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Abstract: The paper provides an analysis of the energy efficiency of the swing drive system of
hydraulic excavators, which integrally includes a hydraulic motor and a planetary reducer. The
indicator of the drive’s energy efficiency is determined based on the efficiency of the hydraulic motor
and the planetary reducer. The efficiency of the hydraulic motor is defined as a function of the specific
flow, pressure, and the number of revolutions of the hydraulic motor. The efficiency of the reducer
is determined using structural analysis of planetary gearboxes and the moment method. As an
example, the results of a comparative analysis of the energy efficiency of the swing drive of a tracked
hydraulic excavator, weighing 16,000 kg and having a bucket volume of 0.6 m?, are presented. From
the set of possible generated variant solutions of the drive, obtained through the synthesis process
based on the required torque and platform rotation speed, two extreme drive variants were selected
for the analysis. The first drive variant uses a hydraulic motor with low specific flow and a three-
stage reducer with a higher transmission ratio, while the second variant uses a hydraulic motor with
high specific flow and a two-stage reducer with a lower transmission ratio. The obtained results of
the comparative analysis of the drive's energy efficiency are presented depending on the change in
the required torque and the number of revolutions of the platform.

Keywords: hydraulic excavators; swing drive; energy efficiency

1. Introduction

Due to the global environmental crisis, in recent years the demands for energy savings and green
gas emissions in the construction machinery sector have increased significantly, while
simultaneously preserving the performance, safety and reliability of the machines [1]. Modern
construction machines such as excavators, loaders and cranes have significant losses in their drive
systems, especially when hydraulically actuated. The energy efficiency of hydraulic systems is
estimated at around 54%, while the efficiency of the entire machine is only 10% [2]. Hydraulic
excavators are a prime focus for energy-saving innovations. A comprehensive review by Do et al. [3]
surveyed state-of-the-art energy regeneration techniques for excavators, which can help reduce
energy consumption and pollution in hydraulic excavators. Building on these insights, recent studies
have introduced innovative hybrid architectures and energy recovery systems. Nguyen et al. [4]
introduced an innovative hybrid powertrain and energy management system for hydraulic
excavators. Their system incorporates hydrostatic transmission into the hybrid powertrain.
Experimental validation on a lab-scale excavator platform showed a 9.44% reduction in overall
energy consumption compared to a conventional system. Singh et al. [5] presented a comprehensive
review of sustainable energy solutions for hydraulic excavators alongside a new regeneration concept
for the swing drive. They surveyed technologies like hybrid systems and they proposed system
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which achieved about 13.2% improvement in energy savings and a 97.5% energy regeneration
efficiency in simulations.

Ge et al. [6] developed an electro-hydraulic excavator system equipped with a displacement
variable pump driven by a speed variable electric motor, achieving significant energy savings-up to
33% under partial load conditions. On the other hand, Li et al. [7] proposed an electro-hydraulic
hybrid drive system combining an electrically active driving system and a hydraulically passive
driving system, which resulted in a 70% reduction in energy consumption during a single boom
lifting-lowering cycle. Huang et al. [8] introduced a redesigned hydraulic motor for swing drives,
aiming to assess how motor parameters influence energy efficiency. The proposed dual-source
hydraulic motor combines an energy recovery unit with the primary drive unit, creating two separate
hydraulic circuits to minimize energy loss during braking —a frequent issue in traditional systems. A
key design metric, the displacement ratio, defined as the ratio between the displacements of the two
hydraulic circuits, plays a critical role in determining motor performance and overall system
behavior. The study highlights a substantial decrease in energy consumption by the hydraulic pump
in the main drive when using the dual-source setup compared to a standard configuration. In
contrast, conventional swing drive systems rely on the operator's reaction speed for productivity and
precise positioning during rotation. To address this, another study [9] proposes a combined position
and speed control method that retains the existing operational interface but uses the desired rotation
angle or position as the input for a closed-loop control system. Furthermore, to enhance braking
dynamics, the strategy applies the principle of energy balance by adjusting the valve opening size
throughout the swing motion.

