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Abstract: This paper presents an efficient design for a lateral control synthesis of an off-road vehicle.
The considered vehicles have two steering axles and are intended to move on a slippery soil with
important lateral and longitudinal slopes. The proposed design relies on an extended bicycle model
that accounts for the slopes. The lateral control is designed based on a feedforward/feedback
architecture. The feedforward takes advantage of the knowledge of the path characteristics (curvature
and slopes), and the feedback ensures robust reference-trajectory tracking. Through an H,/H,
multi-objective synthesis, the robustness of the lateral controller is ensured with regard to the
model uncertainties, path, and soil features. This is important because off-road vehicles’ dynamics
are by nature highly variable. To cope with the difficulty caused by uncertain knowledge of key
parameters, the proposed robust approach is a practical compromise that maximizes performance
under constraints of robustness. The results obtained on a realistic non-linear simulator support this

assertion.

Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license
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1. INTRODUCTION

In recent years, robots have been used in many fields to
execute tough and repetitive tasks and relieve burden on
humans. Path-following machines are a prominent market in
the broad field of precision agriculture; they can be indoor
devices (e.g., feeding robots) or outdoor vehicles such as
harvesters or sprayers. The automation of trajectory tracking
for the latter ones rose rapidly after the high GPS coverage in
the last decade became more reliable and more accessible.
However, path following is challenged by slippery sloping
soils, which tremendously affect a vehicle’s dynamics.

On-road vehicles have to account for high speeds (mainly
implemented using dynamical models), as in Mourad et al.
(2014) or Rajamani (2012), whereas off-road vehicle research
has been traditionally conducted using kinematic models,
see Lenain et al. (2009) and Fernandez et al. (2019). However,
a convergence in the research field has occurred in recent
years in favor of dynamical modeling, see Deremetz et al.
(2017), despite the numerous constraints that are ignored in
on-road path following modeling, such as the lack of grip or
the presence of slopes. This convergence has led to homog-
enization in the tools used in different contexts. The H,/ Hy,
control design used in this paper has been previously used in
the on-road context to ensure robustness of the regulator, as
in Mustaki et al. (2018).

* This work was supported by the French government through ANRT (Asso-
ciation Nationale Recherche Technologie) fundings.

The overall goal of the research presented here was to de-
velop an embedded control system regulating both lateral
and longitudinal dynamics of an off-road vehicle that is sub-
ject to high slips due to the environment. For this purpose,
we chose to use two steering axles and the torques on each
wheel for achieving the actuating actions. It is quite common
to encounter vehicles equipped with two steering axles in the
agricultural context where complex maneuvers are needed
in restricted areas, see Fnadi et al. (2019). This configuration
has proven its capabilities in recently published studies as
in Deremetz et al. (2017). This paper focuses on lateral con-
trol using an extended bicycle model as a control-synthesis
model. This allows the modeling of slips on both rear and
front steering axles in numerous situations, including slopes.
It is well known that the lateral bicycle model implies some
strong assumptions, such as constant longitudinal velocity,
the omission of the height of the center of gravity, and the
absence of dynamics between wheels within the same axle.
However, in this work, it is demonstrated that this model is
still useful even in the complex off-road environment.

The extended bicycle model is used to design a controller
with two degrees of freedom. The feedforward term benefits
from the knowledge of the path characteristics (curvature
and slope), and the feedback term ensures robust tracking
by removing the residual deviations. The precise manage-
ment of the performance robustness compromise ensured
by the H»/Hy, control synthesis (see Apkarian et al. (2014))
has proven its efficiency, especially in the automotive field.
In Mustaki et al. (2018), a multi-model approach was used
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to capture various dynamics due to some parameters’ uncer-
tainties.

This paper is organized as follows. In Section 2, the extended
bicycle model that considers slopes is introduced. Section 3
defines the architecture of the multivariable lateral controller.
The definition of the uncertainties considered in this paper
is found in Section 4. Section 5 describes the two stages of
robust control synthesis. Finally, the results from a realistic
simulator are presented in Section 6.

