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Annotation. Problem. Modern trends in the design of mechanical systems require the application of
efficient methods to reduce time and resource expenditures during the development and testing of new
structures. Large-scale modeling serves as a critical tool for verifying theoretical principles,
evaluating the safety, and assessing the functionality of mechanical systems at early design stages.
However, the complexity of dynamic models that describe the behavior of mobile machines in a scaled
format necessitates the development of approaches to simplify such models. One promising approach
is the method of partial accelerations, which enables mathematical and computational optimization of
modeling processes. Purpose. The purpose of this study is to improve large-scale modeling methods
by employing the method of partial accelerations in the study of mobile machine dynamics.
Methodology. The research is based on the principle of superposition in mechanics, which enables the
replacement of classical dynamic equations with equations of partial accelerations in a homogeneous
vector space. This approach significantly simplifies the mathematical representation of system
dynamics. Results. It has been established that the acceleration scale for mechanical systems
operating within Earth’s gravitational field is always equal to unity, simplifying the process of
determining the scaling factors for other physical quantities. The study proposes equations for partial
accelerations that provide an accurate representation of the kinematics of both prototype and scaled
models of mobile machines. Furthermore, the application of the multi-component complex motion
model demonstrated its ability to evaluate dynamic deviations in mobile machines and account for the
effects of active and reactive forces. Originality. The proposed method of partial accelerations
introduces a novel approach to large-scale modeling of mechanical systems. By operating within a
homogeneous vector space of accelerations, this method eliminates the need for inertial forces,
reducing the complexity of mathematical models and enhancing the accuracy of predicting system
dynamic behavior. Practical meaning. The method of partial accelerations can be applied in the
following areas: designing mobile machines, including vehicles and planetary rovers; optimizing
dynamic tests using accelerometers; modeling the energy efficiency of vehicles under steady and
unsteady motion; enhancing scaled models for safety and maneuverability analyses.

Key words: large-scale modeling of mechanical systems, method of partial accelerations, mobile
machines, principle of superposition in mechanics, dynamic testing, multi-component complex motion,
scale of physical quantities, energy efficiency of vehicles

Introduction machines, which is crucial for ensuring their
stability and controllability.

In large-scale modeling, the dynamic
equations for the prototype machine and its

Large-scale modeling accelerates  the
development and production of new products. It
also faqhtateg the verification of fundamental scaled model are formulated. By comparing
theoretical principles and ensures the safety of these equations, the scaling factors of the
new designs at the early stages of their  pnysical quantities involved are determined. A
development. This approach has been widely  critical aspect of this process is ensuring

employed in the design and manufacturing of  consistency between the physical parameters of
marine and air vessels, as well as automobiles. It the prototype and the scaled model, which

enables the assessment of external and internal allows for accurate simulation results. However,
forces affecting the dynamic characteristics of acceleration is the only physical quantity whose
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scaling factor remains equal to one, regardless
of the scaling applied. This is because both the
prototype and its model operate within Earth’s
gravitational field under the influence of the
constant free-fall acceleration g=9,81 m/s°,

In this context, the method of partial
accelerations proves to be highly effective. It
replaces conventional dynamic equations, which
are sums in a mixed vector space, with partial
acceleration equations within a homogeneous
vector space of accelerations. This substitution
simplifies the mathematical model and
facilitates the selection of scaling factors for
physical quantities. Additionally, this method
significantly reduces the computational effort
required, thereby increasing the efficiency of
modeling. The method of partial accelerations is
also a versatile tool that can be adapted for
various types of mechanical systems, including
vehicles, aircraft, and planetary rovers.

Evaluating the scaling factors of physical
quantities using this approach helps to avoid
inaccuracies that may arise during multifactorial
computations. Furthermore, this method enables
the analysis of dynamic system behavior under
non-standard conditions, significantly expanding
the capabilities of large-scale modeling.

Analysis of publications

The issue of large-scale modeling of mobile
machines has been extensively explored in
studies [1-7]. The research process in large-
scale modeling involves formulating the
dynamic equations of the prototype machine and
its scaled model, followed by determining the
similarity scales for each physical quantity
involved in these equations. A major challenge
lies in accurately determining the scaling factors
for various physical quantities, such as force,
mass, moment of inertia, and velocity, as all
these parameters depend on the initial linear
scale factor m..

Study [7] established the relationship
between similarity scales of different physical
quantities based on the initial (calculated) linear
scale m.. It was determined that, regardless of
my, the acceleration scale m, always equals one.
This phenomenon is explained by the fact that
large-scale modeling is conducted within Earth's
gravitational field, where the acceleration due to
gravity g=9,81m/s* remains constant. This
property significantly simplifies calculations and
ensures the invariance of the machine's dynamic
characteristics under scaling conditions.

