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Abstract. The relevance of the work lies in the creation and improvement of loading and unloading
machines. This article deals with the transport mode of a short-base loader PMTS 1200, namely, the
process of moving over a single obstacle. Due to the short base and the centre of gravity, which is
structurally located closer to the rear axle, when overcoming unevenness of the working surface, the
machine loses stability as a result of the rear wheels detaching from the bearing surface, which reduces
its efficiency and productivity. Therefore, there is a need to increase the efficiency of short wheel loaders
when overcoming unevenness on the work site by using an intelligent control system in transport mode,
which increases the stability of the machine. On the other hand, machine control automation systems
require consideration of the transport mode, mathematical modelling of the machine, and
algorithmisation of workflows, as these parameters are essential for the development of control systems.
Thus, the creation of adaptive systems for automatic control of short wheel loaders' work processes is
an urgent scientific and technical problem, the solution of which is of great economic importance for
the construction industry. Using the developed mathematical models, the dependencies characterising
the interaction of the forklift wheels with the bearing surface were obtained, which are complex in
nature, but they reflect the interaction of a short wheel loader with an obstacle and can be used to assess

the stability of the machine and the traction capabilities of its individual wheels.
Keywords: short wheel loader; unevenness; stability; working surface; transport mode.

Introduction

The ever-increasing volume of work in
construction necessitates the production of small-
sized multi-purpose machines alongside medium
and heavy-duty machines, which can
significantly reduce the share of manual labour.
Short-base loaders with a hydraulic transmission
are the most common in terms of the number of
models produced (more than 140). They have a
wide range of interchangeable working bodies
(more than 70 items). Due to their versatility,
efficiency, high mobility and manoeuvrability, as
well as ease of operation combined with quick
change of working bodies, short wheel loaders
are a highly efficient means of mechanising
manual labour at small and scattered construction
sites where the use of heavier machines is
impractical or impossible. Currently, more than
25 companies in the US, UK, Germany, Japan,
Canada, Italy, Slovakia and China manufacture
short wheel loaders for both the domestic and
foreign markets, with an annual output of about
100,000 machines (80% in the US, where
construction uses about 30% of these machines)
[1].

This type of forklift is a versatile vehicle
designed for unloading operations and other work
at the work site. Thanks to its well-thought-out
design, the forklift is able to operate in confined
spaces, which makes this type of transport
indispensable in such situations.

The layout of short wheel loaders is
determined by the small size of the machine and
the need to ensure stability against tipping over.
A striking example of a successful and rational
layout is the small-sized skid steer loader, which
consists of an engine, frame, hydraulic
transmission, on-board gear, chassis, and
hydraulically driven working equipment. Such
machines have a monoblock welded frame
formed by two box spars, which are also
connected by box transverse links. Small-sized
skid steer loaders have a fairly rigid wheel
suspension and a frame that is used not only as a
strong frame for the machine body, but also as a
container for hydraulic fluid.

Modern short wheel loaders are equipped with
either a torque converter or a hydromechanical
transmission. Small-sized forklifts with a torque
converter have lower fuel consumption and
higher performance compared to
hydromechanical forklifts. Forklifts equipped
with a torque converter have the following
advantages:

- infinitely variable speed control over a wide
range;

- side steer machines have an independent
drive for each side;

- protection of the motor against overload;

- ease of repair and maintenance;
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- the ability to freely arrange and assemble
units and equipment from serially produced
elements.

Despite the advantages of these machines due
to their manoeuvrability and a wide range of
quick-change attachments, they have a number of
disadvantages. For example, these machines with
standard tyres can slip on loose soils, get stuck in
sand or soil, and do not provide a "comfortable
ride" on uneven surfaces. However, the transport
mode is not without its drawbacks, as due to the
short base and the centre of gravity, which is
structurally located closer to the rear axle, the
machine loses stability when overcoming
unevenness in the working area, which reduces
its efficiency and productivity [2].

Due to the relatively short period of time that
has passed since the creation of short-base
loaders and the insufficient amount of research,
there are still no methods and recommendations
for the design and operation of machines of this
type. It should also be noted that the forklifts
produced in Ukraine are mainly created by
copying similar machines of foreign companies,
and therefore do not surpass them in terms of
technical indicators, but due to their low cost,
they are most widely used in Ukraine. It should
be noted that foreign forklifts usually have a
higher lifting capacity than short-base domestic
forklifts (the lifting capacity of foreign machines
is 10% higher than that of domestic counterparts).
This is due to the safety devices that foreign
forklifts of this type are equipped with (Bobcat,
Caterpillar, Mustang, Komatsu, etc.). The lack of
use of advanced technologies compared to
foreign analogues has led to lower productivity
and an increase in the overall weight of the
machine.

