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Abstract: The proper design and configuration of the swing drive mechanism of a hydraulic excavator
are crucial to improve energy consumption and efficiency and ensure operational stability. This paper
analyzes the influence of the relationship between the parameters of a hydraulic motor and a reducer,
which form the integrated transmission of a swing drive, the dynamic characteristics of a hydraulic
excavator on loading, and the dynamic stability of the drive. The analysis deals with an excavator
model that has the same parameters of the kinematic chain members, the same parameters of the
upper structure drive mechanisms, and two variants of the swing drive that, with different integrated
transmission parameters, provide the upper structure with the identical number of revolutions
and equal rotating moment. One swing drive variant possesses an integrated transmission with a
hydraulic motor with a low specific flow and a reducer with a high transmission ratio, while the
other drive variant has the opposite parameters. Understanding this relationship is essential for
optimizing the design of excavators to achieve better performance and dynamic stability under
varying operational conditions. As an example, this paper provides the analysis results regarding the
influence of the relationship between the parameters of the integrated transmission hydraulic motor
and reducer on the loading and dynamic stability of the swing drive in a tracked hydraulic excavator
of 100,000 kg in mass and 4.4 m3 in loading bucket volume, as obtained from the developed dynamic
mathematical models of the excavator using the MSC ADAMS program. The results indicate that the
dynamic loads on the swing drive’s axial bearing are higher in the variant with a low-specific-flow
motor and high transmission ratio reducer during the acceleration and deceleration phases. However,
this configuration demonstrated better dynamic stability, with lower oscillation amplitudes and
shorter damping times compared to the variant with a high-flow motor and low transmission ratio.
Those findings provide valuable criteria for the optimal synthesis of swing drive mechanisms in large
hydraulic excavators using multi-criteria optimization methods.

Keywords: hydraulic excavators; swing drive; axial bearing

1. Introduction

Heavy construction machines are exposed to dynamic loading over the course of their
operation, which has a crucial influence on both their stability and lifetime. Their design
must adequately account for those dynamic effects in order to avoid premature failure,
or even incident failures, as a consequence of instability. Also, the productivity efficiency
largely depends on the operator’s skill, which cannot provide efficient operation in the
long term [1]. For this reason, numerous researchers have dedicated their studies to this
important field of work, including the modeling and simulation of the dynamic behavior
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of heavy construction machines [2,3], measurements of dynamic loading [4-6], addressing
stress states in the load-bearing structures [7-9], identifying stability issues [10-13], and
optimization of drive mechanisms [14,15], to name but a few. Among heavy construc-
tion machines, hydraulic excavators have the world’s largest production with models of
various sizes, which are characterized by high-performance engineering, industrial im-
portance, and ergonomic design. An excavator, as a typical multifunctional construction
machine, is extensively used in mining excavation, road construction, and large investment
projects [16].

In a typical operating cycle for hydraulic excavators, the swing operation accounts
for approximately 50-70% of the total working time. During this time, due to the active
operation of the swing system drive, energy consumption amounts to 25-40% of the total
energy use [17]. In addition, the requirements for the fast acceleration and deceleration
of the rotary upper structure during the swing operation cause frequent switching of the
acceleration and deceleration of the motor, which leads to higher energy consumption
and reduced efficiency, as well as to a state of excessive or insufficient matching with the
required function parameters [18]. To improve the energy efficiency and dynamics of the
swing system, Lijie Zhang et al. [17] suggest adding two pressure-reducing valves (PRVs)
to the main valve pilot control circuit of excavators, along with a pump-valve compound
control strategy. The simulation results demonstrate that this approach reduces motor
overflow, improves braking stability, and enhances the swing system’s response during
operations. In Ref. [19], an adaptive sliding mode controller with a nonlinear extended
state observer that realizes position-tracking of the swing upper structure is proposed. This
controller employs current deviations, added to error signals, to ensure torque balance.
In this way, the work performance and energy efficiency of the electro-mechanical swing
system are improved; these systems are widely used in medium-sized excavators. In
Ref. [20], a new design for the swing drive’s hydraulic motor in hydraulic excavators is
proposed, with the aim of analyzing the impact of hydraulic motor parameters on the
energy efficiency of the drive. The dual-source hydraulic motor integrates an energy
recovery unit and the main drive unit, forming two separate hydraulic flows to avoid
energy loss during braking, as is common in conventional swing drives. The displacement
ratio in the context of the dual-source hydraulic motor is defined as the ratio between the
displacements of two different oil circuits in the motor. The displacement ratio is a critical
factor because it influences the performance characteristics of the hydraulic motor and the
overall system. The key findings include a significant reduction in energy consumption by
the hydraulic pump in the main drive unit when using the dual-source system compared
to the original system.