CcG Center of gravity

F,R Index for the front / rear axle

m Vehicle total mass [kg]

I Vehicle inertia w.r.t the vertical axis [kg.mz]

L Wheelbase of the vehicle [m]

Lg,Lp Distance of the CG to the front/rear axle [m]

h Height of the CG [m]

C; Cornering stiffness of the wheel i [N]

cj Static cornering stiffness

vy Longitudinal vehicle speed, at the CG [m.s™1]

Pmin» Pmax Minimal and maximal value of the parameter p

7 Nominal value of the parameter p

Gmes Measured value of the quantity g

“ Set of synthesis linear models considered to define the uncertain

’ vehicle model, comprised of N instances

M Instance of .4
My Transfer function between input i and output o for for Kt in-
i—o stance of ./

Op,0R Mean Ackermann steering angle of the front /rear axle [rad]

5 =(or or)"

OrF Feedforward values of the steering angles [rad]

p Curvature of the reference trajectory [m1]

0 Lateral / Longitudinal slope angle [rad]

a Local value on the soil’s slope [rad]. So |8] < @ and |¢| < a

u Coefficient of adhesion

g Acceleration of gravity [m.s 2]

¥y Lateral deviation w.r.t. the reference trajectory [m)]

17 Angular deviation w.r.t. the reference trajectory [rad]

P Yaw rate [rad.s 1]

x =@ v y ) T state vector

Feedforward state vector, considered as a reference

=
o
=

= (9 y]T, controlled outputs
Table 1. List of symbols and abbreviations

N

2. TWO-STEERING-AXLE BICYCLE MODEL CONSIDERING
SLOPES

The model introduced in this section aims to support the de-
sign of the lateral controller. The level of complexity must be
parametrized carefully to be able to consider a two-steering-
axle vehicle in slopes and to be simple enough to be handled
properly. An extended bicycle model was therefore chosen to
take into account the large variability of the vehicle and its
environment.

The overall goal is to define a family of linear models with
the same structure but different sets of parameters to encom-
pass the realistic range of variations of key parameters (see
Subsection 4.3). For example, the cornering stiffness of the
pneumatic (function of the normal forces on the wheel) is
highly related to the total mass of the vehicle and the loca-
tion of the CG as expressed in Rill (2013). By lack of place,
the detailed expression of the selected model that take into
consideration the impact of the slopes is not detailed here,
but can be found in Legrand et al. (2022). By defining the state

vector x = (¥  y y)T, the command vector § = (8r 6R)T
and the exogenous inputs d = (p sin((p))T, the linear lateral

synthesis model of the vehicle x = Ax+ B6 + Gd is defined by
D).

0 1 0 0
L,Cp- L} Cg - L2Cp+L3Cr  LpCr-LiCr
A= Iz Izvx Izvx
0 0 0 1
Cr+Cp LIRCR_L;:CF Cr+Cp
m muvy muvy 0
0 0
-vx 0 L.Cr  LiCg
0 o0 - L}, = Lp cos(6) cos(ip)
G= , B= I Iz s ,
02 0 0 0 Ly = Lgcos(0) cos(¢)
-2 g Cr o Cr
m m

As suggested above, to take into consideration the slope, in-
novative parameters’ expressions are proposed. In particular,
the expressions of the cornering stiffnesses (which are usually
considered constant) are defined as follows :

, Lp — htan(0)

CF:CF}tF;‘F ) FZ‘F:mgcos(a)iL
) with Loth 0 )

CR:CR”FZ,R F+ htan(0)

F;,R = mgcos(a)

Several parameters in (1), such as 6, ¢, «, c;, and y, are not
easy to measure or estimate, and they can vary dramatically
during agricultural tasks. That is why it is crucial to create a
lateral regulator that is robust to this kind of uncertainties.
Note that both slopes are included in the definition of this
model. The load transfers are thus satisfactorily considered
in (1), which is the goal of this creative bicycle model.

3. ARCHITECTURE OF THE REGULATION SYSTEM

The overall architecture of the control law is shown in Fig. 1.
It is based on two matrix gains that are designed sequentially.
First, the feedforward term 6 g and the reference state xgp
are calculated from the measures of the curvature of the ref-
erence path and the lateral slope angle (see Subsection 5.1
for the design methodology). Second, having access to both
steering actuators (6 and dg) makes it possible to regulate
both the lateral deviation y and the angular deviation ¥, see
Rajamani (2012). To do so, a state augmentation is imple-
mented in the feedback part incorporating the integrals [y
and [ . This augmented state vector X, incorporating both
the reference state and the measures, is used to calculate the
feedback command 6. It is based on classical considera-
tions from Wonham'’s internal model by using the matrix K,
krgr kyr kyr kpyp kyr kyr
roR kor Kyr Kpyr Kyr kiR
constitutes the state feedback part of the controller : a multi-
variable PI controller, see Kwakernaak and Sivan (1969).

as 0 g=K X where K = LIt

Each gain in K is computed based on H»/ H,, multi-objective
control synthesis. This methodology enables the definition
of performance objectives on the regulated variables and
supports robustness (see Section 5.2 for more information).