So, most studies demonstrate a clear trend: by combining hydraulic energy storage [10-12]
(accumulators, regenerative units) with intelligent hybrid powertrains [13-15] and control strategies
[16-19], excavators can dramatically improve their energy efficiency.

Compared to these advanced system-level solutions, this study focuses on the analysis aimed at
optimizing the conventional drive configuration, particularly the hydraulic motor and planetary gear
reducer of the swing drive in hydraulic excavators —with the objective of enhancing overall efficiency
through appropriate component selection and the alignment of component parameter ratios for the
entire operating cycle, including phases such as digging material, moving, unloading, and returning
to the initial position. Rotation has been identified as a key phase [20] that significantly influences the
total cycle duration and fuel consumption, especially in hydraulic excavators. The analysis of the size
ratio of components that make up the drive mechanism for rotating the platform of hydraulic
excavators plays a key role in determining the dynamic stability and energy efficiency of the drive.
Thus, our previous study [21] demonstrated the influence of component size ratio parameters on the
dynamic load and dynamic stability of the drive.

2. Mathematical Model of the of the Swing Drive of Excavators

For the development of a mathematical model of the slewing platform drive, a hydraulic crawler
excavator with a deep bucket (Figure 1a) was considered. The following notations were introduced:
L1 — excavator tracks, Lz — slewing platform, Ls — boom, L4+ — arm, and Ls — bucket. The actuators of the
manipulator drive mechanisms are the hydraulic cylinders of the boom - c;, the arm- ¢4, and the
bucket - cs. The slewing platform drive consists of a hydraulic motor 2.3 (Figure 1b), a gearbox 2.4,
and an axial bearing 2.5. The drive hydraulic motor is supplied via distributor 2.2 by the hydraulic
pump 2.1, which is powered by diesel engine 1 through the power splitter 1.2 and the flexible
coupling 1.1. By rigidly connecting the gearbox housing to the untoothed ring of the axial bearing for
the slewing platform L, and by rotating the gear z2¢ on the gearbox output shaft in engagement with
the stationary toothed ring zzs of the axial bearing, which is fixed to the excavator’s undercarriage L,
the rotation of the platform is achieved.

The parameters of the drive mechanism function for the excavator’s slewing platform are the
output torque M, and the rotational speed n; of the platform, defined by the following equations [21]:
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where: gpmax, gmmax — the maximum specific flow of the hydraulic pump and the hydraulic motor, p, po
— the pressure in the extension and retraction duct of the hydraulic motor, #n, — the number of the
hydraulic pump revolutions, ir, - — the transmission ratio and the degree of efficiency of the reducer,
Mpo, Npm, Nmv, Num — the volumetric and mechanical degree of efficiency of the hydraulic pump and the
hydraulic motor, ep=gp/gpmax — the hydraulic pump regulation range, en=gm/qmma — the hydraulic motor
regulation range, 1 — the degree of efficiency between the reducer and the axial bearing.

b) = —
213.,,_ ‘
ik P22
1k R 'TE . ‘
1 E':: Po P
= i | e ﬁg J
t —H=
213*E® ‘ 24 I‘lﬂl__ []
I 4 T
1.2 — Alg,n7 I
ij 225 & 2.5
Ls- J=EEREN . —

Figure 1. a) Hydraulic crawler excavator, b) Swing drive of hydraulic excavators with an open hydrostatic

circuit.

2.1. Synthesis of the Drive System

Equations (1) and (2) show that for the same desired parameters of the slewing platform drive
function, different drive variants can be generated through the synthesis process by varying the
pressure and flow rate of the hydraulic pump, as well as by changing the displacement of the
hydraulic motor and the gear ratio of the gearbox.

