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Abstract—In this paper, we treat the problem of trajectory
planning of an unmanned ground vehicle evolving on an uneven
terrain. In such environment, the role of the suspension system
cannot be neglected and a vehicle vertical model has to be taken
into account. In the present work, we present three reduced
models with different level of complexity. These models make
possible to handle the constraints inherent to stability, embedded
equipment safety and suspension mechanical integrity.An opti-
mization problem is also formulated in order to define the optimal
speed profile for a safety behaviour of the mobile robot.

Keywords—Trajectory planning, UGV, optimal velocity profile,
vehicle dynamics, suspension system, uneven terrain.

I. INTRODUCTION

Nowadays, Unmanned Ground Vehicles (UGV) are de-
ployed in different fields to accomplish tasks such as military
transportation, sensible site inspection and nuclear zone in-
tervention. UGVs are therefore called to evolve within hostile
environments where trajectory planning is a key function when
preparing movement task in order to increase robot chances to
attempt its goal in best circumstances. A lot of previous works
treated mobile robot trajectory planning. Works such as [6] and
[8] took into account robot motion limitation by adding non-
holonomic equations in their models. Such works considered
the fact that UGVs were moving on laboratory surfaces where
road was supposed to be plane. For more complex applications
of UGVs, environment is composed of 3D and/or uneven
surfaces. In such cases, works like [1] and [10] developed
strategies where optimal motion was calculated using a UGV
dynamic model-based algorithm. In other works, kinematic and
dynamic models were coupled with A* and RRT algorithms

(31, [41. [71, [9], [11].

In these works, the robot is considered as a rigid body.
However, riding on an uneven or rough surfaces will cause
instability risks and eventually integrity problems, that are
directly related to suspensions parameters. Therefore, results
obtained with trajectory planner that do not consider such a
system could be fatal in some situations. Actually there are
works such as [5] and [2] that considered suspension system,
but they dealt with another type of robot like wheeled-legged
one.

In this work, we propose a particular general vertical
dynamic model that can be used either within quarter-car,
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bicycle and full models. We propose also a strategy based
on two steps to calculate the optimal velocity profile along
a longitudinal uneven path with taking into account the robot
vertical behaviour. Finally we present an application of this
strategy on an uneven terrain.

II. VEHICLE VERTICAL DYNAMIC MODEL

The suspension system role is not only to isolate embedded
equipments from external perturbations, but also to maintain
contact between tyres and ground to assure permanent control
and therefore to operate safely. In this section, we present
three reduced dynamics models: the quarter-car, the bicycle
and the four (04) wheeled. All of them are based on sprung and
unsprung masses concept. Selecting a model among these three
models depends on the complexity level of the vehicle vertical
dynamic model used within an eventual study where the effect
of the suspension system of the considered vehicle cannot be
neglected. However, a general vertical dynamic model form
that allows passing from a model to another with minimum
modification will be presented.

A. Quarter-car model

This model is used when dynamic analysis is focussed on
bounce motion. The vehicle is supposed composed of a sprung
mass (chassis) m, linked to an unsprung mass (wheel) m,, via
a suspension system (Figure 1). The latter is composed of a
spring with stiffness k£ and a damper with coefficient c¢. The
tyre is supposed to be elastic with stiffness k,,. Both masses
are localized by their vertical positions z. and z,, receptively.
The ground elevation is noted z;. u is the force applied by an
eventual active system. The dynamic of system is described
using the following differential equation:

Fig. 1: Quarter-car model.
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By deriving the first and the third equations of system (2?)

and adding the result to system (2) we get:

T1 — Z2¢+ 240 =0
Meko + (T2 —xg) + kg —u=0
T3 —Z2p+ 2 =0

Muyds + kwrs — c(x2 —24) —kx1 +u=0

This system is rewritten in the following form:
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In this model Z; and eventually w are the input of the

model.

B. Bicycle model

In addition to bounce movement, this model permits to
study the robot pitch angle 6 (the corresponding inertia mo-
ment is Ip). In this case, unsprung mass is composed of two
wheels, front and right. Both of wheels are linked to the chassis
by a suspension system with the characteristics k¢, cy, k, and
¢, (f for front and r for rear). Their longitudinal distances to
the centre of mass are respectively /¢ and [, (figure 2).

Fig. 2: Bicycle model.