In planetary rover design, the scale factor mL
often serves as a primary parameter that defines
not only the geometric dimensions but also
allows the development of an entire system of
scales, including quantities such as force
(me=m?) and mass (m =m’) [3]. A
distinctive feature of the partial accelerations
method is that it avoids the need for equations of
inertial forces, replacing them with simplified
equations of partial accelerations.

With the acceleration scale my = 1, it
becomes possible to replace the dynamic
equations of the machine with a single equation
of partial accelerations, applicable for describing
the kinematics of both the prototype machine
and its scaled model [8]. This approach enables
the integration of dynamic analysis results
across different levels of scaling while
maintaining the accuracy and reliability of the
modeling process. Furthermore, the method
facilitates the assessment of the effects of
various active and reactive forces on the
dynamic stability and controllability of the
mobile machine.

Additionally, considering the specifics of
applying large-scale modeling methods to the
analysis of multi-component motions, it is
possible to describe not only standard
equilibrium states of the machine but also non-
standard modes, such as maneuvering or motion
on rough terrain. This opens new opportunities
for employing large-scale modeling in
optimizing the designs of modern mobile
machines.

The method of partial accelerations [8]
involves replacing the dynamic equation of a
point with mass m

n
ma =
i=1

el

(1)

into the equation of partial accelerations by
dividing both the left-hand and right-hand sides
of equation (1) by the mass m

n

no_ P
a:%;PFZ—EZ@' @

it m G

where @ - acceleration of a point with mass m;
P - i-th force acting on the point with mass m;
n — number of forces (active and reactive) acting
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on the point with mass m; & - partial

acceleration caused by the action of force P, on

the point with mass m.

The transition from the equation of dynamics
(1) to the equation of partial accelerations (2) is
possible due to the principle of superposition in
mechanics. This principle allows the motion of a
body to be analyzed not in a mixed vector space
(comprising vectors of forces and accelerations)
but in a uniform vector space of accelerations. In
this context, the use of inertial forces is entirely
excluded. Their application by d’Alembert and
Euler was merely a mathematical technigque
devoid of physical meaning.

Purpose and Tasks

The objective of the study is to improve the
methods of scale modeling by utilizing the
method of partial accelerations in the analysis of
mobile machine dynamics.

To achieve this objective, the following tasks
need to be addressed:

— establish the relationship between partial
accelerations, velocities, displacements, and the
degrees of mobility of mobile machines;

—assess the feasibility of applying the
equation of partial accelerations in the scale
modeling of mobile machines.

The relationship between partial
accelerations, velocities, displacements, and
the degrees of mobility of mobile machines

In studies [9, 10, 11], the relationship between
maneuverability and the number of degrees of
freedom of a vehicle's running gear is demonstrated.
It is shown that the number of degrees of freedom
of the running gear [9, 11] is determined by the
number of independent control inputs that enable
changes in the velocity vector of the vehicle.

From the perspective of automatic control
theory, all partial accelerations applied to the
vehicle can be considered as control inputs (Fig. 1).

a;

a, | Vehicle —%4—

Partial accelerations as independent
control inputs acting on the vehicle

Equation (2) can be expressed through the
coordinate unit vectors i, j, k.

a=a,-i+a,-j+a, -k ®3)

Z

In equation (3) it is denoted: ay, ay, a; —

projections of the vector a onto the coordinate
axes.

ax = : ai>< (4)
a, = Zn:aiy ()
a‘z = _n a‘iz (6)

where aix; aiy; ai; — projections of the i-th partial
acceleration onto the coordinate axes.

After integration and double integration of
expressions (4)—(6), partial velocities and partial
displacements are obtained.

V=[S ad= 3, 0

5~ [SV-35 ®)

In study [12], the required number of
accelerometers and their placement during
dynamic testing of mobile machines were
determined. This was achieved by establishing
the relationship between the degrees of freedom
of a wvehicle and the necessary number of
measurement axes. To evaluate the level of
observation of the test object and the accuracy
of measurements, the authors of [12] proposed
an observation coefficient, defined as the ratio
of non-duplicated accelerometer axes to the
degrees of mobility of the object. Additionally, a
duplication coefficient was introduced to assess
the potential for improving measurement
accuracy. These coefficients are crucial when
designing measurement systems for dynamic
testing, as they allow for optimizing the number
and placement of sensors while maintaining
high accuracy of the results.