4. CONTROL DESIGN FRAMEWORK
4.1 Overview of the control design framework

The control framework is illustrated in Fig. 1. In the center,
a set ./ of realistic linear models represents various possible
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dynamics of the vehicle. The uncertain model leading to this
multi-model formulation is depicted in the Subsection 4.3.

4.3 Definition of the uncertain synthesis model
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dpm = (/’mm‘)

wq

'

_________

In Tab. 2, the intervals of variation of the parameters are
defined, which are deliberately wide (but realistic) in order
to take into account the numerous configurations required
by the vehicle when performing agricultural tasks. For exam-

ple, the mass of the vehicle increases (respectively decreases)
during harvesting (respectively spraying), which modifies the
distribution of the masses (described by the Lg/L ratio pa-

rameter) at the same time.

1
o B R I Dp
_| Feedforward Pmes @ P 2 {
Static inversion | - b !
- h 4 Dy ||<_‘”
s (O;;,:,:] | ¢
FF=|\g " " |~ Lte—ea—m
ORrFr) wg \
5n y _
; - (s ~==[})
1 s
S Set ./ of realistic
ox = (6EK) ‘/"/73‘ models ~
Ork) | s v
X, = Vs x=|"
K ! [ s y
o y
s State-
L augmentation
system

Fig. 1. Control design scheme. Feedforward and feedback control are in
blue and purple respectively; generator models of exogenous signals
are in green (path curvature and slope)

The controlled output grouped in vector z are the lateral
deviation y and the angular deviation . w; and ws denote
exogenous and input noises, respectively. The other inputs,
vp and vy, are irreducible signals providing the generator
models of the two exogenous signals : the path curvature p
and the slope angle ¢.

4.2 Generator models

To provide some information about the dynamics of the en-
vironment’s disturbances (p and ¢), generator models are
considered. The generator models provide some average in-
formation about the signals (see Chevrel (2013)) and are in-
tegrated in the formalization of the previously mentioned
H,/Hy, objective control synthesis. The transfer functions
D, and D, (green part in Fig. 1) are the interface between

d = (p ¢)" and the irreducible signals v,, v,. They reflect
a scenario deviating temporarily from the nominal behav-
ior (straight line and zero slopes). Precisely, starting from 0
(curvature and slopes and their derivatives), they can evolve
jointly or separately until reaching a realistic extremum be-
fore returning to the nominal behavior. The respective max-
imum admissible values, %m‘l and 21.8 deg (corresponding
to a40% slope) are high but achievable in vineyards. These in-
formation are taken into account to finally choose the third-
order models in (3) inspired by the one proposed in Mustaki
etal. (2018). Numerical values for parameters in (3) are found
in section 6.1. They are coherent with respect to the realistic
evolution of these signals.

_ Pl _ Pmax
,U(S) = Vo s = z‘fp §2
(1+Tps) 1+w—ps+w—2
o
@(s) Pmax ®
Dy(s) = Ve ® =
¢

2
1+7¢9) (1+ 26—(05+ 3—2)

w(p (;_)(p
These generator models are thus only used to give a plausible
evolution of ¢ and p with respect to random excitations v,
and v, while solving the optimization problem presented in
Section 5.2 from the control design in Fig. 1.

[ Parameters H Pmin [ P [ Pmax
u 0.4 0.45 0.8
m [kg] 5000 6000 12000
Lp/L 0.2 0.43 0.8
cj 11.91 17.02 22.13

Table 2. Intervals of the varying parameters

The uncertain value htan(f) is needed to define C; accord-
ing to (2). Instead of adding another varying parameter, it is
preferable to include this uncertainty in the parameter Lp,
which is considered unknown in a broader extent. In addi-
tion, this wide uncertainty allows an implicit inclusion of sus-
pensions that are ignored in the linear lateral model. Using
(2) for all combinations of the independent uncertain vari-
ables in Tab. 2 allows the evaluation of the realistic range of
variation for the values of C;. This methodology can be repli-
cated for I, and L’i to exclude the unrealistic combinations of
dynamical parameters.