Analysis of the latest research
and publications

One of the indicators of machine operation
safety is their stability during work operations
and in the transport mode. Analysis of the designs
of short-base loaders with adjustable hydraulic
transmissions and exploratory experiments show
that their stability must be ensured not only in the
positions stipulated by the standards, but also in
the transport mode of movement with the
occurrence of a possible emergency, for example,
when the machine overcomes a single bump.
From this perspective, let's look at the main
works on assessing the stability of forklifts and
the most similar to them in terms of technological
processes of other machines [3]. The acceptance
rules and test method for front wheel loaders

provide for the determination of their static
stability in two cases:

- on a horizontal surface with the highest
permissible load at the maximum bucket
outreach. The safety factor, which is the ratio of
the holding to the overturning moment relative to
the front supports, should be greater than 2.0. The
same is noted in the works of leading experts in
the design and operation of forklifts A. V.
Bazanov, G. B. Zabegalov, L. A. Hoberman, V.
M. Kazarinov, and others. The latter three papers
show that forklifts of traditional design lose
stability even with a slight detachment of the rear
wheels. In view of this, it should be noted that for
short-base forklifts, it is quite acceptable for the
running wheels to detach from the bearing
surface;

-on forward and backward sloping support
surfaces with and without the largest load in the
bucket, respectively. The permissible angles of
inclination of the support surface must exceed
207, i.e. this is how the regulations provide for the
assessment of longitudinal stability.

In all of the above cases, the forklift is
stationary during the test, and no inertial forces
are assumed.

In the textbook by Professors A. M.
Kholodov, V. V. Nichke, and L. V. Nazarov, the
stability of loaders and earthmoving and transport
machines in motion is assessed taking into
account the action of inertial forces. In one of the
cases, the longitudinal stability of a machine (for
example, a bulldozer) is considered during its
braking [4]. The study determined the maximum
angle of inclination of the bearing surface with a
safety factor of at least 1.2. The authors studied a
bulldozer or wheeled loader moving at transport
speed on a rounded road section and subject to
centrifugal forces. The dynamics of lifting
machines was also modelled by V. S. Loveikin
and I. O. Nefyodov, whose work suggests ways
to reduce dynamic loads on the front loader's
loader.

The inertial forces arising from the braking of
a lowering forklift boom were taken into account
in the works of V. M. Veksler and T. I. Mukha.
To this end, they took into account the pliability
of the running wheels and the bearing surface.
However, in this study, only a flat scheme of
force action on a stationary forklift was
considered.

Due to the design features of small wheeled
loaders, the issue of longitudinal stability is
particularly important when the machine is
operating in transport mode with loaded working
equipment.
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Presentation of the main material

The movement of a short wheel loader over
rough terrain is characterised by many specific
features. The interaction of individual wheels with
single bumps, the size of which can be up to 0.18
of the radius of the running wheels, manifests itself
in uneven spatial loading of the machine's chassis.
A sharp change in vertical reactions (from zero to
a maximum of several times the nominal value) on
individual wheels leads to sharp oscillations of the
machine, and due to the design features of this
class of machines, this causes the rear wheels to
hang out when driving over an obstacle and, as a
result, loss of longitudinal stability.

The need to take these and other factors into
account when assessing the stability of machines
of this class requires preliminary mathematical
modelling of the forklift movement process with
simulation of traffic conditions close to the real one.

The mathematical model presented in this
section was developed for a two-axle short-base
forklift [5]. We consider the overcoming of a
single boundary obstacle, the height of which is
compared to half the radius of the forklift wheel
(Fig. 1).

The following assumptions were made in
developing the mathematical model:

- The paper considers the movement of a
forklift in the longitudinal vertical plane without
taking into account the forces acting in the lateral
direction and assuming that both wheels of one
axle come into contact with an obstacle

simultaneously (a flat design scheme for the
movement of a short wheelbase forklift is
assumed);
- The elastic characteristics of the tyres are
assumed to be linear and the same for all wheels;
- the stiffness on the obstacle edge is assumed
to be constant.

Ao

Fig. 1. Mathematical model of the transport mode of a forklift when overcoming a single obstacle

Where:

x and y are the current horizontal and vertical
coordinates of the loader's centre of mass,
respectively;

@ is the current angle of inclination of the
longitudinal axis of the loader;

w - the current angle of inclination of the
working equipment;

m; , m, are the masses of the skeleton, boom
and bucket, respectively;

Rx and Ry are the horizontal and vertical
reactions in contact of the i-th wheel with the
bearing surface, respectively;

Rov and Rrare the radial and tangential reactions
in the contact of the i-th wheel with the obstacle,
respectively;

r, - the distance from the edge of the obstacle
to the axle of the wheel that overcomes the
obstacle;



Bicuuk XHALY, Bun. 101, 1. 1, 2023

AD; is the distance from the axis of the boom
lift cylinder to the point of attachment of the boom
to the loader chassis;

ya - the distance from the centre of mass of the
forklift to the point where the boom is attached to
the machine's chassis;

Yo - the height of the centre of mass of the
forklift;

Yo - height of the obstacle;

Xo - distance from the centre of the wheel to the
obstacle;

X4 - distance from point A to the origin of the
forklift;

Xp — is the horizontal distance from my tom; ;

yp — vertical distance fromm; tom; .

