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AHHOTALUKA

BeedeHue. AkmyarnbHasi 3a0aya co30aHusi rnepcriekmusHbIX cucmem 6ecriusiomHO20 yripaeneHusi 00POXHO-CMpPOo-
umerbHbIX MawuH Moxem bbimb peweHa rnymem npogedeHusi meopemuyeckux uccriedosaHuli Ha Mamemamu-
YeCKUX MOOEJTSIX.

Mamepuanbl u MemoOdbl. O0Ha U3 8axHbIX rPobsieM npu co3daHuU cucmemsl yrpasieHusi 0suxeHuem becriu-
JIOMHOU MawuHbl — 3Mo cocmaesrieHue anzopumma criedosaHusi 3adaHHol mpaekmopuu. Haubonee usgecmHbim
memodom criedogaHuUsi mpaekmopuu s185155emcsi Memo0 «4ucmoe rpecriedosaHuey, yCcrnewHo npuMeHsemMbit Orsi
ynpasneHusi dguxeHuem MobubHbIX pobomos.

B cesi3u ¢ amum 6bina cchopmynuposaHa yesnb uccredosaHusi — adanmuposams Memod «4ucmoe rpecredosa-
Hue» 0ns ynpaeneHusi becrnunomHbiM asmozpetidepom. s docmuxxeHuss nocmasneHHol 8 pabome uenu 6binu
peuweHbl credyrowue 3adaqyu: paspabomaHa Mamemamuyeckass Moderb d8UxKeHUs asmoepeltidepa ¢ nepedHumu
ynpasrnsieMbIMU Koriecamu, paspabomaHa MamemMamudeckasi MoOesib CUCMEMbI YrpasneHusi 08UXeHUeM agmo-
epelidepa, npednoxeH uHMezpasbHbIU Kpumepul 05151 OUeHKU aghghekmusHOCmu pabomabi cucmeMbl yrpasneHusi
dsuxxeHuem becriuiomHo20 asmoepetidepa, nposedeHbl meopemuyeckue uccriedosaHusi MamemMamu4eckol Mo-
Oenu u rosny4YeHbl 3a8UCUMOCMU UHMe2panibHoO20 KpUmepusi 0m KOHCMPYKMUBHbIX U 3KCITyamayuUoHHbIX na-
pamempos asmozpetidepa u om napamempa memoda yrpaesneHusi (0arbHOCMb eudumocmu), HaliOeHbl onmu-
MaribHble 3Ha4eHus1 darilbHOCmu 8UOUMOCMU MPU PasnuyHbIX 3HadyeHusix OnuHbl 6a3bl, KoaghuyueHma 6asbl u
CKOpOCMU MawlUHbI 110 rpedsioKeHHOMY Kpumepuro 3¢ghghekmusHocmu.

Pe3ynbmamsi. B pe3ynbmame annpokcuMayuu rnosy4eHHbIX OnmuMaribHbIX 3Ha4eHUl Memod «4ucmoe rnpecrie-
dosaHue» bbin ModuchuyuposaH 0ris yrpasneHuUss 6ecrnuiomHbiM agmozpelidepoM ¢ y4emom e20 KOHCMpPyKmue-
HbIX 0CObeHHOCMeU U CKOpOoCmuU reped8uUeHus.

[Mony4yeHHble pe3ynbmamsl Mo2ym bblmb UCMOMb308aHbI MPU co30aHUU OrbimHbIX 0bpa3syoe cucmem becriunom-
HO20 yrpasrieHusi OOPOKHO-CMPOUMENbHbIX MalUH.

KIMMHOYEBBIE CITOBA: asmozpetidep, 6ecrnunomHsil, mpaekmopusi, MawuHa, yrnpasneHue, anzopumm, Memoo
ynpasrneHus, Kypc, Yucmoe npecrnedogaHue.

Cmambsi nocmynuna e pedakyuto 08.03.2022; odob6peHa nocre peueHaupoeaHusi 15.03.2022; npuHssma K
ny6nukayuu 12.04.2022.