However, in conventional swing drive systems, the production efficiency and posi-
tioning accuracy of the excavator manipulator during rotation depend on the operator’s
reaction speed. To overcome this issue, Ref. [21] proposes a combined position and speed
control strategy without changing the conventional operating method, using the desired
position or rotation angle as the input signal for the closed-loop position control. Addition-
ally, to improve the dynamic characteristics of the swing drive during braking, the principle
of energy balance is used by varying the valve’s opening size during the swing process.

Incorrect design or modification of the existing design can lead to poor results, in-
cluding increased vibration levels and other electronic or mechanical issues. Additionally,
the cost of upgrading hydraulic systems is a limiting factor for instituting changes. The
wide availability of integrated transmissions in excavator design offers the possibility of
synthesizing various swing drive options with lower specific hydraulic motor flow and
higher gear ratios, or vice versa. Therefore, as a contribution to improving the dynamic
characteristics of conventional swing drives, which are the most common drives in large
hydraulic excavators, this paper analyzes the impact of the ratio of the hydraulic motor
and reducer parameters of integrated transmission on the stability and efficiency of the
drive, based on the proposed dynamic mathematical model of the excavator. The analysis
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results can, thus, become one of the most influential criteria, with a high significance factor,
in the optimal selection of drives using one of the multi-criteria optimization methods.

Hydraulic excavators of all sizes equipped with various tools perform numerous
functions using spatial manipulation (Figure 1a). The kinematic chain of an excavator
consists of an undercarriage with tracks L1 and upper structure Ly, which has a cabin, boom
Ls, stick L4, and bucket Ls. In the kinematic chain of an excavator, spatial manipulation is
enabled by the rotary upper structure Ly, which is connected with the undercarriage using
a slewing joint in the form of an axial bearing. The general design of the hydrostatic drive
of the rotary upper structure comprises a hydraulic pump (2.1, Figure 1b) driven by a diesel
engine (1), hydraulic motor (2.3), reducer (2.4), and axial bearing (2.5). It is characteristic that
the hydraulic motor and the reducer form an integrated transmission, where the separate
modules are produced by specialized manufacturers, with very different parameters for all
sizes of excavators and other mobile machines. The process of selecting the swing drive
components begins with choosing the size of the axial bearing, based on the load. Previous
research mainly focuses on: (a) the loading of large-diameter axial bearings [22-25], (b) the
loading of the track for rolling elements in axial bearings [26-28], (c) studies into the
influential factors for determining bearing load capacity in diagrams, used as the basis for
the selection of axial bearings, in comparison with equivalent loads [29-32], and (d) the
loading of the screw joints of axial bearings [33-36].

Modern design procedures have conditioned the development of certain modules
of drive and control systems in mobile machines. Among the developed modules is one
for the integrated transmission (hydraulic motor—reducer) of swing drives in hydraulic
excavators of all sizes [37]. The developed modules are characterized by the ability to
design the same model of an integrated transmission of a rotary upper structure with a
determined output moment by using several hydraulic motors with different specific flows
and several reducers with different transmission ratios.
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Figure 1. The general design of the swing drive mechanism in hydraulic excavators: (a) physical
excavator models [38], (b) functional drive schematic, (c) drive block.

When synthesizing the swing drive mechanism in line with the given output upper
structure parameters, it is necessary to select an optimal solution from a set of possible
variant solutions for an integrated drive transmission using the appropriate transformation
and transmission parameters, thereby developing a hydraulic motor with a particular
specific flow and a reducer with a particular transmission ratio.