5. FEEDFORWARD AND FEEDBACK CONTROL DESIGN
5.1 Feedforward control design : static model inversion

One simple yet efficient solution for model based control is
to proceed to a static inversion from the output references
to determine the command, that is the steering angles drr
needed to follow the reference path. The curvature and the
lateral slope angle constitute the inputs of the feedforward
function, that helps calculate the reference state xpr and the
steering angles 0 pr. In this situation, the algebraic equation
0 = Axpr+ B pr + Gd,, holds. By defining the reference state
as yrr = yrr = Ypr = 0 according to the control objectives, it
is possible to invert the system to obtain xrr and g in (4).

{OZAXFF+36FF+de {6FF:F5dm
—

YEF=YFF=YFF=0 Xpp = Fxdm
with
2
Il Lrmvy mgLg 00 4)
F o ICF LCp
vy 0
Fs= , Fy=
) 00
_1 4 Lpmvy mgLp 00
R ICR LCg

In the following, the feedforward control synthesis is based
on the nominal values of the vehicle parameters, while the
feedback control synthesis takes into account uncertainties
relying on the multi-model presented in 4.3.

5.2 Feedback control design : Hy/ Hy, optimization problem
formulation

An H,/ H, control problem is formulated to design the feed-
back matrix K presented in Section 3. This solution must be
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robust enough to meet all the generic control specifications
for all N instances .#; of ./, defined in Subsection 4.3 based
on the uncertain parameters in Tab. 2.

The objective function is defined to maximize path following
performances regarding the curvature, which is the main ob-
jective of the lateral control system. The constraints are thor-
oughly elaborated to ensure the robustness and the stability
of the controller. While the optimization criteria (C1) and
(C2) concern performance despite lateral slope and measure
errors, (C3) and (C4) ensure the control robustness and (C5)
the closed loop dynamics. These robustness margins con-
straints must be introduced to handle the nonlinearities that
are neglected in (1). One can show that robustness is acquired
regarding those nonlinearties by the small gain theorem (see
Zames (1996)) and the circle criterion (see Arcak and Koko-
tovi¢ (2001)).

The optimization problem (OP), which purpose is to com-
pute the feedback gains in K, is defined below (refer to
Tab. 1 and Fig. 1 for notations). The parameters y; (j €
{¢,d,mod, dyn, B, real}) are tuning gains chosen according to
the control specifications (see Section 6.1 for typical values)

minimize P, =

max HT L
ief1,N 11" VP 22
under constraints

Vie(l,N] e

(C1): My = , <7y
(€2): My = | T;f‘dLZHZ <va

(€3 Mo = |5 = Yimoa (OP)

ws—0calc lloo Ydyn
-damping
angleyg

-maximum

(C4): Mgyn = HST

(C5) : Poles constraints

real part ¥ eq)

The H, criterion P, handles the tracking performance and
penalizes the lateral (y) and angular (¢) deviations with re-
spect to the evolution of the curvature. (C1) (resp. (C2)) en-
sures low sensibilities of the deviations with respect to the
evolution of the slopes of the ground (resp. to white noises
on the measurements of slope and curvature). (C3) repre-
sents the input sensitivity constraint ensuring robustness re-
garding the actuators, in terms of modulus margin and cir-
cle criterion. (C4) is the high-frequency weighted comple-
mentary sensitivity constraint. It guarantees the robustness
against high-frequency uncertainties and time delays. (C5)
constrains the localization of the closed-loop poles by the
parameters Yreas and yg.

Nonlinear and non-smooth optimization techniques were
applied to solve the multi-criterion optimization problem
(see (OP), and Walter and Noll (2015). Sub-gradients and a
favorable initialization allow rapid convergence of the pa-
rameters of the target control architecture. Systune (MATLAB
®) was used to solve this problem (Sadabadi and Peaucelle
(2016)) while considering the previously detailed constraints.