In the process of generating drive variants, the first synthesis step determines the maximum
output torque Mmuax at the gearbox output shaft of the drive mechanism, based on the maximum
required torque of the slewing platform Mamax:

M. 2max
Mgy = —28%_
rmax ncz . il . nl (6)
where: i, 1 - gear ratio and efficiency between the toothed ring of the bearing and the gear on the
output shaft of the gearbox in the drive mechanism, #.2 - number of drive mechanisms for the slewing
platform. Based on the maximum torque Mmuar at the output shaft of the gearbox, a gearbox model
for the slewing platform drive is selected from the set of available gear units, according to the catalogs

of specialized manufacturers, under the following condition:

kr ' Mrdmax < Mrmax < Mrdmax' (7)

where: Mramax - maximum allowable torque at the output shaft of the gearbox, k- deviation coefficient
between the required torque and the allowable torque of the gearbox. The selected gearbox model,
with the same maximum allowable torque at the output shaft that satisfies condition (7), can—
according to the available gear units —be implemented with different numbers of hydraulic motors
having various specific displacements, and gearboxes with different gear ratios.

Through the further synthesis process, for the selected gearbox model, possible variant solutions
of the slewing platform drive mechanism are generated by varying the rotational speed ny, pressure
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p, and the available specific displacements of the hydraulic pump gy, along with the specific
displacements of the hydraulic motor g» and the gear ratios of the gearbox ir, in order to satisfy the
following conditions:

MZmax < MZ < kMMZmaxr (8)

Nomax < n; =< knanax' (9)

where: kum, ki - coefficients of the allowable range for the torque and rotational speed of the slewing
platform.

2.2. Energy Analysis of the Efficiency of the Swing Drive Transmission

As one of the criteria for evaluating the generated variant solutions with identical output
functional parameters but different transmission parameters, an energy analysis of the efficiency of
the swing drive transmission was performed.

The overall efficiency of the transmission is taken as the indicator of the energy efficiency of the
drive transmission in the excavator's swing mechanism:

Nu = Nmu " M (10)

where: nmu -efficiency of the hydraulic motor, 7 - efficiency of the gearbox transmission.
The efficiency of the hydraulic motor is defined as the product of its volumetric efficiency 1,
and mechanical efficiency 1mm:
Nm " Gm " Em

T = Ty * T = (1 = —Zm
e e N Qm ™ Em - ng Gm " Ap - &p

), (11)

depending on the flow losses Q,,, and torque losses M, of the hydraulic motor, determined by the
correlation expressions [22]:

ng =hym - Ap + hyp - Ny, (12)

Mgm = Kkom + Kim - Ap + koym - Ny, (13)

where: him, ham, kom, kim, kon — correlation constants for flow and torque losses, determined through
testing for each hydraulic motor size.

The efficiency of the gearbox depends on the design concept of the gearbox structure. In the
transmission assemblies of the swing drive mechanism for excavators of all sizes, planetary gearboxes
are used, with one or more elementary planetary gear sets.

In principle, for all elementary planetary sets, the sun gear 1 (Figure 2) is connected to the input
(driving) shaft, the planet gears 2 mesh with both the sun gear and the fixed ring gear 3, and the
output (driven) shaft is part of the planet carrier 4.

The complex motion of the planetary set elements consists of a transmission (carrier) motion and
a relative motion. Transmission motion is exhibited by elements (the sun gear and planet carrier) that
rotate around the central axis of the planetary set, while the relative motion refers to all other elements
(planet gears) of the transmission.

Previous research has shown that both theoretical and experimental methods are used in
determining the efficiency of planetary gearboxes. Among the theoretical methods are the power loss
method in the gear meshes of planetary sets and the Kreiner (moment) method, which, when
calculating efficiency, consider only the friction losses that occur due to gear meshing [23][24][25]. By
applying structural analysis of planetary gear trains and the moment method, the efficiencies of the
generated variant solutions of the swing drive gearboxes were determined using the following ratio
[26]:

bt

My =— (14)

.
lT
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where: i - torque transmission ratio of the planetary gearbox considering friction losses in gear
meshing, ir- torque transmission ratio of the gearbox without considering friction losses in gear
meshing.

Figure 2. Structural analysis of a planetary gearbox: a) elementary planetary gear set, b) symbolic

representation, c) structural diagram of a three-stage planetary gearbox with elementary planetary sets [26].