In study [13], the use of the multi-component
complex motion model [14] enabled the
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evaluation of vehicle energy efficiency under
steady and unsteady motion conditions. Any
motion within this framework is considered as
the sum of translational and multiple relative
motions. In [13], translational motion was
analyzed as rectilinear uniform motion, while
deviations from it were treated as relative
motions caused by perturbing forces (partial
accelerations, partial velocities, and
displacements). This approach not only
facilitates the analysis of energy efficiency
variations but also identifies specific zones
where perturbing forces impact the stability of
the vehicle's motion.

Thus, partial accelerations caused by various
active and reactive forces lead to deviations of
the mobile machine from translational
(rectilinear uniform) motion. In other words, this
disrupts the dynamic equilibrium of the system.
Moreover, analyzing these deviations helps to
identify the motion components that have the
greatest impact on the vehicle's stability, which
is especially important when designing high-
precision transportation systems.

Each possible relative motion corresponds to
one degree of freedom of the vehicle. The
number of possible relative motions (partial
accelerations, velocities, and displacements)
determines the degrees of mobility of the mobile
machine. This information is critically important
for developing vehicle control models that
account for both external and internal
influences. Furthermore, applying the multi-
component complex motion model allows for
more  precise  calculations of  energy
consumption in various operational modes, such
as maneuvering, braking, or traveling on uneven
terrain.

Additionally, the use of observation and
duplication coefficients minimizes the number
of accelerometers required while preserving data
accuracy, which also reduces the cost of
dynamic testing. Thus, integrating these
approaches into the modeling and testing
processes of mobile machines enables higher
levels of precision, stability, and energy
efficiency.

Assessment of the feasibility of using the
partial acceleration equation in scale
modeling

In scale modeling using the method of partial
accelerations, the same partial acceleration
equation (2) applies to both the full-scale

machine and its scaled model. With equation
(2), it becomes straightforward to formulate the
equations of motion for the full-scale machine
and its scaled model.

n

ma=m,.a =2 ma=>Fp, )
=1

i=1 i=1 i

n

msazmszn:ai =Zn:msai =3P, (10)
i=1 i=1 -1

where my; ms — masses of the full-scale machine

n
and its scaled model, respectively, » Py ;
i=1

n
ZPiM — sum of forces acting on the full-scale
i=1

machine and its scaled model.

The scale of forces can be determined by
dividing the left-hand and right-hand sides of
equations (9) and (10) by each other

m. = i=1 :m:m (11)

From expression (11), it can be seen that
m,=m,, which corresponds to the results

obtained in [7].
The linear similarity scale ml is related to the
mass scale as follows [7]:

m, = ym, (12)

By determining the linear scale, it is possible
to subsequently define the scaling factors for
any physical quantities using the methodology
presented in [7].

Thus, the application of the partial
accelerations method simplifies the
determination of scaling factors during
modeling.

Conclusion

Large-scale modeling is a key tool in modern
engineering design, facilitating the
acceleration of development, verification of
fundamental principles, and enhancement of
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mechanical system safety at early stages of
design. Particular attention is given to
methods that simplify modeling, making it
precise, efficient, and practical for real-world
applications. One such approach is the method
of partial accelerations, which holds
significant potential for  simplifying
mathematical models of mechanical system
dynamics and determining the scaling of
physical quantities. Based on an analysis of
theoretical studies and proposed approaches,
the following conclusions have been drawn:

In large-scale modeling of mechanical
systems, particularly mobile machines (e.g.,
automobiles), under Earth’s gravitational
conditions, the acceleration scale is always
equal to unity. This implies that both the
prototype and its scaled model operate under
identical gravitational acceleration conditions,
g =19,81, m/s%.

This property establishes the method of
partial accelerations as a foundation for
determining the scaling factors of all physical
quantities involved in the dynamic equations.
This approach not only simplifies the
modeling process but also ensures high
accuracy by minimizing the influence of
errors  associated  with multifactorial
computations.

The use of a multi-component motion
model introduces new opportunities for
analyzing the dynamics of mobile machine
systems. This approach represents motion as
the sum of translational and relative
components, simplifying the description and
modeling of complex dynamic processes. On
this basis, equations of relative motion can be
formulated, which serve as the foundation for
constructing partial acceleration equations.

