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Abstract. The objective of this study is to analyse and control the cornering be-
haviour of an Articulated All-Terrain Tracked Vehicle (ATV). The ATV is char-
acterized by two units connected through a mechanical multiaxial joint designed
to overcome extreme longitudinal and side slopes. The hydraulic actuation of the
joint enables an articulated steering feature thus avoiding any thrusts adjustment
as it happens for skid-steering vehicles. A direct curvature controller is presented
for analysing the steady-state ATV behaviours through a nonlinear model. Fur-
thermore, a hitch angle controller is introduced to overcome the necessity of a
curvature feedback measurement. The methodology is verified by simulating typ-
ical manoeuvres adopted for evaluating vehicle handling performance.

Keywords: Autonomous Tracked Vehicle, Hitch Angle Controller, Articulated
steering Control.

1 Introduction

The cornering behavior of tracked vehicles have peculiar characteristics that differ-
entiate them from wheeled vehicles. The steering operation of these vehicles can be
accomplished through different mechanisms: skid-steering and steering by articulation.
In skid steering, a turning yaw moment is obtained by applying a different longitudinal
thrust force between left and right track sides [1, 2]. For tracked vehicles with two or
more units, the steering operation may be achieved by a relative yaw rotation between
units through a specific mechanism on connecting joints. This solution is also preferred
to the skid steering since it does not require a thrusts adjustment between the outside
and inside tracks so that the resultant forward thrust can be maintained during a turning
maneuver as shown in [3].

The articulated steering is usually accomplished by installing a hydraulic power
steering system able to provide the power required to overcome vehicle lateral re-
sistances arising during cornering. An overview about handling performances of
wheeled truck-trailer vehicles is presented in [4]. Few similar studies are also available
in literature about tracked articulated vehicles: the effect of towing a passive trailer on
a wagon-type tracked vehicle steer-ability is analyzed in [5]. Most of tracked articulated



vehicles are usually adopted for rescue and emergency operations due to their off-road
and all terrain attitudes. Recently, more interest is arising in their remote control to
avoid any dangerous implications for a conventional human driving: the authors of [6]
show that a real time estimation of soil parameters is essential in achieving precise,
robust autonomous guidance and control of a tracked vehicle. Different control archi-
tectures are proposed to overcome the snaking mode or to improve steering response of
an articulated steer vehicle [7, 8].

Within this context, the paper presents a study related to the articulated tracked ve-
hicle already introduced by [9]. The research activity aims to describe the vehicle han-
dling characteristics and to provide useful specifications for designing a remote or au-
tonomous curvature controller. Firstly, a non-linear mathematical model of the ATV is
presented in Section 2, by also including the effect of hydraulic steering dynamics by
adopting the same methodology used in [10-13]. The ATV cornering behavior is then
analyzed by applying a direct curvature controller where the tractor curvature is sup-
posed to be available for feedback implementation in Section 3. To overcome the draw-
backs of a direct curvature controller, a model-based hitch angle controller is designed
and verified in Section 4. Finally, some conclusions are drawn in Section 5.

2 Model Description

The ATV analyzed in this activity is characterized by a bi-modular structure: a first unit
includes a 170 HP internal combustion engine and a 6-speed automatic transmission;
the second unit fulfills the task of goods and persons transportation. The engine torque
is equally distributed among the four sprocket wheels, two for each unit, by means of
three open differentials. The weight of each unit is distributed through 8 road wheels,
4 for each unit side, which are connected to the hull through specific swing-arm tor-
sional suspensions. The steering operation is obtained through a hydraulic system
which can apply a relative yaw angle, the so-called hitch angle.

The ATV behavior is analyzed through a non-linear model described in [9]. The
model includes 8 degrees of freedom: longitudinal, lateral and yaw motion of both units
and 4 rotations for each sprocket wheel. The free body diagram used to derive the ATV
model equations of motion is shown in Fig. 1.

The two units are considered as rigid bodies with mass m,, m, and mass moment of
inertia around vertical axis passing through the respective center of gravity I;4, I5,. The
road is considered rigid and the track is modeled as four contact points for each track.
(ax1,ayq) and (ay,, ay,) are respectively the front and rear unit longitudinal and lateral
acceleration components. (u,, v;) and (u,, v,) are respectively the front and rear unit
longitudinal and lateral velocity components. Front and rear velocity vectors are in-
clined of B;and B, with respect to their corresponding longitudinal directions. ¥, and
Y, are the yaw angles of the front and rear units respectively. a = 1, — ¥, represents
the hitch angle between the two ATV units.



