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LINEAR CONTROLLER FOR WHEEL LOADER TRAJECTORY TRACKING
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Abstract. The paper proposes a trajectory-tracking controller for an autonomous small-sized skid-
steer wheel loader. The control system consists of two parts: feedforward control and feedback con-
trol. The open loop control uses the wheel loader desired velocities and accelerations. The feedback
controller is a state-space feedback controller based on a linearized kinematic model.
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Introduction

Wheel Loaders (WL) are versatile machines
used in various industries to perform multiple
tasks, including construction, mining, agricul-
ture, utilities, and waste disposal. The typical
workflow of a WL comprises three main phases:
loading, transporting, and unloading materials.
Automating these tasks offers several benefits,
including improved safety by eliminating the
risks associated with human error due to a
driver's inexperience or fatigue [1].

Additionally, the complete removal of a
driver and the ability to perform a work cycle
fully autonomously further enhances safety
measures [2]. Moreover, automation will ensure
optimal operating modes, significantly impac-
ting the loader's energy-saving performance,
increased productivity, and improved WL main-
tenance [3, 4].

Analysis of publications

The automation of WL workflow is carried
out in various directions. These include the auto-
mation of power plant and hydraulic drive modes
[5], automation of bucket filling [6], loading of
vehicles with material [7, 8], automatic move-
ment of the loader to the place of unloading
(material transport) and reverse back to the pile
[3,9, 10].

In many cases, the WL movement has a V-
shaped path [6], as shown in Fig. 1, where phase
V, is the WL moving from the initial position to
the material pile, phase V, is loading material
into the bucket, phase V3 is returning the loader
from the pile to the initial position. Phase V, is
the WL motion to the dump truck, phase Vs is the
bucket unloading, and phase Vg is the WL return-
ing to the initial position.

Goal and tasks
The cyclical nature of the WL movement
makes it attractive for its automation. In this pa-
per, we address the issue of automatic WL path

tracking, i.e., the fulfilment of phases Vi, Vs, V4,
and Vs (Fig. 1).

Wheel loader
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Fig. 1. V-cycle of a wheel loader

Thus, the goal of this work is to improve the
efficiency and safety of the WL operation by
ensuring accurate trajectory tracking. This paper
focuses on the control process of a compact skid-
steer wheel loader.

Creating the WL movement model, design-
ing the control law, and evaluating its effective-
ness through simulation is essential to achieving
the goal.

Kinematic model of a wheel loader

In order to design a control system for a WL
movement, it is necessary to consider its kinemat-
ics. This paper considers a skid-steer loader that
turns by skidding or dragging its corresponding
wheels across the surface. A schematic blueprint
of such a WL is shown in Fig. 2 [11]. Here, we
assume that a WL is moving on a flat surface. A
local Cartesian frame L{x,, y,, z;} originates in the
vehicle's Centre of Mass (CM) with its x; axis
pointing forward, the y; axis pointing left, and the
z) axis pointing up. The vector q = [x y 6]" charac-
terizes the position and orientation of the WL
on the plane in the global coordinate system
G{Xy Yo}
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Assuming that the local frame L moves with
a linear velocity v =[vy vy 0]" and rotates with
an angular velocity @=[0 0 o]", the following
equation defines the relation between the global
G and local L frames:

X cos® —sin® 0| v,
y|=|sin6 cos® O|v, |. (1)
0 0 0 1o

Fig. 2. Skid-steer WL kinematics

WL rotates around the instantaneous centre
of rotation (ICR in Fig. 2).

The coordinate d (0,b) in the x-axis can
vary, and its determination is a separate prob-
lem. In most cases of automatic control for skid-
steer vehicles, weighted factors determined ex-
perimentally are used to find the value of d [11].

If the value of d is known, equation (1) can
be rewritten as follows:

X cosO —dsin0

v
y|=|sin® dcoso {X} )
0| | o T

where [v, ®]" is the control vector.

The projection of d of the CM on the X, axis
cannot be greater than b (Fig. 2).