This paper presents the results of an analysis of the relationship between the integrated
transmission hydraulic motor and reducer parameters, i.e., the relationship between the
specific flow of the hydraulic motor and the transmission ratio of the reducer forming the
integrated transmission in terms of the loading and dynamic stability of the swing drive in
hydraulic excavators.
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First, the transmission functions were established; these relate to the input and output
parameters of the swing drive. After that, two mathematical models of the excavator with
rigid and elastic bodies were developed to determine the drive load, based on which the
transmission and transformation parameters of the integral drive were selected. Then,
two variants of drives with extreme values were separated, using the same parameters of
the swing drive function, in order to analyze the influence of different parameters on the
stability of the excavator.

2. Swing Drive Parameters

In principle, the general model of the drive mechanism of a swing drive in hydraulic
excavators possesses a hydrostatic-mechanical design, with transformation and transmis-
sion parts. In the transformation part, the angular velocity w,, shown in Figure 1c, and
moment M, of the diesel engine 1, shown in Figure 1b, are transformed by the hydraulic
pump 2.1 into hydraulic power parameters—pressure p and flow Q, which, in turn, are
transformed by the hydraulic motor 2.3 into the mechanical power parameters—angular
velocity wy, and moment M,;,. In the transmission—mechanical part, the hydraulic motor
angular velocity and moment are further transformed, using the reducer 2.4 and axial
bearing 2.5, into the desired angular velocity w, i.e., the number of revolutions ny and
moment M, of the rotary upper structure. The input and output parameters of the swing
drive are connected by the following transmission functions:

e  For the number of rotary upper structure revolutions:
Gymax-€p-N 1
M'T]PU'UmU'-i-Z , (1)

Gmmax €m 1y-1

ny =

e  For the rotary upper structure drive moment:

M, = (P - po)‘]mmax'gm

o 'Umm'ir'ﬂr'il'ﬂl ’ )

where: qpmax, Gmmaxr—the maximum specific flow of the hydraulic pump and the hy-
draulic motor, p, p,—the pressure in the extension and retraction duct of the hydraulic
motor, 1,—the number of the hydraulic pump revolutions, i;, 17,—the transmission
ratio and the degree of efficiency of the reducer, 17y, pm, Jmo, Jmm—the volumetric
and mechanical degrees of efficiency of the hydraulic pump and the hydraulic motor,
& = qp/ Gpmax—rthe hydraulic pump regulation range, & = g/ qmmax—rthe hydraulic
motor regulation range, and #;—the degree of efficiency between the reducer and the
axial bearing. The above transmission functions show that the same output parameters
of the swing drive, the number of revolutions ny, and moment M, can be achieved
with a lower specific flow of the hydraulic motor g,, and a higher transmission ratio
ir of the reducer (and vice versa) for the selected axial bearing and given pressure p,
specific flow g,, and number of revolutions 7, of the hydraulic pump.

Dynamic Mathematical Models of the Excavator

To analyze the influence of the relationship between the sizes of the integrated trans-
mission hydraulic motor and the reducer of the swing drive on the excavator’s loading
and dynamic stability, two dynamic mathematical models for the hydraulic excavator
were developed. The models encompass the general configuration, which incorporates
an undercarriage with tracks L; and a upper structure with a cabin Ly, boom L3, stick Ly,
bucket with a support plate L5 and jaws Lg (Figure 2). The first dynamic mathematical
model of the excavator assumes rigid members for the undercarriage and upper structure
(Figure 2b).
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Figure 2. Models of excavators with a loading manipulator: (a) physical model, (b) rigid dynamic
model, (c) elastic dynamic model, (d) elastic-damping characteristics of the manipulator’s hydraulic
cylinder, (e) loading force and moment components for joint Oy of the kinematic pair comprising the
undercarriage and upper structure.

The ground is also modeled like a rigid body. During the manipulation task, the
excavator is subjected to external (technological) load—digging resistance force and the
digging resistance moment (during the digging operation), along with internal load—the
force of gravity (weight) and the inertia forces and moments of each member, hydraulic
cylinders, and material scooped by the excavator bucket. The boom, arm, and bucket
hydraulic cylinders are modeled as rods with equally distributed mass along the current
length. In the joints of the excavator, friction is neglected, as is the influence of wind on
the members.