Fig. 1. Free body diagram of ATV (top view)

The continuous track-terrain contact is discretized into a finite humber of contact
patches equal to the number of road wheels [14]. Longitudinal F ;i and lateral forces
FJ’,‘J-L- are exchanged with the road, referred to the i;;, = 1: N,, road wheel on the
left/right (j = L/R) side of the front k., = I and rear k., = II units. Each contact patch
force component is modeled as a hyperbolic tangent function of their longitudinal slip
ratio gjf and slip angle BJ;.
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Uy and u,, are the global longitudinal and lateral friction coefficients respectively.
FJ, ; is the vertical force on each road wheel and considers the static weight distribution
among the road wheels and the load transfer induced by lateral acceleration. The coef-
ficients a,y, a,, and a,,, a,, are introduced to consider variation of longitudinal and
lateral stiffness with respect to the vertical load. The peak longitudinal and lateral forces
occur at Gpq, and at B, q, respectively. kg and k; coefficients are also adopted to con-
sider the longitudinal/lateral combined slips influence. Advanced track-terrain models
able to correlate the tractive effort to soil properties are well known in the literature [15,
16] but a basic model with the lowest possible number of parameters is preferred for
the sake of simplicity.

The hydraulic steering system, shown in Fig. 2, is composed by a pump powered by
the diesel engine, and two proportional valves designed to regulate the flow rate to-
wards two double-acting cylinders whose piston rod forces generate a steering torque
C, to each ATV unit, equal in amplitude but with opposite sign.

The two piston rods are hinged on the second unit in points A and B meanwhile the
two hydraulic cylinders case are hinged on the first unit in points C and D. The relative
yaw rotation occurs around point 0 and rods length AD and BC are function of relative
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angle: for positive a, the BC length is extended meanwhile AD is shortened with re-
spect the configuration of Fig. 2.
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Fig. 2. Hydraulic steering system 1- Double-acting cylinders; 2- Double-solenoid flow rate pro-
portional valve; 3- Pump; 4- Pressure relief valves; 5- Single-solenoid flow rate proportional
valve.

The fixed displacement pump (number 3 in Fig. 2) generates the flow rate Q,, which
is splitted between a double solenoid and a single solenoid proportional valves (number
2 and 5 respectively in Fig. 2). The flow rate Q,, (regulated through the position of
solenoid valves spool) towards the high-pressure cylinders chambers with equivalent
volume V;; (red circuit) is assumed to be equal to the flow rate withdrawn from the low
pressure cylinders chambers with volume V,, (blue circuit). The dynamic behavior of
the pressure difference between high pressure and low-pressure cylinders chambers
Ap = py — p,, is then calculated by:

M—p=ﬁH—ﬁL=ﬁ-l<M>—ﬁ-<M> )
dt oi Vy oil vV,

where . is the oil bulk modulus. Volumes Vy, V, and their time derivatives are
geometrically correlated to the hitch angle by considering the piston rods length varia-
tion. The hydraulic steering torque C is then generated by the cylinder piston forces
multiplied by their respective lever arms f:

Cs = Ap(24, — Ag)f — cod 3)

where A, and A, are the bore and piston rod areas respectively, ¢, is a viscous damp-
ing coefficient to consider the damping contributions from the joint O bushing and from
oil in hydraulic cylinders.

3 ATV Cornering Response

The ATV model described in Sect. 2 represents a useful tool for studying the ATV
dynamic and steady-state behavior during a turning maneuver. The flow rate @, is the
unique quantity that can be regulated to modify the ATV trajectory. As initial



hypothesis, the curvature p; of the ATV first unit is supposed to be available for intro-
ducing a direct curvature controller through the following feedback law:

Qv = Kp,p (pref - pl) 4

where K, , is a proper proportional gain. During a step steering maneuver, the refer-
ence curvature [ is ramped up to the maximum value achievable with ATV physical

constraints (minimum turning radius of 6.5 m due to mechanical end stops). ATV cor-
nering behavior is then analyzed through the quantities shown in Fig. 3.
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Fig. 3. Sideslip angle, yaw rate, hitch angle, lateral acceleration, curvature, flow rate percentage
and pressure difference between hydraulic cylinder chambers during a step steering maneuver
with direct curvature controller application at constant ATV speed u; = 10 km/h.

The maneuver is characterized by an initial transient phase where proportional flow
rate valve opens the passage from the pump to high pressure chamber and from the low
pressure chamber to the tank, thus generating a pressure difference Ap and a steering
torque C, acting on both ATV units. The hydraulic proportional valve is then smoothly
closed when the vehicle is approaching towards a steady-state condition characterized
by a constant hitch angle and pressure difference between the cylinder chambers. More-
over, it is evident a clear sign inversion of rear unit quantities which is mainly related
to the kinematic conditions imposed by the ideal hinge O: at the beginning of the steer-
ing, the yaw motion of the front unit geometrically imposes an opposite yaw rotation
to the rear unit through the hinge constraint. Furthermore, yaw rates, lateral accelera-
tions and curvatures tends to the same steady-state values, in fact the ATV is behaving
as a unique rigid body with a locked hinge between the two units.