In determining the torque transmission ratios, the structural diagram of the gearbox-composed
of symbols representing elementary planetary gear sets (Figure 2c) [26] - is used. The symbol of the
elementary planetary gear set indicates one input energy flow with torque M; =1, and two output
energy flows with torques M, and M3, which are related by the following ratio:

Ml:M4:M3 :Ml:_(1+is'ns)'Ml:is'ns'Ml (15)
=L—(1+i5-nis 7

where: M; - unit input torque of the sun gear, M3 - output torque on the fixed ring gear,

M, - output torque on the planet carrier, is==z3/z1 - gear ratio defined as the number of teeth of the fixed

ring gear to the sun gear, 7 - efficiency of the elementary planetary gear set accounting for friction in

gear meshing [26]:

nsz1—[0,15-(l+i)+0,2-(i—i)], (16)

Z1  Zy

For a planetary gearbox with ns elementary planetary gear sets, the efficiency is determined by
the following equation (Figure 2c):

ns

i 1+ iy, -1
nrzﬂzl_[—” Tsi (17)

i 1+ i;
T =1 sj

When friction losses in gear meshing are not taken into account, the torque transmission ratio of
the gearbox ir is determined, assuming the efficiencies of the elementary planetary gear sets 7s=1.
Based on the previously defined general mathematical model, a program was developed for
generating variants of the excavator swing drive mechanism and for analyzing their energy
efficiency, using the given functional parameters of the swing drive and data files containing the
parameters of available drive component models.

3. Example of Drive Efficiency Analysis

As an example, by using the developed program, possible variants of the swing drive
mechanism were generated, and their energy efficiencies were determined for a physical model of a
hydraulic crawler excavator weighing 17,000 kg and equipped with a bucket volume of 0.6 m3.

The program utilized parameter files of available swing drive components, including: axial-
piston hydraulic pumps with variable specific displacement, axial-piston hydraulic motors with
constant specific displacement, and planetary gearboxes-configured according to the catalogs of
Bosch Rexroth [27]. The size of the axial bearing in the swing drive was determined based on the
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bearing load spectrum during excavation operations across the entire working range of the excavator
[28,29], and from parameter files of available axial bearings from the company RotheErde [30].

In generating the variant solutions of the swing drive, the functional parameters of the slewing
platform and the known parameters of the diesel engine and axial bearing were specified (Table 2).

Table 2. Functional Parameters of the Swing Mechanism for the Analyzed Excavator Model.

Parameters Symbol Unit Value
Maximum torque of the slewing platform Mamax kNm 50
Maximum rotational speed of the slewing platform Nomax /(@2max) | min-1/(rad/s) | 12/(1,25)
Number of swing drive mechanisms Ne - 1
Number of teeth on the ring gear of the axial bearing 226 - 93
Efficiency between the gearbox and the axial bearing 7 - 0,96
Diesel engine max speed range at rated power Nenp, Nenk min? 2000-2100
Transmission ratio range of the power splitter ep, lek - 0,50-1,20
Pressure range of the hydraulic pump Prmin,Pmax MPa 20-45

The specified number of swing drive mechanisms #c and the maximum rotational speed of the
platform nzmax, as well as the diesel engine speed range at rated power #ne=[1enp, n1ent] and the hydraulic
pump pressure range p=[pmin, pmax], were determined based on the results of a parametric analysis of
hydraulic excavator models from leading global manufacturers that are similar in size (mass) to the
analyzed physical model of the excavator.

The specified functional parameter of the swing drive - the maximum torque of the slewing
platform Momc, was determined based on the measured state variables of the observed physical
excavator model during various manipulation tasks under real operating conditions [31]. The set of
measured state variables included: displacements of the undercarriage, the slewing angle of the
platform, kinematic lengths of the hydraulic cylinders of the manipulator drive mechanisms,
pressures in the working lines of the manipulator hydraulic cylinders, and pressures in the hydraulic
motor of the swing drive.

Based on these measured variables, among other things, the functional parameters of the
excavator’s drive mechanisms were determined for 42 different manipulation tasks across the entire
working range of the excavator.

For the selected manipulation task 5, the change in angular velocities Q; (Figure 3a) and drive
torques Myi (Figure 3b) is presented for the swing drive mechanism (i = 2) and the manipulator drive
mechanisms (i = 3, 4, 5) of the excavator during digging, material transfer, unloading, and return to a
new digging position.