The space of the excavator model is determined using an absolute coordinate sys-
tem OXYZ, shown in Figure 2b, with the unit vectors i, j, and k in the direction and



Machines 2024, 12, 737

6 of 15

sense of the coordinate axes OX, OY, and OZ. The excavator undercarriage lies in the
horizontal plane OXZ of the absolute coordinate system, while the vertical axis OY of
the same system corresponds to the axis of the kinematic pair of the undercarriage and
upper structure. Every member of the excavator kinematic chain L; and each hydraulic
cylinder are completely determined in their local coordinate system, O; x; y; z;, by a set
of required parameters [29]. In the mathematical model of the excavator, the position of
the kinematic chain members is determined using the following generalized coordinates,
as shown in Figure 2b: 8;—the displacement of the undercarriage in the horizontal plane,
6,—the angle of the upper structure’s position, 03, 04, 05, 0—the angles of the relative
positions of the boom, stick, and bucket support plate and jaws of the excavator. The
swing drive mechanism c; is determined using the following quantities: §24x/q2min—the
maximum/minimum specific flow of the hydraulic motor, i,—the transmission ratio of the
integrated transmission reducer, i;—the transmission ratio between the gear on the output
shaft of the reducer and the toothed ring of the axial bearing, and 7., and m:,—the number
and the mass of the swing drives. The second, elastic, dynamic mathematical model of
the excavator Figure 2c involves the members of the undercarriage and upper structure,
which have elastic-damping characteristics. The ground also possesses elastic-damping
characteristics. The boom, stick, and bucket’s hydraulic cylinders and the hydraulic motors
of the swing drive mechanism possess elastic-damping characteristics that occur due to
the compressibility of hydraulic oil in the operating capacities and hydraulic ducts of the
actuators. The modulus of compressibility of hydraulic oil is constant and does not depend
on pressure and temperature.

The elastic dynamic characteristic of the hydraulic motor of the swing drive’s inte-
grated drive transmission is the hydraulic torsional rigidity kj,», which is defined by the
following equation [39]:

2(52) K,

khz - (3)
where: g,,,—the specific flow of the hydraulic motor, E,—the modulus of elasticity (com-
pressibility) of hydraulic oil, and dy, [vi—the internal diameter and length of the operating
ducts of the hydraulic motor, from the hydraulic motor to the distribution valves that, in
modern drives, are directly linked to the hydraulic motor in the open and closed hydrostatic
circuit.

The torsional rigidity of the swing drive is determined by reducing the hydraulic
torsional rigidity of the hydro motor:

kgp = kip-iz-if, (4)

where: i,, ij—the transmission ratio of the integrated transmission reducer and the trans-
mission ratio between the output shaft of the reducer and the toothed bearing ring of the
excavator’s swing drive mechanism.

Due to the compressibility of hydraulic oil, the hydraulic cylinders of the excavator
are modeled using hydraulic springs with appropriate rigidity (Figure 2d):

2\ 2 ) 2
(Diln) E <D4dn> E,
kCi - D?.7 d2.-m D?—d? a2 Vi=345, ®)
= (ci—cip) + =l (e — ¢) + Ly

where: D;, di—the diameter of the piston and the piston rod in the hydraulic cylinders,
Cip, Ci, Cix—the initial, current, and final length of the hydraulic cylinders, and dy;, l,;—the
internal diameter and length of the operation ducts of the hydraulic cylinders, from the
hydraulic cylinders to the distribution valves of the excavator drive system.
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The damping coefficients of the hydraulic cylinders, according to Figure 2e, are deter-
mined using the following expression [39]:

7-1o-Lei- D? 3 dn -
b= —"-—L3+-—"——| Vi=3,45 (6)
“ (Dci — D,’)z 4 (Dci - Di)

where: 7,—the dynamic viscosity of hydraulic oil, /.;,—the length of the hydraulic cylinder
piston, and D ;—the internal diameter of the hydraulic cylinder.