Otherwise, the WL would lose stability due
to skidding along the y, axis. As such, a non-
holonomic constraint needs to be introduced
[12]:

v, —do=0, (%)

or using generalized coordinates

[-sin® cos® —d] (6)

=< X
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o

The Kinematic Path-Tracking Error
Model

The task of the WL control system is to track
a given trajectory. Therefore, introduce the error
vector e(t) = [e,(t) e,(t) eq(t)]", which describes
the deviations of the actual WL pose
q(t) = [x(), y(t), 6(t)]" from the desired pose
qdes(t) = [Xdes(t)a ydes(t)a Odes (t)]T (Flg 3) Taking
into account equation (2), we get:

e (t)] [ cosB(t) sino(t) 0
e,(t) |=| —sin6(t) cos6(t) 0|x
gt | | O 0 1

_ 7
Xdes (t) - X(t) ( )
X| Yaes (1) = Y(1) |.
_edes (t) - e(t)
Ygh
Yes
y
@) Xees Xg

Fig. 3. Position and orientation error in local
coordinates

By differentiating (7), the posture error
model can be written as follows:

e, (t) cose,(t) —dsine,y(t) v (0
&, (t) |=| sine,(t) dcose,(t) { des }
6, () 0 1 e (1)
-1 e,(t) ®)
o —@)+d) -[V(t)},
0 1 o(t)
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The control vector [v, ®]" can be presented as
follows [13]:

u(t) = V(L) | | Ve (t) COSE (L) — Vi (1) ©)
RECIN ges (1) — 0, (1)

where vg(t) and og(t) are the feedback signals to
be defined later, while vges(t) cos(eg) and @ees(t)
are the feedforward signals.

Open Loop Control
First, let us get the expressions for vge(t)
and ogs(t) in (9). From Fig. 3, we can write
the following expression for the velocity vy(t)
[11]:

Vy (t) = Vdes (t) = Xges (t) - yc?es (t) ) (10)

where X, (t) and vy, (t) are desired general-
ised velocities of the WL.

The orientation angle 6(t) of the WL depends
on the ratio of these generalised velocities:

0(t) = arctg [idLg;J : (11)
des

hence, the angular velocity can be found by dif-
ferentiating (11) in time:

Xdes (t) ydes (t) — ydes (t)xdes (t)
X§es (t) + yges (t)

Dges (t) = d (12)

where the function (12) is undefined only if
v, = 0.

The obtained relations (9) and (11) could en-
sure the WL motion along a given trajectory in
the ideal scenario, that is, in the absence of un-
certainties, disturbances, measurement errors of
the initial and current pose, etc.

These assumptions are never fully fulfilled,
and therefore, it is necessary to introduce a
feedback loop into the control system.

Linear Feedback Controller

The error model (9) is nonlinear. Thus, in order
to design a trajectory-tracking controller, we
will linearize the error dynamics equations (8)—
(9) around the zero error (ex =€, =e,=0) when
feedback linear and angular velocities are also
equal to O (that is v, = 0 and og = 0). Lineariz-
ing equations (8)—(9) around the zero-error
yields the following:

éx (t) 0 Des (t) 0 ex (t)
€, (1) |=| —my (1) 0 Vies (1) || €, (1) |+
&, (t) 0 0 o Jle®] (13

U re®1 12 rvew
d |: fb j| + 0 O |: des :|
1 (be (t) 0 O (Ddes (t)

The obtained system (13) is a state-space
representation of a dynamic linear time-varying
system where all the states are accessible. This
system is controllable if the desired path consists
of straight-line segments and circular arcs (that
iS, Vges(t) and mges(t) are constant), which for the
WL is generally true (see Fig. 1).

The control system consists of two loops:
feedforward and feedback (Fig. 4). Since the
expressions for vges(t) and wmges(t) are defined
above in (10) and (12), respectively, we will,
therefore, design a feedback controller. Thus,
the goal now is to choose vg and g, to appro-
priately drive the errors in (13) toward 0. For
this purpose, consider the linear feedback

+

o O -

V(1) = —Keex(V), (14)
o(t) = —k,ey(t) — Keeo(t), (15)

where ki, ky, and ko are feedback coefficients on
the corresponding state coordinates.

T Vs % v.‘A.. Feedtorward

Controdler

so- Ym0, 0, 0] Foodback

Senson

Fig. 4. Control system block diagram

Controls (14) and (15) lead to the following
coefficients matrix of the closed-loop linearized
system:

—k Myes (t) 0

Af = _(’Odes(t) _dky Vdes _dke ) (16)

0 —k —k,

y

The values of the coefficients k, ky, ko can be
obtained in various ways, e.g. using the linear-
quadratic regulator technique [14] or evolution-
ary algorithms [15-17]. Here we will use the
already classical and well-proven pole place-
ment method. To reduce the yaw of the WL, we
will require from the system dynamics close to
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critical damping, that is = 1. Then, the charac-
teristic equation of the closed-loop system is as
follows:

det(sl — Ay) =0, (12)

where | is the (3x3) identity matrix and s is a
Laplace variable.