6. RESULTS
6.1 Gains design

The feedforward part was designed according to (4). Nom-
inal values of the parameters are considered to be consis-

tent with the tuning considered in the optimization of the
feedback gain. The optimization (OP) of the feedback gains
completes the overall control architecture by taking into ac-
count the feedforward and the selection of the parameter
set defined in Tab. 2. The longitudinal velocity of the vehicle
is considered, being a measured time-varying parameter of
the bicycle model. Adaptation to vehicle speed can be ob-
tained using gain-scheduling, as in Apkarian et al. (2014) or
Huang et al. (2014). The impact of the longitudinal velocity
to the solution of (OP) and consequently to the performance-
robustness trade-off may be assessed with reference in Tab.
3, in which robustness constraints are tuned as follows : y, =
LYd =2, Ymod = 0.75, Ydayn = 0.5, yp = 40° and Yreas = —0.5.
These margins are tuned accordingly to classical specifica-
tions in terms of modulus margin as well as for the dynamic
margin Mgy,. The latter makes it possible to robustify the
control with respect to neglected high frequency dynamics
or even delays ( see Mustaki et al. (2018) and De Larminat
(2007)). The generator models’ parameters are the following :
wy=wyp=1,§,=15¢,=1,7,=01and 7, =1.

vy [km/h] 3 4.5 6 7.5 10

P, 0.0002 0.0005 0.0010 0.0016 0.0034
My 0.0635 0.0914 0.1144 0.1439 0.2028
My 0.4025 0.6064 0.8142 1.0225 1.3724
Mmod 0.7505 0.7506 0.7503 0.7511 0.7529
Mayn 0.5001 0.5003 0.5001 0.5005 0.5011

Table 3. Results of the optimization problem

It can be observed that the limiting constraints for this opti-
mization problem are the ones linked to (C3) and (C4) robust-
ness margins, which are close to specifications. Regarding
the performance achieved despite the slope angles (C1) and
measured noises (C2), they are more and more challenged
while the longitudinal speed increases, to the point that they
can't be strictly met at higher speeds (= 15 km/h) considering
the chosen tuning of (OP).

6.2 Tests and simulator presentation

Simulator The 10 DOF simulator, running on MATLAB
®Simulink relies on a dynamical model and considers non-
linear physical phenomena that are not described in the
synthesis model such as the rolling resistance, the lateral
and longitudinal slip forces on the 4 wheels with a pneu-
matic model tailored for agricultural purposes (see model on
Hirschberg et al. (2003)), and the load transfers between all
the wheels (as in Shuai et al. (2014)) depending on acceler-
ations and slopes. The longitudinal and lateral dynamics are
simulated without any decoupling assumption (Jazar (2009)).
The steering actuators and all sensors (taking into account
sampling frequencies, noises and offsets) are finely modeled,
and no suspension is considered (vehicle with an infinitely
high spring rate).

Scenario on simulator The realistic scenario for the valida-
tion of this control architecture is presented in Fig. 2. On a
constant slope of 10 degrees, the vehicle must do two 180°
turns, each one associated with a curvature of %m_l, at the
constant speed of 10 km/h. One robust feedback controller
is computed at this speed by solving (OP). To analyze its
robustness, it was tested on five different configurations of
the vehicle, all within .#. The simulations consider a vehicle
capable of bearing an additional mass equal to its own. This
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Fig. 2. Path of the simulation scenarios

extra mass, located at the rear part of the vehicle, changes the
location of the CG (quantified by the ratio Lr/L) as well. The
parameters of the nominal situation are shown in the mid-
dle column of Tab. 2, while the characteristics of the loaded
and unladen vehicle are shown in Tab. 4. In the feedforward
function (4), the values are set by the nominal situation. As a
consequence, the parametrization of this function is flawed
for the non-nominal configurations; thus, the global robust-
ness of the control architecture is tested.