3. Dynamic Loading of the Swing Drive

The following analysis of the influence of the relationship between the hydraulic
motor and the reducer, which form the integrated transmission of the swing drive, on the
loading of the drive mechanism is based on loading values in the center of joint O; in the
kinematic pair comprising the undercarriage and upper structure. Joint O,’s center loads
are determined by a numerical simulation of the excavator, based on the defined rigid
and elastic dynamic mathematical model of the excavator. The center of joint O, in the
undercarriage—upper structure kinematic pair is the point of intersection of the vertical
joint axis Oyy, and the horizontal plane in which the centers of the rolling elements of the
axial bearing of the swing drive are positioned.

By fictively breaking the excavator kinematic chain in the center of joint O, and
by observing the balance of the part of the chain that is formed by the cabin and the
manipulator, the vectors of force F, and moment M; of joint O, loading can be determined,
as shown in Figure 2e:

6 6
FZZEFui+ZFcui+Wr (7)
i=2 i=3
6 6 6 6
M2:ZMi+ZMCi+ZMFui+ZMFcui+Mw/ (8)
=2 i=3 i=2 i=3

where: F,;, M;—the internal force (inertia and gravity) and the inertia moments in the
center of the mass of the excavator kinematic chain member, Mp,;—the moment of the
internal force of the excavator kinematic chain member for the center of joint Oy, F.,,;, M;,—
the internal force (inertia and gravity) and the inertia moments in the center of the mass
of the actuator (hydraulic cylinder), Mg.,;,—the moment of the internal force of the drive
mechanism actuators for the center of the joint O, axis, W—the digging resistance force,
and M,—the moment of the digging resistance force for the center of the joint O, axis.

As an example, working on the basis of the defined mathematical models of the
excavator and using the procedure for dynamic numerical simulation in the ADAMS
software 2020, the vectors of force F, and moment M, of the center of joint O, were
determined for a tracked excavator of m = 100,000 kg in mass and V = 4.4 m? in terms of
loading bucket volume for the different variants A and B of the swing drive. These swing
drives possess the same axial bearings and different integrated transmissions in terms
of the size of the specific flow of the hydraulic motor and the transmission ratio of the
reducer. Drive variant A, with an integrated transmission drive, has a hydraulic motor with
a specific flow of g,0a = 80.4 cm? and a reducer with a transmission ratio of i,, = 111.86,
while drive variant B with integrated transmission has a hydraulic motor with a specific
flow of guop =200 cm? and a reducer with a transmission ratio of i,; = 35.13.

The adopted different variants, A and B, of the swing drive were selected out of
a set of 21 possible variant solutions as yielding the extreme values of a specific flow-
transmission ratio, as determined through a synthesis procedure based on the maximum
given number of revolutions of n; =5 min~! and a moment of rotation of M, = 500 kNm,
calculated for the upper structure of an excavator model with a mass of m = 100,000 kg. The
drive synthesis calculations employed a database of the available models of swing drive
integrated transmissions manufactured by Bosch Rexroth [37].
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For the adopted excavator model in this analysis of swing drive loading, the following
input values were fed into the program: the parameters of the excavator’s kinematic chain
members, determined in line with the developed 3D excavator model, shown in Figure 2d,
the rigidities and damping coefficients of the support surface of the undercarriage, listed in
Table 1, the rigidities and damping coefficients of the excavator’s swing drive, determined
on the basis of the parameters of the drive variants A and B listed in Table 2, the rigidities
and damping coefficients of the hydraulic cylinders of the boom, stick, and bucket, deter-
mined according to the parameters of the manipulator drive mechanisms in Table 3, as
well as the conditions of dynamic numerical simulations pertinent to the parameters of the
excavator manipulation task as given in Figure 3.

Table 1. Dynamic characteristics of the undercarriage and the excavator’s support surface.

Parameter Symbol Dimension Value
Torsional rigidity of the s.upport o Nm/rad 7056 x 10°
surface and undercarriage
Torsional damping of the support b1 Nms,/rad 7,056 x 107

surface and undercarriage

Table 2. Dynamic characteristics of the variant solutions of the swing mechanism transmission.