Aemop npo4yumasn u 0006pus1 OKOHYamesibHbIlU 8apuaHm pyKonucu.

lMpo3payHocmb ¢huHaHCcOB8OU OesimeslbHOCMU: aemop He umeem ¢huHaHcoeol 3auHmepecosaHHOCMU 8
npedcmaesieHHbIX Mamepuasnax u Mmemodax. KoHgpnnukm unmepecoe omcymcmeyem.
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ABSTRACT

Introduction. A relevant objective of implementing the advanced systems of self-driving road construction vehicles
can be accomplished by mathematical modelling. One of the important issues when creating a motion control sys-
tem for a self-driving vehicle is to develop a trajectory following algorithm. The most well-known method of following
the trajectory is a pure pursuit method, which is successfully used to control the movement of mobile robots.
Materials and methods. Hence, the research objective has been defined and is to adapt the pure pursuit method
to control an autonomous grader. To achieve the research objective, the task of a mathematical model of the motor
grader movement with front steering wheels has been developed, and a mathematical model of the motor grader
motion control system has been compiled. Besides, we propose an integral criterion to evaluate the efficiency of
the motion control system of a unmanned grader. Some theoretical studies of the mathematical model have been
carried out and the dependencies of the integral criterion on the design and operational parameters of the grader, as
well as on the parameter of the control method (visibility range) have been obtained. Moreover, the optimal values
of the visibility range for various values of the base length, base coefficient and machine speed have been defined
according to the proposed efficiency criterion.

Results. As a result of approximating the obtained optimal values, the pure pursuit method has been modified to
control a self-driving motor grader, taking into account its design features and travel speed.

The results obtained can be used to create the prototypes of unmanned control systems for road construction ve-
hicles.

KEYWORDS: motor grader, unmanned vehicle, trajectory, vehicle, control, algorithm, control method, course, pure
pursuit.
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INTRODUCTION

Nowadays, unmanned technologies are wide-
ly used in various branches of industry and econ-
omy. The adoption of self-driving technologies in
the construction industry, namely in heavy equip-
ment, is a promising direction that will develop
quite rapidly in the next few years [1]. A motor
grader is a construction machine similar in control
algorithm to a self-driving vehicle. One of the well-
known methods of controlling the self-driving cars
is the «pure pursuity method" 2. This method is
used to control mobile robots® [2,3,4], unmanned
vehicles* ® [5], agricultural machines [6], logging
harvesters [7], underwater uninhabited vehicles
[8], etc. However, there are no studies of this
method when driving a grader.

Driving an unmanned grader differs from
driving an unmanned vehicle mainly by purpose
[9,10,11]. The main purpose of the grader move-
ment is the movement of the working body in ac-
cordance with the project of the earthen structure.
The trajectories of the basic machine and its parts
are secondary in this case. In this case, the tra-
jectory is an alternation of sections of rectilinear
motion during the working stroke and reversals®
[10,12].

The setting parameter of the «pure pursuit»
method is the look-ahead distance. With an in-
crease in this parameter, the machine tends to
follow the trajectory more precisely and, thereby,
the yaw along the trajectory increases. With a de-
crease in this parameter, the movements of the
machine become smoother, but with sharp turns
of the trajectory, the machine begins to “cut the
corners”.

Several works were devoted to finding the
optimal value of the look-ahead distance for the
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car7 [5]. Some authors even suggested using a
dynamic look-ahead distance, i.e. a change de-
pending on the speed and accuracy of the tra-
jectory’.

PROBLEM STATEMENT

The purpose of this work is to adapt the «pure
pursuit» method to control an unmanned grader.
To achieve this goal, it is necessary to solve a
number of tasks: to make mathematical models
of the movement of a grader with front steerable
wheels and a motion control system, to justify a
criterion for evaluating the effectiveness of the
motion control system of an unmanned grader,
to conduct theoretical studies of the mathemati-
cal model and to obtain the dependences of the
efficiency criterion on the design and operational
parameters of the grader and on the parameter
of the control method (visibility range), to find op-
timal values of the visibility range at different val-
ues of the base length, the coefficient of the base
and the speed of the machine according to the
proposed efficiency criterion and on the basis of
the data obtained to propose a modified method
of «pure pursuit».

MATHEMATICAL MODEL

The mathematical model of movement was
developed on the basis of a two-dimensional
grid of turning a motor grader with front steer-
ing wheels in the Earth coordinate system
OEARTHXEARTH yEARTH (figure 1).

When turning a motor grader with front steer-
ing wheels, the elementary displacement of the
midpoint of the rear axle O, can be calculated by
the following formula?® [13,14]:

"Omead Amidi. Integrated Mobile Robot Control. Technical Report CMU-RI-TR-90-17, Robotics Institute, Carnegie Mellon

University, Pittsburgh, PA, May 1990.

2R. Craig Coulter. Implementation of the «pure pursuit» Path Tracking Algorithm. Technical Report CMU-RI-TR-92-01,
Robotics Institute, Carnegie Mellon University, Pittsburgh, PA, January 1992.