[ Parameters H Unladen [ Loaded [ Evolution ]
Total mass m 5000 kg 10000 kg +100%
Ratio ZF 0395 0.569 +44%

Table 4. Parameters of the vehicle in the simula-
tions

6.3 Simulation results

Fig. 3 illustrates the lateral and angular deviations for the
five configurations defined earlier. The performances for the
nominal and unladen vehicle are particularly satisfactory
(less than 5 cm and 2 deg), even in turns on low adherent
slopes. In the unladen configuration, the flawed parametriza-
tion of the feedforward function does not seem to affect the
overall performance of the regulation.

| Unladen on siippery soil

1% turn

L 3
-« -« >

2% . :
Loaded on slippery soil
Loaded on adherent soil

m ‘"J..‘

Nominal situation

Urladen an adherent sail

I |
| |

| 1

ks :rv‘“m |
‘. ;rf'uw ‘w., A M.lw IH'

; 'f[ ,mﬁ‘“ﬂ i ﬂ"wﬂiﬁf* ﬂ’ “L“ﬂ:ﬁ'm\

Lateral deviation [cm]
o

1 1
o 5 10 15 20 25 30 35 40 45 50

Unladen on sippery soil
Unladen on adherent soil
Loaded on slippery soil
Loaded on adherent sail
Nominal situation

Angular deviation [deq]

-5

Time [s]
Fig. 3. Lateral and angular deviations

As for the loaded vehicle, the results in straight lines are en-
couraging considering the firm and steady decrease of the
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deviations despite the important lateral slope angle. In turns,
the deviations increase noticeably, even more in the case of
slippery soil. Although more important, the deviations re-
main restrained and quite satisfactory in turns (15 cm and
5 deg). Notice that the configuration considering the loaded
vehicle on adherent soil is the most distinct from the nominal
situation, but it shows better results than the same configura-
tion on a slippery soil because of the greater adherence.

The evolution of the feedforward terms for both axles in all
scenarios is depicted in Fig. 4. They are all the same because
of the common parametrization of the feedforward as men-
tioned earlier. In straight lines, the feedforward term consid-
ers the lateral slope in both axles (6rr # 0), resulting in a
crab steering mode. Moreover, the computed steering angles’
values change while turning due to the evolution of the slope
and curvature. All these observations show the strong capa-
bility of adaptation of the feedforward function to numerous
situations.

1% turn ™ turn

E“ LI

e [deg]
=

Front axle
— — —Rearaxle
Unladen on slippery soil

Unladen on adherent soil
Loaded on slippery soil
Loaded on adherent soil
Nominal situation

]
]
[}
'
1 |
] " \ il
i 1 |
[}
1
[
]
]

| . I |
0 5 10 15 20 2 30 35 40 45 50
Time [s]

Fig. 4. Evolution of the front (continuous) and rear (dashed)
feedforward term

Fig. 5 depicts the evolution of the feedback term for both
axles and illustrates the quality of the feedforward function
and the good synergy between both actions. Indeed, the feed-
forward term should account for the most considerable part
of the command, especially in situations where curvature and
slopes are constant. The feedback terms remain quite close
to zero for most of the situations except when the loaded
vehicle is considered. In that case, the feedback contribution
becomes stronger, especially in the bend, to assist the feed-
forward which seems to provide insufficient steering angles.

7. CONCLUSIONS AND FUTURE WORKS

This paper presented a detailed methodology to effectively
design a lateral control algorithm for a two-steering-axle off-
road vehicle. An innovative bicycle model was proposed in
Section 2 that explicitly takes into account the soil slopes.
On this basis, a feedforward and feedback architecture was
considered, and sequentially synthesized. Uncertainties were
explicitly taken into account during control synthesis. Large
uncertainties ranges of the key parameters of the vehicle’s
model were considered, and trade-offs between performance
and robustness were finely optimized in a systematic way.
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Fig. 5. Evolution of the front (top) and rear (bottom) feedback
term

This approach involved a multi-model and multi-objective
H;/Hy, control problem. Simulation based on a detailed
model and realistic scenarios was performed; the results were
considered very promising according to the simulation ex-
perts of the company Secom Engineering.

The industrial applications addressed here are quite wide
for several reasons. First, the control architecture is simple
enough to be implemented on a large variety of embedded
computers. The memory allocation and the number of opera-
tions are negligible compared to other solutions. Second, the
H,/ Hy, control synthesis provides nice robustness properties
and can easily adapt to various kinds of two-steering-axle off-
road vehicles. Forthcoming works will focus on a modular
integration of the longitudinal and lateral controls with anti-
skid and roll stability control devices. The online estimation
of certain poorly known and possibly variable parameters will
be considered with a view to enable potential online adapta-
tion of the control for the case of higher speeds applied to
agricultural vehicles in particular.
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