The application of such equations enables a
more precise representation of the effects of
external and internal forces on the system,
thereby optimizing the design and testing of
mobile machines.
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3acTocyBaHHS MeTO1y NApHialIbHUX NPHCKOPEHb
NP MacIITAGHOMY MOJCTIOBAHHI MeXaHIYHHUX
cucTeM

Anomauin. Ilpoonema. Cyuacui menoenyii y
NPOEKMYBAHHI  MEXAHIYHUX CUCmeM  8UMa2aromy
3aCmMocy8ants epexmusHux ~ memoois, AKI
00360110Mb 3MEHWUMU GUMPAMU 4aAcy ma pecypcie
Ha po3pobKy 1 mecmy8anHst HOBUX KOHCIPYKYIIL.
Macwmabne MoOenio8anHs € IHCMPYMeHmoM, o
3abe3neuye nepesipKy MeopemudHux NOJONCEHD,
OYIHKY Oe3neku ma (QYHKYIOHATbHOCMI MEXAHIYHUX
cucmem Ha panHix emanax ix npoekmyeganus. OOHak,
CKIAOHICMb OUHAMIYHUX MOOeael, sKI ONUCYomb
NOBEOIHKY MOOINTbHUX MAWUH Y MACUMAOOBAHOMY
8uU2nAdI, 3YMOBIIOE HEOOXIOHICMb BNPOBAOIHCEHHS
Memooie, wo 00380JAI0Mb CAPOCMUMU Yi MOOeIi.
OO0num i3 nepcnekmusHux nioxodie € Memoo
napyianeHux — NPUCKOpeHb,  AKull  3abe3neuye
MamemMamuyHy ma oOYUCTIOBATIbHY ONMUMIZAYTIO
mooemosanusi. Mema. Memow Oocniodcenusi €
800CKOHAIEHHS Memooig Macumabroz2o
MOOENIOBAHHS  WLIAXOM — BUKOPUCTNAHHA — Memoody
NapyianbHux NPUCKOPEHb Ni0  4ac  O00CHIOMNCEeHb
Ounamiku  mobinohux  mawun.  Memodonozis.
Jlocnioscenus bazyemvca HA NPUHYUNT CYREPRO3uyil
6 Mexamiyi, KUl O00360/5€ 3AMIHUMU KIACUYHI
DIGHAHHA — OUHAMIKU — DIGHAHHAMU  NAPYIATLHUX
NPUCKOPEHb 8 OOHOPIOHOMY 8eKMOPHOMY HPOCMOPI.
Pe3ynomamu.  Bcmanoeneno,  wjo — macwumad
NPUCKOpEHb Ol MeXAHiuHux cucmem y Noji
maAdxCiHHA 3emui 3a82c0u  OOPIBHIOE OOUHUYI, WO
CHpOWyE npoyec GUHAYEHHS MAcuimaoie Qizuynux
genuuul. 3anponoHO8AHO DIGHAHHA NAPYIATLHUX
NPUCKOPEHD, AKI 3a6e3neuyroms moyHe
8I000pAdNCEHHST KIHEMAMUKU MOOLIbHUX MAUWIUH 5K
ol HamypHoi, maxk i macumabnoi Mmooderell.
Ilpodemoncmposano, wo 3acmocy8anHs Mooeii
6a2amoKOMNOHEHMHO20 CKIAOH020 DYXY 00360J15€
OYIHUMU OUHAMIYHI BIOXUNIEHHS MOOLILHUX MAUUH
ma epaxysamu 6NIUE AKMUBHUX | PeaKmMueHUX CUui.
Opucinanvnicme. 3anpononosanuti Memoo
napyianbHux NpUCKOpeHb € HOBUM RNIOX000M 00
MAcumabHo20 MOOeN08AHHA MEXAHIYHUX CUCTMEM.
Bin 0oszsonse npayosamu 6 oonopionomy npocmopi
NpUCKOpeny, wo BUKTIOYAE HeoOXiOHicmb
BUKOpUcmanus cuil inepyii. Lle 3menutye cknaonicmo
mMamemamuyHux Mmooenetl i NiOBUWYE MOUHICTD
NPOCHO3Y8AHHA ~ OUHAMIYHOI NOBEOIHKU — CUCTIEM.
Ilpakmuune 3nauennsa. Memoo napyianvbHux
NPUCKOpeHb  Modice  OYymu  GUKOPUCMAHULL  OJiA
NPOEKMYBAHHS  MOOIIbHUX ~Mawun  (a8momooinis,
NIAHemoxo0is); onmumizayii OUHAMIYHUX
8UNPOOYBAHL 13 BUKOPUCMAHHAM AKCeNepoOMempis;
MOOeN0BaHH s eHepeoeheKMUBHOCMI MpaHCHOPMHUX
3acobie npu cmaiomy ma Hecmaiomy —pyci;
600CKOHANIEHHS MACWMAOHUX Mooenel Ol AHANI3Y
be3nexu ma MaHe8pPeHOCM.
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Knrouosi  cnosa:  macwmabne  mooenosamnms
MEXAHIYHUX cucmenm, Memoo napyianbHux
NPUCKOPEHD, MOOINbHI MAUUHU, npuHyun
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