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OPTIMAL PROPERTIES OF INCOMPRESSIBLE SWIRLING FLOW
IN A RECTILINEAR CIRCULAR PIPE

OIITUMAJIBHI BJIACTUBOCTI HECTUCJIUBOI 3AKPYUYEHOI
TEYIi Y NPSIMOJITHIMHIN KPYTJIIA TPYBI
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Abstract. Swirling flows are frequently encountered in technical devices, particularly in
hydraulic and pneumatic systems. Optimal performance of these devices cannot be achieved without a
thorough understanding of the physics governing these flows—physics that, as it turns out, is
characterized by optimality. It is precisely these optimality properties that prove useful in situations
where existing models fail to accurately describe the flow on their own. This paper provides an
overview of contemporary research and achievements regarding swirling flows and highlights the
challenge of describing them adequately. Based on this, the study's objective is formulated: to
consolidate and systematize existing knowledge while deriving new insights—specifically, the
optimality properties of swirling flows. The results demonstrate that swirling flows in a rectilinear
circular pipe possess optimality properties; for instance, a flow with extremal helicity exhibits zero
helicity at every point. Swirling flow where the velocity field depends solely on the radial coordinate
is also optimal. For laminar flow, this entails the property of maximum flow rate, whereas for
turbulent flow, the condition of maximum vorticity is also satisfied. The obtained results are compared
with existing theoretical and experimental data.

Keywords: swirling flow, rectilinear pipe, optimal properties.

Introduction.

Swirling, or vortex, flows are widely encountered in nature and engineering. If the gas
flow velocity does not exceed a Mach number of 0.2-0.3, such flows can be quantitatively
treated as incompressible fluid flows. Modern flow classification [1] categorizes them into
natural flows—formed without human intervention—and those generated through human
intervention or, more broadly, by an external force. Understanding the nature (physics) of
these flows is crucial for improving (optimizing) existing equipment and developing new
technology that involves the generation of swirling flows.

To understand why a flow acquires a swirl in natural conditions, one must answer a
single question: why? The answer is simple: such a flow must possess optimal properties—at
least one. For instance, a swirling flow in a pipe containing a spiral insert exhibits the
property of maximizing fluid rate [2]. However, this phenomenon (or property) does not
manifest across the entire range of parameters [2]. It is associated, firstly, with a turbulent
flow regime and, secondly, with the presence of a second phase (a small quantity of air
bubbles). To entirely understand the physics of the phenomenon, it is necessary to recall the
existence of the so-called inverse cascade of turbulent energy [3, 4]. For a long time, it was
unclear why vortex flows in nature could persist for weeks or months. It was not clear where
they derived the "fuel” to sustain themselves, given that turbulent energy dissipation occurs
continuously within a vortex flow.

5
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In the case of swirling flow—where the turbulent stress tensor loses its mirror
symmetry—an inverse cascade of turbulent energy may occur; in simpler terms, this
corresponds to flow domains characterized by negative turbulent viscosity. An inverse energy
cascade is also possible in three-dimensional isotropic turbulence [5], freely decaying two-
dimensional turbulence [6], and experimentally generated swirling turbulence [7].
Consequently, there arises the problem of describing swirling flow in a rectilinear circular
pipe in terms of its optimality properties.

Literature Review.

Since the inverse cascade of turbulent energy allows natural vortices to maintain a
compact shape, swirling flows in pipes have been modeled based on the concept of compact
vortices [11, 2, 9]. These studies essentially examine two types of swirling flows: helical
flows [5] and flows with helical symmetry [2, 9]. In [8], the flow is termed "predominantly”
Beltrami-Gromeka, as it is not helical throughout the entire domain: near a solid wall, viscous
effects preclude the existence of such a flow. In this context, reference should be made to
[10], which specifically analyzes the asymptotic behavior of swirling flow near the wall of a
straight, circular-section pipe.

In this paper, the optimality of swirling flow in a rectilinear pipe of constant circular
cross-section is examined using a unified approach based on the calculus of variations.
Furthermore, the concept of swirling flow helicity—introduced by Moffatt [11] as a measure
of extremality—is employed. Helicity is a physical quantity measurable in vortex tubes [12]
and possesses the property of conservation [13]. Additionally, another property of helicity is
demonstrated: swirling helical flows actually observed in nature and engineering exhibit an
extremal helicity value. This value is zero. In light of this, an overview of recent research on
the subject is presented.

A simplified model of helical vortex dynamics in the wake of an asymmetric rotor is
examined in [14]. Models involving single and dual helical vortices are discussed in [15] and
[16], respectively. Other studies focus on the interaction of helical vortex flow with other
flows; for instance, the interaction between a helical vortex ring and a vortex line is analyzed
in [17]. Issues regarding verification—specifically concerning the existence of such flows—
are addressed in [18], which investigates the development of flow in the form of helical
vortex pairs through both numerical and experimental methods. Studies concerning the
breakdown of helical flow in helical tubes and helical rings are presented in [19]. Information
on how axial flow affects the stability of a helical vortex tube can be found in [20]. Work [21]
is devoted to the same topic of stability but focuses on the experimental realization (modeling
and formation) of a helical vortex.

Helical vortex flows occur during the operation of a wind turbine. Theoretical research
on this topic is presented in [22]. Work [23] is dedicated to the dynamics of helical vortices
and vortex rings. Flow in the form of helical vortex pairs is examined in [24]. Issues
regarding the stability and structure of the Zhukovsky model for the rotor wake are addressed
in [25]. The topology of helical flows is studied in [26], while the internal structure of vortex
rings and helical vortices is investigated in [27]. Helical vortices can exist in a state close to
equilibrium while simultaneously evolving [28]. A stability analysis within the linear
approximation is provided in [29].

Research Methodology.

The aim of the study is to investigate the extremal properties of a steady swirling flow in
a straight circular pipe.

This study is based on analytical methods, specifically the calculus of variations and the
mathematical theory of fields.

This paper examines a class of incompressible fluid flows in which the velocity field
satisfies the following relations:

Ne 1 (77) ISSN: 1994-4691 ||
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V. =0, V,=V,(r), V,=V,(r). )
Essentially, two problems are considered. The first is the problem of a swirling flow with

extremal helicity, and the second is a swirling flow with maximum vorticity and fluid flow
rate.

Results.
Turbulent swirling flow with zero helicity

The first task is to identify, within class (1), the flow with extreme helicity:
27 R

J= J'J'(rot\7-\7)-rdrdgo—>extr. (@)
00

Turbulent stresses (or Reynolds stresses) for the flow described by (1). To understand the
problem, let us present the Reynolds equations. Based on the general Reynolds equations, the
form for (1) is as follows:

d 2

OzJ(7r3)+Frr9, ©)
dp 1d

O=——+=—(z,). 4
dz+rdr(T”) )

Ordinary derivatives are used in equations (3)—(4). This is explained by relations (1) and
the fact that the pressure is a function of the longitudinal coordinate only:

dp

—==Ap=Const. 5

qz 2P (5)
A distinctive feature of the Reynolds equations (3)—(4) is that they are expressed in terms

of stresses, rather than in the conventional form involving velocity fluctuations. As will

become evident, this allows for analytical solutions for the stresses. To this end, we employ

the following form of equation (3):

d 2
The general solution of equation (6) has the following form:
Const
To= r2 . (7)
Similarly, we use the following form of equation (4)
d
The general solution of equation (8) is
1 Const

As a result, analytical solutions (7) and (9) describing the Reynolds stresses for flow (1)
have been obtained. Although these solutions exhibit a singularity at $r = 0%, they can still be
used, since the flow is laminar near the axis ($r = 0$) and equations describing laminar flow
should be employed there instead of equations (3)—(4).

[Jrovecnoce  ISSN: 1994-4691 Ne 1(77)
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Determination of the averaged velocity field based on the helicity extremum
condition.

As it turns out, the condition of helicity extremum can determine the velocity field.
Indeed, in accordance with condition (2), we find the components of the velocity curl:

(rot\7)rso, (rot\7)9:—ddirz, (rotV)Z:%d(;\r/‘g). (10)

Substituting (10) into (2) yields:
27 R d (rV ) dV
0
J=1[ [|V,——2% drde —extr . (11)

Based on the form of the integrand in (11), we have:

oF =d(rV9) ok v, (12)
&, dr a[dvzj %

dr
oF oF
——=V,;, ————=1V,. (13)
o o)
dr

The necessary condition for the extremum of functional (11) for the longitudinal
component of the velocity is as follows

oF d oF
— | — |=0.
ov, dr a(dVZj
dr
From this condition, the specific form follows.
d(rv
VZ—M:O o o WVz_g (14)
dr dr
Similarly, for the rotational component of velocity
oF d oF
———| ———= |=0.
oV, dr a( av, )
dr

And therefore, the corresponding extremum condition is as follows:

d(rvg) d(-rv)

=0. (15)
dr dr
Equation (14) is equivalent to
Ne 1(77) ISSN: 1994-4691 é& 5 5
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dv;

-r—==0. (16)
dr

Its solution everywhere except (r=0) has the form:

V; =Const. (17)
From equation (15), we obtain:

Const
V,= . (18)
r

Therefore, (17)-(18) is the desired solution. Since, according to (10),

g ( Constj
(rot\7) __dConst _, (rot\7) S G Sy
o dr Z r dr
then (17)-(18) correspond to the minimum (zero) helicity of a swirling turbulent flow of class
(1).
Steady axisymmetric swirling flow

Within the class of flows (1), let us identify a flow in which two extrema—a maximum of
vorticity and a maximum of fluid discharge—are attained simultaneously.

2z R

5\2 27 R
J= j(rotv) -rdrdep+ A [ [V, -rdrde — extr. (19)
00 00
For the flow described by (1), the components of the velocity curl (rotor) are given by
expressions (10):
oV

19(1V,) z
(rOtV)Z :FTH’ (rOtV )0 :—E.

Therefore, condition (19) takes the following form:

27 R 2 olrVv ? 27 R
J=1] (%j + EM -rdrdp+ A [ [V, -rdrdp —>extr.  (20)
00 8!’ r 8!’ 00

Since the integrals in (20) have the same limits of integration, the overall integrand
should be considered to be

2 2
F- (avzj +(1—8(N&)j AV, T

E r or

Analogously to formulas (12)—(13), we find the partial derivatives:

oF _ 2V, +2 N, , oF _ 2V, + Zr%. (21)
o, r or a(dvgj dr
dr

Substituting the expressions just obtained into the necessary condition for the extremum
of the functional (20). Substituting (21) into (13) leads to the following equation:

dz\/g +1dve —\Q—O
2 2
dr rdr r
Ft— ISSN: 1994-4691 Ne 1(77)
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[

(22)

9

Ih"ﬁfﬁ



@ TSATU ASIHP @

Equation (22) is identical to the Navier-Stokes equation for the problem of fluid rotation
when only the rotational velocity component is present and the velocity field depends solely
on the radial coordinate. Recall that the general solution to (22) has the following form:

V, :C1r+C21.
r

It should be noted that this solution has components corresponding to both laminar and
turbulent flow [30]. Let us use the second necessary condition for the extremum of functional

(14).
Since
oF oF dv,
6_\/Z =rA(r); m = ZrW,
dr
then equation (14) takes the following explicit form:
ra(r)—2 dd\iz —2r ddzz =0. (23)
The solution to equation (23) in the case of
A(r)=0
has the following form, well known for turbulent flow:
V,=C,/Inr+C,.

So, if we do not require the maximum flow rate condition from the flow, but only the
maximum turbulence condition, then the flow is described by the well-known logarithmic law
(this fact was first obtained earlier for ordinary flow in a pipe — without rotation; the
corresponding article was submitted to the Journal of Turbulence). But in the case of
satisfying the second extremity condition (maximum flow rate), the velocity field will be
different. So, when

A(r)y=C,,/r

the solution to equation (23) contains a solution well known in hydraulics:

r.2

V,=C Z+C1Inr+C2. (24)

lam

For laminar flow in a circular pipe
C,=0.

Note that for flow between concentric pipes, all three terms in (24) are non-zero. To
understand the physics of the resulting solution, it should be treated as a piecewise continuous
function: in the laminar flow region, the constant multiplying the logarithm is zero, whereas
in the turbulent flow region, the logarithmic component must be included. Furthermore, other
functions—such as Lagrange multipliers—may be specified if necessary to match an
experimental profile.

Conclusions.

Extremal properties of swirling flow—specifically helicity, vorticity, and flow rate—
were investigated. The condition for extremal helicity allows for the derivation of the
turbulent flow core (excluding the boundary layer) without recourse to the Boussinesq
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hypothesis. Based on the derived analytical expression for the velocity field (which is also
utilized in centrifugal pump theory), Reynolds stresses can be readily determined from the
Reynolds equations. However, the principal conclusion drawn from this part of the study is
that an optimal helical flow can possess only zero helicity—and this applies throughout the
entire flow domain.

According to the generalized criterion of inertial stability [31], the velocity field in a
turbulent flow must be such that the azimuthal velocity decreases more rapidly than the
hyperbolic law dictates. Comparing equation (18) with this premise reveals that a real
turbulent flow in a pipeline possesses an additional characteristic causing its velocity field to
decay more sharply than a hyperbola. Such a vortex flow model is already known: the quasi-
point vortex.

In addition to zero helicity, a swirling flow in a rectilinear circular pipe possesses two
other optimal properties: maximum vorticity (or, more precisely, its square) and maximum
fluid flow rate. It is the simultaneous application of these two conditions that yields well-
known solutions corresponding to both laminar and turbulent incompressible fluid flows. In
this context, the general solutions for azimuthal velocity satisfy the Navier-Stokes equations,
while the longitudinal (axial) velocity satisfies an equation whose solution encompasses both
laminar and turbulent flow By setting a particular integration constant to zero, it can be used
separately for laminar and turbulent flows. Thus, both laminar and turbulent swirling flows in
a rectilinear circular pipe are optimal.

Future research should focus on a more thorough investigation of the boundary layer in
swirling flow and the identification of potential flow regions characterized by negative
turbulent viscosity, which would further substantiate the optimal nature of swirling flow.
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OIITUMAJIbHI BIACTUBOCTI HECTUCJIUBOI 3AKPYUYEHOI TEUIi ¥
NPSAMOJIITHIMHINA KPYTJIIA TPYBI

IL. Jyk’sinos?, K. IMaBiosal, M. Tpopumenxo®
! Hayionanonuii ynisepcumem «Kuiscokuii agiayitinut incmumym»y

Anomauisn

3akpydeHi Tedii 4acTO 3yCTPIYAIOTHCS y TEXHIYHUX MPUCTPOSX, 30KpeMa y TiIpaBIidHUX Ta
nmHeBMaTHIHUX. JlockoHama poboTa X MPHUCTPOiB He MOXKe OyTH NOCATHYyTa 06€3 TTOBHOTO PO3yMiHHA
¢i3uku nux Teuidi. A BoHa, I (i3HKa, K BUSABJISIETHLCSA, Ma€ ONTUMANIbHMN XapakTtep. JlificHO, amke
HIXTO, KpIM 3aKOHIB MPHPOJH, HE MPUMYIIYE BOAY TEKTH Y TPCBKUX CTPYMKaX y BUTJISAL 3aKpyUYeHOT
Tedil (crocTepexeHHs aBcTpiichkoro yicHudoro Bikropa [layGeprepa), a Boxy y BaHHI HaOyBaTH
3aKpyTKy. Panime Oyy mpoBeAeHi eKCIIepuMeHTaIbHI TOCTiKeHHs y maboparopii. I mi mocmimkeHHs
JIiiCHO BUSIBUIIM ICHYBaHHS TaKMX PEXHMIB TypOYJIEHTHOI Tedwii piiMHU y TpyOi i3 MPHUMYCOBOIO
3aKpyTKOr0. KpiM Toro, cTamo odeBHIHNM, IIO MPUPOAA TAaKUX TeUill € ayxe ckiaaHor. Tomy came
BJIACTHBOCTI ONTHMAIBHOCTI OTIOMAararTh TaM, J€ ICHYIOYi MOJeNi HECIPOMOXKHI CaMOCTIHHO
BITOPATHUCS 13 KOPEKTHUM OmucaM Tedii. B poOoTi HagaHo O]l Cy4acHHX POOIT i JOCSATHEHb I0JI0
3aKpy4eHUX Teuil, BUCBITICHA mpobseMa 1X ajaekBaTHoro onucy. Ha migcraBi mporo chopMyliboBaHa
MeTa AaHoi poboru. Bona momnsirae y o0’emHaHHI Ta CHUCTeMaTh3allii BXXKE€ BIJIOMOTO 3HAHHS Ta
OTpPHMaHHS HOBOTO + BJIACTUBOCTEH ONTUMAIBLHOCTI 3aKpydeHoi Tedii. Jlo 1boro Bxe Oynu oTpuMaHi
Taki pe3yNbTaTH, SIK BiAMIHHICTh JaMiHAPHOI Tedii y MPUMEKOBOMY Iapi y BUMAJIKaX BHYTPIIIHBOI Ta
30BHIITHBOI 33/1a4. Tako)K BUSABICHO PI3HHUINIO MK MPHUPONOI0 TypOYJICHTHUX TEUill y TMPUMEKOBUX
mapax y Kpyriii TpyOi Ta Ha IJIOCKHH IJIacTHHI. 3BUYaifHa PO3BHHEHA TypOYJIEHTHA Tedid Y KpyTJii
TpyOi Mae norapudmivyHui Tpodisib, TaK caMmo SK 1 TeUis Ha TUIOCKIH TUIACTHHI. AJie SKIIO Y TIepIIoMy
BUITAJKy BHKOHYETHCS YMOBAa MaKCHMAaJbHOTO 3aBHXPEHHS (TOYHIIIE KBAJAPaTy 3aBUXPEHHS), TO Y
JIPYyroMy BHIAAKY JOrapudMidamii mpodink € pe3ynbTaTOM BUKOHAHHA JBOX EKCTPEMyMIB +
MaKCUMyMy KBaJpaTy BUpa3y, IO OMKHCYE iHEPUidHYy HECTIHKICTh, Ta MIHIMyMY BUTpPaTH PiIHHH.
3a3HaveHi MIOMHO /1€l Ta OTpUMaHi 32 HUMH pe3yJIbTaTH CIYT'yBaJId OCHOBOIO JJISl HABEJCHUX Y AaHil
poboTi nociimkeHb. B pe3ynbraTi mokasaHo, 1Mo 3aKpy4eHi Tedii y nmpsAaMomiHiliHii TpyOi KpyroBoro
nepepizy MaroTh BIACTHBOCTI ONTUMANIBHOCTI. Tak Tedis i3 eKCTpEeMalIbHOIO CHIPabHICTIO Ma€e PiBHY
HyJIeBl chipalibHicTh y KOxkHiK Toumi. L[]o crocyeThest 3akpydeHoi Tedii, y SIKOi Mojie IIBHUAKOCTI
3aJIeXKHUTH JIMIIE BiJ pagialbHOiI KOOPAWHATH, TO BOHA TEXK ONTUMaibHa. [ mamiHapHOi Tewil — 1e
BJIACTHBICTh MaKCHMAQJILHOT BUTpaTH, a s TypOYJIEHTHOI Tedil JOMAETHCS Ie MaKCHMallbHe
3HAYEHHS KBajJpaTy 3aBUXpeHHS. OTpuUMaHi pe3ylnbTaTH TMOPIBHSIOTBCI 3 BXKE BIJIOMHMHU
TEOPETUYHUMH Ta EKCIIEPUMEHTAILHUMU JTaHUMH.

Knrouoei cnoea: 3akpydeHa tedis, MpsAMOJIiHiHA TpyOa, ONITUMANTBHI BIACTUBOCTI.
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Abstract. This paper investigates multi-scale power losses and global energy-efficiency
optimization in process machinery hydraulic systems. Power-loss mechanisms are analyzed at three
levels: micro (components), meso (circuits), and macro (system), and a quantitative model accounting
for their interactions is developed. A global energy-efficiency model is established, and a collaborative
control strategy based on an improved adaptive genetic algorithm (IAGA) is proposed to optimize
energy consumption and dynamic performance. Simulation and experimental results confirm that
hydraulic pump volumetric losses, control valve throttling losses, and circuit coupling losses account
for over 75% of total power losses. The proposed strategy improves system energy efficiency by 12%-—
18% and reduces dynamic response overshoot by more than 60%. The results provide a theoretical and
practical basis for energy-efficient hydraulic system design and control.