The steady-state behavior is further analyzed by executing constant-radius maneu-
vers (steering pad) where the speed is smoothly increased until the maximum vehicle
lateral acceleration is reached. Some simulation results are shown in Fig. 4 where the
reference curvature is set at three different values.
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Fig. 4. Top: Sideslip angle and steering torque vs lateral acceleration; Bottom: Hitch angle
gains vs ATV speed during a steering pad maneuver at constant radius of 90 m (black), 60 m
(blue) and 30 m (red).

The direct curvature controller can keep the desired constant radius until the satura-
tion of the track-road forces does not allow any further increase of lateral acceleration.
This is visible in the asymptotic behavior of sideslip angles when the maximum lateral
acceleration is approached at the end of the steering pad maneuver. The steering torque
decreases with lateral acceleration and strongly depends on the curvature radius as well
as vehicle speed. The ATV steady-state hitch angle gains G,; = a/p, and G,, = a/p,
are also shown in the bottom side of Fig. 4. At low ATV longitudinal speeds, all hitch
angle gains linearly increase with the speed with no influence by the curvature radius:
thus the vehicle curvature can be directly regulated through the hitch angle. For high
speeds, the hitch angle gain tends to an asymptote, therefore the vehicle maneuverabil-
ity is lost and cannot be controlled anymore because the track-road forces saturation
leads to a lateral ATV sliding motion.

4 Hitch Angle Controller

The direct curvature control introduced in the previous section requires that at least
the curvature of the front unit is measured or estimated to implement the feedback law
in Eg. 4 which is not always a feasible solution. On the other hand, the hitch angle can
be easily measured or directly obtained by the position measurements of hydraulic cyl-
inder pistons. The direct curvature control can be then replaced by a hitch angle con-
troller where the ATV actual curvature feedback is not required:

Qy = p,a(aref - 0() = Kp,a(preprl - a) 5)

where K, , is a proper proportional gain and G,,, is obtained from Fig. 4 as function
of vehicle speed and reference curvature. The hitch angle controller is then verified by



imposing a double step signal to the reference curvature [ Results are shown in Fig.

5.
) — 10 = 10
E —61 Eo / \ i —
51 e £ o 5 oAl
) © )
= - =
ji 0 r \. £ 110 [— o<
7 : Vs 5 10
2 ~ 20 g
©2 20 30 40 50 20 30 40 50 20 30 40 50
— Time [s Time [s Time [s
”\m 1 [s] — 0.05 [s] 100 [s]
RN \ £ - SE i o=a]
ERE 0 > [ 2= P - AP H
gz E oo Eg o
5] {[—a < A A A
- B y1 g P z2 8 B
s ay2 — o = F
Q Y = === Pre, ] A -
22 O -0.05 Pref =™ 100
20 30 40 50 20 30 40 50 20 30 40 50

Time [s] Time [s] Time [s]

Fig. 5. Sideslip angle, yaw rate, hitch angle, lateral acceleration, curvature, flow rate percentage
and pressure difference between hydraulic cylinder chambers during a double curvature step
maneuver with hitch angle controller at constant ATV speed u; = 20 km/h.

A first curvature radius of 40 m counterclockwise is requested to the controller, fol-
lowed by a second lower radius step of 20 m clockwise. In this case, the front unit’s
curvature perfectly follows the reference signal even if no curvature is feed backing for
elaborating the flow rate Q,,. The rear unit curvature differs from the reference only
during the transient part of the maneuver. This is something expected since the inver-
sion of yaw rate, sideslip angle and lateral acceleration signs is geometrically imposed
by the hinge 0.

5 Conclusions

The ATV non-linear mathematical model, described in the present activity, represents
a promising tool for analyzing and controlling its cornering behavior. The following
conclusions are drawn from simulation results:

e The ATV behaves as a unique rigid body (hinge O locked) when a steady-state con-
dition, i.e. constant turning radius, is approached.

e Alinear ATV behavior is observed during a steering pad maneuver, before the track-
terrain forces saturates at high lateral accelerations.

e The gain between path curvature and hitch angle linearly increases with ATV speed
until a vertical asymptote is reached at high lateral accelerations: the hitch angle
represents an alternative quantity for controlling vehicle curvature that can be easily
measured.

e Ahitch angle controller is introduced to prove that a desired curvature can be tracked
without a direct feedback of ATV units curvature.



Future investigations are necessary to study the effect of the hitch angle controller on
ATV transient behavior even in presence of vehicle properties variations (i.e. mass,
terrain conditions, engine torque distribution).
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