3 Alessandro De Luca, Giuseppe Oriolo. Feedback Control of a Nonholonomic Car-like Robot. 2004.

4Jarrod M. Snider Automatic Steering Methods for Autonomous Automobile Path Tracking Technical Report CMU-RI-
TR-09-08, Robotics Institute, Carnegie Mellon University, Pittsburgh, PA, February 2009.

5Matthew J. Barton. Controller Development and Implementation for Path Planning and Following in an Autonomous Urban
Vehicle. Undergraduate thesis, University of Sydney, November 2001.

6Gorbov I. A, Leonard A.V. Planning the trajectory of a vehicle when bypassing an obstacle // XXVIII International
Innovation-oriented Conference of Young Scientists and Students (MICMUS - 2016) : proceedings of the conference, Moscow,
07-09 December 2016. - Moscow: Federal State Budgetary Institution of Science A.A. Blagonravov Institute of Machine Science

of the Russian Academy of Sciences, 2017. pp. 236-239.

"Wu, Yiyang & Xie, Zhijiang & Lu, Ye. (2021). Steering Wheel AGV Path Tracking Control Based on Improved «pure pursuit»
Model. Journal of Physics: Conference Series. 2093. 012005. 10.1088/1742-6596/2093/1/012005.

8Portnova A. A. the Problem of minimizing the turning radius grader with articulated / Innovation, quality and service in
engineering and technology. Kursk: Closed Joint Stock Company "University Book", 2014. pp. 97-99.
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dS = Rpdy, 1) The turning radii of the grader can be defined
by the following formula8 [13, 14]

whence it follows that: L

Re =i )
Vdt = Rpdy: 2) waw
L
Rp = ——, 5)
dy _ Vv F sin (
P (3) o

where R_ is the turning radius of the front axle
where Sis the midpoint movement of the rear axle, midpoint, L is the length of the grader base, a,, is
R is the turning radius of the rear axle midpoint, y the steering angle of the front wheels.
is the heading angle of the motor grader, Vis the
velocity of the motor grader.
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Figure 1 — Two-dimensional grid of turning the motor grader with front steering wheels [14]
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Substituting formula (4) into formula (3) the
following equation is obtained:

d 14
Y igay,. ®)

The velocity vector of the rear axle midpoint
can be decomposed into the velocity projections
along the axis X, ..
Vy = Vsiny, 7)
or:

dx . i
o Vsiny; (8)

and along the axis Y,/

Vy = Vcosy, 9)
or

dy _
- = Vcosy. (10)

The set of formulas (4), (8) and (10) can be
represented in the form of a mathematical model
(figure 2) compiled in the MATLAB Simulink soft-
ware.

PURE PURSUIT METHOD DESCRIPTION

The «pure pursuit» method consists of a geo-
metric calculation of the radius of the circular arc
connecting the location of the rear axle with the
target point on a trajectory in front of the vehicle.
The target point is determined based on the look-
ahead distance L, from the midpoint of the rear
axis to the trajectory23457 [2-8].

The turning angle of the motor grader can be
defined using only the location of the target point
and angle ¢ between the machine course vector

o =

aw —b_/- tan >
—»
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and the prediction vector. Using the data of fig-
ure 3, we can record the following formulas '23457
[2-9].

Lo _ R
sin2¢p  sin(90°—¢)’ (1 1)

_ Lo _ L}
2sing  24Y;’

(12)

where L is the look-ahead distance, AY, is the
deviation of the midpoint of the rear axle from the
trajectory, ¢ is the angle between the longitudinal
axis of the motor grader and the direction to the
target point.

The required turning angle of the motor grader
can be calculated using the appropriate equations
for a specific type of a machine. For example, for
a grader with front steering wheels, a turning an-
gle is defined by the following formula’-23457 [2-9]:

12 L
24vy;  tgaw’

(13)

Accordingly, the wheel turning angle is defined
by the formula:

_ 24Y1L
ay = arctan( 7 ) (14)

Thus, the «pure pursuit» method is a propor-
tional regulator of the grader transverse displace-
ment error.