The progressive movement of the forklift in the
direction of the X and Y coordinate axes is
described according to the Lagrange equation of
the second kind:

—N\=)——=—— 1
dt (dq dg dg D
The kinetic energy of the entire machine:

T=T,+T, )

where T, is the kinetic energy of the machine
frame; T, - kinetic energy of the loader boom with
a bucket and the levers of the bucket rotation
mechanism.

If we consider the initial stage of overcoming
the obstacle, which corresponds to the vertical
coordinate of the wheel centre, the wheel
equilibrium is described by the following system
of equations [5]:

{R,,cosv + R sinv = Gk} 3
R, sinv—R cosv=P, (3)
where Ry is the reaction applied at the point of
contact of the wheel with the obstacle.
The value of Ry is determined as follows:

Rv:Cr(rc - rv) (4)

where rc is the normal radius; ry - distance from the
centre of the wheel to the point of contact with the
obstacle; C; is the radial stiffness of the tyre at the
edge of the obstacle; R. is the tangential reaction at
the point of contact of the wheel with the obstacle,
which is considered positive when it is directed
against the direction of rotation of the wheel.

The value of R, is determined as follows:

R=p, R, 5)

where ¢, is the coefficient of adhesion of the
wheel to the edge of the obstacle.

Since the distance from the centre of the wheel
to the point of contact with the bump is not
constant and varies with the movement of the
forklift, it can be described as follows.

Let's denote the initial position of the wheel
centre relative to the forklift's origin as Axand Ay,
and the current position as Bx and By

Ax:(a + XO)
b=, —yo)} ©)
where a is the initial distance from the origin to
the centre of the wheel at ; Xo - distance from the
centre of the wheel to the obstacle; Y, - distance
from the origin to the reference surface; yo - the
height of the bump.

Thus, the final system of equations will look
like this:

(my+my)i+may p+my(yy =y, )=
Ga
=|C;(—=y+aop)+
[1(}’a@ G+AX
G-a
X ((0”, —fk)+ [Cz‘(—nya‘f/))*m '(ﬁl)cu —fk)

—Clp-(Yg = r9) — xg — X2+ — a-p)? x
[o-(Yp— Rp) —xp — x]°
(v —ap)?
(m+my)y — moxp — my(xp — X, )iy =

- G+[C( + )+G-a]+
- PRV D

><sinv+gocu-C & cosv,

Gb [(0'(Y0 —79) —]2+
[C1(—y — bp)+—| +C;- Xg— X
a+tb
+(y — ap)?

Y —\2
><cosv+(pm'ci' lp-(Yy — r9) —xp — x]°+ (a(ﬂ)
XSinvy;
may & = mpx i+ [my (G +y) +, 40 =
C;(—y+a-p) Cr(=y—bop)+

J’__ —
at+b a+b
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[o-(Yy—ro) —xp —x]°+

- O — ap)’ sinv+
+ x
Yy —rg) —xg —x]?+
» C, [(0 ( 0 +(y0)_ o )02 ] COsV
Cr(—ytay)
X(YO_J/0+)7)‘(0‘ +@ X
a+tb
Cr(=y—bo)t
x ((pcu —fk) (Yo +ty)p+ Gb x
a+b

x (%, —fk) (Yoty);
my(y, =y )% — my(xp — x )i+
+H[moxy Gep — x ) +tmyy, (yD —yA)+J2]§[>+