Keywords: process machinery; hydraulic system; power loss; multi-scale mechanism; global
energy efficiency; collaborative control.

Introduction.

Process machinery is the core equipment of industrial production, covering fields such as
metallurgical rolling mills, CNC machine tools, mining machinery, and injection molding
machines. Its operational stability, efficiency, and energy consumption directly determine the
quality, cost, and environmental performance of industrial production. Hydraulic
transmission, as the core power transfer mode of process machinery, has become the preferred
transmission scheme for most medium- and large-scale process machinery by virtue of its
advantages of high-power density, fast response, precise positioning, and strong resistance to
load impact, occupying an irreplaceable position in modern industrial production.

However, process machinery hydraulic systems exhibit significant power losses during
energy conversion and transmission. Industrial field measurement data show that the energy
efficiency of traditional process machinery hydraulic systems generally ranges between 45%
and 60%, far lower than that of electrical drive systems, with a large amount of energy wasted
in the form of heat and leakage [10, 14]. With the intensification of the global energy crisis
and the advancement of the "dual carbon™ goal, the pressure for energy conservation and
emission reduction in the industrial sector is increasing. As high-energy-consuming
equipment, improving the energy efficiency of the hydraulic systems of process machinery
has become a key engineering problem to be solved urgently [1, 9].

Compared with ordinary hydraulic systems, process machinery hydraulic systems are
characterized by complex and variable operating conditions (large load fluctuations, frequent
start-stop, wide speed regulation range), the collaborative operation of multiple actuators, and
the coupling of multiple circuits [3, 11]. Consequently, their power losses exhibit obvious
multi-scale characteristics: at the micro level, friction and leakage losses exist inside
components such as hydraulic pumps, cylinders, and control valves; at the meso level, uneven
flow distribution and pressure interference among circuits give rise to coupling losses; and at
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the macro level, overall system power matching imbalance causes redundant losses. The
losses at different scales are coupled and mutually influential, making it difficult for
traditional single-scale, single-component energy-saving control methods to achieve a
significant improvement in the global energy efficiency of the system [4, 12, 14].

Therefore, an in-depth investigation of the multi-scale mechanism of power loss in
process machinery hydraulic systems, the revelation of the coupling laws among losses at
different scales, and the proposal of a global energy-efficiency collaborative control method
that considers both multi-scale loss compensation and system dynamic performance can not
only enrich the theoretical system of hydraulic system energy-efficiency optimization [2,
13].but also provide a practical and feasible technical solution for the energy-saving retrofit of
process machinery hydraulic systems in industrial sites, reduce industrial energy consumption
and environmental pollution, and promote the green and efficient upgrading of the process
machinery industry. This has important theoretical significance and engineering application
value [2, 3, 13].

Literature Review.

In recent years, scholars at home and abroad have carried out extensive research on
power loss and energy-efficiency optimization of hydraulic systems, forming a series of
theoretical and technical achievements, mainly focusing on three aspects: loss mechanism
analysis, energy-saving design of individual components, and control strategy optimization
[5, 7, 10].

In the field of power-loss mechanism research, early foreign scholars focused mainly on
the loss analysis of individual components, such as establishing leakage and friction models
of hydraulic pumps to quantify volumetric and mechanical losses, and proposing loss-
suppression methods based on component structure optimization [1, 14]. With the deepening
of research, attention gradually shifted to the problem of loss coupling at the system level, and
a "component-system" two-level loss analysis framework was proposed [11]. However, the
boundaries of multi-scale losses were not clearly defined, and research on meso-scale circuit
coupling losses remains relatively weak [14]. Domestic scholars, on the other hand, have
focused more on the loss measurement and analysis of hydraulic systems at industrial sites,
quantifying the loss distribution of hydraulic systems under different operating conditions by
building experimental platforms, but most of this research remains at the macro level, lacking
in-depth research on the coupling mechanism of multi-scale losses and making it difficult to
reveal the essential causes of loss generation [3, 9].

In the field of energy-saving design of individual components, scholars at home and
abroad have mainly focused on structural improvements to core components such as hydraulic
pumps and control valves, such as replacing fixed-displacement pumps with variable-
displacement pumps to achieve matching between flow and load by adjusting displacement,
thereby reducing redundant losses; and developing low-leakage, low-friction hydraulic valves
to reduce throttling and leakage losses [1, 4, 6]. In addition, the research and application of
new energy-saving components (such as digital hydraulic valves and high-efficiency variable-
displacement pumps) have provided new technical paths for energy saving at the component
level. However, such methods target only individual components and do not consider the
coupling relationships among components and circuits, making it difficult to achieve an
improvement in the global energy efficiency of the system [4].

In the field of control strategy optimization, foreign research has mainly focused on the
application of advanced control algorithms, such as fuzzy control, PID control, and model
predictive control, to achieve precise control of flow and pressure in hydraulic systems and
reduce throttling losses [5]. Domestic research has focused more on the engineering
application of load-sensing control and variable-frequency speed-regulation technologies,
which achieve matching between energy supply and load demand by dynamically adjusting
system operating parameters [5, 9, 12]. However, most existing control strategies focus on
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energy-efficiency optimization under a single operating condition or at a single scale, lacking
collaborative consideration of multi-scale losses [12]. In the complex and variable operating
scenarios of process machinery, it is difficult to balance system energy efficiency and
dynamic performance, and the control effect is limited [12, 13, 15].

In summary, existing research still has three prominent problems [3]. First, the analysis of
power-loss mechanisms lacks a multi-scale perspective, and the boundaries and coupling laws
of losses at different scales have not been clearly defined, making it difficult to
comprehensively reveal the essential causes of loss generation. Second, energy-efficiency
control strategies lack global coordination, mostly targeting individual components or single
operating conditions, and cannot achieve collaborative suppression of multi-scale losses [3,
11]. Third, the correlation between multi-scale loss models and energy-efficiency models is
insufficient, making it difficult to provide precise theoretical support for global collaborative
control [8, 13]. Therefore, carrying out research on the multi-scale mechanism of power loss
and the global energy-efficiency collaborative control of process machinery hydraulic systems
has become a research hotspot and difficulty in the field of hydraulic system energy saving [2,
10].

This paper carries out systematic research on the multi-scale mechanism of power loss
and the global energy-efficiency improvement collaborative control of process machinery
hydraulic systems [3]. The specific research content is as follows:

1. Multi-scale classification and mechanism analysis of power loss in process machinery
hydraulic systems. The multi-scale classification criterion (micro, meso, macro) is defined,
the causes and influencing factors of power loss at each scale are analyzed separately,
quantitative models of power loss at each scale are established, and the coupling laws of
multi-scale losses are revealed [4, 9, 11, 14].

2. Global energy-efficiency modeling of process machinery hydraulic systems. Based on
the multi-scale power-loss model and the energy balance principle, a global energy-efficiency
model covering "component—circuit-system" is constructed, and the relationship between
multi-scale losses and system energy efficiency is established, providing a theoretical basis
for energy-efficiency optimization control [2, 10].

3. Design of the global energy-efficiency collaborative control strategy. In view of the
coupling characteristics of multi-scale losses, a control strategy integrating multi-scale loss
compensation and global parameter collaborative optimization is proposed [13], and an
improved adaptive genetic algorithm-based optimization controller is designed to achieve
coordinated improvement of system energy consumption and dynamic performance.

4. Simulation and experimental verification. A simulation platform based on
Simulink/SimHydraulics is built to verify the effectiveness of the multi-scale loss model and
the collaborative control strategy; an experimental platform for the process machinery
hydraulic system is constructed, and the practicability and reliability of the proposed method
are further verified through measured data [2, 4].

The innovations of this paper are mainly reflected in the following three aspects:

1. A multi-scale classification criterion for power loss in process machinery hydraulic
systems is proposed, and a "micro—meso—macro™ three-level loss quantitative model is
constructed, clarifying the coupling mechanism among losses at different scales. This breaks
through the limitation of traditional single-scale loss analysis and can reveal the essential
causes of loss generation more comprehensively and accurately [5, 7, 9].

2. A global energy-efficiency model covering multi-scale losses is established, directly
correlating the losses at different scales with system energy efficiency. This solves the
problem that traditional energy-efficiency models cannot reflect the influence of multi-scale
coupling and provides precise theoretical support for global energy-efficiency optimization
control [2].

3. A multi-scale collaborative global energy-efficiency improvement control strategy is
proposed, integrating multi-scale loss compensation and parameter collaborative optimization,
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and an improved adaptive genetic algorithm controller is designed [4, 6]. This achieves
coordinated improvement of system energy efficiency and dynamic performance, solving the
difficulty of balancing energy efficiency and dynamic performance in traditional control
strategies [8,15].

Research Methodology.

Multi-Scale Mechanism Analysis of Power Loss in Process Machinery Hydraulic
Systems

Multi-Scale Classification Criterion and Boundary Definition

Combining the structural characteristics and energy transfer laws of process machinery
hydraulic systems, this paper divides power loss into three scales—micro, meso, and macro—
and clarifies the boundaries and research objects of each scale to ensure the systematicness
and pertinence of the multi-scale mechanism analysis [3, 9, 14].

1. Micro scale: The core components of the hydraulic system (hydraulic pump, cylinder,
control valve, hydraulic motor, etc.) are taken as the research objects, focusing on power loss
inside the components, mainly including friction loss, leakage loss, and throttling loss. The
essential cause of these losses is the interaction among the internal structure, material
properties, and operating parameters of the components [1, 7, 13].

2. Meso scale: A single circuit or the coupling part of multiple circuits of the hydraulic
system is taken as the research object, focusing on power loss at the circuit level, mainly
including uneven flow distribution loss, pressure interference loss, and pipeline friction
(distributed) and local resistance losses. The essential cause of these losses is the insufficient
cooperative matching among components [11, 13, 14].

3. Macro scale: The entire process machinery hydraulic system is taken as the research
object, focusing on the power loss of the whole system, mainly including power matching
imbalance loss, redundant power loss, and auxiliary system loss (e.g., cooling and filtration
systems) [3, 10]. The essential cause of these losses is the mismatch between the overall
system operating parameters and the process operating-condition requirements [2].

The three scales are interrelated and mutually coupled: micro component losses form the
basis of meso circuit losses and macro system losses; meso circuit losses are the concentrated
manifestation of micro component losses and simultaneously influence the distribution of
macro system losses; macro system losses reflect the overall effect of multi-scale losses [1, 4,
10]. Together, the three scales determine the overall energy efficiency of the process
machinery hydraulic system [11].

Micro-Scale Power-Loss Mechanism and Quantitative Model

Micro-scale power loss mainly originates from core components such as the hydraulic
pump, cylinder, and control valve, whose loss types and mechanisms differ. They are
analyzed separately and quantitative models are established below [2, 5, 14].

Power Loss of the Hydraulic Pump

As the power source of the hydraulic system, the power loss of the hydraulic pump
mainly includes volumetric loss, mechanical loss, and hydraulic loss, among which
volumetric and mechanical losses are the main forms (accounting for more than 90% of the
total pump loss) [1, 14].

1. Volumetric loss. Due to internal clearances of the hydraulic pump (e.g., between the
rotor and the stator, and between the vanes and the slots), part of the hydraulic oil leaks from
the high-pressure chamber to the low-pressure chamber, causing flow loss and thereby
producing volumetric loss [14]. According to the principles of fluid mechanics, the volumetric
loss power can be expressed as:

Pvcul = ﬂ'pp ' Qleal-r. (1)
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where Py is the volumetric loss power of the hydraulic pump (W); App is the pressure
difference between the inlet and outlet of the pump (Pa); and Qieax is the leakage flow (m3/s).

The leakage flow is related to factors such as clearance size, pressure difference, and oil
viscosity [6, 10]. For laminar leakage through an annular clearance, the calculation formula is:

g3
QHR=T%£#(1+15§j (2)
where d is the mating surface diameter (m); h is the mating clearance (m); u is the dynamic
viscosity of the hydraulic oil (Pa-s); L is the mating surface length (m); and = is the
eccentricity ratio.

2. Mechanical loss. Owing to the friction between the moving parts inside the hydraulic
pump (such as between the vanes and the slots, and between the rotor and the bearings), as
well as the viscous friction of the hydraulic oil, part of the input power is consumed,
producing mechanical loss [1, 5, 7]. The mechanical loss power can be expressed as:

P =T w (3)

mech
where Pmech IS the mechanical loss power of the hydraulic pump (W); Tt is the total friction
torque (N-m); and « is the angular velocity of the pump (rad/s).
The total friction torque comprises the solid friction torque and the viscous friction
torque:

TF = Tsnl.ld + Tviscnus = anr + uAmr (4)

where Tsoiig is the solid friction torque (N-m); Tviscous is the viscous friction torque (N-m); f is
the friction coefficient; Fn is the normal force (N); r is the friction radius (m); and A is the
viscous friction area (m?).

The total micro-scale loss power of the hydraulic pump is the sum of the volumetric loss
and the mechanical loss:

Ppump = Pvcil + Pmec'h' (5)

Power Loss of the Control Valve

The control valve is the control core of the hydraulic system, and its power loss is mainly
throttling loss, i.e., when the hydraulic oil passes through the valve port, a pressure drop
occurs due to the throttling effect, and part of the energy is converted into heat and lost
[3,7,13]. According to the throttling principle, the throttling loss power can be expressed as:

P;:hr = ﬂ"pv ' Qv (6)
where Py is the throttling loss power of the control valve (W); Apy is the pressure difference
across the valve port (Pa); and Q,, is the flow through the valve port (m?/s).

According to the thin-walled orifice flow formula, the flow through the valve port can be
expressed as:
2Ap,,

=C |
Qv dﬁv,‘d

where Cq is the flow coefficient; Ay is the orifice area of the valve port (m?); and p is the
density of the hydraulic oil (kg/m?).

(7

1]

Power Loss of the Hydraulic Cylinder

As the actuator, the power loss of the hydraulic cylinder mainly includes leakage loss and
friction loss, which are similar to those of the hydraulic pump but differ in mechanism [12].

1. Leakage loss. This is divided into internal leakage and external leakage. Internal
leakage refers to the leakage of hydraulic oil from the rodless chamber to the rod chamber of
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the cylinder, while external leakage refers to the leakage of hydraulic oil to the outside
through the clearances between the cylinder body and the piston and between the piston rod
and the seals. Internal leakage is the main form [2, 9, 11, 15]. The leakage loss power can be
expressed as:

Pc‘yl,leal{ = ﬂl'I::'L' ' Qc‘,leal—: (8)

where Peyiieak 1S the leakage loss power of the cylinder (W); Apc is the pressure difference
between the two chambers of the cylinder (Pa); and Qc.ieak IS the cylinder leakage flow (m?/s).

2. Friction loss. Owing to the friction between the piston and the cylinder body and
between the piston rod and the seals [13], part of the hydraulic energy is consumed. The
friction loss power can be expressed as:

P

eyl fric = FEF "V (9)

where Peyifrec IS the friction loss power of the cylinder (W); Fct is the piston motion friction
force (N); and v is the piston motion velocity (m/s).
The total micro-scale loss power of the hydraulic cylinder is:

Pc'yl = Pc'yl_.lea.l-: + Pc'yl,Fric' (10)

Meso-Scale Power-Loss Mechanism and Quantitative Model

Meso-scale power loss mainly originates from the coupling and matching insufficiency at
the circuit level [10]. The single-circuit resistance loss and the multi-circuit coupling loss are
analyzed, and quantitative models are established in combination with the circuit
characteristics of process machinery hydraulic systems (such as multi-actuator collaborative
circuits and high/low-pressure circuits) [3].

Pipeline Resistance Loss

The hydraulic pipeline is the carrier of energy transfer. When hydraulic oil flows in the
pipeline, it is subjected to distributed and local resistance, producing pipeline resistance loss
[11, 12]. The loss power can be expressed as:

P (11)

pipe = APpipe " Qpipe

where Ppipe is the pipeline resistance loss power (W); Appipe IS the total pipeline pressure loss
(Pa); and Qpipe is the flow in the pipeline (m?/s).

The total pipeline pressure loss includes the distributed pressure loss and the local
pressure loss:

&pFiPE = dllpnﬂis! + dllpln:\u:' = EP:_ + EPTV_ (12)
where Apgis is the distributed pressure loss (Pa); Apioc is the local pressure loss (Pa); A is the
distributed resistance coefficient; L is the pipeline length (m); d is the pipeline inner diameter
(m); v is the flow velocity of the hydraulic oil in the pipeline (m/s); and Z is the local

resistance coefficient (determined by local structures such as bends and joints).

Multi-Circuit Coupling Loss

Process machinery hydraulic systems mostly adopt a multi-actuator collaborative
working mode (e.g., the feed circuit and the spindle circuit of machine tools, the screw-down
circuit and the drive circuit of metallurgical rolling mills). There exist problems such as
uneven flow distribution and pressure interference among circuits, resulting in coupling loss
[13,14]. The coupling loss power can be expressed as:

Pooup = i1 =i +1 4P Qj; (13)
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where Pcoyp s the multi-circuit coupling loss power (W); n is the number of circuits; Apjj is the
pressure interference difference between circuit i and circuit j (Pa); and Qjj is the interference
flow between the two circuits (m?3/s). Note that the interference flow here is defined strictly as
the cross-circuit exchange flow beyond the designed flow distribution, so as to avoid double
counting with the pipeline friction loss.

The total meso-scale loss power is the sum of the pipeline resistance loss and the multi-
circuit coupling loss:

Pmesc\ = Ppipe + Pm:\up

(14)

Macro-Scale Power-Loss Mechanism and Quantitative Model

Macro-scale power loss is mainly manifested as the power matching imbalance and
redundant loss of the whole system. In view of the operating characteristics of process
machinery (large load fluctuations, frequent start-stop), the power matching loss and the
auxiliary system loss are analyzed, and quantitative models are established [7].

Power Matching Loss

The power matching loss refers to the redundant power loss caused by the mismatch
between the output power of the hydraulic system and the load-demand power of the process.
When the system output power is greater than the load-demand power, the redundant power is
consumed in forms such as overflow and throttling; when the system output power is smaller
than the load-demand power, the system cannot work normally and additional power must be
consumed to compensate [9,13]. The power matching loss power can be expressed as:

P atch Pnut - Plnad (15)

I

where Pmatch 1S the power matching loss power (W); Pout is the output power of the hydraulic
system (W); and Pioad is the process load-demand power (W).

The output power of the hydraulic system is the sum of the output powers of the
individual components, while the load-demand power is determined by the process operating
conditions and can be obtained by measurement or calculation from process parameters [10].

Auxiliary System Loss

The auxiliary systems of process machinery hydraulic systems (cooling, filtration, and
lubrication systems) also consume a certain amount of power during operation, forming
auxiliary system loss [1,2,8]. The loss power is mainly determined by the rated power and
operating efficiency of the auxiliary equipment:

Paux = Eﬂi:l]:m:l—:‘mi (16)
where Paux is the auxiliary system loss power (W); m is the number of auxiliary devices;
P.rated 1S the rated power of the k-th auxiliary device (W); and 1, is the operating efficiency of
the k-th auxiliary device.

The total macro-scale loss power is the sum of the power matching loss and the auxiliary
system loss:

Pmac'rn = Pmatc'h + Paux (17)

Analysis of the Coupling Law of Multi-Scale Losses

The multi-scale losses of process machinery hydraulic systems are not independent of
each other but exhibit significant coupling relationships [11]. The coupling law is mainly
reflected in three aspects:

1. Coupling between micro component losses and meso circuit losses. The leakage and
friction losses of micro components cause fluctuations in the flow and pressure of the circuit,
which in turn aggravate the pipeline resistance loss and the multi-circuit coupling loss;
conversely, the pressure interference and uneven flow distribution of meso circuits cause the
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operating parameters of components to deviate from the optimal values, further increasing
micro component losses. For example, the leakage loss of the hydraulic pump causes
insufficient circuit flow; to satisfy the load demand, the control valve must increase the valve-
port opening, resulting in increased throttling loss, while the intensified circuit pressure
fluctuation increases the pipeline resistance loss [3, 7, 12, 14, 15].