The dynamics of the robot is described by the following
set of ODE:s:

meZe + cf(3r = Zwg) + K (2r — 2up)+

190 — Lpcy(2f — Zwyp) — Lk (zp — Zuf)+
Mawfiuwt + kwf(Zwp — zsf)—
mwréwr + kw’r(zwr - Zsr)_

Cr(zr - éwr) + kr(zr - Zwr) =Uuf + Uy

locr (20 = Zwr) + Lokr(2r — 2wr) = —lpug + Louy
cr(Zr = 2wy) = k(zp — 2wg) = —uy
Cr(ér - éwr) - kr(zr - Zwr) = —Up

&)

Performing the variables replacements given in (6), we
obtain the equations of motion with compact form (7).

_ (6)

With j = {f,r}.



~~ Xy
I 0 0 70 :
/ Xo
0 M. 0 0 i
0o 0 I 0 X
0 0 0 M, Xy
M
0o I 0 I X,
K. Cc 0 7Cc Xo
0 0o 0 I X [T D
*Kc *Oc Kw Cc X4
———
K X
0 0 0
0ol . .y 0
(%o [VU=]o
0 I 0
——
D 8x1

Where:
e [is (2 x 2) identity matrix; M, = G*M.G,

me O 1 1

° MC = 0 IQ ’ G = —lf lr ’
kf 0 Cf 0

° Kc:< 0 kr);CC:( 0 C,,«);
My 0 ko O

L4 M, = 0 M ; Ky = 0 k"w s

° Xl = (l'iﬁxir)t and ¢ = {17273’4} ; Zs =
(Zsf7zsr)t;

o U= (usp us)t.

C. Full model

This model is used if one is interested to study the bounce,
the pitch and the roll movements of the robot. The model
is described in the figure 3 where ¢ and I, are respectively
chassis roll angle and inertia moment. d is the half of track.

nxn nxn .
~~ ~~ X1
I 0 0 0 b
0 M., 0 0 2
o 0 I o0 Xs
0 0 0 M, X4
M(4n><4n)
nxl1
0 -1 0 I f)’(\
K. C. 0 -C. !
+ X
0 0 0 -1 X
-K, -C. K, C. 3
Xy
K (4nxan) N———
X(anx1)
0 0 0
0 . -1 0
+ I Zs(4n><1) + 0 U(4n><1) = 0
0 I 0
D 16x1

This equation has the following form :

X =AX+B

With A= M~'K and B= M~'D.
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Details of this form are listed in table I, where n indicates

the number of wheels considered in the model.

Fig. 3: Full model.

For this case, one can easily prove that the state motion

system is similar to those presented by equations (4) and (7).
The general form is presented in equation (8).

Quarter Bicycle Full
n=1 n=2 n=4
Me 0 0
Me 0 0 I o
M, Me 0 I 0
0o o I,
T —I; —d
1 —ly 1 —ly d
G 1 ’
1L 1 1. —d
1 = d
kf 0 0 0
k 0 0 k¢ 0 0
K, b f f
0 ks 0 0 k. O
0 0 0 k.,
c; 0 0 0
c; 0 0 ¢ 0 0
Ce ¢ ( 0 e ) 0 0 ¢ O
0 0 0 cr
Kw 0 0
Kw 0 0 kw 0 0
Ko | hw ko 0 0 ke O
0 0 0 kuw
X; z; (zif, Tir) (ZTifr, Tifi, Tirr, Tirl)'
Zs Zs (2sf, 2sr) (Zsfrs Zsfls Zorry Zsrl) "
U u (uyp,ur) (Ufrs UFL, Unrr, Uurt)'

TABLE I: Movement equations global form details.

This general form allows to anyone to switch from a model
to another with minimum modifications. The choice of a model



depends on the application. In the following section, a method
to find an optimal velocity profile along a longitudinal path is
proposed. We will show how to take into account the vehicle
vertical dynamic using the quarter-car model.

III. TRAJECTORY PLANNING TAKING INTO ACCOUNT
VERTICAL DYNAMICS

If an UGV has to move on an uneven path with important
velocity, embedded equipment safety and stability must be
taken into account. These two performance indices are assured
by a suspension system supposed composed of springs and
dampers as seen above. However, as any mechanical system,
suspension has stops that can be damaged because of excessive
deformation. Wheel axle also can be broken because of an
important vertical force. For this reason, robot mechanical
integrity must be preserved at first by planning movement that
prevent stops to be attempt during riding and by limiting force
applied on the axle and therefore, suspension will perform
safely.

In the following section we will propose a method to
determine the optimal velocity profile along a longitudinal
path that minimizes an objective function that consider the
execution time, the comfort, the stability and the consumed
energy. This problem is constrained by the robot mechanical
integrity and also accelerating and breaking limits.

A. Planning strategy

Let be a ground profile defined by the the road elevation z,
along a longitudinal path. The aim of the developed strategy
is to find an optimal velocity v,,; along this path (figure 4).