Transmission Variants

Parameter Symbol  Dimension

VB50/2 VB87/2

Specific flow of the hydraulic motor Gom cm? 80.40 200.00
Internal diameter of the hydraulic dom m 0.025 0.032

motor ducts
Length of the hydraulic motor ducts lom m 0.320 0.320
Hydpraulic rlg1d1ty of the ki Nm/rad 2307 7949
hydraulic motor
Damping coefficient of the swing drive bea s7! 0.879 0.879
Oil modulus of elasticity E, N/m? 1.4 x 10° 1.4 x 10°

Reducer transmission ratio iy - 111.86 35.13
Transmission ratio between the reducer i ) 6.93 6.93

shaft and the bearing

For the purposes of this analysis, the conditions of the dynamic numerical simulation
of the excavator are derived from the change in the angular velocities (Figure 3) of the
relative movement of the excavator kinematic chain members during the manipulation
task, which includes the following operations: scooping the material and loading it into the
bucket, transferring and unloading the material, and returning to a position that is ready
for a new scooping operation.

During the operation of scooping the material with the loading bucket, a modeled
change in the resistance force vector W is given, with the force acting on the cutting edge of
the bucket during digging and scooping material of = 1800 kg/m? in density. From the
results of the swing drive loading analysis, obtained using the ADAMS program, and based
on the elastic dynamic mathematical model of the excavator, wherein the excavator support
surface and drive mechanism actuators are modeled as elastic-damping elements, the
changes in the components of the joint O; loading force Faye, Faye, Foze, shown in Figure 4,
and moment Mpy,, Maye, Maze, shown in Figure 5, are extracted with regard to the duration
of the excavator manipulation task. In addition, for the sake of comparison, the changes
in the components of the joint O, loading force Foy, Fayx, Fazx, shown in Figure 4, and
moment My, Mok, Moz, shown in Figure 5, are also given, these having been obtained by
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a dynamic numerical simulation based on the rigid mathematical model of the excavator,
in which the excavator support surface, kinematic chain members, and drive mechanism
actuators are modeled using rigid bodies.

Table 3. Dynamic characteristics of the excavator manipulator mechanism.

Hydraulic Cylinders
Boom Stick Bucket

Parameter Symbol Dimension

Diameter of the hydraulic

. . D; m 0.280 0.250 0.220
cylinder piston
Diameter of tI}e hydraulic cylinder d m 0.200 0180 0160
piston rod
Internal diameter of the
hydraulic cylinder dei m 0.2805 0.2505 0.2205
Initial length of the
hydraulic cylinder Cip m 2.800 2.300 3.150
Final length of the hydraulic cylinder Cik m 4.500 3.500 4.100
Number of hydraulic cylinders Mg - 2 2 2
Internal d1arr}eter of the hydraulic d, m 0.048 0.048 0.048
cylinder ducts
Length of the hydraulic Iy m 6000 6000  7.000
cylinder ducts
Dynamic viscosity of hydraulic oil o Ns/m? 0.09 0.09 0.09

Figure 3. Change in the angular velocities of the relative movement of the excavator kinematic chain
members: §p—upper structure with §3—boom, 84—stick, f5—bucket support, and g—jaws.

The comparative analysis shows that during the digging operation, when the swing
drive is not active, there is no significant difference in the changes in the force vector
components Fay, Foyk, Foz, shown in Figure 4, and the moment vector components My,
Moy, Moz, shown in Figure 5, previously obtained using the rigid model of the excavator in
comparison with the force components Fp,,, Foye, Foze and moment components My, Mye,
Mpy,,, obtained using the elastic model of the excavator. In addition, during the digging
operation, there are no significant changes in the value of joint O; loading between swing
drive variants A and B. The differences in the joint O, loading are observed only during the
transferring operation and while the excavator is returning to a new digging plane when
the swing drive is active.
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Figure 4. Components of joint O, loading forces for the swing drive variants A and B, determined
with the rigid (Fp., Fayk, Fp.x) and the elastic (Foxe, Foye, F2ze) mathematical models of the excavator.