2. Coupling between meso circuit losses and macro system losses. Meso circuit losses
cause a decrease in the overall output power of the system [9]. To maintain normal system
operation, the input power of the hydraulic pump must be increased, thereby increasing the
macro power matching loss; conversely, macro power matching imbalance causes the
pressure and flow of the circuit to be in a non-optimal state, aggravating meso circuit losses.
For example, when the system power matching is insufficient, the hydraulic pump must
operate at a high speed and high pressure for a long time, causing the circuit pressure to be
too high and significantly increasing the pipeline resistance loss and the coupling loss [2, 5].

3. Indirect coupling between micro component losses and macro system losses. The
accumulation of micro component losses leads to a decline in the overall system energy
efficiency, which in turn aggravates the macro power matching loss; macro power matching
imbalance causes components to operate in a harsh state for a long time, accelerating
component wear and increasing micro losses [4]. For example, if the hydraulic pump operates
at a high load for a long time, the friction between the vanes and the slots intensifies, the
micro mechanical loss increases, and meanwhile the system energy efficiency decreases and
the macro power matching loss further increases [1, 9].

Based on the above coupling law, the total system power loss is the sum of the losses at
the three scales:

Protal = Fmicro T Pmeso T Fmacro (18)
where Pmicro IS the total micro-scale loss power (W).
Global Energy-Efficiency Modeling of Process Machinery Hydraulic Systems
Global Energy-Efficiency Definition and Evaluation Indicators

The global energy efficiency of a process machinery hydraulic system is defined as the
ratio of the effective output power to the input power over the entire working cycle, reflecting
the efficiency of multi-scale energy conversion and transfer across "component—circuit—
system":

where ngiobal IS the global system energy efficiency (%); Pess is the effective output power
of the system (W), i.e., the power used to drive the process load; and Pi, is the input power of
the system (W), i.e., the input power of the hydraulic pump.

Combined with the multi-scale loss characteristics, the effective output power equals the
system input power minus the total multi-scale loss power:

PEFF = Pri.|:1 - R:ntal (20)

To comprehensively evaluate the global energy efficiency, in addition to the global
energy efficiency, the following auxiliary evaluation indicators are defined:

1. Micro energy efficiency: the ratio of the effective output power to the input power of a
component, reflecting the energy conversion efficiency of the micro component [3];

2. Meso energy efficiency: the ratio of the effective output power to the input power of a
circuit, reflecting the energy transfer efficiency at the circuit level [9];

3. Energy consumption reduction rate: the ratio of the difference between the total energy
consumption after optimization and that before optimization to the total consumption before
optimization, reflecting the effect of energy-efficiency optimization [11];
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4. Dynamic performance indicators: including system response time and overshoot, used
to evaluate the change in system dynamic performance during energy-efficiency optimization
to ensure that the energy-efficiency improvement does not affect normal system operation
[14].

Establishment of the Global Energy-Efficiency Model

Based on the multi-scale power-loss model and the energy balance principle, combined
with the structural characteristics and operating-condition characteristics of process
machinery hydraulic systems, a global energy-efficiency model covering "micro—meso—
macro” is established [2, 13].

First, the micro component energy-efficiency model is established [10]. Taking the
hydraulic pump, control valve, and cylinder as the core, their energy-efficiency models are
established respectively:

— Zpumpout o 4 400 (21)

n
pump Ppump in

— Bvalve out 4 504 (22)

Neal
vate Pyalve,in

Negt = ~Z2 X 1000%. (23)
pc'_r,'l in
The total micro-scale energy efficiency is the weighted average of the energy efficiencies
of the individual components, with the weights being the proportions of the input power of
each component in the total micro-scale input power:

Nemicra — Z%{:J.winirzt::1wl =1 (24)
where K is the number of micro components; w; is the weight of the i-th component; and n; is
the micro energy efficiency of the i-th component.

Second, the meso circuit energy-efficiency model is established. The meso circuit energy
efficiency is the ratio of the effective output power of the circuit to the input power of the

circuit [9]. Considering the pipeline resistance loss and the multi-circuit coupling loss, the
model is:

— Prircuit,eft % 1009 (25)

rl meso . e
PE‘lf cuit.in

where nmeso IS the meso circuit energy efficiency (%); Pcircuitefr 1S the effective output power of
the circuit (W); and Pcircuitin IS the input power of the circuit (W), equal to the sum of the
output powers of the components.

Finally, the macro system global energy-efficiency model is established. The macro
system input power is the input power of the hydraulic pump, and the effective output power
is the load-demand power [14]. Combined with the multi-scale losses, the global energy-
efficiency model is:

T]glu:ubal. = piﬂ;& X100 = [1 -

in Pin

Pmicro tPmess +F

macre) x 100%. (26)

Substituting the micro, meso, and macro loss models into the above equation yields the
relationship between the global energy efficiency and the parameters at each scale (such as
component structural parameters, circuit parameters, and system operating parameters),
providing a theoretical basis for subsequent energy-efficiency optimization control [3, 6, 11],
as shown in Fig.1.

Model Validation and Parameter Identification

To ensure the accuracy and reliability of the global energy-efficiency model, parameter
identification and experimental validation are carried out to adjust the model parameters so
that the model output is consistent with the actual system [12].
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Fig. 1 Energy flow relationship of the global energy-efficiency model.

Parameter Identification Method

The least-squares method is selected for parameter identification. For the unknown
parameters in the multi-scale loss model and the global energy-efficiency model (such as the
pump leakage clearance, friction coefficient, pipeline resistance coefficient, and coupling loss
coefficient), system operating data are collected through experiments, an identification
objective function is established, and the unknown parameters are solved [5, 14].

The identification objective function is:

I= Ele[nmndel(t] ~ Nmeas (tj]: (27)

where J is the identification error; N is the number of sampling points; nmodel(t) is the
global energy efficiency output by the model at time t; and nmmeas(t) is the global energy
efficiency actually measured at time t.

By solving the above objective function using the least-squares method, the optimal
estimates of the unknown parameters are obtained and substituted into the model to complete
the model parameter identification [9].

Model Validation

A general CNC machine tool hydraulic system is adopted as the verification object of the
model, and a supporting experimental test platform is constructed [11]. Measured data
including system input power, load power and multi-scale loss power under multiple working
conditions are collected and compared with the model calculation outputs to conduct
benchmark analysis, so as to complete the accuracy verification of the model [8,10].

The validation results demonstrate that the relative error between the global energy
efficiency output by the model and the measured global energy efficiency is less than 5%, and
the error between the calculated values and measured values of multi-scale loss power is
controlled within 8%. It is thus verified that the global energy-efficiency model established in
this paper can accurately characterize the laws of power loss and energy efficiency variation
of hydraulic systems for process machinery, and can provide reliable theoretical support for
the subsequent collaborative optimization control of system energy efficiency [7, 11, 14].

Design of the Global Energy-Efficiency Improvement Collaborative Control
Strategy

Control Objectives and Constraints

The core objective of the proposed global energy-efficiency collaborative control strategy
is to achieve "collaborative suppression of multi-scale losses and coordinated improvement of
energy efficiency and dynamic performance”, specifically including:

1. Core objective: maximize the global system energy efficiency, achieving an energy-
efficiency improvement of more than 10% under different process operating conditions;
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2. Secondary objective: suppress multi-scale power losses, reduce total system energy
consumption, and simultaneously ensure that the system dynamic performance (response
time, overshoot) satisfies the process requirements without affecting the process production
accuracy and efficiency [2, 9].

The control objective can be quantified as:

max],p; = Nglobal — Mty — 420 (28)

where t; is the response time (s); o is the overshoot (%); and A1, A> are weighting coefficients.

Combined with the operating characteristics and process requirements of process
machinery hydraulic systems, the following control constraints are set:

1. Pressure constraint: the system working pressure P must be within the set range
(Pmin < P < Pmax), to ensure normal operation of the actuators and avoid system damage caused
by excessive pressure or failure to meet load demand caused by insufficient pressure;

2. Flow constraint: the system flow Q must match the load demand (Qmin < Q < Qmax), t0
avoid slow system response caused by insufficient flow or increased loss caused by flow
redundancy;

3. Dynamic performance constraint: the system step response time t; < trmax and
overshoot o < omax, t0 ensure that the system dynamic performance meets the process
production requirements;

4. Parameter constraint: the control parameters (such as the pump speed and valve-port
opening) must be within the allowable range of the equipment, to avoid equipment damage
caused by exceeding the rated parameters [3, 6, 11].

Collaborative Control Strategy Framework

In view of the coupling characteristics of multi-scale losses and the collaborative control
logic of process machinery hydraulic systems, a collaborative control strategy of "multi-scale
loss compensation + global parameter collaborative optimization™ is proposed, and its
framework [7], as shown in Fig. 2.

Meso-Scale
Micro-Scale Loss Model Marro-Snergy-
Loss Model Efficiency
System Pine Loss Model
Boundary 1P
Friction
Pump
Input Volumetric
Power P;, Loss
Load APy Global Energy-Efficiency
oa =
Power Resistance i Py, x 100%
P, Valve Throttling Loss
load Y A P) e ¢
Pressure p APy Op.umal .
Flow Rate Q Loop Operating Point
Rotational %’_"".dcr Co&)slgng
riction
Speed Loss AP, couple
Va.lve N
Opening xy v

Total Power Loss Py =
APmicro + APmcso + APmacro

Fig. 2 Multi-scale loss mechanism and global energy efficiency modeling framework.

The control strategy framework mainly includes three layers:
1. Perception layer: sensors collect the multi-scale operating parameters of the system,
including micro component parameters (pump speed, pressure, flow; cylinder displacement
ndustrial
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and velocity; valve-port opening), meso circuit parameters (pipeline pressure, flow, circuit
coupling pressure difference), and macro system parameters (input power, load power, energy
consumption), providing data support for control decision-making [2, 3, 7].

2. Decision layer: based on the data collected by the perception layer, combined with the
multi-scale loss model and the global energy-efficiency model, the improved adaptive genetic
algorithm is used to collaboratively optimize the system control parameters and output the
optimal control commands (such as pump speed regulation commands and valve-port opening
regulation commands) [6, 14].

3. Execution layer: according to the control commands output by the decision layer, the
execution mechanisms (variable-frequency drives, servo valves) adjust the system operating
parameters to achieve collaborative suppression of multi-scale losses and improve the global
system energy efficiency, while ensuring that the system dynamic performance meets the
requirements [5, 8, 13].

In addition, a feedback regulation module is provided to compare in real time the actual
system energy efficiency and dynamic performance with the target and constraints. If a
deviation exists, the control parameters are adjusted in time to realize closed-loop control and
ensure the stability and effectiveness of the control strategy [2, 9].

Design of the Improved Adaptive Genetic Algorithm

Traditional genetic algorithms suffer from problems such as slow convergence and a
tendency to fall into local optima, making it difficult to meet the real-time optimization
requirements of process machinery hydraulic systems under complex operating conditions.
Therefore, this paper improves the traditional genetic algorithm and designs an improved
adaptive genetic algorithm for global parameter collaborative optimization [4, 10, 11].

Algorithm Improvement Ideas

Adaptive crossover rate and mutation rate design. According to the distribution of
population fitness values, the crossover rate and mutation rate are dynamically adjusted to
avoid the algorithm falling into local optima or converging too slowly [7]. When the
difference in population fitness values is small, the crossover rate and mutation rate are
increased to enhance population diversity; when the difference is large, they are reduced to
accelerate convergence [11].

The adaptive adjustment formulas for the crossover rate and mutation rate are:

P _ (Pcmax —Pemin ) (F—favg) F=f
P={"" foas—fevg | F (29)
Pc',maxf f< favg
(Pm max ~Pm min) (Fmax—F)
: =
P_= {Pm,mm * Fmex —fave ’ f o fﬂvg (30)
m =
Pmmax’ f< favg

where Pcmax and Pemin are the upper and lower limits of the crossover rate (taken as 0.9 and
0.4 in this paper); Pmmax and Pmmin are the upper and lower limits of the mutation rate (taken
as 0.1 and 0.01 in this paper); f is the individual fitness value; favg is the average population
fitness value; and f__ . is the maximum population fitness value.

Fitness function design. Combined with the control objectives and constraints, a fitness
function is designed to convert the multi-objective optimization problem into a single-
objective optimization problem:

1

F= (31)

1+w)gss Protal Fwdpn (0, tr Hon o)

where wioss and wayn are the weighting coefficients for the loss and dynamic performance
terms, respectively, and o1, a2 are penalty coefficients used to ensure that the control
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parameters satisfy the constraints (taken as 1.0, 1.0, 0.8, and 0.8 for the penalty terms in this
paper, normalized so that the dynamic performance penalties are commensurate with the
energy-efficiency values).

Algorithm Implementation Steps

The implementation steps of the improved adaptive genetic algorithm are as follows:

1. Population initialization: set the population size, the upper and lower limits of the
crossover rate and mutation rate, and the number of iterations; randomly generate the initial
control-parameter population (including the pump speed and valve-port opening), ensuring
that the population individuals are within the control-parameter constraints [9].

2. Fitness calculation: substitute each individual in the population as control parameters
into the global energy-efficiency model and the dynamic performance model, calculate the
individual fitness value, judge whether the constraints are satisfied, and penalize individuals
that do not satisfy the constraints [11].

3. Selection operation: use the roulette-wheel selection method to select, according to the
individual fitness values, individuals with higher fitness values to enter the next generation,
retaining excellent individuals and improving the overall population fitness [2, 11].

4. Crossover operation: according to the adaptive crossover rate, perform single-point
crossover on the selected individuals to generate new individuals and enhance population
diversity [13].

5. Mutation operation: according to the adaptive mutation rate, perform mutation on the
individuals to prevent the algorithm from falling into local optima [6].

6. Iteration judgment: judge whether the maximum number of iterations is reached or the
population fitness has converged (the difference between the average population fitness
values of two adjacent iterations is less than a set threshold). If satisfied, output the optimal
control parameters; otherwise, return to step (2) and continue iterating [8, 10, 11].

The complete execution flow of the improved adaptive genetic algorithm designed in this
paper is illustrated, as shown in Fig.3. Which strictly follows the six core implementation
steps presented in Section 4.3.2, and integrates the adaptive adjustment rules of crossover and
mutation rates as well as the judgment module for dynamic performance constraints [14].

Implementation of the Control Strategy

Combined with the actual structure of process machinery hydraulic systems, the specific
implementation of the control strategy is as follows:

1. Micro-level loss compensation: according to the optimized pump speed command, the
variable-frequency drive adjusts the pump speed so that the pump operates in the optimal
displacement range, reducing volumetric and mechanical losses; according to the valve-port
opening command, the orifice area is adjusted to reduce throttling loss; through seal
optimization and lubrication improvement, the friction and leakage losses of the cylinder are
reduced [2, 11].

2. Meso-level coupling suppression: according to the circuit flow and pressure data, a
flow-distribution valve adjusts the flow of each circuit to avoid coupling losses caused by
uneven flow distribution; the pipeline layout is optimized to reduce the pipeline length and the
number of bends, reducing pipeline resistance loss; a pressure-compensation valve suppresses
the pressure interference among circuits to reduce coupling losses [3, 8].

3. Macro-level power matching: according to the change in load-demand power, the
input power of the hydraulic pump is dynamically adjusted so that the system output power
matches the load-demand power, reducing power matching loss; the auxiliary system
operating strategy is optimized, and the operating state of the auxiliary equipment is
dynamically adjusted according to parameters such as system temperature and contamination
degree, reducing auxiliary system loss [2, 7, 11].
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Fig. 3 Improved adaptive genetic algorithm optimization procedure.

Through the above multi-scale collaborative control, the global energy efficiency of the
system is improved while ensuring that the system dynamic performance satisfies the process
requirements [6, 9].

Results.
Simulation Platform Construction and Parameter Setting
Simulation Platform Construction

A simulation platform for the process machinery hydraulic system is built based on
Simulink/SimHydraulics [8]. Combined with the actual structure of the hydraulic system of a
general CNC machine tool, a complete simulation model of "pump-control valve—cylinder—
pipeline—load" is constructed, covering the micro components, meso circuits, and macro
system, and accurately simulating the multi-scale losses and dynamic characteristics of the
system [4, 8].

The simulation platform mainly includes the following modules: the hydraulic pump
module (using a variable-displacement piston pump model), the control valve module (using
an electro-hydraulic servo valve model), the cylinder module (using a double-acting cylinder
model), the pipeline module (considering distributed and local resistance), the load module
(simulating process load fluctuation), the control module (implementing the improved
adaptive genetic algorithm and the collaborative control strategy), and the data acquisition
module (collecting system operating parameters and energy-consumption data) [13].

Simulation Parameter Setting

Combined with the actual parameters of the experimental platform, the simulation
parameters are set as follows: pump displacement Vp = 40 mL/rev, rated speed np = 1500
r/min, rated pressure pp = 16 MPa; cylinder piston area Ac = 50 cm?, stroke S¢ = 0.3 m,
friction coefficient 0.05; pipeline inner diameter d = 12 mm, length L = 3 m, distributed
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resistance coefficient 0.02, local resistance coefficient 0.5; hydraulic oil density p = 870
kg/m3, dynamic viscosity p = 0.035 Pa-s; load power range 5-17 kW, fluctuation frequency
0.5 Hz. Improved adaptive genetic algorithm parameters: population size 50, maximum
number of iterations 100, crossover-rate upper and lower limits 0.9 and 0.4, mutation-rate
upper and lower limits 0.1 and 0.01, and penalty coefficients of 1.0, 1.0, 0.8, and 0.8.

The simulation is divided into two groups: the control group (without any energy-saving
control strategy) and the experimental group (with the proposed global energy-efficiency
collaborative control strategy). The parameters of the two groups are identical to ensure the
validity of the comparison [9, 13].

Analysis of Simulation Results
Multi-Scale Loss Simulation Results
The distribution of multi-scale losses in the two simulation groups, as shown in Fig.4.

100 I Pump Volumetric Loss
N Ece A€ 0N + Valve Throttling Loss
0S5 10.0% = + Loop Coupling Loss
= 76.1% of Total Loss
80 -
S Meso Loss 31.7%
S 601
£
o
Q.
g Meso Loss 34.1%
v 40
o
|
20 - Micro Loss 52.3% Micro Loss 52.3%
0 .

Control Group Experimental Group

Fig. 4 Multi-scale loss distribution comparison between control group and experimental group.

The simulation results show that: In the control group, the micro loss accounts for 52.3%
of the total system loss, the meso loss accounts for 31.7%, and the macro loss accounts for
16.0%; among them, the volumetric loss of the hydraulic pump, the throttling loss of the
control valve, and the circuit coupling loss together account for 76.1% of the total loss,
consistent with the conclusions of the multi-scale loss model analysis, verifying the accuracy
of the loss model [11]. After the experimental group adopts the proposed collaborative control
strategy, the losses at each scale are significantly suppressed: the total loss is reduced by
38.0% compared with the control group, with the micro loss accounting for 52.3%, the meso
loss 34.1%, and the macro loss 13.6% of the experimental-group total loss [4, 13]. From the
perspective of specific loss types, the volumetric loss of the pump is reduced by 41.2%, the
throttling loss of the control valve by 38.6%, the circuit coupling loss by 45.3%, and the
power matching loss by 52.1%, indicating that the collaborative control strategy can
effectively suppress the key losses at each scale and achieve collaborative suppression of
multi-scale losses [7, 9, 12].
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Global Energy-Efficiency Simulation Results

The curves of the global system energy efficiency with operating conditions in the two
simulation groups. the average energy efficiency improvement of simulation is 12.1%, while
the experimental measured average improvement is 11.6%, as shown in Fig.5.
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Fig. 5. Global energy-efficiency curves under variable load conditions.

Simulation results show that under complex operating conditions with given load power
and fluctuation frequency [1], the average global energy efficiency of the control-group
system is 53.8%, accompanied by obvious fluctuations induced by load variation, with a
maximum fluctuation amplitude of 8.7%. After adopting the cooperative control strategy in
the experimental group, the average global energy efficiency of the system increases to
65.9%, representing an average improvement of 12.1%. Meanwhile, the energy-efficiency
fluctuation amplitude drops to 3.2%, yielding a remarkable improvement in stability [9, 14].
Under the rated operating condition of specified load power, the maximum energy-efficiency
improvement reaches 14.4%, which fully satisfies the preset control target of
“energy-efficiency improvement above 10%”. This verifies the effectiveness of the proposed
cooperative control strategy for global energy-efficiency enhancement [10].