EFFICIENCY CRITERION

The main purpose of the grader movement is
to move the blade in accordance with the earth
structure project. Consequently, the deviation of
the midpoint of the blade (B) from the specified
trajectory should be used as a performance crite-
rion of the selected control method [9,15].

gamma0

s O
gamma

sin > 1
X : Q )
X
cos ’_; % l ;/’1\‘ ‘C]
Y

x0
O
y0

YX

Figure 2 — Mathematical model of turning a motor grader with front steering wheels [14]
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OEAR TH

XEARTH

Figure 3 — Design diagram of the «pure pursuit» algorithm™23457 [2-9]

The given parameter can be quantified us-
ing the integral indicator, i.e. the area between
the specified trajectory and the trajectory of the
blade midpoint and is calculated by the formula
[9,15,16]

Er = [ |Ay(x)|dx, (15)

whereis ¥() — y(x) is the trajectory deviation
of the blade midpoint from the value () that
corresponds to the specified trajectory [9,15,16].

The criterion E. geometrically represents the
shaded area in figure 4a. The transient process
shown in figure 4a is caused by a disturbance,
for example, a stepwise change of the given tra-
jectory. The smaller the shaded area, the more
preferable the transition process [9,15,16].

This integral criterion can be used not only to
assess the control quality, but also to optimize the
variable parameters for the control system syn-
thesis. Moreover, the absolute value of the criteri-
on E_ is not significant. Using the equations for E
and system transfer functions, the dependences
of the criterion E, on the variable parameters of
the control system and their optimal values can
be obtained [9,15,16].

When using the module, the integral criterion
E_ can be applied to the systems which transients
have oscillation and change the sign (figure 4b)
[9,15,16].

v
a)
0 X
¥
6)

- : C
VAN

Figure 4 — Integral quality criteria [9,15]

More complex integral criteria based on the
second and following derivatives of AY can be
used. Their application will bring the transients
closer to the second and higher order curves
[9,15,16].

RESEARCH RESULTS

During theoretical investigation of the mathe-
matical model, a step change of the trajectory by
1 m was used as an input signal.
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Figure 5 — The influence of the look-ahead distance L, on the integral criterion E

The studies have shown that the following pa-
rameters of the mathematical model, namely the
look-ahead distance L, the length of the motor
grader base, the coefficient of the motor grader
base, the motor grader velocity have the stron-
gest influence on the integral criterion E, (figures
5,6,7).

The coefficient of the motor grader base deter-
mines the position of the blade in the base and is
defined by the following formula:

at different velocities of the motor grader V
Source: compiled by the author

where L, is the distance from the front axle to the
blade.

The main objective of theoretical studies of
the mathematical model of the motor grader in a
dynamic mode was to determine the optimal nu-
merical values of the control method parameters,
their dependences on the design and operational
parameters of the grader.

The model parameters were divided into three
groups: fixed parameters, stochastic parameters,
variable parameters [17,18].

K, = LL_l, (16) The variable parameters have been divided, in
turn, into three subgroups:
| A
Er
- W4
6 0,3 /

0 2 4

6 Ly 10

Figure 6 — The influence of the look-ahead distance L, on the integral criterion E.

at different values of the base coefficient K,
Source: compiled by the author.
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Figure 7 — The influence of the look-ahead distance L, on the integral criterion E.
at different values of the base length L
Source: compiled by the author.
Design parameters of the motor grader (base The obtained dependences have been pre-
length, base coefficient). sented in the form of a graphical complex of the
Operational parameters of the motor grader surfaces for different base lengths and different
(vehicle velocity). values of the motor grader velocity (figures 8, 9,

Parameters of the control method (look-ahead 10, 11, 12).
distance L).

0,2 \

Figure 8 — Dependences of the integral criterion E. on the look-ahead distance L,
and velocity V at different values of the base coefficient (L=5 m)
Source: compiled by the author.
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Figure 9 — Dependences of the integral criterion E . on the look-ahead distance L,
and velocity V at different values of the base coefficient (L=6 m)
Source: compiled by the author.

25 8

Figure 10 — Dependences of the integral criterion E . on the look-ahead distance L,
and velocity V at different values of the base coefficient (L=7 m)
Source: compiled by the author.
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Figure 11 — Dependences of the integral criterion ET on the look-ahead distance LO
and velocity V at different values of the base coefficient (L=8 m)
Source: compiled by the author.

Figure 12 — Dependences of the integral quality criterion on the look-ahead distance L,
and velocity V at different values of the base coefficient (L=9 m)
Source: compiled by the author.
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Based on the obtained dependences, we can
conclude that the grader speed significantly af-
fects the efficiency criterion. Since speed is not
taken into account in the original method of «pure
pursuit», we propose to modify the method and
introduce speed into it.