During the digging and scooping operations (t = 8 s), joint O, loading does not
differ for drive variants A and B. The zoomed change in the joint O; loading during the
excavator manipulation task (f = 8-18 s), as given in Figure 4, shows a slight difference in
the changes in the force components Fy, and F3,, in the initial period (f = 9.5-12.5 s) of
the accelerated rotation of the upper structure during the material transfer operation. In
the same period, the change in force Fy,, is identical with variants A and B. Insignificant
oscillatory changes in force Fy,, appear with the change between swing drive variants A
and B (t = 13.5 s) at the beginning of the decelerating (stopping) rotation. Here, somewhat
greater amplitudes appear in the changes in force Fy,, intensity with the drive variant A,
the integrated transmission of which has a lower specific flow for the hydraulic motor
(Gmaa = 80.4 cm®) and a higher transmission ratio for the reducer (i, = 111.86).
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Figure 5. Components of joint O, loading moments for the swing drive variants A and B, deter-
mined with the rigid (M, Moy, Moz) and the elastic (Maye, Maye, Ma,,) mathematical models of
the excavator.

Components Fy,x and Fyy,e of the joint O; loading force vector do not change signifi-
cantly during the manipulation task. Smaller deviations in the intensity (f = 10-12 s) appear
at the end of the accelerated upper structure rotation. Components Fy,; and Fy,, of the joint
O, loading force vector differ insignificantly in terms of change intensity and character
during the manipulation task. The change in components Fy,, and Fy,, of the joint O,
loading force is the same for both variants A and B of the excavator swing drive. The
zoomed-in part of the changes in the joint O, loading moment components, depicted in
Figure 5, shows that during the material transfer operation (¢ = 9-13 s) when the swing
drive mechanism is active, the character of the oscillatory changes in components My,
and My, is not the same for drive variants A and B. Here, greater amplitudes appeared
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during the changes in intensity with drive A, particularly in moment component My, at the
beginning of the accelerated rotation (t = 9-10.5 s). In the same stage of the manipulation
task, a difference appears in the intensity of changes in components My,; and M,,,, which
is determined based on the rigid and elastic mathematical models of the excavator.

4. Dynamic Stability of the Swing Drive

The basis for this analysis of the influence of the relationship between the parameters of
the hydraulic motor and the reducer that form the integrated transmission of the excavator
swing drive on the dynamic stability drive is represented by the previously defined elastic
dynamic excavator model, with five degrees of freedom of movement determined by the
following generalized oscillation coordinates, as shown in Figure 2b:

‘7 = {lh/ qZI ‘13/ 114/ ‘75} ’ (9)

where: g;—the turning angle of the undercarriage in the horizontal plane around its
vertical axis O1y1, g,—the turning angle of the upper structure around its vertical axis Oyy»,
and g3, q4, gs—the turning angles of the boom, stick, and bucket around the horizontal
axes O;z; of the swing joints by which they are connected to the kinematic chain of the
excavator manipulator.

In the excavator model, as a single member of the manipulator, the bucket comprises
the connected bucket support plate and jaws, along with the hydraulic cylinders for the
movement of the jaws.

This analysis highlighted small oscillations of the excavator kinematic chain members
around the position of stable balance, due to the elastic-damping characteristics of the
actuators (hydraulic motors and hydraulic cylinders) of the excavator drive mechanisms
caused by the initial movement conditions. Based on the defined mathematical model,
and using the ADAMS program as an example, generalized oscillation coordinates were
determined for the already adopted excavator model of 100,000 kg in mass with the swing
drive variants A and B. The initial movement conditions, listed in Table 4, correspond to the
position of the excavator kinematic chain in the initial decelerated phase of the operation of
returning the upper structure (t = 16.76 s), shown in Figure 3, from the unloading plane to
the new plane of digging via a sharp decrease in the initial angular velocity of the upper
structure from 0, = —0.551 rad/s to 8, = 0 rad/s. From the obtained analysis results, we
present the change in the generalized oscillation coordinate ¢, as depicted in Figure 6, of the
upper structure for the drive variants A and B, which shows that the relationship between
the parameters of the drive integrated transmission influences its dynamic stability.