Further analysis on the variations in micro-scale, mesoscale and macroscale energy
efficiencies reveals that the average energy-efficiency improvements of the experimental
group are 10.3% at the microscale, 13.5% at the mesoscale, and 15.7% at the macroscale. It
demonstrates that the cooperative control strategy enables synchronous energy-efficiency
improvement across all scales. It overcomes the limitation of conventional control strategies
that can only optimize energy efficiency at a single scale, and realizes the coordinated
improvement of global energy efficiency covering “component-circuit-system” [1, 4, 8].

Dynamic Performance Simulation Results

To verify whether the collaborative control strategy can guarantee the system dynamic
performance while improving energy efficiency, the step response characteristics of the two
simulation groups are compared, and the results [13, 14], as shown in Fig.6.
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Fig. 6. Step-response comparison of hydraulic system.

The simulation results show that the step response time of the control group is 0.28 s,
with an overshoot of 18.3%; after the experimental group adopts the collaborative control
strategy, the step response time is shortened to 0.21 s and the overshoot is reduced to 7.1%, a
25.0% shortening of response time and a 61.2% reduction in overshoot, both satisfying the
preset dynamic performance constraints (tr < 0.5 s, o < 15%). This result indicates that the
proposed collaborative control strategy, while suppressing multi-scale losses and improving
global energy efficiency, can significantly improve the system dynamic performance,
effectively solving the difficulty of "balancing energy efficiency and dynamic performance™
in traditional control strategies and achieving coordinated improvement of energy
consumption and dynamic performance [5, 9, 14].

Experimental Verification
Experimental Platform Construction

To further verify the practicability and reliability of the proposed theory and method, an
experimental platform for the process machinery hydraulic system is built, using a CNC
machine tool hydraulic system of a certain model as the prototype and restoring the complete
structure of "pump-—control valve—cylinder—pipeline—load" [9], as shown in Fig.7.

The parameters of the core components of the experimental platform are kept consistent
with the simulation parameters to ensure the comparability of the experiment and the
simulation. The data acquisition system uses high-precision sensors (pressure sensor accuracy
of 0.5% FS, flow sensor accuracy of 0.5% FS, and speed sensor accuracy of 0.1% FS) to
collect, in real time, the micro component parameters, meso circuit parameters, macro system
parameters, and energy-consumption data at a sampling frequency of 1000 Hz. The control
strategy is implemented through a PLC controller with the improved adaptive genetic
algorithm embedded, completing real-time optimization of the control parameters and
command output [4, 9, 13].

Experimental Scheme Design

The experiment adopts the same grouping scheme as the simulation, divided into the
control group (without any energy-saving control strategy) and the experimental group (with
the proposed global energy-efficiency collaborative control strategy). The experimental
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operating conditions are consistent with the simulation: load power range of 5-17 kW and
fluctuation frequency of 0.5 Hz. The experimental duration for each condition is 60 s, and a
total of 5 different load conditions are set. Each condition is repeated 3 times, and the average
value is taken as the experimental result to ensure the reliability of the experimental data [2,

14].
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Fig. 7. Hydraulic experimental platform and simulation-validation framework.

The main test indicators of the experiment include: the loss power at each scale, the
global energy efficiency, the system step response time, and the overshoot [13]. The test
results of the two groups are compared respectively to verify the practical application effect of
the proposed control strategy [2].

Experimental Results and Analysis

Multi-scale loss experimental results. The comparison of the average loss power at each
scale in the two experimental groups is shown in Table 1.

Table 1. Multi-scale loss comparison (unit: kW)

Indicator Control group (kW) Experir?lf\r;&?l group Reduction (%)
Micro loss 5.23 3.15 39.8
Meso loss 3.17 2.05 35.2
Macro loss 1.60 0.82 48.7
Total loss 10.00 6.02 39.8

The experimental results show that the losses at each scale in the experimental group are
significantly reduced compared with the control group, and the total loss is reduced by an
average of 39.8%, with the error from the simulation result (total loss reduction of 38.0%)
within 5%. The difference mainly originates from minor disturbances during the experiment
such as pipeline leakage and ambient temperature variation, indicating that the multi-scale
loss model can accurately reflect the loss characteristics of the actual system and that the
proposed control strategy can effectively suppress the multi-scale losses of the actual system
[2, 3, 13].
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Global energy-efficiency experimental results. The comparison of the average global
energy efficiency under different operating conditions in the two experimental groups is
shown in Table 2.

Table 2. Global energy efficiency comparison (%)

Condition Control group (%) Experlm(%;\)t)al group Improvement (%)
5 kW 50.2 63.5 13.3
8 kW 49.8 64.2 14.4
11 kW 53.5 66.8 13.3
14 kW 56.3 67.5 11.2
17 KW 55.2 65.4 10.2
Average 53.0 65.5 12.5

The experimental results show that the average global energy efficiency of the control
group is 53.0%, while that of the experimental group is 65.5%, an average improvement of
12.5 percentage points, with the largest improvement reaching 14.4%, basically consistent
with the simulation result (average improvement of 12.1 percentage points). This verifies the
energy-efficiency improvement effect of the proposed collaborative control strategy in an
actual system. At the same time, the average energy-efficiency fluctuation amplitude of the
experimental group is 3.5%, significantly lower than that of the control group (8.9%),
indicating that the control strategy has good stability under actual complex operating
conditions [9].

Dynamic performance experimental results. The test results of the system step response
characteristics in the two experimental groups are shown in Table 3.

Table 3. Dynamic performance comparison

Indicator Control group Experimental group Change
Response time (s) 0.29 0.22 shortened 24.1%
Overshoot (%) 18.7 7.5 reduced 60.0%

The experimental results show that the average step response time of the experimental
group is 0.22 s, shortened by 24.1% compared with the control group (0.29 s); the average
overshoot is 7.5%, reduced by 60.0% compared with the control group (18.7%). This result
further verifies that the proposed collaborative control strategy can achieve "coordinated
improvement of energy efficiency and dynamic performance” in an actual system, solving the
core pain point of traditional control strategies [1, 12, 13].

Comparison and Error Analysis of Simulation and Experimental Results
The error analysis of the core indicators between the simulation and experimental results
is shown in Table 4.

Table 4. Error analysis

Core indicator Simulation Experiment Relative error (%0)
Total loss reduction rate (%) 38.0 39.8 4.7
Global energy-efficiency 12.1 11.6 4.1
improvement rate (%)
Response time change rate (%) 25.0 24.1 3.6
Overshoot change rate (%) 61.2 60.0 2.0
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The comparison results show that the relative errors of all core indicators are within 5%,
among which the relative error of the total-loss reduction rate is 4.7%, that of the global
energy-efficiency improvement rate is 4.1%, and the relative errors of the dynamic
performance indicators are all below 4.0%. The main cause of the errors is that the simulation
ignores practical interference factors such as ambient temperature, pipeline wear, and sensor
errors [11]. Overall, the simulation results are highly consistent with the experimental results,
verifying the accuracy of the established multi-scale loss model and global energy-efficiency
model, as well as the effectiveness and practicability of the proposed global energy-efficiency
collaborative control strategy [14].

Conclusions.
Research Summary

Aiming at the core problem of "multi-scale loss coupling and the difficulty of
simultaneously achieving high energy efficiency and good dynamic performance" in process
machinery hydraulic systems, this paper carries out research on the multi-scale mechanism of
power loss and the global energy-efficiency improvement collaborative control theory and
method [3, 11]. Through systematic theoretical analysis, modeling, simulation, and
experimental verification, the following main conclusions are drawn:

1. The multi-scale classification criterion for power loss in process machinery hydraulic
systems is clarified, and the generation mechanism and coupling law of multi-scale losses are
revealed [9]. Power loss is divided into three scales—micro, meso, and macro—and quantitative
models of the power loss at each scale are established. It is found that the volumetric loss of
the hydraulic pump, the throttling loss of the control valve, and the circuit coupling loss are
the main sources of total system loss (accounting for over 75% in total), and the losses at
different scales exhibit significant coupling effects, influencing and aggravating one another
[13].

2. A global energy-efficiency model covering multi-scale losses is established, achieving
a precise correlation between multi-scale losses and system energy efficiency. Based on the
energy balance principle, a "micro—-meso—macro” three-level energy-efficiency model is
constructed, directly correlating the loss parameters at each scale with the global energy
efficiency [11]. Through parameter identification and experimental validation, the error
between the model output and the actual system is within 5%, providing solid theoretical
support for global energy-efficiency optimization control [2].

3. A multi-scale collaborative global energy-efficiency improvement control strategy is
proposed, achieving coordinated improvement of energy consumption and dynamic
performance [6,8]. An improved adaptive genetic algorithm is designed for control-parameter
optimization, solving the problems of slow convergence and a tendency to fall into local
optima in traditional genetic algorithms [12]. Simulation and experimental verification show
that the strategy can improve the global energy efficiency of the system by an average of
11.6%-12.1%, reduce the total loss by 38.0%-39.8%, shorten the system response time by
24.1%-25.0%, and reduce the overshoot by 60.0%—-61.2%.

4. Through the dual verification of simulation and experiment, the effectiveness and
practicability of the proposed theory and method are confirmed. The errors of the core
indicators are all within 5%, indicating that the established model and the proposed control
strategy can adapt to the complex operating conditions of process machinery hydraulic
systems and can be directly applied to the energy-saving retrofit of actual systems [14].

Research Innovations

The innovations of this paper are mainly reflected in the following three aspects:

1. A multi-scale classification criterion and quantitative model are proposed. This breaks
through the limitation of traditional single-scale loss analysis, clarifies the boundaries of the
micro, meso, and macro scales, systematically analyzes the generation mechanism and
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coupling law of the losses at each scale, and can reveal the essential causes of system power
loss more comprehensively and deeply [11].

2. A global energy-efficiency model is established. This solves the problem that
traditional energy-efficiency models cannot reflect the influence of multi-scale coupling,
organically combines the micro component energy efficiency, meso circuit energy efficiency,
and macro system energy efficiency, and realizes the precise quantification and prediction of
energy efficiency [13].

3. A collaborative control strategy is proposed. By integrating multi-scale loss
compensation and global parameter collaborative optimization, it breaks the limitation of
traditional control strategies that target only a single scale or a single operating condition, and
realizes the coordinated optimization of energy efficiency and dynamic performance [2].

Future Work

Although this research has achieved certain results, combined with the practical
application needs and technical development trends of process machinery hydraulic systems,
some problems still need further in-depth research:

1. Optimization algorithm performance. In the future, advanced intelligent algorithms
such as particle swarm optimization and gray wolf optimization will be fused and improved
with the existing algorithm to further shorten the optimization iteration time and improve the
adaptability and robustness of the algorithm to extremely complex operating conditions [3].

2. Improvement of the dynamic energy-efficiency model. Considering factors such as
aging and wear of the actual system, the influence of the dynamic variation of component
structural parameters and circuit parameters on multi-scale losses and global energy efficiency
will be studied, and a dynamic global energy-efficiency model will be established to improve
the long-term practicability of the model [13].

3. Expansion of application verification. The proposed control strategy will be applied to
different types and scales of process machinery hydraulic systems such as metallurgical
rolling mills, mining machinery, and injection molding machines to verify the universality of
the control strategy [2].

4. Exploration of multi-energy collaborative drive. The power-loss characteristics and
energy-efficiency optimization methods of hydraulic systems under multi-energy
collaborative drive modes (such as hydraulic—electric and hydraulic—pneumatic collaboration)
will be studied to further improve the green level of process machinery.
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Y Vrpaincoxuii deporcasnuii ynisepcumem 3anisHuuHo20 mpancnopmy

Anomauis

lNpapaBmiyHi CHCTEMH TEXHOJIOITYHOrO OOJaJHAHHS 3aBISKM BHUCOKIH MHIIJIBHOCTI MOTY)KHOCTI,
TOYHOMY pPETYJIIOBAaHHIO IIBHIKOCTI Ta BHCOKIH CTIMKOCTI 10 yJapHUX HABaHTa)XEHb IHUPOKO
3aCTOCOBYIOTHCSl y KJIFOUOBHX TPOMHCIIOBHX Tally3sX, TAKUX SK METaIypris, BEpCTaToOyayBaHHS Ta
ripHUYa MPOMHCIIOBICTh, 1 € EHEPreTHYHOI OCHOBOI) CYYacHOTO TEXHOJOTIYHOI'O BHPOOHHUIITBA.
Opnak mig vac poOOTH TaKMX CHUCTEM BHHHUKAIOTh 3HAYHI BTPATH IOTYXXHOCTI, SIKI MarOTh
OaraTomacmTabHy 3B'I3HY BJIACTHUBICTH 32 CXEMOK «EJIEMEHT — KOHTYpP — CHCTEMay, 4epe3 IIo
eHeproe(eKTUBHICTh CHCTEM 3aJIMIIAETHCA HU3BKOI (y MPOMHUCIIOBHX YMOBax 3a3BHYall CTAHOBUTH
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mume 45-60 %). Lle cramo OCHOBHHM TMEpEIIKOJOI0 Ha MUIAXY CSHEpro30epekeHHs, CKOPOUYCHHS
BHKHJIIB Ta 3€JICHOT0 MOJCPHI3yBaHHS TEXHOJIOTTYHOTO 001 HaAHHS.

Jlyis BUpILIEHHS HEOIKIB iCHYIOUYHX JTOCIIPKEHb, & CaMe HEIIOBHOTO aHaJli3y MEXaHi3MiB BTpaT
MOTY>KHOCTi, HEAOCTaTHBOIO BpaxyBaHHs OararoMaciiTaOHUX 3BSI3HHX €QEeKTIB Ta BiACYTHOCTI
r100ambHOI KOOpAMHAINT B CHCTEMax KepyBaHHS €Heproe(peKTHBHICTIO, y CTaTTi CHCTEMAaTUIHO
JociipkeHo OararomacmTabHAN MeXaHi3M BTpaT MOTYXKHOCTI, a TAKOXK TEOPif0 Ta METOMHU CITIIIHHOTO
KepYBaHHS 7S MiABUILICHHS TJI00aIbHOI €HEeproe()eKTUBHOCTI TiAPaBIiYHUX CUCTEM TEXHOJIOTTYHOTO
o0agHaHHS.

CriouaTtky BHU3HA4Ye€HO Kputepii OararomacmraOHOi Kiacudikamii BTpaT TMOTY)XHOCTI Ta
CHUCTEMAaTHYHO MPOAHANI30BAaHO MeEXaHi3MH iX BHHUKHEHHA Y TpbOX BHMIpax: MIKpPOpiBeHb
(BHYTpIIIHS YacTHHA €JIEMEHTIB), ME30PIBEHb (3B'SI3HICTD KOHTYPiB) Ta MaKpOPiBEHb (BCS CUCTEMaA B
IiJIOMY), Ha OCHOBI 4OT0 MOOYA0BaHO KUTBKICHY OaraToMacIiTabHy MOJIENb BTpaT MOTyXHOCTI. [ai 3
ypaxyBaHHSM B3a€MO3BSI3KiB MK BTpaTaMH Pi3HHX MAacHITa0iB CTBOPEHO MOZETh TI00ambHOI
eHeproepeKTUBHOCTI, IO JJ03BOJISIE BUSIBUTH BHYTPIIIHI 3aJeXHOCTI MK OaraToMaclITaOHUMHU
BTpaTaMH Ta €HeProe(HeKTUBHICTIO CHCTEMHU.

[ToTimM 3ampomOHOBAHO CTpATEriro KePyBaHHS, MO TMOEJHYE KOMIIEHCAIiID OararoMaciiTabHUX
BTpaT Ta CIUIBHY ONTHMI3alil0 TI00ATBHUX TapaMmeTpiB, a TakoX po3po0IeHO onTUMi3aliifHui
KOHTPOJIEp Ha OCHOBI BJOCKOHAJIEHOIO aJanTHBHOro TeHeTmdHoro anroput™my (IAGA). Lei
KOHTpoJiep 3a0e3rmedye OJHOYACHE IMOKPALICHHsS ITOKAa3HUKIB CHEeProCHOKMBAHHS Ta JHHAMIYHHX
XapaKTepUCTUK cucTeMu. Ha 3aBepiieHHs e(eKTHBHICTh Ta MPAKTHYHICTH 3alpPONOHOBAHOI TeOopii Ta
METOJIIB  MIATBEP/PKEHO 3a JOMOMOIOK CHUMYJISIMHOrO aHamizy Ta eKCICPUMEHTAIbHUX
BUTIPOOYBAaHb.

OtpuMaHi pe3yJbTaTd CBiI4aTh, 10 MOOyIOBaHa OararomacimTabHa MOJENb BTPAT MOTYKHOCTI
JIO3BOJIIE TOYHO KUTBKICHO OI[IHUTH BHECOK BTpaT KOXXKHOTO Macmtady. OCHOBHUMH JKepenaMu
3arajgbHUX BTPAT CUCTEMH € 00'€éMHI BTpATH TiApaBIiYHOrO HAcOCa, JPOCENbHI BTPATH PETyIIOI0YOTO
KJIalaHa Ta BTPaTH 4Yepe3 3B'I3HICTh KOHTYPIB (X cymapHa yacTka nepesuuiye 75 %). 3anponoHoBaHa
CTpaTerisi CHUIBHOTO KEpyBaHHS TJIO0aNbHOI eHeproeeKkTUBHICTIO 3a0e3rneduye 3pOCTaHHS
eHeproedekTuBHOCTI cucteMu Ha 12—18 % mnpu pisHUX poOOUMX PEeKUMAX, OJTHOYACHO 3MEHIIYIOUN
nepeperyisLio AuHamiuHoi peakuii Oinbin Hixk Ha 60 %. Lle no3BossA€e ycmiHO BUPIMWUTH TpobIeMy
HEMOXKITMBOCTI OJTHOYACHOTO JIOCSTHEHHS BHCOKOi €Heproe(eKTUBHOCTI Ta XOpPOIIUX JAWHAMIYHHX
XapaKTepUCTHK, XapaKTepHY JJIs TPAJUIIHHUX CTpaTeTil KepyBaHHSI.

Jlane nocnmi/DKeHHs Halae HaJiiHY TeopeTHuHy O0a3zy Ta NMpPAaKTHYHWH TEXHIYHMHA MUIAX JUIS
onTHUMi3amii  TPOEKTyBaHHS Ta KEPyBaHHA CHEProe(eKTHBHICTIO TiAPaBIIYHUX  CHCTEM
TEXHOJIOTIYHOTO 00JIaJIHAHHSI, 8 TAKOK Ma€e BUCOKE TEOPETUYHE 3HAUCHHS Ta MPAKTHUYHY LIHHICTh JJIS
PO3BUTKY 3€JI€HOT0 T4 HU3bKOBYTJICIIEBOTO CEKTOPY TEXHOJIOTIYHOTO MaITMHOOY/ TyBaHHSI.

Kniouosi cnoea: TexHomoriuHe OOJaJHAHHS; TiApaBIiyHAa CUCTEMa; BTPATH IOTY)KHOCTI;
OararomacmTabHUIN MeXaHi3M; T100aIbHa eHeproe()eKTHBHICTh; CITUIBHE KEPYBaHHS.
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Abstract. This paper summarizes computational studies of the dynamic characteristics of a
mechatronic hydraulic drive with standard and modernized planetary hydraulic motors. The aim is to
compare the effects of motor design, external disturbances and passive pulsation damping on the
transient response of the drive. The analysis considers the flow area of the distribution system, the
diametral clearance between the rotors, pump delivery variations and changes in resisting torque.
Three cases are examined: constant pump delivery and resisting torque, variable external inputs, and
operation with a passive pulsation damper. Variations in the distribution flow area are associated with
pressure and flow rate pulsations, while variations in the diametral clearance are associated with
torque oscillations. Under variable external inputs, the modernized motor exhibits smaller pressure and
torque oscillations and reaches the operating speed level earlier than the standard motor. In the case
with a passive pulsation damper of 5000 cm?, the approximate start-up pressure peaks are 38 and 36
MPa for the standard and modernized motors, respectively, compared with 90 and 85 MPa without the
damper. The start-up torque peaks are within 900-1000 N-m for both designs, compared with
approximately 2100 and 1900 N-m without the damper. However, oscillations under variable loading
remain in both designs. The results support considering motor design improvements and passive
damping together when selecting measures to reduce pulsations and start-up loads. The numerical
estimates apply to the cases considered, taking into account differences in their initial parameters and
operating conditions.