TPAHCIOPTHOE, TOPHOE 1 CTPOUTEJIbHOE MALMHOCTPOEHWE

The obtained dependences have been ap-
proximated with the 4th degree polynomials with
determination coefficients R? of at least 0,99

ET=a4~L‘(L,+a3-L%+a2-L%+a1-L0+a0. (17)

Lo

2,5 m/c

4 2 m/c
7 € 1,5wm/c

+— v/
+— 05Mm/c

Figure 13 — Dependences of the optimal values of the look-ahead distance L,

Due to the optimization carried out by the
Newton method, for the minimality condition of
the integral criterion, the optimal values of the
look-ahead distance L, have been obtained for
various values of the base length, base coefficient
and speed. Figure 13 shows the graphs of the ob-
tained optimal values of the look-ahead distance.

The obtained dependences of the optimal
values of the look-ahead distance on the speed,
base length and base coefficient have been ap-

at different values of speed, base length and base coefficient
Source: compiled by the author.

proximated with regression equations and are
presented in table 1.

The regression equations have the form of
Lo =ay-V +a;. From the regression equa-
tions, it will be obvious that the multiplier a, de-
pends only on the base length L and can be ap-
proximated with the following equation

a,=1,6+0,04-L. (18)
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Table 1

The regression equations of the look-ahead distance L
Source: compiled by the author.

L Kb The regression equation R?
0,2 Ly=1,4-V +4,338 0,967
0,3 Ly=1,4-V +4,07 0,999
5 0,4 Ly=1,4-V 43,666 0,974
0,5 Ly=14-V + 3,282 0,985
0,6 Ly=14-V +2976 0,984
0,2 Ly =136-V +5,102 0,968
0,3 Ly=136-V +4,616 0,961
6 04 Ly=136-V +4,146 0,976
0,5 Lo =136-V + 3,742 0,972
0,6 Ly =136-V +3,332 0,971
0,2 Ly=132-V +5774 0,956
0,3 Ly =132-V +5,282 0,991
7 0,4 Ly =132-V +4,688 0,986
0,5 Ly=132-V +4,176 0,983
0,6 Ly=132-V +3,676 0,976
0,2 Ly =128-V +6,36 0,872
0,3 Ly=128-V +5,762 0,958
8 04 Ly =1,28-V +5,24 0,975
0,5 Ly =128-V +4,624 0,975
0,6 Lo =1,28-V +4,054 0,981
0,2 Ly=124-V +6,876 0,844
0,3 Ly =124-V +6,362 0,881
9 04 Ly=1,24-V +5,708 0,958
0,5 Ly =1,24-V + 5,084 0,982
0,6 Ly=124-V +441 0,973
Table 2
The coefficients a, in the regression equations of the look-ahead distance L
Source: compiled by the author.
. Ks 0.2 0.3 04 05 0.6
0,5 4,388 4,07 3,666 3,282 2,976
1 5,102 4,616 4,146 3,742 3,332
1,5 5774 5,282 4,688 4,176 3,676
2 6,36 5,762 5,24 4,624 4,054
2,5 6,876 6,362 5,708 5,084 4,41
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The free coefficients a, in the regression equa-
tions depend on the base length and base coeffi-
cient. For further approximation, they were sum-
marized in table 2 and the resulting dependence
was approximated by the following equation

a,=32-5-K;+05-L. (19)

Therefore, a modified method of «pure pur-
suit» adapted to control the motor grader has
been proposed. The dependence of the optimal
value of the look-ahead distance on the speed,
base length and base coefficient is represented
by the following formula

LO = ao‘V‘l'al. (20)

where ag = 1,6 + 0,04 - L,
a;=32-5-Ks+0,5-L, are applied for the
motor grader with front steering wheels.

After substituting formula (20) into formula
(14), we obtain a formula for calculating the front
wheels turning angle adapted to the grader:

_ 24Y,L
Qg = arctan (7(%”‘11)2). (21)

DISCUSSION AND CONCLUSION

The developed mathematical models of the
movement of a motor grader with front steerable
wheels and a motor grader motion control system
made it possible to conduct theoretical studies and
identify the dependencies of the integral criterion
on the design and operational parameters of the
grader and on the parameter of the control method
(look-ahead distance). After optimization, optimal
values of the look-ahead distance were found for
different values of the base length, base coefficient
and machine speed according to the proposed ef-
ficiency criterion. As a result of the approximation
of the obtained optimal values, the «pure pursuit»
method was modified to control an unmanned
grader, taking into account its design features and
speed of movement. The results obtained can be
used to create prototypes of unmanned control
systems for road construction vehicles.

Mepesoa N. H. Yypunoson
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