Table 4. Initial excavator oscillation conditions.

Parameters of Initial Conditions Symbol Dimension Values
Manipulation task time t s 16.76
Undercarriage position angle 01 ° 0.000
Upper structure angle 02 ° 54.342
Boom position angle 03 ° 50.526
Stick position angle 04 ° —42.292
Bucket position angle 05 © —37.282
Upper structure angular velocity 0, rad/s —0.551

The oscillation of the excavator with the variant A drive, the integrated transmission
of which has a hydraulic motor with a lower specific flow (g2, = 80.4 cm?) and a reducer
with a higher transmission ratio (i;; = 111.86), yields significantly lower amplitudes and
periods of damped oscillations in relation to the variant B drive, which has an integrated
transmission including a hydraulic motor with a higher specific flow (g2, = 200 cm?) and
a reducer with a lower transmission ratio (i;, = 35.13) for the same initial conditions of
the excavator’s movement. Furthermore, the time needed for the oscillation of the upper
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structure with the variant A drive to subside (t5; = 1.5 s) is significantly shorter than the
time needed for the oscillation of the upper structure with the variant B drive to subside
(tsp =3 s).

ot
W
0.00 I\
mii
A

-0.40 \ \/
-0.60 I \v/
-0.80 \Vl
-1.00 | |
16.30 16.80 17.30 17.80 18.30 18.80 t[s]

Figure 6. Generalized oscillation coordinates of the excavator upper structure with drive variants A
and B.

5. Conclusions

The results of the analysis presented in the paper show that the dynamic loading and
dynamic stability of the swing drive mechanism in hydraulic excavators depend on the
relationship between the parameters of the hydraulic motor and the reducer comprising
the integrated transmission of the swing drive. The relation of the parameters represents
the relation between the magnitude of the specific flow of the hydraulic motor and the
transmission ratio of the reducer in the integrated transmission, bearing in mind that the
same number of revolutions and the upper structure rotation moment can be achieved
using a hydraulic motor with a low specific flow and a reducer with a high transmission
ratio, and vice versa.

For this analysis of the loading of the swing drive mechanism, the force and moment
vectors of the center of the drive axial bearing were determined using the procedure of
numerical simulation employed for the operation of an excavator weighing 100,000 kg, in
line with the given conditions of the manipulation task and with the following operations:
scooping, transferring, and unloading the material and returning to the new digging
position. The obtained results show that the dynamic loads of the drive axial bearing
are larger in a swing drive with an integrated transmission that has a hydraulic motor
with a lower specific flow and a reducer with a higher transmission ratio, compared to an
integrated transmission that has a hydraulic motor with a higher specific flow and a reducer
with a lower transmission ratio. The difference in the axial bearing loads is particularly
pronounced in the phases of accelerated and decelerated movement of the upper structure
during the operation of transferring the scooped material.

For this analysis of the dynamic stability of the swing drive, a dynamic mathematical
model was developed in which the chain members were modeled using rigid bodies,
while the actuators (hydraulic motors and hydraulic cylinders) of the excavator drive
mechanisms were modeled as elastic-damping elements. Small oscillations were observed
in the kinematic chain members around the balance position for the given initial conditions
of the upper structure movement. The analyses showed that when the swing drive with an
integrated transmission, a hydraulic motor with a lower specific flow, and a reducer with a
higher transmission ratio was compared with the drive that had an integrated transmission
with the opposite parameters, the first swing drive displayed significantly lower oscillation
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amplitudes and a shorter time for damping the oscillation of the upper structure under the
same initial movement conditions.

The obtained research results, as presented in this paper, can contribute to future
research related to the development of a multi-criteria method for selecting the best drive
solution for excavators. A multi-criteria analysis with economic and technical indica-
tors [40] is necessary to evaluate the generated variants of the platform drive solution.
Additionally, future studies can focus on applying advanced optimization algorithms, such
as machine learning-based methods, to improve the balance between hydraulic motor flow
and transmission ratios, thereby enhancing both energy efficiency and dynamic stability
under diverse operating conditions.
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