Keywords: transient processes, hydraulic drive acceleration, pressure, torque, working fluid flow
rate, rotational speed.

Introduction.

Modern mechatronic systems of self-propelled machinery are subject to increased
requirements for response speed, accuracy, energy efficiency and stability of operating
processes. Many actuating mechanisms in such machines are based on hydraulic drives
capable of providing high torque with relatively small dimensions and low weight. The
dynamic characteristics of the hydraulic drive directly determine the operating performance of
the mechatronic system, particularly during start-up, load changes and other transient
conditions [1, 2].

Planetary hydraulic motors are a promising type of hydraulic actuator for mechatronic
systems of self-propelled machinery, combining compactness, high specific torque and the
ability to operate under substantial loads. Their design features result in a complex process of
working volume formation and torque transmission to the output shaft. The design features of
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the rotor system, particularly the diametral clearance [2, 3], and the distribution system,
particularly variations in the flow area [4-6], have a significant effect on operating
characteristics.

The study of dynamic processes occurring in hydraulic drives of mechatronic systems of
self-propelled machinery is of particular importance. Pressure, flow rate and torque pulsations
may reduce motion stability, increase dynamic loads and vibration, and shorten the service
life of hydraulic drive components [2, 7]. The dynamics of the hydraulic drive are determined
by the interaction of the pump, pipelines, control and safety devices, hydraulic motor and
external mechanical load [8]. For a planetary hydraulic motor, periodic processes in the rotor
system [2, 9] and the distribution system [5, 7, 10] are an additional source of disturbances.
Changes in the geometry of the working ports affect flow capacity and pressure pulsations,
while the parameters of the rotor system, including the diametral clearance, affect the
generation of output torque [3, 9]. However, the combined effect of these factors on hydraulic
drive dynamics under simultaneous operating disturbances remains insufficiently understood.
This particularly concerns the quantitative assessment of the relationship between hydraulic
motor design modifications, pressure and flow rate pulsations, torque variations and relief
valve operation.

The use of passive damping devices also requires further study. Hydropneumatic
accumulators and other smoothing devices are known to reduce the amplitude of hydraulic
pulsations [11, 12]. However, their effectiveness in a hydraulic drive with a planetary
hydraulic motor should be assessed taking into account the transient response of the entire
system. In particular, it is of interest to compare start-up pressure and torque peaks, as well as
subsequent oscillations of the output parameters, in the computational cases considered
without a damper and with a passive pulsation damper.

Thus, it is relevant to systematize the research results on the effects of planetary hydraulic
motor design parameters, uneven pump delivery, external load variations and passive
damping on the dynamic characteristics of the hydraulic drive. This synthesis makes it
possible to compare the potential of hydraulic motor design modifications and the use of a
pulsation damper, taking into account differences in the initial parameters and conditions of
the computational cases considered.

Literature Review.

Current research on planetary and orbital hydraulic motors can broadly be divided into
several interrelated areas: improvement of rotor and distribution systems, investigation of
hydraulic motor output characteristics and dynamics, modeling of pressure and flow rate
pulsations, development of methods for their suppression, and investigation of the dynamics
of control and safety devices. Analysis of these areas shows that most existing studies
consider individual components or individual operating modes of the hydraulic drive, while
comprehensive investigation of the interaction between design and operating factors remains
insufficiently developed.

Approaches to the mathematical description of mechatronic systems with hydraulic
drives have been proposed [1]. An important advantage of this study is the possibility of
linking the parameters of individual components to the characteristics of the system as a
whole. However, the main attention is given to the development of mathematical and
kinematic models, while operating disturbances and their interaction with the hydraulic
motor’s own dynamic processes receive limited consideration.

A substantial proportion of research is devoted to improving the output characteristics of
planetary hydraulic machines. The influence of tooth curvature radius on the geometric and
functional parameters of rotors has been investigated [9], and a design for a planetary gear
mechanism has been proposed [13]. These results confirm the high sensitivity of hydraulic
motors to the geometric parameters of their working elements. However, the main findings
primarily concern the assessment of output or geometric characteristics, while the dynamic
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consequences of changes in these parameters for the entire hydraulic drive receive less
attention. Thus, an improvement in static characteristics alone does not yet indicate an
improvement in the dynamic stability of the system.

Studies of the diametral clearance are of particular importance to the problem under
consideration [3]. The results show that changes in the clearance can significantly affect the
operating characteristics of the hydraulic machine. An increase in clearances is also associated
with changes in internal leakage and the process of torque generation. Therefore, the
diametral clearance should be considered not only as a parameter of reliability and
manufacturing accuracy, but also as a factor determining the dynamic behavior of the
hydraulic drive.

Another important area is the study of distribution systems. The results show that the
geometry of the working ports, variations in the flow area [4, 5], and the manufacturing
accuracy of the components of the planetary hydraulic motor’s end-face distribution system
[10] directly affect flow capacity. Together with the research findings, this provides a basis
for considering the distribution system as one of the main sources of periodic disturbances in
the hydraulic motor. However, research mainly focuses on flow capacity as a characteristic of
the distribution system, while its relationship with the pressure and torque time histories
within a closed dynamic system is not considered in sufficient detail. The combined effect of
the design features of the distribution system and the rotor mechanism is also not fully
understood, although their periodic interaction generates a substantial proportion of the
internal disturbances in the planetary hydraulic motor.

The dynamic behavior of mechatronic systems with planetary hydraulic motors has been
investigated [2, 7]. The combined effect of hydraulic motor design features and operating
disturbances is considered in [8], while the use of a passive pulsation damper to reduce start-
up dynamic loads is considered in [14]. These studies are directly related to the problem under
consideration and demonstrate the need to account for transient processes occurring in the
hydraulic drive of a mechatronic system of self-propelled machinery. However, further
development in this area requires a more detailed distinction between the sources of
disturbances. In particular, it is insufficient to consider the transient process solely as a result
of a change in the operating mode of the hydraulic drive: the effects of the rotor and
distribution systems, pump pulsations and external load need to be assessed separately.
Without this distinction, it is difficult to determine which design parameter is decisive for a
particular dynamic characteristic.

A broader body of research is devoted to the dynamics of hydrostatic drives. The
dynamic processes of a low-speed, high-torque hydrostatic drive have been investigated [15];
a mathematical model and analysis of a hydrostatic transmission have been presented [16]; a
CFD model of internal leakage flow in a radial piston hydraulic motor has been developed
[17]; the reliability of a mathematical model of transient processes in the hydraulic drive of a
mechatronic system has been assessed [18]; a dynamic analysis of a hydraulic drive has been
performed through modeling and simulation [19]; and the dynamic characteristics of a
hydraulic motor operating under pulsating flow have been investigated [20]. A common
advantage of these studies is that they consider the hydraulic drive as an interconnected
hydromechanical system. However, the objects and problems considered do not fully
correspond to the specific features of a planetary hydraulic motor. As a rule, these studies do
not account for the periodic formation of the working volume and flow distribution
characteristic of the hydraulic machine under consideration.

A separate research area concerns pulsations of speed, delivery and pressure. In [21], a
model of rotational speed pulsations in a high-torque hydraulic motor is proposed, taking into
account the effects of friction and leakage at the interfaces between its components. These
results demonstrate the need to consider internal hydraulic motor processes when analyzing
motion irregularity. For the hydraulic drive under consideration, it is of interest to compare
these internal factors with external effects, namely uneven pump delivery and load variations.
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Dynamic modeling of a pneumatic radial piston motor has been performed [22];
pulsations of the delivery flow of a piston pump have been investigated [23]; active control of
pressure pulsations in an axial piston pump has been analyzed [24]; a mathematical model of
pressure pulsations in a hydrostatic transmission has been developed [25]; pressure ripple
characteristics in hydraulic circuits have been simulated [26]; and models of hydropneumatic
accumulators and their applications in hydraulic systems, including hydraulic shock
absorption and pulsation damping, have been reviewed [27]. Methods for modeling a passive
hydraulic damper [12], as well as methods for suppressing pressure pulsations in hydraulic
systems, have been proposed. The classification and characteristics of pulsation dampers have
been considered [11]. Despite the wide range of proposed solutions, a significant limitation of
most studies is that the effectiveness of damping devices is assessed mainly by the reduction
of pulsations in the hydraulic circuit. This is insufficient for hydraulic drives of mechatronic
systems of self-propelled machinery, since a reduction in pressure does not necessarily
produce a proportional reduction in torque oscillations or shorten the transient time.

The relief valve is an important component affecting the transient process. The
mathematical foundations of dynamic modeling have been presented [28], and mathematical
modeling and dynamic analysis of processes occurring in a hydraulic system with a relief
valve have been performed [29]. These studies show that the valve is a dynamic component
rather than an ideal device that limits pressure instantaneously. However, most of the models
considered focus on the valve itself or a local hydraulic circuit. Its effect on the dynamics of a
drive whose actuator is a planetary hydraulic motor with a pronounced periodic operating
process remains insufficiently studied.

Previous studies have considered the effects of the design features of the rotor system [2]
and the distribution system [7] of a planetary hydraulic motor on the dynamic characteristics
of the hydraulic drive. The combined effect of hydraulic motor design features and operating
disturbances [8], as well as the use of a passive pulsation damper to reduce start-up pressure
and torque surges [14], has been investigated. These results form the basis of the present
synthesis. Their systematization makes it possible to compare the potential of hydraulic motor
design modifications and passive damping under different hydraulic drive operating
conditions.

The aim of this work is to summarize and compare the results of previous simulations of
the dynamic characteristics of the hydraulic drive of a mechatronic system with standard and
modernized planetary hydraulic motors, considering the effects of design parameters, uneven
pump delivery, external load variations and the use of a passive pulsation damper. The main
focus is on the reduction of start-up pressure and torque surges, the reduction of pulsations,
and changes in acceleration duration, taking into account the initial conditions of the
computational cases considered.

Research Methodology.

To achieve the stated aim of summarizing and comparatively assessing previously
obtained results, the following tasks are addressed:

— to systematize the input data and conditions of previous simulations that determine the
specific features of the computational cases considered;

— to summarize the mathematical relationships and structural and functional diagrams
used to describe dynamic processes in the hydraulic drive of a mechatronic system with a
planetary hydraulic motor;

— to compare the results of studies on the effects of the design features of the rotor and
distribution systems of standard and modernized hydraulic motors on the dynamic
characteristics of the hydraulic drive;

— to analyze previously obtained results, taking into account uneven pump delivery and
external load variations;

— to compare start-up pressure and torque peaks and the patterns of variation in output
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parameters in computational cases without and with a passive pulsation damper, taking into
account the initial simulation conditions.

The relationships presented in [30] are used to describe the structure of the mathematical
model of the hydraulic drive of a mechatronic system with a planetary hydraulic motor. They
describe variations in output characteristics, taking into account the geometric parameters of
the hydraulic motor, the movement of rotor system components and changes in the flow area
of the distribution system. The present work summarizes the results of applying mathematical
models to analyze hydraulic motor design features, operating disturbances and passive
damping [2, 7, 8, 14].

The sequence of reviewing and comparing the results is shown in Fig. 1. It covers the
effects of the design features of the rotor and distribution systems of the planetary hydraulic
motor, external disturbances, namely uneven pump delivery and load fluctuations, and the use
of a passive pulsation damper.

First, the results of separate investigations into the effects of the diametral clearance in
the rotor system [2] and variations in the flow area of the distribution system [7] on the
dynamic characteristics of the hydraulic drive are considered. Next, the results of
investigating their combined effect in the presence of operating disturbances [8] and the
results of using a passive pulsation damper [14] are analyzed. The comparison takes into
account the initial parameters and simulation conditions of each computational case.

In the studies considered [2, 7, 8], transient processes in the hydraulic drive of the
mechatronic system were simulated for a planetary hydraulic motor with a displacement of
Vhmo = 160 cm?. The VisSim simulation package was used to determine the effects of the
design features of the rotor and distribution systems on the dynamic characteristics of the
hydraulic drive.

Hydraulic drive for the mechatronic system
of self-propelled machinery

A 4

Planetary hydraulic motor

/\

Standard hydraulic motor Modernized hydraulic motor

) !

P
. Influence of external disturbing

Influence of design features .

&
( Distribution M = const M # const
Rotor system svstem Qp = const Qp # const
L y Vopd = 0 car® Vopd = 0 cad®
v
Rotor system and ](\g/[r z 582::
distribution system P
i’ Vopa = 5000

Fig. 1. Research scheme for the dynamic characteristics of a planetary hydraulic motor
operating as part of the hydraulic drive of a mechatronic system of self-propelled machinery
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Simulations were performed for standard and modernized planetary hydraulic motors.
The structural and functional blocks of the dynamic model are presented below (Figs. 2-12),
explaining the relationships used and the procedure for setting the parameters. The initial
conditions of individual computational cases are considered when analyzing the
corresponding results.

The input data are specified in block A of the structural and functional diagram of the
dynamic model of the hydraulic drive of a mechatronic system with a planetary hydraulic
motor (Fig. 2).

365 0.065 (7]
200

!
u |
=N
=1
=1
=}

Fig. 2. Input data for the dynamic model

Block B (Fig. 3) allows the rotation of the movable distributor to be simulated and the
relative angular positions of the ports of the movable and stationary distributors to be
determined using the relationships [4, 5]:

— for the movable distributor:

azzz—”, al(t):jwhmdt, a,()=a(t)+a, .., ot)=a,(t)+a, (1)

1

where Zi is the number of ports in the movable distributor;
— for the stationary distributor:

2 V4
IB:Z_1ﬂ1=Z_7ﬂ2:ﬂ1+ﬂ""’ﬂi=ﬂi—l+ﬂ1 (2)
2 2
where Z is the number of ports in the stationary distributor.
Block B also allows the angle defining the geometric limits of the distribution ports to be
determined using the following relationship:

T
=25, 3
€ 2 3)

where ¢ is the angular clearance between the ports of the movable and stationary distributors.

Block C (Fig. 4) allows the angular distance between the centers of the overlapping ports
of the movable and stationary distributors during rotation of the movable distributor to be
determined using the following expression:

o (t)=‘,8, —-a, (t)‘ 4)
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Fig. 3. Dynamic model block for determining the angular positions of the distribution ports of
the movable and stationary distributors
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Fig. 4. Dynamic model block for determining the distance between the centers of the ports of the
movable and stationary distributors and their overlap angles

It also allows the overlap angles of the pressure ports of the stationary distributor with
each port of the movable distributor to be determined using the following expression:

7i(t)=e—0i(t). (5)

Block D (Fig. 5) allows the overlap area of the pressure ports of the stationary distributor
with each port of the movable distributor to be determined as a function of time using the
following expression [4-6]:
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40=3 £-s-lp-a ) ) ®

i=1

where R1% and R2° are the inner and outer radii defining the lower and upper boundaries of the
distribution ports, respectively.
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Fig. 5. Dynamic model block for determining the variation in the overlap area of the ports of the
movable and stationary distributors

Block F (Fig. 6) allows the variation in the working fluid flow rate through the hydraulic
motor, depending on the design features of the distribution system, to be determined using the
following expression [5]:

2\ (7« R -R’) [2p(t
Qun ()= 2-2 [——Aj—\ﬂi—ai(t)\ (R-R) 200 W)
i1 | \ L, 2 Iy

Fig. 6. Dynamic model block for determining the variation in the working fluid flow rate
through the hydraulic motor

Block G (Fig. 7) allows the variation in the working fluid flow rate through the relief
valve to be determined using the following expression [1]:
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Fig. 7. Dynamic model block for determining the variation in the working fluid flow rate
through the relief valve

Block H (Fig. 8) allows the total angle encompassing the high-pressure zone to be
determined using the following expression:
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Fig. 8. Dynamic model block for determining the total angle encompassing the high-pressure
zone

Block K (Fig. 9) allows the variation in volumetric losses in the end-face distribution system
at any instant to be determined using the following expression [5]:

h’ 3p-a)
thIeak = 12”2% '|:p1(l‘)'a—%~b , (10)
RO
Ini_ln 2} 02 2 2 02
a_( R10 R2 b_(Rl —R1)+(R2_R2)
R R R, RO
In—.In—2 In—% In—2
RO R R, R,
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where h is the gap height between the contacting surfaces of the movable and stationary
distributors; p: is the pressure in the hydraulic drive of the mechatronic system; R: and R: are
the inner and outer radii of the movable and stationary distributors, R1 = R1® — b1, Rz = R® —
ba.
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Fig. 9. Dynamic model block for determining the variation in volumetric losses in the end-face
distribution system at any instant

Block L (Fig. 10) allows the variation in torque on the shafts of the standard and
modernized hydraulic motors to be determined using the following expression [9]:

M., (0=2{ 655 |- (2, +2)-h. )

G, mm

Fig. 10. Dynamic model block for determining the variation in torque on the hydraulic motor
shaft at any instant

Block M (Fig. 11) includes the calculation of pressure variation and its subsequent
correction to account for changes in the flow area of the distribution system. The basic
equation for pressure variation without a passive pulsation damper is given by [30]:

o) 2En [V
dt (Vo +Vimo) L 27

’ CUp (t) ’ e_\/zhmo ’ a)hm (t) - C’p.leak [pl(t) _pdr]_
" (12)

1
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X[Cp @, (t)+chn e (t)]'[pl(t)_pdr]_g"o' (t)]

The factor 2Eq/(Vpo + Vhmo) in equation (12) corresponds to the representation adopted in
[30] for the flow rate components associated with pressure changes in the pump and hydraulic
motor, with the coefficients Vpo/(2Eq1) and Vimo/ (2E#), respectively.

block M

[51]
TR

Cam.y

Fig. 11. Dynamic model block for determining the pressure variation in the hydraulic drive at
any instant

The pressure pi(t) is determined by integrating equation (12). In block M (Fig. 11), the
effect of changes in the flow area of the distribution system is taken into account by applying
a separate algebraic correction to the calculated pressure:

4A\nean [Ahr.sec (t) B Anean] Py (t)
Af]ax (t) + Aiin (t) .

where p1,corrt) IS the pressure with this correction applied, denoted by p': in Fig. 11.

Figure 11 shows the configuration of block M with a passive pulsation damper of volume
Vppd = 5000 cm?, used to obtain the results presented in Figs. 23-27. In this implementation,
the coefficient multiplying the resultant flow rate in the pressure variation equation is taken as
2Ea/(Vpo + Vimo + Vppd). When Vppa = 0, this coefficient corresponds to the basic equation (12).

Block N (Fig. 12) allows uneven pump delivery Q,(t) and changes in the load on the
active working element, characterized by the resisting torque M(t), to be specified. External
disturbances were considered in studies [8, 30]. Taking into account the structure of block N
(Fig. 12), these inputs are represented as follows:

Q, (t) =Qp0 +AQ, (t)
M (t)=max {O,Mkp (t){l—exp (—Qj}M@ -sin(a;Mz)}.

where Qp,o is the constant component of pump delivery; AQp(t) is the variable component of
pump delivery generated by the signal generators and switching blocks in block N (Fig. 12).
In the expression for the resisting torque, r(t) is the signal from the ramp generator shown in
Fig. 12; T is the time constant of the exponential rise; Mior(t) is the torque input signal denoted

pl,corr (t) = pl(t) - (13)

(14)

[]ooenoce  ISSN: 1994-4691 Nel(77) ,.
| i]hf 2026
|




@ TSATU ASIHP @

by M(t) in the diagram; M., and wwm are the amplitude and angular frequency of the harmonic
torque component. The operation max {0, ...} corresponds to replacing negative values of the
resultant signal with zero in block N.

block N

merge

merge

merge

Fig. 12. Dynamic model block for specifying uneven pump delivery and changes in the load on
the active working element at any instant

The presented structural and functional blocks (Figs. 2-12) explain the modeling of
transient processes in the hydraulic drive of the mechatronic system, taking into account the
design features of the rotor system and distribution system of the planetary hydraulic motor,
external disturbances, and passive damping. The results are considered below for individual
computational cases, with the initial conditions and sources of previously obtained data
specified.

Results.

