vehicle can be made in order to linearizé an The state space equations for the lateral

simplify the model [5]. One approximation used is dynamics can be seen in equation (10).
to neglect weight transfer. This assumption cause

the vertical forces at the tires to be equal to th_. ~Cat ~Car — 3l +2bm:°” -1
static weights, which are the same on the left an Bi_ mv mv [{B} +
right side of the vehicle. The next assumption mad| t | | ~alCqs +bICq,  @*[Cy +D* [Ty |y

is that the tire slip angles) are the same on the [, l, v

inner and outer sides of the vehicle. This c

assumption is valid if V >> tr / 2 as seen in af

equation (3). Also, the inner and outer tires art + anECW P}

assumed to be the same. Assuming the same inr of

and outer tires results in the tire comering séffs I,

(Ca) being the same for the inner and outer tires o The equations for steady state yaw rate and
the vehicle. Assuming no weight transfer, the sam steady state sideslip are given in equation (11).
tire comering stiffness (for the inner and outer Steady state yaw rate and sideslip are dominated by

tires), and the same tire slip angles (for the finnethe weight split and thetire comering stiffness.
and outer tires) results in the lateral forces ¢ein

(10)

equal for both the inner and the outer tire. rss_+

Additionally, the vehicle’s forward velocity is L+V* [Kys

assumed to be constant in order to remove th _blE m IV,

acceleration term from the equations of motion BSS‘T_C_

Finally, the small angle approximation is used in o (11)
order to remove the trigametric terms from the where

equations of motion. These assumptions simplify W ow

the vehicle model to what is commonly known as ST =T

of ar

the bicycle model. It is known asthe bicycle mode

because the inner and outer dynamics a  The understeer gradienk ) defines whether

approximated as equal and therefore collapsed inithe vehicle is understedf(s < 0), oversteer{s > 0),

two wheels. or neutral steerlys = 0). The vehicle’s understeer

The equations of motion for the lateral characteristics determine the change in steer angle

dynamics of the simplified model are found therequired to hold a steady state tum as velocity

same way as the non-linear model (i.e. by summinincreases [3].

the forces and moments around the center ¢ The non-linear roll model seen in Equation (5)

gravity). This leads to the equation of motion forcan be linearized by assuming small angles to

the bicycle model shown below in Equation (8).  remove the trigametric terms. The linearized roll
equations can then be placed into the state space
representation as shown in equation (12).
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) 0 1|1l 0 way a functional decomposition is realized for
L= + @& (12) ,
o] |mmm -k - _ y suggested method for autonomous vehicle control.

As result two tasks are obtained: task 1 and task 2

Since lateral acceleration consists of purewhich require sequentional execution, because task
lateral  acceleration plus the centripetal2 has to wait execution of task 1. Also for task 1

acceleration, it can be written as a function th¢data decomposition is realized. The decomposition
derivate of sideslip and the yaw rate. By can be seen in figure 3.

substituting the lateral acceleration in terms hod t The data decomposition oftask 1 is presented
derivative of sideslip and yaw rate, the yaw anldl ro with task graph shown in figure 3. The graph edges
state space models can be coupled together correspond to the data dependences, which define

¢

given below in equation (13). that calculation of one value requires calculatdn
-Cq -C —alCqs +b[C ] I ]
. af ar af . ar _4q 0 0 (O
B m [V mV B m [V
el | —aly +bC,,  a’[Cy +b’ [T, 0 o |r alCyy
[0) z z (0] z
N 0 0 1 0 : 0
® —Cyt —Cqy —alCy +b|]:0(r migth -k —-b ® Cai
L m mLv | L m

another value. The graph nodes are marked with

4. Paralld optimization of the vehicle modd the result of each subtask execution.

The presented vehicle model is a start point fo Amdahl's law states that potential program
development of a method for autonomous control speedup is defined by the fraction of code that can
As you know each real-time system requires to b be parallelized [6]. By means of the realized
optimized in respect of calculation process. Tisat i decomposition and after analysis of the source code

O Subtask

> &= |nputdate

Figure 3. Decomposition diagram and subtasks gapdata decomposition of task 1
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that represent the autonomous vehicle control we4, Conclusions

can conclude that the parallel fraction of code is The method for autonomous vehicle control
60%. According to Amdahl's law the speed up of has been proposed. Since this method has to be
the suggested method for an autonomous vehiclapplied in real-time systems, it has been optimized
control is shown in figure 4. in respect of two directions: linearization and

6 parallel execution. The small angle approximation
' is used in order to remove the trigametric terms
241 from the equations of motion. The parallel
2,2 1 optimization shows increasing of the speed up
a 2. according to number of processors due to parallel
5 .
18 execution.
2161
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