In this task, the maximum digging depth is 1,3m, and the slewing angle of the platform is 35°,
which corresponds to the most common operating conditions of the analyzed excavator model.
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Figure 3. Change in functional parameters of the excavator drive mechanisms during manipulation task 5: a)

angular velocities Q; b) drive torques Mji.

The changes in functional parameters show that the drive torque M. of the swing drive
mechanism is relatively small, during the manipulation task, compared to the drive torques of the
boom Mps, arm Mps, and bucket Mys drive mechanisms of the manipulator.

Notably, the torque of the swing drive during the digging operation is negligible, as it is
balanced by the lateral digging resistance acting perpendicularly on the outer surfaces of the bucket.

The maximum values of angular velocity @, and drive torque M2 of the swing platform occur
during the transfer of the excavated material from the digging plane to the unloading plane, as well
as during the return operation to a new digging position. The specified value of the maximum torque
of the slewing platform M:n»=50 kNm was determined based on the maximum torque of the slewing
platform Mzm=49,33 kNm (Figure 3b), which occurred at (+=15,87s), at the beginning of the
acceleration phase during the return of the excavator manipulator from the unloading plane to a new
digging plane, within manipulation task 5. Based on the specified functional parameters, compiled
constraints, and the assembled data files of available drive component models, 94 possible variant
solutions of the swing drive mechanism were generated for the observed excavator model using the
developed program. From the set of possible swing drive mechanism solutions, two representative
variants - VE10/1 and VE12/1 -were selected for a comparative analysis of transmission energy
efficiency (Table 3). These variants differ significantly in their transformation and transmission
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parameters. Variant VE10/1 features a smaller hydraulic motor with a specific displacement of gw=32
cm?® and a three-stage gearbox with a higher transmission ratio of #=91,13, whereas variant VE12/1
includes a larger hydraulic motor with a specific displacement of 4,=80 cm? and a two-stage gearbox
with a lower transmission ratio of =31,36. Both drive variants are equipped with the same hydraulic
pump with a maximum specific displacement of =80 cm? with slight differences in maximum
pressure and rotational speed, resulting in minor variations in output parameters-the maximum
rotational speed and maximum torque of the slewing platform.

Table 3. Selected Drive Variants of the Swing Mechanism for the Analyzed Excavator Model.

Variant /
Number of Hydraulic pump Hydraulic motor ~ Gearbox Slewing platform
Drives
Specific Rotational Specific Transmission Rotational
. Pressure . . Torque
displacement » speed displacement ra‘tlo speed Mo
n m ir n2
[cﬁfs] [MPal [mi:rl] [can] [min] [kNm]
VE10/1 80.00 23.00 2433.09 32.00 91.13 12.06 50.02
VE12/1 80.00 26.00 2141.33 80.40 31.36 12.07 50.45

In the comparative energy analysis of the selected drive variants, for hydraulic motors with
specific displacements of 32 cm? and 80.4 cm?, the overall efficiencies were determined with sufficient
accuracy (Equations 11, 12, 13) based on known flow loss and torque loss constants of hydraulic
motors with specific displacements of 35 cm? and 75 cm?® (Table 4).

Table 4. Correlation constants for losses in axial-piston hydraulic motors [22].

Specific displacement

of the hydraulic motor Flow loss constants Torque loss constants
qm Nim ham Kom kim kom
cm? m?®/sPa m3/rad Nm Nm/Pa Nm/(rad/s)
35 1,0565e-12 3,0393e-8 -2,8465e-1  3,7989%-7  2,1217e-2
75 1,8576e-12 5,1773e-8 3,4105 4,7974e-7  6.9763e-2

The efficiencies 7, of the planetary three-stage gearbox in drive variant VE10/1 and the planetary
two-stage gearbox in variant VE12/1 were determined (Equation 14) using the moment method and
the structural diagram of the gearbox (Figure 5).

The required gearbox parameters were defined based on 3D models of the corresponding
gearboxes selected from the database of available gear units.
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Figure 5. Efficiencies of planetary gearboxes: a) three-stage gearbox, drive variant VE10/1, b) Two-stage gearbox,
drive variant VE12/1.