+ [mz vy, — yA)2+m2 (xp — XA)2+J2] y=
=o:(4D})*C5

Conclusions

The developed mathematical models revealed
the most dangerous period of interaction between
the loader and the supporting surface, namely, the
short wheel loader drifting off an obstacle when
overcoming it with its rear wheels. The lower the
weight of the load in the bucket, the greater the
angle of inclination of the loader in the
longitudinal plane. For example, the loader's tilt
angle reaches a critical point of 25° (at m = 0 kg)
and 20° (at m = 1200 kg).
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Study of the interaction of a short-base loader with
a supporting surface during transport operations
Abstract. Problem. The relevance of the work is to
create and improve loading and unloading machines.
Goal. The article deals with the transport mode of the
PMTS 1200 short-base loader, namely the process of
moving over a single obstacle. Methodology. Due to
the short base and the center of gravity, which is
structurally located closer to the rear axle, the
machine loses stability when overcoming unevenness
in the working surface due to the rear wheels coming
off the bearing surface, which reduces its efficiency
and productivity. Results. Therefore, there is a need
to increase the efficiency of short wheel loaders when
overcoming unevenness on the work site by using an
intelligent control system in the transport mode, which
increases the stability of the machine.Originality. On
the other hand, machine control automation systems
require consideration of the transport mode,
mathematical modeling of the machine, and
algorithmization of work processes, as these
parameters are essential for the development of
control systems. Thus, the creation of adaptive systems
for automatic control of short-base loaders is an
urgent scientific and technical problem, the solution
of which is of great economic importance for the
construction industry.
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Practical value. Using the developed mathematical
models, the dependencies characterizing the
interaction of the forklift wheels with the bearing
surface were obtained, which are complex in nature
but reflect the interaction of a short wheel loader with
an obstacle and can be used to assess the stability of
the machine and the traction capabilities of its
individual wheels.

Keywords: short wheel loader; unevenness; stability;
working surface; transportation mode.

JocaigxkeHHs B3aeMoIii KOPOTK00a30BOro
HABAHTAKyBaya 3 OMOPHOIO MOBEPXHeI0 Mix yac
TPAHCIOPTHHUX ONepaiii.

Anomauin. Ilpoonema. Axmyanvnicme pobomu
noA2A€ Y CMBOPEHHI Md 800CKOHAICHHI HABAHMAIC)-
8AILHO-PO36AHMAdNCYBANbHUX ~ MawiuH. Mema. YV
cmammi - po32na0acmsvcs  MpPAHCHOPMHUL  PEHCUM
Kopomkob6az06020 Hasawmavicyeaua [IMTC 1200, a
came npoyec nepeizoy uepes 0OUHOUHY NEPEUIKOO).
Memoouxa. Yepes xopomky 6a3y i yenmp eazu, AKuil
KOHCMPYKMUGHO PO3MAUOSAHUL OaudcHe 00 3a0HbOT
oci, npu nodoaanHi Hepignocmel pobouoi noGepXHi
MAwUHa 6mpayae CMIUKICMb GHACTIOOK 8i0pU8y
3a0HIX Konic 8I0 ONOPHOI NOBEPXHI, WO 3HUINCYE T
epexmusnicmo i npooykmuenicms. Pesynomamu.
Tomy sunuxae HeobXiOHicMb niosuujenHs egekmus-
HOoCcmi pobomu KOpomKoOA308UX HABAHMANCYBAUIE
npu  NOOONAHHI  HepiGHOCcmel  Ha  poOOYOMY
MaUuoOaH4uKy 3a PAXYHOK BUKOPUCIAHHA IHMeENeK-
MYanvHoi cucmemu Kepye8amHs & MpAHCHOPMHOMY
pearcumi, wo nioguugye cmitikicmo mawunu. Hoeusna.
3 inwoeo 60Ky, cucmemu asmomamusayii KepyeaHHs
MawuHamyu nompeoyloms 6paxy8aHHs MpaHCHopm-

HO20  pedcuMy, MAamemamuyHo20 MOOeN0GAHHS
MawuHy ma areopummizayii  pobouux npoyecis,
OCKiNbKU Yi hapamempu € Cymmesumu 0si po3pooKu
cucmem Kepysanns. Taxum 4uHoM, CmMEOpPeHHs adan-
MUBHUX CUCIEM ABMOMAMUYHO20 KepY8anHs pobo-
YUMU npoYecam KOpomroba3oeux HA8anmadicysauis
€ AaKmMyaibHOI HAYKOBO-MEXHIYHOI NpoOaeMoIo,
supients AKoi mac 6enuxe HApoOHO20CNOOapchKe
3HaueHHs Onsi  Oyoigenvnoi eanysi. Ilpakmuuna
uinnicms. 3a 0onomozoi po3pobnenux mamema-
MUYHUX MoOeNell OMPUMAHO  3ANeHCHOCMI, UjO
Xapaxmepusyloms 63a€Mo0il0 KOLiC HABAHMAICYB8AYA
3 ONOPHOIO NOGEpXHel, AKI Malomb CKIAOHUL
xapaxmep, ajie 8i000paxcaome 83a€M00ii0 KOPOMKO-
0a306020 HABAHMAIICYBAUA 3 NEPEUKOOOIO I MOJICYMb
b6ymu euxopucmani O OYIHKU CMIIKOCMI MAUUHU
ma ms208ux MOACIUBOCMEN il OKpeMUux KoJic.
Knrouosi cnosa: xopomrxobazosuil Hasanmaicysay;
HepiHIiCMb, cmitikicmb,  poboua  NOGEPXHS,
MPAHCNOPMHUL PEICUM.
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