At the beginning of acceleration of the hydraulic drive of the mechatronic system, a brief
start-up pressure surge is observed. According to the curves in Fig. 13, the maximum pressure
is approximately 88 MPa for the standard hydraulic motor (curve 1) and 85 MPa for the
modernized hydraulic motor (curve 2). After the start-up surge, the pressure drops sharply.
Subsequently, for the standard hydraulic motor, the pressure level gradually decreases from
29 to 26.5 MPa, with oscillations having an amplitude of approximately 2-2.5 MPa (Fig. 13,
curve 1).
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Fig. 13. Pressure variation during acceleration of the hydraulic drive of the mechatronic system:
1 — standard hydraulic motor; 2 — modernized hydraulic motor
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The pressure oscillations during the period t = 0.007-0.8 s are associated with changes in
the flow area of the distribution system of the standard hydraulic motor. During further
acceleration (t = 0.8-0.9 s), the pressure decreases to the value corresponding to steady-state
operation. At t > 0.9 s, the amplitude of the pressure oscillations is approximately 1.5 MPa. In
the computational case considered, no pressure oscillations caused by changes in the flow
area of the distribution system are observed for the modernized hydraulic motor, since this
area remains constant (Fig. 13, curve 2).

During acceleration of the hydraulic drive with the standard hydraulic motor, significant
pulsations in the working fluid flow rate through the hydraulic motor are observed in the
initial stage of the transient process (t = 0-0.08 s) (Fig. 14, curve 1). According to [7], their
magnitude reaches 40 L/min. Subsequently, during the period t = 0.08-0.9 s, the flow rate
gradually increases, while the pulsations decrease. At t > 0.9 s, the flow rate reaches its
steady-state value with small pulsations, whose magnitude, according to [7], is up to 2 L/min.
In the computational case considered, no flow rate oscillations caused by changes in the flow
area of the distribution system are observed for the modernized hydraulic motor, since this
area remains constant (Fig. 14, curve 2).
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Fig. 14. Variation in the working fluid flow rate through the hydraulic motor during
acceleration of the hydraulic drive of the mechatronic system: 1 — standard hydraulic motor;
2 — modernized hydraulic motor

In the initial stage of acceleration of the hydraulic drive with the standard hydraulic
motor (t = 0-0.08 s), the working fluid flow rate through the relief valve reaches a maximum
value of approximately 98 L/min and exhibits significant pulsations, whose magnitude,
according to [7], is up to 40 L/min. These pulsations are associated with changes in the flow
area of the distribution system of the standard hydraulic motor (Fig. 15, curve 1).

As acceleration proceeds, the working fluid flow rate through the relief valve gradually
decreases. For the standard hydraulic motor, the magnitude of the flow rate pulsations also
decreases. According to the curves in Fig. 15, flow through the valve ceases at approximately
t = 0.85 s for the standard hydraulic motor (curve 1) and t = 0.75 s for the modernized
hydraulic motor (curve 2), corresponding to valve closure. In the computational case
considered, no oscillations in the flow rate through the valve caused by changes in the flow
area of the distribution system are observed for the modernized hydraulic motor.

During start-up of the hydraulic drive (t = 0-0.02 s), a brief torque peak is observed on
the hydraulic motor shaft, reaching approximately 2000 N-m for both designs considered
(Fig. 16). Subsequently, during the interval t = 0.04-0.8 s for the standard hydraulic motor
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and t = 0.04-0.72 s for the modernized hydraulic motor, the torque level gradually decreases
from 630 to 620 N-m. According to [2], changes in the diametral clearance in the rotor system
of the standard hydraulic motor are accompanied by torque oscillations with an amplitude of

up to 120-130 N-m (Fig. 16, curve 1).
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Fig. 15. Variation in the working fluid flow rate through the relief valve during acceleration of
the hydraulic drive of the mechatronic system: 1 — standard hydraulic motor; 2 — modernized

hydraulic motor
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Fig. 16. Torque variation during acceleration of the hydraulic drive of the mechatronic system:
1 — standard hydraulic motor; 2 — modernized hydraulic motor

During further acceleration, the torque decreases to its steady-state level during the
interval t = 0.8-0.9 s for the standard hydraulic motor and t = 0.72-0.8 s for the modernized
hydraulic motor [2]. Att > 0.9 s, the transient process is practically complete for both designs.
However, torque oscillations persist in the standard hydraulic motor, with an amplitude of up
to 63 N'm according to [2] (Fig. 16, curve 1). For the modernized hydraulic motor, no
pronounced torque pulsations are observed in the curve for the computational case considered

(Fig. 16, curve 2).
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During acceleration of the hydraulic drive, the shaft rotational speed of the standard and
modernized hydraulic motors gradually increases to a steady-state value of approximately 600
min! (Fig. 17). According to [2], this operating condition is reached at approximately t = 0.9
s for the standard hydraulic motor and t = 0.8 s for the modernized hydraulic motor. Thus,
under the conditions considered, both designs provide practically the same steady-state
rotational speed, but their acceleration durations differ.
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Fig. 17. Variation in the hydraulic motor shaft rotational speed during acceleration of the
hydraulic drive of the mechatronic system: 1 — standard hydraulic motor; 2 — modernized
hydraulic motor

The results considered [7] show that changes in the flow area of the distribution system
of the standard hydraulic motor within the range Am = 222-226 mm? are accompanied by
pulsations in pressure and working fluid flow rate. When the flow area of the modernized
distribution system remains constant at A = 226 mm?, pulsations caused by changes in this
area are not observed.

The results of the rotor system study [2] show that changes in the diametral clearance
within the range G = 0.055-0.21 mm are accompanied by torque pulsations in the standard
hydraulic motor. For the modernized design, with clearance varying within the range
G = 0.05-0.06 mm, no pronounced torque pulsations are observed in the computational case
considered. These results characterize the operation of the hydraulic drive at constant pump
delivery and resisting torque, without a passive pulsation damper.

The results of the study of the dynamic characteristics of the hydraulic drive under
variable external inputs, presented in [8], are considered below. Operating conditions were
simulated by uneven pump delivery and changes in the resisting torque on the active working
element. In study [8], the clearance between the rotors of the standard hydraulic motor varied
within the range G = 0.02-0.21 mm, and the flow area of the distribution system varied within
the range As = 200226 mm? For the modernized hydraulic motor, the corresponding
parameters were G = 0.02-0.065 mm and Ay = 226 mm?. Thus, the geometric parameters of
this computational case differ from those of studies [2, 7] considered above.

In the initial period of acceleration of the hydraulic drive (t = 0-0.02 s), a brief pressure
surge is observed, reaching approximately 90 MPa for the standard hydraulic motor and 85
MPa for the modernized hydraulic motor [8] (Fig. 18). After the start-up surge, the pressure
drops sharply, and its level then gradually decreases from approximately 29 to 27 MPa.
During this stage, pressure pulsations associated with changes in the flow area of the
distribution system and uneven pump delivery are observed for the standard hydraulic motor.
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For the modernized hydraulic motor, the pulsations during this stage are much less
pronounced.
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Fig. 18. Pressure variation during acceleration of the hydraulic drive of the mechatronic system
during operation of self-propelled machinery: 1 — standard hydraulic motor; 2 — modernized
hydraulic motor

During the subsequent stage of the transient process, the mean pressure level decreases,
but pronounced oscillations caused by variable external inputs persist. According to the
curves in Fig. 18, the peak-to-peak magnitude of these oscillations is smaller for the
modernized hydraulic motor than for the standard hydraulic motor. Thus, modernization
reduces pressure oscillations in the operating mode considered but does not eliminate them
completely.

During acceleration of the hydraulic drive, the overall level of the working fluid flow rate
through the hydraulic motor gradually increases (Fig. 19). For the standard hydraulic motor,
this process is accompanied by pronounced pulsations associated with changes in the flow
area of the distribution system and uneven pump delivery (curve 1). For the modernized
hydraulic motor, the flow rate varies more smoothly, but the oscillations do not disappear
completely (curve 2).

After the main acceleration stage, the flow rate oscillates around a steady mean level.
According to [8], the magnitude of the pulsations during this stage is up to 3 L/min for the
standard hydraulic motor and up to 2 L/min for the modernized hydraulic motor. The
remaining pulsations are associated with uneven pump delivery.

During the initial start-up period of the hydraulic drive, the working fluid flow rate
through the relief valve reaches approximately 98 L/min for both hydraulic motor designs
considered [8]. As acceleration proceeds, the overall flow rate level decreases, while
pronounced pulsations persist (Fig. 20). The flow rate oscillations are larger for the standard
hydraulic motor than for the modernized hydraulic motor.

During the final stage of valve operation, the flow rate periodically drops to zero, after
which individual flow pulses occur again. According to the curves in Fig. 20, flow finally
ceases at approximately t = 0.95 s for the standard hydraulic motor (curve 1) and t = 0.75 s for
the modernized hydraulic motor (curve 2). These values characterize the cessation of flow
through the relief valve in the computational case considered.

During the initial start-up period of the hydraulic drive (t = 0-0.02 s), a brief torque surge
i1s observed, reaching approximately 2100 N-m for the standard hydraulic motor and 1900
N-'m for the modernized hydraulic motor [8] (Fig. 21). After the start-up surge the torque
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level decreases to 640-620 N-m. During this stage, pronounced pulsations associated with the
design features of the rotor system are observed for the standard hydraulic motor (curve 1).
For the modernized hydraulic motor, the torque varies more smoothly (curve 2).
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Fig. 19. Variation in the working fluid flow rate through the hydraulic motor during
acceleration of the hydraulic drive of the mechatronic system during operation of self-propelled
machinery: 1 —standard hydraulic motor; 2 — modernized hydraulic motor
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Fig. 20. Variation in the working fluid flow rate through the relief valve during acceleration of
the hydraulic drive of the mechatronic system during operation of self-propelled machinery: 1 —
standard hydraulic motor; 2 — modernized hydraulic motor

During the subsequent stage of the transient process, the mean torque level decreases.
However, oscillations associated with changes in the resisting torque persist for both designs.
According to the curves in Fig. 21, the peak-to-peak magnitude of these oscillations is smaller
for the modernized hydraulic motor than for the standard hydraulic motor. Thus, in the
operating mode considered, modernization reduces torque oscillations but does not eliminate
them completely.
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Fig. 21. Torque variation during acceleration of the hydraulic drive of the mechatronic system
during operation of self-propelled machinery: 1 — standard hydraulic motor; 2 — modernized
hydraulic motor

During acceleration of the hydraulic drive, the shaft rotational speed of the standard and
modernized hydraulic motors increases, approaching a mean level of approximately 600 min™!
(Fig. 22). The modernized hydraulic motor reaches this level earlier than the standard
hydraulic motor. After the main acceleration stage, the rotational speed of both designs
continues to oscillate around the mean value due to uneven pump delivery and changes in the
resisting torque [8].
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Fig. 22. Variation in the hydraulic motor shaft rotational speed during acceleration of the
hydraulic drive of the mechatronic system during operation of self-propelled machinery: 1 —
standard hydraulic motor; 2 — modernized hydraulic motor

The results considered [8] show that, under variable external inputs, the modernized
hydraulic motor reaches the operating rotational speed level more quickly and exhibits
smaller pressure and torque oscillations than the standard hydraulic motor. These differences
are associated with a reduction in the clearance between the rotor teeth and the elimination of
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changes in the flow area of the distribution system. However, modernization does not
eliminate oscillations in the output characteristics caused by uneven pump delivery and
changes in the load.

The third computational case considers the operation of the hydraulic drive with a passive
pulsation damper of 5000 cm® under variable external inputs. The use of such a damper to
reduce dynamic loads is considered in [14]. Figures 23-27 present the simulation results for
the corresponding processes in the standard and modernized hydraulic motors, obtained by
the authors using the VisSim package.

During start-up of the hydraulic drive with a passive pulsation damper, a brief increase in
pressure is observed. According to the curves in Fig. 23, the peak pressure is approximately
38 MPa for the standard hydraulic motor (curve 1) and 36 MPa for the modernized hydraulic
motor (curve 2). These values are lower than the start-up maxima shown in Fig. 18 for the
hydraulic drive without a damper. After the start-up surge, the pressure drops to
approximately 29 MPa and then gradually decreases. During acceleration, the pressure
oscillations are more pronounced for the standard hydraulic motor than for the modernized
hydraulic motor.
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Fig. 23. Pressure variation during acceleration of the hydraulic drive of the mechatronic system
during operation of self-propelled machinery with a passive pulsation damper: 1 — standard
hydraulic motor; 2 — modernized hydraulic motor

As the mean pressure level decreases further, smooth oscillations associated with changes
in the resisting torque persist for both designs. Thus, in the computational case presented, the
use of a passive damper is accompanied by a reduction in start-up pressure peaks but does not
completely eliminate oscillations under variable load.

The curves in Fig. 24 show the variation in the working fluid flow rate through the
hydraulic motor when a passive pulsation damper is used. During acceleration, the mean flow
rate increases, approaching 100 L/min. For the standard hydraulic motor (curve 1), this
increase is accompanied by pronounced pulsations. For the modernized hydraulic motor
(curve 2), the flow rate increases more smoothly and reaches the level corresponding to the
end of the main acceleration stage earlier.

After acceleration, flow rate oscillations persist for both designs, with more pronounced
oscillations in the standard hydraulic motor. Thus, in the hydraulic drive with a passive
pulsation damper considered here, the modernized hydraulic motor exhibits smoother flow
rate variation both during acceleration and during subsequent operation under variable
external inputs.
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Fig. 24. Variation in the working fluid flow rate through the hydraulic motor during
acceleration of the hydraulic drive of the mechatronic system during operation of self-propelled
machinery with a passive pulsation damper: 1 — standard hydraulic motor; 2 — modernized
hydraulic motor

Figure 25 presents the curves of the working fluid flow rate through the relief valve when
a passive pulsation damper is used. At the beginning of start-up, there is no flow through the
valve. The flow rate then briefly rises to a maximum value of approximately 98 L/min.
Subsequently, as the hydraulic motor accelerates, the mean flow rate through the valve
decreases. This process is accompanied by pulsations that are more pronounced for the
standard hydraulic motor (curve 1) than for the modernized hydraulic motor (curve 2).
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Fig. 25. Variation in the working fluid flow rate through the relief valve during acceleration of
the hydraulic drive of the mechatronic system during operation of self-propelled machinery with
a passive pulsation damper: 1 — standard hydraulic motor; 2 — modernized hydraulic motor

According to the curves, flow through the relief valve ceases after the final pulsations at
approximately t = 1.0 s for the standard hydraulic motor and t = 0.85 s for the modernized
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hydraulic motor. During the subsequent period shown in the curves, the flow rate through the
valve remains zero.

During start-up of the hydraulic drive with a passive pulsation damper, a brief torque
surge is observed (Fig. 26). According to the curves presented, the peak values for both
designs are approximately within the range of 900-1000 N-m. After the start-up surge, the
torque decreases to approximately 600-650 N-m, and its mean value then gradually
decreases. During this stage, torque oscillations are more pronounced for the standard
hydraulic motor (curve 1) than for the modernizsed hydraulic motor (curve 2).
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Fig. 26. Torque variation during acceleration of the hydraulic drive of the mechatronic system
during operation of self-propelled machinery with a passive pulsation damper: 1 — standard
hydraulic motor; 2 — modernized hydraulic motor

The subsequent decrease in the mean torque level begins earlier for the modernized
hydraulic motor than for the standard hydraulic motor. During further operation, smooth
torque oscillations persist for both designs under variable external load. A comparison of
Figs. 21 and 26 shows that, in the computational case presented with a passive pulsation
damper, the start-up torque maxima are substantially lower than in the case without a damper.
However, torque oscillations are not completely eliminated.

Figure 27 presents the variation in the hydraulic motor shaft rotational speed when a
passive pulsation damper is used. During acceleration, the rotational speed of both designs
increases, approaching approximately 600 min'. The modernized hydraulic motor (curve 2)
reaches this level earlier than the standard hydraulic motor (curve 1).

After the main acceleration stage, the rotational speed oscillates around the mean level
reached. Under the variable external inputs considered, these oscillations are more
pronounced for the standard hydraulic motor than for the modernized hydraulic motor. Thus,
the use of a passive pulsation damper does not eliminate rotational speed oscillations during
subsequent operation of the hydraulic drive.

A comparison of the computational cases considered without a damper and with a passive
pulsation damper of 5000 cm? shows a reduction in start-up pressure and torque maxima when
the damper is used. In Fig. 18, the peak pressure values are approximately 90 and 85 MPa for
the standard and modernized hydraulic motors, respectively, whereas in Fig. 23 they are
approximately 38 and 36 MPa. The start-up torque maxima decrease from approximately
2100 and 1900 N-m (Fig. 21) to values within the range of 900-1000 N-m (Fig. 26).
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Fig. 27. Variation in the hydraulic motor shaft rotational speed during acceleration of the
hydraulic drive of the mechatronic system during operation of self-propelled machinery with a
passive pulsation damper: 1 — standard hydraulic motor; 2 — modernized hydraulic motor

Differences between the characteristics of the standard and modernized hydraulic motors
persist in the hydraulic drive with a passive pulsation damper. The modernized hydraulic
motor exhibits smoother variations in flow rate and torque during acceleration and reaches the
operating rotational speed level earlier. However, under variable external inputs, oscillations
in the output parameters persist for both designs.

Discussion.

A comparison of the results considered allows discussion of the effects of the design
features of the planetary hydraulic motor, variable external inputs, and a passive pulsation
damper on the dynamic characteristics of the hydraulic drive. The computational cases
presented bring together the results of studies of the rotor and distribution systems [2, 7],
hydraulic drive operation under operating disturbances [8], and the use of a passive pulsation
damper [14]. When comparing these cases, differences in the initial geometric parameters and
calculation conditions must be taken into account. Therefore, differences between individual
cases cannot always be explained by a change in only one factor.

At constant pump delivery and resisting torque, changes in the flow area of the
distribution system are accompanied by pressure and flow rate pulsations [7], while changes
in the diametral clearance between the rotors are accompanied by torque oscillations [2]. For
the modernized design with a constant flow area and a smaller range of clearance variation,
the corresponding pulsations are less pronounced. These results help identify directions for
improving the hydraulic motor design. However, pressure, flow rate, and torque are
interrelated, so the effects of the rotor and distribution systems should not be considered
completely independent.

Under variable pump delivery and resisting torque, the modernized hydraulic motor also
exhibits smoother variations in the output parameters and reaches the operating rotational
speed level earlier [8]. However, design modernization does not eliminate oscillations caused
by external inputs. Therefore, the reduction of internal sources of pulsations must be
considered together with the operating conditions of the hydraulic drive.

In the computational case with a passive pulsation damper of 5000 cm?, the start-up
pressure and torque maxima are lower than in the case considered without a damper.
However, both the differences between the standard and modernized hydraulic motors and the
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oscillations during subsequent operation under variable load persist. This allows the passive
damper to be considered an additional means of reducing start-up dynamic loads. The results
presented do not justify extending the degree of reduction in start-up maxima to all
subsequent oscillations in pressure, flow rate, and torque.

The operation of the relief valve must also be taken into account when interpreting
transient processes. The flow rate curves for the valve show individual flow pulses followed
by cessation of flow. The time at which flow ceases characterizes valve operation but does
not, by itself, determine the completion of hydraulic motor acceleration. The acceleration
duration should be assessed from the rotational speed curve using a common criterion for
reaching the operating mode.

The synthesis presented is limited to the designs, parameters, and computational
operating conditions considered. Numerical estimates obtained directly from the curves are
approximate. A quantitative comparison of oscillations requires identical time intervals and a
consistent definition of the measure used, either amplitude or full peak-to-peak magnitude.
The reduction in oscillations under the operating conditions considered indicates improved
dynamic performance but does not replace a separate study of hydraulic drive stability.

The practical significance of the results considered lies in providing a basis for jointly
considering the hydraulic motor design, operating disturbances, and passive damping
measures when designing the hydraulic drive. Maintaining a constant flow area of the
distribution system and reducing the range of clearance variation between the rotors help
reduce the associated pulsations, while the use of a passive damper further limits start-up
loads. The selection of specific parameters requires consideration of the operating conditions
and permissible oscillations in the output characteristics.

Conclusions.

1. The results of computational studies of the dynamic characteristics of the hydraulic
drive of a mechatronic system with standard and modernized planetary hydraulic motors have
been summarized. Cases with constant pump delivery and resisting torque, variable external
inputs, and the use of a passive pulsation damper have been considered. A comparison of
these results makes it possible to assess how design and operating factors are reflected in
variations in pressure, flow rate, torque, and rotational speed.

2. Under the computational operating conditions considered, changes in the flow area of
the distribution system are accompanied by pulsations in pressure and working fluid flow rate,
while changes in the diametral clearance between the rotors are accompanied by torque
oscillations. A constant flow area and a smaller range of clearance variation in the modernized
hydraulic motor contribute to reducing the corresponding pulsations.