For the selected variant solutions, the overall transmission efficiencies 1), (Figure 6) of both drive
variants were determined by varying the hydraulic motor pressure (from 3 to 45 MPa) and flow rate
(from 10 to 195 1/min).

The comparative analysis of the efficiencies of the selected variants was conducted as a function
of the platform's rotational speed n, and torque M..

The analysis of the obtained results shows that the energy efficiency of the drive transmission
variants differs significantly and changes depending on the functional parameters of the excavator
platform rotation. In operating zones with higher load torques and lower platform rotational speeds
(corresponding to material transfer operations from the digging plane to the unloading plane), higher
efficiency values are achieved by the transmission of variant VE10/1, which uses a hydraulic motor
with lower specific displacement and a gearbox with a higher transmission ratio.

Variant VE12/1, featuring a hydraulic motor with higher specific displacement and a gearbox
with a lower transmission ratio, achieves higher efficiency at lower load torques and higher platform
rotational speeds. This corresponds to return operations from the unloading plane to a new digging
plane, under larger slewing angles, when higher platform rotational speeds can be achieved.

The analysis of the change in the platform rotation function parameters, obtained from measured
state variables of the observed physical excavator model during operation under real working
conditions, shows that during manipulation task 5, the maximum platform torque Mama=49.33 kNm
(Figure 3b) occurred at t= 15.87 s, when the angular velocity (rotational speed) of the platform was
Q,=0.41 rad/s (12=3.91 min™).

Additionally, during the same manipulation task, the maximum angular velocity (rotational
speed) of the platform Q,=0.65rad/s (11, =6.21 min!) occurred at t = 16.87 s. In both cases, the angular
velocity (rotational speed) values were significantly lower than the maximum achievable angular
velocity Qsmax=1.25 rad/s (1.mx = 12 min™) that the swing platform can reach with the selected drive
variants.

The results of the energy analysis of the selected swing drive variants show that, for the most
common excavator working operations—characterized by lower angular velocities and higher
slewing torques—drive variants with hydraulic motors of lower specific displacement and gearboxes
with higher transmission ratios exhibit higher efficiency levels.

However, for the final selection of the optimal swing drive solution for hydraulic excavators
using a multi-criteria decision-making process, in addition to energy efficiency, other criteria should
also be considered, including drive dynamic stability, cost, weight, design, and sustainability
requirements.
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Figure 6. Efficiencies of the transmission: a) drive variant VE10/1, 6) drive variant VE12/1, c) both drive variants
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4. Conclusions

The paper presents a procedure for the synthesis and energy efficiency analysis of a general
model of the drive mechanism for rotating the platform of hydraulic excavators.

The drive efficiency was defined as the key indicator of energy performance, based on which a
comparative analysis was conducted for drive variants with different component sizes but identical
output parameters of the platform slewing function.

Using the developed synthesis program, based on the specified functional parameters of the platform
drive and the parameter files of available drive components, possible drive variants were generated
for a hydraulic excavator with a mass of 17,000 kg. The input parameters for the synthesis process
were defined based on test results obtained from the selected excavator model operating under real
working conditions. From the set of generated variants, two representative swing drive
configurations were selected: one with a hydraulic motor of low specific displacement and a three-
stage gearbox with a high transmission ratio, and the other with a hydraulic motor of high specific
displacement and a two-stage gearbox with a lower transmission ratio.

The results of the comparative analysis show that the overall drive efficiency strongly depends
on the selected transformation and transmission parameters. The variant with a hydraulic motor of
lower specific displacement and a higher transmission ratio demonstrated higher efficiency under
higher load torques and lower rotational speeds, whereas the other variant was more efficient at
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higher speeds and lower loads. These analysis results highlight the importance of selecting
appropriate drive components with which the same excavator model can be equipped, in order to
maximize the energy efficiency of the drive system. The proposed methodology, which integrates the
modeling of hydraulic and mechanical efficiency, can serve as a useful tool in the design and selection
of energy-efficient swing drive systems.

Future research may expand this approach by incorporating control strategies aimed at further
improving energy efficiency under various operating conditions.
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