The characteristic equation of the desired
system can be written as:

(s+0)’=0, (13)

where a are the desired real poles of the system.
By calculating the determinant in (12) and
equating the terms at the corresponding powers
of s in (13), we could find the controller coeffi-
cients ky, ky, ko values. However, to simplify the
design, let us use the MATLAB place ().

Simulation results

A MATLAB simulation of the WL motion
was performed to evaluate the control system's
effectiveness. The WL was required to move
with the velocity of 1.4 m/s, which corresponds
approximately to 5 km/h, along a circular trajec-
tory with a radius of r = 15 m, described by the
following equations:

X = rcosz—”t, (19)
67

y=rsiné—77[t, (20)

with initial conditions: x(0) =12 m, y(0)=-2m,
0(0) = —n/4 rad. This corresponds to the initial pose
error e,(0) =3 m, ey(0) = 2 m, €4(0) = 3 n/4 rad.

It should be mentioned that the provided tra-
jectory is an example, and the synthesis of tra-
jectories for the WL is a separate problem that is
not considered in this paper.

The MATLAB function place () was used
to determine the matrix K of the state controller
coefficients. The sampling time was used as
Ts=0.01 s, and the coordinate is d = 0.2 m (see
Fig. 2). As mentioned above, we intended the
system to be close to the critical damping
(€ = 1), which requires three real poles. Due to
the limitations of the MATLAB place () func-
tion, the desired poles must either be unique or
have multiplicities that do not exceed the rank of
the matrix B in (13). Therefore, we chose two
complex conjugate poles with small imaginary
parts to avoid this issue: p; =-3, p,=-3 + 0.2i,

p:=-3-0.2i. This allowed us to achieve the
desired dynamics without exceeding the rank
constraint. The simulation results are shown in
Figs. 5-7.
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Fig. 5. Reference and actual WL path
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Fig. 6. Tracking errors in the x-axis (a)
and y-axis (b)

Fig. 7. The wheel loader speed

The simulation results show the high trajec-
tory-tracking control system performance. De-
spite the essential difference between the desired
and actual initial conditions, the WL comes close
to the desired path after about 3 seconds, and the
subsequent tracking error is near 0 along the x-
axis and the y-axis of the global coordinate sys-
tem (Fig.6).

Meanwhile, the desired speed of 1.4 m/s is
maintained (Fig. 7).
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However, it should be noted that only the ki-
nematic model of the WL was taken into account
in the simulation, so in practice, the trajectory
tracking error will be more significant. In addi-
tion, the value of d varies with ICR (Fig. 2),
which will also affect the control system's per-
formance.

Conclusion

The efficiency and safety of skid-steer wheel
loaders are closely related to their automation
and robotisation. One of the tasks to be per-
formed by an automated WL is to move to a pile
and, versa, to the unloading place along a given
trajectory. For this purpose, a two-loop trajec-
tory-tracking controller is designed in this paper.
The feedforward loop generates control actions
based on the desired velocities and accelerations
of the loader. The feedback loop uses a state-
space controller with errors in the position and
orientation of the loader in its local coordinate
system. The simulation results show that the
controller ensures the loader moves along a
given path at the desired velocity with virtually
no error.

It is important to note that the designed con-
troller is based on the loader's kinematic model.
Considering its dynamics can result in trajectory
tracking errors. When designing the state-space
controller, it was assumed that all state coordi-
nates are accurately measured, which is not al-
ways achievable in practice. The authors' future
work will focus on addressing these issues.
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XapkiBCbKUH  HAIIOHAJIBHHA  aBTOMOOIIBHO-
JopoxHii yHiBepcuteT, 61002, Ykpaina, M. Xapkis,
ByIL. SIpocnaBa Mynporo, 25.