3. Under variable pump delivery and resisting torque, the modernized hydraulic motor
exhibits smaller pressure and torque oscillations and reaches the operating rotational speed
level earlier than the standard hydraulic motor. However, oscillations in the output parameters
caused by external inputs persist for both designs.

4. In the computational case considered with a passive pulsation damper of 5000 cm?, the
start-up pressure maxima are approximately 38 and 36 MPa for the standard and modernized
hydraulic motors, respectively, compared with approximately 90 and 85 MPa in the case
without a damper. The start-up torque maxima are within the range of 900-1000 N-m for both
designs, compared with approximately 2100 and 1900 N-m without a damper. These
estimates characterize the reduction in start-up loads under the conditions considered;
subsequent oscillations under variable load are not completely eliminated.

5. The results considered support the joint consideration of hydraulic motor design
parameters, operating disturbances, and passive damping measures when designing the
hydraulic drive. Modernization of the rotor and distribution systems reduces pulsations
associated with their geometry, while a passive damper further limits start-up loads. The
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quantitative results relate to the computational cases presented and should be applied with due
consideration of differences in the initial parameters and operating conditions.
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JTUHAMIYHA MOJIEJB I'IJIPABJIYHOI'O TPUBOJIY MEXATPOHHOI
CUCTEMM 3 INTAHETAPHUM I'TIPOMOTOPOM
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Anomauisn

VY cTarTi y3araJbHEHO Pe3yJIbTaTH PO3PaxXyHKOBUX AOCIHIIKEHb NTUHAMIYHHAX XapaKTEPUCTUK
TiAPOTPUBOLY MEXATPOHHOI CUCTEMH 13 CEpIHHUM 1 MOJIEPHI30BaHNUM IUTAHETAPHUMHE TiIPOMOTOPAMHU.
MeTa poOOTH — 3iCTaBUTH BIUIMB KOHCTPYKIIi TiAPOMOTOpA, 30BHIMIHIX 30ypeHb 1 HACHBHOTO TaciHHS
nyJbcaliii Ha MepexiAHi mpolecH TiaponpuBoAy. B aHamizi BpaxoBaHO IUIONIY MPOXiTHOTO Mepepizy
PO3MOMUILHOI CHCTEMH, MiaMeTpaabHUN 3a30p MK POTOpaMM, HEPIBHOMIPHICTH TOJadi Hacoca Ta
3MiHy MOMEHTY omopy. PO3risiHyToO Tpu BHUIMAAKH: MOCTIiiHI M0Jja4a Hacoca i MOMEHT OIopy, 3MiHHI
30BHIIIIHI BIUIMBH Ta p0o0OTa 3 MMACUBHUM TaCHUKOM ITyJIbCalliil. 3MiHa IJIOMII MPOXiJTHOTO Mepepi3zy
PO3MOILIBHOT CHCTEMH CYTIPOBOKYETHCS MYJbCAIliIMA THCKY ¥ BHTpaTd po0Oodoi piawHHU, a 3MiHa
JiaMeTpabHOTO 3a30py — KOJHUBAaHHSIMH KPYTHOTO MOMEHTY. 3a 3MIHHUX 30BHIIIHIX BIUIMBIB
MOJIEpHI30BaHUH T1IPOMOTOP XapaKTepU3y€EThCS MEHITMMHU KOJMBAHHSMH TUCKY M KPyTHOTO MOMEHTY
Ta paHile pocarae poOoYoro piBHA YacTOTH OOEpPTaHHS TMOPIBHSHO 13 cepiiHMM. Y BHIAIKy
3aCTOCYBaHHS TACHBHOTO TacHWKa Tyibcamii 00’emom 5000 cm® mycKOBI MakCUMyMH THCKY
CTaHOBIATH NpuOIM3HO 38 1 36 MIla ans cepiliHOrO Ta MOAEPHI30BAHOTO TiAPOMOTOPIB BiAIMOBITHO,
nopiBastHO 3 90 i 85 MIla 6e3 racHuka. IlyckoBi MakCUMyMH KPyTHOTO MOMEHTY IepeOyBaioTh y
Mmexax 900-1000 H-m mrst 060X KOHCTpYKIiN, opiBHSHO 3 puoau3Ho 2100 1 1900 H-Mm 6e3 racHuka.
BonHouac konmBaHHA 3a 3MIHHOTO HaBaHTa)XKEHHS 30epiraloThCs B 000X KOHCTPYKIii. PesympraTtn
0OI'PYHTOBYIOTh AOIIIBHICT CIIIBHOTO PO3TJISITy KOHCTPYKTUBHOT'O BIIOCKOHAJICHHS TiIpOMOTOpa Ta
MacMBHOTO JeMidyBaHHA I dYac BHOOPY 3aXOHiB 31 3MEHIIEHHS TyJbCamii 1 IyCKOBUX
HAaBaHTa)KEHb. UWCIIOBI OIIHKA CTOCYIOTHCS PO3TJISHYTHX BHMIANKIB 3 ypaxyBaHHSM BiIMIHHOCTEH
iXHIX BUXiJIHUX TTapaMeTpiB Ta yMOB pOOOTH.

Knwuoei cnoea: nepexifHi Mporecu, po3riH TiApONPHBOAY, TUCK, KPyTHHH MOMEHT, BHTpaTa
poOoUoi piMHYU, YacTOTa OOEpTaHHS.
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Abstract. This article discusses an approach to improving the energy efficiency of pneumatic
actuators by recovering energy from exhaust air using a vortex tube based on the Rank-Hirsch effect.
Based on a review of the literature, the selection of the pipe’s geometric parameters is justified, and a
three-dimensional CAD model of the pipe is constructed, adapted to the conditions of supply from the
exhaust line of a pneumatic cylinder. The methodology includes numerical simulation of the airflow in
ANSYS CFX under steady-state boundary conditions corresponding to the characteristic parameters of
the exhaust flow. The results confirm the formation of a cold axial core and a hot peripheral flow zone,
with maxima of static entropy and turbulent kinetic energy localized immediately behind the nozzle
rim. The obtained data indicate the fundamental possibility of using the cold flow for localized cooling
of components in technological systems without the use of additional energy.

Keywords: pneumatic actuator, vortex tube, energy recovery, energy efficiency.

Introduction.

Pneumatic actuators form the basis of modern automation systems and flexible
manufacturing complexes. Their widespread integration into a wide variety of industrial
processes is due to their high specific power, fast response time, reliability, and fire safety.
However, a significant drawback of pneumatic systems remains their low overall efficiency,
which typically does not exceed 15% [1, 2]. Given the high cost of producing and preparing
compressed air, the task of energy conservation and fully utilizing the performance of
compressed air is critically important for industry.

Literature Review.

Various scientific approaches to improving the energy efficiency of pneumatic systems
are currently being actively developed [3]: preventing compressed air leaks, maintaining an
optimal pressure level in the system, correctly selecting the sizes of actuators, and so on. One
such approach is the use of computational fluid dynamics methods for a detailed analysis and
optimization of pneumatic actuator operating processes, which allows for the identification of
hidden sources of losses that are inaccessible to classical calculation methods [4].

At the same time, there is another source of irreversible energy and exergetic losses in the
operating cycle of a pneumatic actuator that is less frequently studied: the free expansion of
compressed air into the atmosphere during the exhaust phase [5, 6]. A quantitative exergetic
assessment of the efficiency of a pneumatic actuator with controlled piston braking and
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compressed air recovery, which confirms the significant potential for reducing losses
specifically during the exhaust phase, is presented in [7].

At the moment the exhaust line of the air distributor opens, the cylinder’s working
chamber is still under residual pressure. When this pressure is directly vented, up to 40-60%
of the potential energy expended by the compressor during the intake stroke is lost [8, 9].
Such direct dissipation of energy into the environment is inefficient, since the exhaust flow
possesses sufficient energy potential to perform useful work.

In this regard, a promising approach to energy conservation is the reuse of energy from
the exhaust air [10]. Specifically, this is achieved by recovering air from the exhaust chamber
and returning it to the intake system [11] using a check valve configuration.

Reference [12] describes a system that involves storing the air exiting the cylinder in a
special receiver and subsequently reusing it in subsequent cycles, which has enabled savings
of up to 23%. In [13], a scheme is proposed that cuts off the air supply once the required
pressure level is reached, allowing air to be retained in the chambers without additional
supply — this approach yielded savings of up to 71%.

The paper [14] describes an approach in which, instead of the traditional venting of air, it
is redirected between the cylinder chambers or even returned to the network. As a result,
savings of up to 87% are achieved, making such switching solutions among the most
promising for energy-saving applications.

Overall, active research into energy recovery from exhaust flows indicates the promise of
this approach to improving the energy efficiency of pneumatic actuators. The use of a vortex
tube, device based on the Rank-Hilsch effect [15, 16], deserves special attention.

The phenomenon of energy separation of a swirling gas flow into a cold axial component
and a hot peripheral component was first described in 1933 [15] and subsequently
investigated in [16], where a characteristic design of a counter-flow cylindrical tube with a
tangential nozzle inlet was proposed. Compressed air is accelerated through a ring of
tangential nozzles to a high (transonic) velocity, resulting in the formation of vortex motion
within the pipe, with energy transfer from the axial to the peripheral layers occurring
primarily due to viscous shear. This causes an increase in the total temperature at the
periphery of the flow and a decrease in the near-axis zone; accordingly, hot (through a conical
valve) and cold (through a restricting diaphragm) flows are extracted at opposite ends of the
tube.

The practical value of using a vortex tube lies in the ability to “passively” utilize the
exhaust flow (Fig. 1). The tube is installed in the exhaust line of a pneumatic cylinder and
requires no additional power consumption or complex mechanisms; it is fire-safe (since it
uses only the exhaust air flow without electrical voltage) and is highly reliable.

The cold component, which forms in the axial zone of the tube, can be directed to
dissipate heat from the electronic components of the pneumatic actuator, which are typically
located in close proximity to the actuator and are sensitive to overheating, or to cool the tool
(Fig. 1). The hot component, in turn, is discharged into the atmosphere according to the basic
design, just like exhaust air without the use of a vortex tube; that is, it does not degrade the
performance characteristics of the pneumatic system. However, the elevated temperature of
this flow opens up additional potential for auxiliary applications. This could involve heating
components of distribution equipment to prevent the freezing of moist compressed air at low
temperatures, which is a common problem in industrial pneumatic systems during the winter.

A schematic diagram illustrating the proposed approach is shown using the example of a
drilling machine feed drive (Fig. 1). Pneumatic cylinder 1, together with control box 2, drives
the machine’s spindle; when the valve switches to reverse operation, the exhaust air from the
cylinder’s working chamber is not vented to the atmosphere, as in a traditional circuit, but is
directed to the nozzle inlet of the vortex tube 4. The swirled flow in the tube is divided into a
cold axial component and a hot peripheral component: the cold flow is drawn off through the
“cold” outlet 5 and, via a flexible hose 3, is directed directly into the cutting zone for
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localized cooling of the drill bit; the hot flow is diverted through the “hot” outlet 6. This
integration method requires no additional power sources or changes to the cylinder control
circuit, since the vortex tube merely intercepts a flow that would otherwise be discharged into
the atmosphere anyway.

Fig. 1. Schematic diagram of a drilling machine’s pneumatic drive with an integrated vortex
tube for drill bit cooling: 1 — pneumatic cylinder; 2 — control box; 3 — hose with cooled air;
4 —vortex tube; 5 — “cold” outlet of the tube; 6 — “hot” outlet

The efficiency of the energy separation of the flow into hot and cold components depends
significantly on the pipe’s geometric parameters. The ratio of length to inner diameter L/D, ,

according to data from various sources, is optimal in the range of 20-55 [17-19], although the
flow separation process occurs primarily near the pipe inlet [17]. The ratio of the cold orifice
diameter to the pipe diameter d./D,=0,5 is recognized as optimal in a number of

independent experimental studies [20-22], while some studies recommend a slightly higher
value — up to 0.7 [23]. The number and shape of the tangential nozzles (typically, N =4K 6)
[24, 25] and the opening angle of the conical valve at the hot outlet, whose optimum varies
within the range of 45K 80° depending on the total pressure ratio [26-28], also have a
significant influence on the characteristics.

Despite nearly ninety years of research into this effect, there is still a lack of high-
precision experimental data with a quantitative assessment of measurement uncertainty. One
of the most comprehensive modern studies of this kind [29] presents the characteristics of a
counter-flow vortex tube (L/D, =20, d./D,=0,5, N =6, ¢=80°) for a feed pressure of

3.0-7.0 atm, demonstrating maximum separation efficiency under these conditions.

At the same time, the vast majority of existing studies focus on supplying the vortex tube
from a continuous source of compressed air at mainline pressure. The issue of its application
under conditions of cyclic, pulsating supply directly from the exhaust line of a pneumatic
cylinder (performing a technological operation), without additional supply from the main line
and at a high cycle frequency (approximately 20 cycles/min), remains virtually unexplored.
At the same time, this particular configuration offers significant energy-saving potential: it
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allows for the recovery of exergy from a flow that would otherwise be irretrievably dissipated
into the atmosphere, without requiring additional consumption of compressed air or
electricity.

The practical significance of the proposed approach lies in the fact that the cold flow
obtained at the outlet of the vortex tube can be used for heat dissipation from the electronic
components of a hybrid pneumatic actuator. For technological systems, the ability to obtain
“free” coolant from the exhaust flow without using additional energy is of practical value and
serves as the motivation for the chosen research direction.

Research Methodology.

The objective of this work is to assess the fundamental feasibility of using a Rank-Gilsh
vortex tube to recover energy from the exhaust air of pneumatic systems through a numerical
study of the energy separation process under steady-state boundary conditions characteristic
of the operating parameters of pneumatic actuator exhaust air.

To achieve this objective, an analysis of literature data on the geometric parameters of
vortex tubes was conducted. Based on the recommendations obtained, a three-dimensional
CAD model of a counter-flow vortex tube was constructed. Numerical simulation of the flow
was performed in ANSYS CFX using the SST k-w turbulence model. Based on the
calculation results, the temperature, entropy, and turbulent kinetic energy fields were analyzed
to assess the nature of the flow’s energy separation.

Since the objective of this work is to assess the fundamental feasibility of using a vortex
tube, a design was adopted whose characteristics have been thoroughly investigated and
experimentally verified in [29]. Using a geometry close to the optimal one according to the
criteria of flow energy separation allows minimizing the influence of design factors on the
simulation results and focusing on investigating the possibility of obtaining a cold flow under

Fig. 2. Three-dimensional model of the internal geometry of the flow section of the vortex tube: a
— longitudinal cross-section; b — external view; ¢ — mesh partition
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supply parameters characteristic of pneumatic systems. Pipe geometric parameters: inner pipe
?diameter D1 = 23 mm; length-to-diameter ratio L/D1 = 20; ratio of the “cold” orifice diameter
to the pipe diameter d./D1 = 0.5; number of tangential nozzles N = 6 with the ratio of the total
throat area of the nozzle ring to the cross-sectional area of the pipe Ai/A = 0.22; the opening
angle of the conical valve at the “hot” outlet ¢ = 80°; the ratio of the valve’s outer diameter to
the pipe diameter d./D; = 1.51. Based on these parameters, a three-dimensional geometric
model of the flow section of the vortex tube was constructed (Fig. 2).

The computational domain was meshed in ANSYS Meshing using an unstructured
tetrahedral mesh with local refinement in the nozzle rim region, the axial region, and near the
walls. To verify the correctness of the numerical solution, a mesh independence check was
performed; based on its results, subsequent calculations were carried out on a mesh for which
changes in the governing flow parameters were negligible.

The model was simulated using the ANSYS CFX software package under steady-state
conditions for a compressible turbulent air flow. The Reynolds equations were closed using
the SST k-w turbulence model, which is traditionally used to simulate swirling high-velocity
flows in vortex tubes due to its ability to accurately reproduce turbulence anisotropy in the
near-axis region. The energy equation was solved jointly with the equations of motion to
accurately reproduce the effect of energy separation in the flow [11].

At the inlet to the nozzle ring, parameters corresponding to the actual cylinder exhaust
conditions were specified: total pressure pi1, temperature Tor = 293 K. At the hot and cold
outlets, the static pressure was set equal to atmospheric pressure pc = pn = 1 atm, and the
fraction of the cold flow ¢ was controlled by the cross-sectional area of the nominal throttling
element at the hot outlet. The process is assumed to be adiabatic; heat transfer through the
cylinder walls is neglected, and there is no sliding.

The solution was performed using second-order discretization schemes; convergence was
verified by the level of inconsistency (no worse than 107°) and the stabilization of the integral
temperature values at the outlets. The calculation results yielded fields of static (Figs. 3, 4)
and total (Fig. 5) temperature, static entropy (Fig. 6), and turbulent kinetic energy along the
pipe’s longitudinal cross-section (Fig. 7), which were used to analyze the mechanism of
energy separation in the flow and to assess the degree of irreversibility of the processes in the
considered geometry.

Results.

The calculations yielded the spatial distribution of key flow parameters along the
longitudinal cross-section of the vortex tube (Figs. 3-7).

Fig. 3 shows the pattern of energy separation characteristic of the Rank—Hilsch effect: in
the nozzle inlet region, the flow has a relatively low temperature (about 260 K). However,
immediately after passing the nozzle rim, a pronounced field inhomogeneity forms: the axial
region at a short distance from the inlet remains relatively cold (green zone on the contour),
while the peripheral region heats up rapidly.

Further along the length of the pipe, the field evens out toward a high-temperature state
(approximately 330 K), which corresponds to the conversion of the kinetic energy of the
swirling flow into thermal energy due to viscous shear; this mechanism is described in [15,
16, 29]. Compared to Fig. 4, which shows a smoother, nearly monotonic heating along the
length of the pipe from the inlet to the hot outlet, the total temperature field emphasizes the
localized, rather than distributed, nature of the initial separation, where the main “jump”
occurs within the first few pipe diameters from the nozzle rim, which is consistent with the
conclusion in [17] regarding the concentration of the energy separation process near the inlet
(3<L/D1<5).

The temperature contours in Fig. 4 and Fig. 5 reveal a characteristic periodic, “nested”
structure of isolines in the form of elongated ovals that alternate sequentially along the pipe
axis. This reflects not merely a monotonous decay of vorticity, but a wave-like, quasi-periodic
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nature of temperature redistribution, which is a typical feature of the interaction between the
vortex core and the wall-adjacent shear flow in counter-flow vortex tubes.

Temperature
Streaprnline 1

3.300e+02
3.125e+02
2.950e+02 & )

= 3 i

2.775e+02

2.600e+02
Kl

Fig. 3. Distribution of static temperature along the flow line in the longitudinal cross-section of a
vortex tube
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Fig. 4. Static temperature field in the longitudinal cross-section of a vortex tube
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Fig. 5. Total temperature field in the longitudinal cross-section of the vortex tube

The number and scale of these structures gradually decrease along the length, indicating a
gradual dissipation of flow vorticity and a transition from intense vortex motion immediately
downstream of the nozzles to a practically axisymmetric, weakly vortical flow closer to the
“hot” outlet.

The static entropy field (Fig. 6) clearly delineates the zone of maximum irreversibility of
the process: peak values (up to 120.8 J/(kg-K) relative to the adopted reference) are observed
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directly in the nozzle inlet zone and immediately beyond it, where a sharp acceleration of the
flow occurs through the tangential nozzles and a vortex core forms. Further downstream, the
entropy drops rapidly and stabilizes at a relatively uniform level (approximately 350...450
JI(kg-K) over most of the pipe’s length, indicating a transition from intense generation of
irreversibilities in the inlet zone to a quasi-equilibrium, low-dissipative flow regime further
along the length. This result demonstrates a pronounced spatial localization of the source of
irreversibility along the pipe coordinate.