The planning strategy is based on two steps.

e  Step 1: obtain an optimal velocity profile that preserve
the suspension mechanical system;

e  Step 2: deduce from the first profile a new one that
takes into account accelerating and breaking limits in
addition to comfort and stability indices;

AV
Mme Vmax
%\ﬂ / \ Vo/l
My . . N
T s Vmin
L
Road profile hazardous zones with v, . S

Fig. 4: Optimal velocity profile concept.

1) Step 1: Preserving the robot mechanical structure: in
this work, preserving the robot mechanical structure is taken
into account by limiting the vertical force applied on the wheel
axle F, and the contact force F. between ground and tyre. The
optimization problem can formulated as follows: min(fop; =

T). Where fop; is the objective function and T is travel time.
The considered constraints are:

max(Fy) — Famaz <0
—(min(F,) + Famin) <0
maz(F.) — Femar <0
—min(F,) <0

Umin § Vopt1 § Umax

(10)

Where F,,,q. and F,,,;» are the maximal and minimal
authorized forces that can support the axle; and Fi 4, is the
maximal force authorized that can support the tyre.

Velocity profile is obtained by interpolating [V,, nodes
pi(si,vi), © = {1,2,...,N,} (figure 5). The optimization
process will search for best location of the nodes such as fo;
is minimized and constraints are repected.
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~. C O N
Wi P o> \
N po \
V) S~ V4 2 ///

S
>

Fig. 5: Velocity profile obtained from optimization parameters.

In order to illustrate this method, we will analyse the
following two scenarios.

Scenario 1: the robot is moving along an uneven path with
a velocity profile that corresponds to a bang-bang movement
(figure 6). The time of task execution is 7' = 1.5s. However
the figure shows that forces applied on axle and tyre exceed
authorized values.

Road profile Velocity profile
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Fig. 6: Scenario 1:non optimized velocity profile.



Scenario 2: the profile seen in figure 6, will be optimized
taking account of preserving the mechanical structure. The
obtained profile v,y is within figure 7. Note that axle and
tyre forces are within authorized range but execution time T
increased from 1.5s to 2.6s.

Road profile Velocity profile
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2500

Fc(N)

2000

1500

1000 -1000
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Fig. 7: Velocity profile optimization with preserving the robot
mechanical structure.

2) Step 2: Taking into account energy, comfort and stability
performance with traction and breaking limits: in this step,
Umaz that appears in constraints defined in system (10) will
be substituted by vp¢1, optimized profile obtained in the first
step. In addition the new objective function is:

fob; = A fobi1 + Az fovjz + Az fovjz + Ay fovja (11)

Where:
1
fobjl = m Z(Uoptl - Uopt2) (12)
1
fobj2 = mE (13)
1
fovjz = —5\/ var(ac) (14)
1
fobja = —5\/ var(ay) (15)
With:

®  Upyqg: robot maximal velocity;
e [ energy consumed along the path;

e F,..: maximal energy that can be consumed with
maximal acceleration along the path;

e a.: chassis vertical acceleration (used to quantify the
comfort);

e a,: wheel vertical acceleration (used to quantify the
stability);
e  war(x):x variance;

e )\;: weight attributed to fop;, .

New considered constraints are:

*meam S FT S Facma:c
(16)

Vmin < Vopt2 < Vopt1

Where F, is the longitudinal force and Fj,q, is the
maximal force that can be developed. It is given by :

Fromae = pFe a7
1 is the adherence coefficient.

IV. APPLICATION ON AN UNEVEN TERRAIN

In figure 8, is presented an uneven terrain elevation map.
The robot has to move from Start point to the Goal point. A
shortest path (the blue line) is calculated using an algorithm
that penalizes the zones where the variance of elevations is
high. Details about this algorithm are not the scope of this
paper. Then, a ground profile is extracted and an optimal
velocity profile is calculated as seen in the previous section.
The obtained result is presented in figure 9.

Fig. 8: An uneven terrain elevation map.

V. CONCLUSION

In this paper, we have proposed a method that takes into
account the vertical dynamics when planning the trajectory of
an UGV. The adopted strategy is composed of two steps. The
first one determines an optimal velocity profile while consider-
ing the constraint of preserving the mechanical structure of the
suspension system. In the second step, the latter profile is used
as maximal when looking for a new one that considers energy,
comfort and stability performances indices in one hand, and
traction and breaking limits in the other hand.
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Fig. 9: An uneven terrain elevation map.

An application has been performed on an uneven terrain

where a shortest path was calculated before applying the
proposed method.

Obtained results are satisfactory and their experimental

validation constitute the aim of a future work.
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