Jliniiinmii peryjasaTop s 3a0e3NeYeHHS PyXy
KOJIiCHOT0 HABAHTA:KyBa4a 3aJ1aHOI0 TPAEKTOPi€l0
Ilocmanoexka npoonemu. Manoeabapumnui Qpon-
MANbHI HABAHMANCYBAUL 3 OOPMOBUM NOBOPOMOM €
VHIBEPCANbHUMU MAUWUHAMY, WO WUPOKO 3ACHO-
COBYIOMbCA 8 PI3HUX 2ay3:X npomucirogocmi. [lpome
NOMUTIKU ONepamopa, sAKUll Kepye MAUUHOK 8PYYHY
nio uac IHMeHCUBHO20 pobO4020 YUKTY MA 8 CKIAO-
HUX YMOBAX HABKOIUUHBLOZO Cepedosuyd, Hacmo
npu3600sms 00 HAOMIPHO20 CROJNCUBAHMS NATUEA,
iHMEHCUBHO20 3HOWEHHA WUH, a4 MAKOMC NOJOMOK
mawunu. Kpiv moeo, gpponmanvhi naganmasicyeaui
YACMO GUKOPUCMOBYIOMbCS 0TI KBI0ayii HaACHiOKi6
NPUPOOHUX KAMAKAI3MIE I MEeXHO2EHHUX KAMAacmpogp,
wo niosuwye Hebesnexy onepamopa. Asmomamu-
3ayis npoyecy KepyBawHsA HABAHMANCYBAUEM OA€
3M02y nOKpawumu epexmugnicms ma 6e3nexy 1ozo

pobomu. OOHuM i3 Hanpsamie asmomamusayii yiei

MawuHy € 3a6e3nevents ii agMoHOMHO20 PYX)Y 3d 3d-
0aHow Mpackmopiero — 8io0 30010 00 Micysi pO36aH-
Madicy6anHs Mamepiany ma 6 360POMmMHOMY HANPAM-
Ky. Mema pooomu: niosuwenns epexmugnocmi ma
Oesnexu excniayamayii GpoHmansHo20 HABAHMAKCY-
6aya 3 OOpmMoOSUM NOBOPOMOM 34 OONOMOZ0I0

3a0e3nedentss MoO4H020 GIOCMEdCEH ST MPACKMOPIi

tioco pyxy. Memoouka. [[ns po3pobaenns cucmemu
KepY8aHHs. PYXOM (PPOHMANLHO20 HABAHMAICYEAYA
BUKOPUCMAHO KIHeMAmuyHy Mooeib, wo bOepe 00
yeazu 0cobaugicms 60pmo6o20 NOGOPONY MAUUHU.
3anpononosano 080KOHMYpPHY cucmemy KepyeamHs,
Wo Micmums Ynepeodlcy8aibHuil KOHMyp i KOHMyp
360pOMHO20 36 513KY.  Ynepeoaicysanvhuti  KOHMyp
BUKOPUCMOBYE OISl PO3PAXYHKY KePYIOUUX 6HIUBLG
3a0aHi WBUOKOCMI MA NPUCKOPEHHS HABAHMAICY-
8aud, a 8 KOHMYpPI 360POMHO20 38 'SA3KY GUKOPUCTHAHO
peaynsmop cmany. J{is HAIAWMYBAHHS pe2yasimopa

B8NPOBAOIHCEHO MOOANLHUN MemoOd cunmesy. Pe3yno-
mamu. Po3pobieno cucmemy KepysauHs 3 Kpumuy-
HUm Oemnghysanusm. Pesyromamu mooento8anHs 6
MATLAB npodemoncmpysanu, wo 3anponoHo8ana
cucmema KepyeamHs 3abesneyye pyx HABAHMAICY-
6aua 3a 3a0aHOI0 MPAEKMOPIEI i3 3A0AHOI0 WEUO-
Kicmio i3 HesHauHow noxubkoio. Haykoea nosusna
Ppobomu nonseae 8 nOOANLUOMY PO3BUMKY CYUACHOL
meopii Kepy8awHA 3a60sAKU ii 3ACMOCY8AHHIO 00
H08020 00’ekma — manoeabapumuoeo @poumans-
HO20 HABAHMAICYB8AYA 3 OOKOBOIO CUCMEMOI0 NOBO-
pomy. Ilpakmuuna 3unauywicms. YnposaodsceHus
3anpOnOHOBAHOI cUCmeMU Kepy8aHHs 0acmb 3MO2y
nioguwyumu  NPOOYKMUGHICMb — HABAHMAIICYBAYA,
SMEHWUmMU KilbKicmb asapitnux cumyayii Ha 6yo0i-
BENILHUX MAUOAHYUKAX, A MAKOIC ZHUSUMU eKCNLYd-
mMayiiki eUMpamu 6HACIIOOK 3a0e3nedenHs payio-
HAbHUX PeXHCUMI PYXY Ma eKOHOMII nanuea.
Knwuosi cnoea: gpoumanvHuii HagaHmMaxcysay 3
O0OKOBUM NOBOPOMOM, BIOCMEICEHHA MPAEKMOpIi,
JHeapu3ayis 360pOMHUM 38 SA3KOM, De2yIAmop y
npocmopi cmamie.
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