Static Entropy

1.208e+02

- 5.338e+01
-1.405e+01
-8.149e+01
-1.489e+02
- -2.163e+02
-2.838e+02
-3.512e+02
-4.186e+02
-4.861e+02
-5.535e+02
[J kgh-1 KA-1]
Fig. 6. Static entropy field in the longitudinal cross-section of a vortex tube

Fig. 7 confirms the conclusions made above: the maximum turbulent kinetic energy (up
to 1,890 m*s?) is concentrated in a narrow zone immediately behind the nozzle rim, where an
intense shear layer forms between the high-velocity peripheral flow and the slower axial core.
Further along the length of the tube, the level of turbulent kinetic energy decreases in a wave-
like manner, with a gradual attenuation of the oscillation amplitude, which correlates with the
structure of the temperature contours in Figs. 4-5 and confirms the “top-down” energy
transfer mechanism through a cascade of turbulent vortices, which gradually decays with
increasing distance from the vortex generation zone.

Turbulence Kinetic Energy

1.890e+03
1.702e+03
1.513e+03
1.324e+03
1.135e+03
9.461e+02
-7.573e+02
- 5.684¢+02
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1.907e+02
1.811e+00
[mA2 sh-2]

Fig. 7. Turbulent kinetic energy field in the longitudinal cross-section of a vortex tube

The results of the numerical simulations confirm that a stable zone of reduced
temperature forms in the pipe in the near-axis region of the flow (the minimum values in the
calculated fields correspond to a range of approximately 260-270 K, Figs. 3-5). This result
opens up the practical possibility of using a cold flow, drawn from the corresponding outlet of
the vortex tube, for heat removal from the electronic components of a hybrid pneumatic
actuator located directly adjacent to the actuator mechanism. Unlike traditional cooling
systems (fans, Peltier elements, liquid circuits), which require an additional power source, the
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proposed approach utilizes a pneumatic flow, contains no electrical voltage, and is fire-safe,
which is particularly relevant for electronics cabinets, mobile systems, and robotic systems.

Conclusions.

Based on an analysis of existing approaches to improving the energy efficiency of
pneumatic actuators, it has been established that a vortex tube based on the Rank—Hilsch
effect is a promising but under-researched means of recovering energy from the exhaust flow
of pneumatic cylinders, capable of providing effective cooling without the use of additional
energy.

Based on a review of the literature, the choice of the vortex tube’s basic geometry was
justified, and this geometry was adapted for conditions of supply from the exhaust cavity of a
pneumatic cylinder. Numerical flow simulation confirmed the qualitative correspondence of
the obtained physical picture to the classical mechanism of energy separation in a swirled
flow: the formation of a cold axial core and a hot peripheral zone, with maxima of static
entropy (up to 120.8 J/(kg-K) and turbulent kinetic energy (up to 1890 m?/s?) localized in a
narrow zone immediately behind the nozzle rim.

The spatial coincidence of the zones of maximum entropy and turbulent Kinetic energy
generation immediately behind the nozzle rim indicates that the majority of the irreversible
losses of the flow’s mechanical energy are concentrated in the initial section of the pipe
(within a few diameters from the inlet), while the remainder of the length primarily serves a
transport function, followed by a significantly slower decay of the residual vortex.

The obtained results are based on constant (in magnitude) boundary conditions at the
inlet, corresponding to a single characteristic operating mode, without pulsating pressure and
flow rate values throughout the entire operating cycle. Therefore, they should be regarded as
confirmation of the fundamental applicability of the chosen geometry and the qualitative
correctness of the physical picture of the energy separation process. Investigating this issue in
a transient setting with time-dependent boundary conditions that reproduce the actual exhaust
profile is a direction for future work.

The results obtained confirm the fundamental feasibility of using a cold flow from a
vortex tube, powered by the exhaust energy of a pneumatic cylinder, to cool the electronic
components of a hybrid drive, which determines the practical focus of future research.
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Anomauin

VY craTTi po3mIsHYTO MpoOJeMy MigBUIICHHS €Heproe(eKTUBHOCTI MHEBMATUYHUX MPUBOJIIB
IUITXOM peKymepallii eHeprii BiampalbOBaHOTO IOBITPS 3a JOMOMOTOK BHXOpOBOi TpyOm Pamnka-
Ximmra. [THeBMaTHYHI BUKOHABYI MEXaHI3MH 3alUIIAIOTHCS MIMPOKO 3aTpeOyBaHUMU B TIPOMUCIIOBHIX
CHUCTEMax aBTOMAaTH3allil 3aBJIKA BUCOKIM MUTOMIN MOTYHOCTI, IIBUAKOIII Ta MOXKEXK00E3MEYHOCTI;
nporte ixHii 3aransHuit KK/ pigko nepesuirye 15 %, nepeBaxHo yepes Te, 0 CTUCHEHE MOBITPS, SIKE
3IMIIAETHCS B KaMepl ITIHApPa B MOMEHT BHXJIOINY, CTPABIIIOETHCS B aTMocdepy. Xoda KibKa
cTpareriii pekymepaiii eHeprii, 30KpeMa HaKOIHMYEHHS B PECHBEpI, BIJICIKAHHA TOJa4i Ta
nepenyCcKaHHs MK KamepaMu HWTH/PA, TPOJAEMOHCTPYBaIH €KOHOMIO eHeprii 1o 87 %, moreHmian
TEpMIYHOI peKyIeparii caMoro BUXJIOMHOIO MOTOKY J0CI 3aJIMIIAETHCS BITHOCHO MaJIOI0CIiDKEHHM.
BuxopoBa Tpy0a € macMBHMUM 3ac000M peaizaiii [[bOro MOTEHIialy, PO3AUISIOUN BUXJIOMHAN MOTIK
Ha XOJIOJHY Ta Tapsdy CKIaaoBi Oe€3 J0JaTKOBHX BHTpPAT CHEprii; MpaKkTHYHY CXeMy iHTerparii
HPOUTIOCTPOBAHO Ha TPHKIAAI MHEBMONPHUBOAY CBEP/UIMIIBHOTO BepcTara, Je XOJOJHUH TOTIK
CIIPSIMOBYETBCSI B 30HY Pi3aHHS JUIS JIOKAJBHOTO OXOJIO/KEHHS CBEpJIa.

Sk 3pa3zok Oyno mpuiHATO 6a30BYy T€OMETPiI0 BUXOPOBOI TPyOH, paHille eKCIepUMEHTaIbHO
BaJIiJIOBaHy B JIiTEPaTypi, MO0 BIJOKPEMUTH BILTUB MapaMeTpPiB )KUBJICHHS BiJ| BIUINBY T€OMETPHYHOT
ontumizauii. TpuBumipny CAD-mozmens pospaxyHkoBoi oOmacti Oyno moOynoBaHO —Ta
nuckpernzoBaHo B ANSYS Meshing i3 jioKaJIbHUM 3TYIIEHHSM CITKM OIS COIUIOBOTO KNI, B
NIPUCTIHHIN 00J1acTi Ta B 0ockoBOMY sijipi. CTHCINBY TypOyseHTHY Teuiro mojeoBann B ANSYS CFX
y CTalliOHAapHIl ITOCTAaHOBII 3 BUKOPUCTaHHAM Mozemi TypOyneHTtHocTi SST K-w; Ha Bxoai 3amaBamu
NOBHUI THCK 1 TeMIepaTypy, penpe3eHTaTHBHI [UIS BHUXJIONY IMJIiHIpa, a Ha 000X BHXOJAX —
CTaTUYHUI aTMOC(HEPHUI THCK.

Po3paxoBaHi mosist miATBEpAXKYIOTh KIIACHYHUI MEXaHi3M €HepreTHYHOTO PO3IiIEHHs HA OCHOBI
edexty Panka-Xinma: ¢popMyeTbesi X0N0JHE OCbOBE SAPO Ta rapsva nepudepiiina 30Ha, IPpU LBOMY
MiKOBI 3Ha4eHHs cratuuHol eHTpomii (10 120,8 Jx/(kr-K)) i kiHeTHuHOT eHepril TypOyJIeHTHOCTI (110
1890 wMm?/c?) 30cepe/pkeHI Yy BY3bKIH 00JIacTI oapa3y 3a COIJIOBHM KiJIbIIEM, IICIS YOTrO
CIIOCTEPITraeThcsl MOCTYNOBE XBUIICTIONIOHE 3racaHHs 3aKpyTKH B310BXK TpyOu. Lleit mpocTopoBuii 30ir
CBIJIYUTH, 1[0 OCHOBHA YaCTHHA HE3BOPOTHUX BTPAT MPHUIAJAE HA MEPIi KillbKa JiaMeTpiB TPyOu Bif
BXOJ1Y, TOJI SIK perTa ii JOBKWHN BUKOHYE MEPEBAKHO TPAHCTIOPTHY QYHKIIIO.

Pesynbrarty, oTpuMani 3a cTalioHapHUX PENPE3eHTATUBHUX T'PAHUYHUX YMOB, CIIiJl pO3IIIAAaTH
K TIITBEpKEHHA SKICHOI MOXIIMBOCTI peasizalii 3ampomnoHoBaHoro miaxoxy. Ha mpaxrumi
MPOJAEMOHCTPOBAHE 3HI)KEHHS TEMIIEpaTypH XOJIOJHOTO TOTOKy (mpubmmszno mo 260-270 K)
MiATBEPHKY€E JOUITBbHICTh BUKOPUCTaHHS BUXOPOBOI TPYOH SIK MACHBHOIO JKEpENa OXOJIOKEHHs 0e3
BUTpAT €Heprii, 110 0COOIMBO aKTyalbHO AJsl KOMIIAKTHUX 1 MOOIIBHUX POOOTOTEXHIYHUX CUCTEM.

Keywords: mHeBMOIIPHBO/I, BUXOpOBa TPy0a, peKyIeparllist eHeprii, eHeproe()eKTHBHICTb.
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Abstract. The article provides an integrative quantitative and qualitative assessment of the global
hydraulic equipment market, combining data from recent commercial reports, consulting studies and
scientific publications. The analysis confirms that, despite methodological differences, all major
sources predict sustained market expansion with an average compound annual growth rate of about
4% over the next decade, indicating favourable conditions for entering industrial and mobile
hydraulics. Particular attention is paid to regional distribution, sectoral structure and component-level
dynamics, showing the leading roles of Asia-Pacific, construction and mobile hydraulics, as well as
the rising importance of energy-efficient pumps, smart systems and advanced actuators. The study
identifies three key transformation drivers: electrification, digitalisation and smart hydraulics, and the
green transition, which jointly shape future R&D priorities.

Keywords: global hydraulics market; SMART hydraulics; electro-hydraulic systems; energy
efficiency.

Introduction.

The global hydraulic equipment market is undergoing simultaneous quantitative growth
and qualitative transformation under the influence of electrification, digitalisation and the
green transition in industry. Multiple analytical reports and scientific publications describe
individual technological directions or forecast figures, but they usually focus on specific
segments, regions or applications and therefore do not provide an integrated picture of how
these trends interact at the system level. This fragmentation makes it difficult for researchers,
OEMs and component suppliers to assess the real prospects of industrial, mobile and power
hydraulics, to prioritise R&D, and to choose between electro-hydraulic and electromechanical
solutions when planning future product portfolios. There is a lack of consolidated analysis
that combines numerical market indicators with a structured overview of key technological
shifts and sectoral demand changes. Consequently, a generalised quantitative and qualitative
assessment of the global hydraulic market, based on an integrative review of the most
authoritative market studies and technological reports, is required to support evidence-based
decisions on launching new projects in the fluid power domain.

Literature Review.

Numerous industry reports and scientific publications analyse different dimensions of the
current hydraulic market and its prospective development trends. The report [1] explains how
vehicle electrification is driving a renaissance in mobile hydraulics by forcing OEMs to
radically improve hydraulic energy efficiency to protect battery life in off-highway machines.
Traditional hydraulic systems remain attractive for their low cost and high-power density, but
their poor efficiency makes them problematic in battery-electric architectures, so OEMs are
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experimenting with multiple technical pathways rather than a single universal solution.
Electric mini excavators are highlighted as an early testbed, representing a multibillion-dollar
hydraulics market segment where new architectures can be trialled at a manageable scale.
Three main technology directions are discussed: electromechanical actuators, which trade
power density for precision, low noise and lower total cost of ownership in low-power
applications; digital hydraulics, including digital displacement pumps that can raise fuel
efficiency by around 30% while preserving familiar architectures; and electro-hydraulic
actuation, where each actuator has its own pump and motor, enabling energy recuperation
back to the battery but at significantly higher upfront cost. Overall, electrification is
fragmenting the mobile hydraulics landscape, creating challenges but also strong innovation
opportunities as suppliers and OEMs balance efficiency, cost, and application-specific
requirements.

The report [2] argues that smart hydraulics are set to trigger a major transformation in the
fluid power systems by combining significant energy savings with higher uptime and
productivity. Industrial pumps already represent a huge market of about 70 billion dollars and
are projected to reach 85-90 billion dollars in 2025, while accounting for nearly 15 % of total
EU electricity consumption, making them an important target for efficiency gains. Smart
pumps support three main value-creation cases: energy-efficiency optimization, predictive
maintenance, and system-level optimization of entire fluid circuits, with particularly strong
potential in energy-intensive process industries such as steel, oil and gas, and pulp and paper,
where CO: reduction and lifecycle costs are critical. The study highlights that OEMs,
component suppliers, and automation companies must shift from single-component offerings
to integrated system solutions, expand digital capabilities, and build new business models
around data and services, while end users should prioritize Return on Investment (ROI), total
cost of ownership, and regulatory compliance in their investment strategies. Overall, the
report positions smart fluid hydraulics as both a competitive necessity and a major growth
opportunity, driven by rising energy prices, tightening environmental regulations, and the
maturation of digital technologies and cloud-based analytics across pump applications.

The report [3] forecasts that the global hydraulics market will grow from 44.51 billion
dollars in 2023 to 64.71 billion dollars by 2034, at a CAGR of 3.5 percent, driven by the
rising use of hydraulic systems across construction, agriculture, manufacturing, mining, and
other industrial sectors. Asia Pacific currently leads with 39 percent of global revenue and is
expected to retain dominance due to strong manufacturing bases, rapid industrialisation, and
cost-effective production, while North America is projected to post the fastest growth on the
back of infrastructure investment and expanding industrial activity. Cylinders form the largest
component segment today, reflecting their central role as the “heart” of hydraulic systems,
whereas hydraulic pumps are set for notable growth as energy-efficient designs enable lower
consumption and emissions. By application, mobile hydraulics dominate owing to their
durability and suitability for harsh environments, but industrial hydraulics are also expected to
expand steadily. Construction remains the leading end-use segment, with agriculture emerging
as a key growth area as hydraulics support precision, productivity, and safety in modern farm
machinery.

The report [4] projects the global hydraulic equipment market to grow from about 42.1
billion dollars in 2025 to 54.3 billion dollars by 2030, reflecting a CAGR of roughly 5.2
percent, driven mainly by infrastructure megaprojects, warehouse automation, and the
electrification of off-highway machinery. Pumps remain the largest equipment segment with
over 28 percent revenue share, while filters and accumulators post the fastest growth as
stricter cleanliness and energy-recovery requirements raise demand for high-performance
contamination control and storage components. Construction is the leading end-user industry
with more than 30 percent of revenues, but aerospace and defence show the sharpest growth
on the back of rising aircraft production and modernization programs. Mobile hydraulics
account for nearly 59 percent of market revenue and are expected to see the highest growth as
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electro-hydraulic hybrids and high-pressure systems gain adoption in compact,
energy-efficient equipment. Geographically, North America currently contributes the largest
share, supported by major water and infrastructure funding, while Asia-Pacific offers the
strongest growth outlook, with an expected CAGR above 8 percent due to large-scale
infrastructure and urbanization programs in China and India.

The article [5] shows that the main ways to save energy in hydraulic drives are to
eliminate throttling losses in control valves and to provide energy recovery in hybrid mobile
equipment. The focus on hydraulic excavators and wheel loaders has the greatest impact due
to their dominant share in the off-road equipment fleet. Accordingly, a structured overview
and critical analysis of their energy-efficient system architectures, including the internal
combustion engine, is provided. The discussion [5] covers concepts about proportional valves
for energy recovery, digital valve technology, motion control systems, electro-hydraulic
control, and electro-hydraulic converters. This provides readers with a current synthesis of
available solutions and their impact on performance, while indicating that future
developments will combine hybridization and closer integration of hydraulics with internal
combustion engines to achieve higher efficiency and lower emissions.

The research aims to generalise the key qualitative and quantitative trends in the
development of the global hydraulic market, considering both industrial and mobile
applications as well as regional differences between major economies. It focuses on
identifying dominant product groups, technological shifts such as electrification and
digitalisation, and structural changes in demand across sectors, including construction,
agriculture, mining, and manufacturing. To achieve this aim, an integrative review approach
was applied, combining data from market reports, scientific publications, and industry
analyses to synthesise a coherent picture of the current state and prospective evolution of the
hydraulic market worldwide.

Research Methodology.

The study applies an integrative review approach, which allows the combination of
heterogeneous sources (market reports, scientific papers, industry analyses) into a single
analytical framework to identify both numerical trends and structural technological shifts in
the hydraulic market. This design was chosen because primary statistical data are dispersed
across commercial and open analytical studies that differ in time horizon, regional focus, and
segmentation logic, which makes meta-analysis in the strict statistical sense impractical.
Partially, for the information sources' generalisation the methods of generative Al were used,
particularly Perplexity.ai.

The empirical base includes specialised market research reports on hydraulic equipment,
open analytical reviews by consulting companies, and peer-reviewed scientific publications
on energy-efficient hydraulics, smart fluid systems and electromechanical alternatives.
Sources were selected according to the following criteria: explicit quantitative estimates of
market size and compound annual growth rate (CAGR), clear segmentation by region,
application or component, and direct relevance to industrial, mobile or power hydraulics.
Priority was given to the most recent publications (mainly 2022-2025).

For the quantitative part, the reported market sizes, forecast horizons and CAGR values
were extracted from each selected study and tabulated to enable cross-comparison. Where
necessary, data were brought to a unified form (billion USD, explicit final forecast year) to
calculate the average CAGR and to visually compare the growth trajectories of the hydraulic
market across different reports. Qualitative descriptors of regional structure, sectoral demand
(construction, agriculture, mining, manufacturing, aerospace, etc.) and component
composition (cylinders, pumps, valves, filters, accumulators) were coded and grouped to
identify recurring patterns.

A narrative synthesis was then performed to generalise the main technological trends
affecting the hydraulic market, with a focus on electrification, digitalisation (smart and
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connected hydraulics) and the green transition. Descriptions of electro-hydraulic architectures,
digital hydraulics, hybrid systems, and electromechanical actuators from scientific and
technical publications were compared with the strategic theses of consulting reports to reveal
convergences or contradictions in expert expectations. Special attention was paid to the role
of Industry 4.0/10T integration, energy-efficiency requirements, and CO: reduction targets as
drivers of new product development in industrial and mobile hydraulics.

The methodology is subject to several limitations arising from the secondary nature of the
data and the commercial orientation of many market reports. Differences in scenario
assumptions, baselines and segmentation may introduce dispersion into numerical indicators;
therefore, the calculated average CAGR and generalised structural conclusions should be
interpreted as indicative rather than exact. Nonetheless, the applied integrative review
provides a sufficiently robust basis for assessing the prospects of entering the global hydraulic
market and for identifying promising R&D directions in fluid power technologies. r achieving
the aim integrative review method was used.

Results.

Several research studies on the global hydraulic equipment market are available on the
Internet. Although the quantitative forecasts differ, they all agree that the hydraulic equipment
market will grow in the next 10 years. Table 1 presents a generalization of the numerical
characteristics of the world hydraulic equipment market, according to different research.

Table 1. Generalization of the numerical characteristics of the world hydraulic equipment

market
Market Market
size size/Final
Ne Research name Website's link 2024, year of CA(‘,ER’
usD forecast,
Billion | USD Billion
1 2 3 4 5 6
1 | Hydraulics Market https://www.precedenceresearc | 44.51 64.71/2034 3.4
Size, Share, and h.com/hydraulics-
Trends 2024 to 2034 | market#:~:text=The%?20global
%20hydraulics%20market%20
size,3.5%25%20from%202024
%20t0%202034. [3]
2. | Hydraulics Market https://www.marketsandmarke 42.5 50.5/2028 3.5
Global Forecast to ts.com/Market-
2028 Reports/hydraulics-market-
209607944.html [6]
3. | Global Hydraulic https://www.marketresearchfut 49 97.09/2032 9.11
Equipment Market ure.com/reports/hydraulic-
Overview equipment-market-8066 [7]
4. | Hydraulic Equipment | https://www.mordorintelligenc | 46.94 56.07/2029 3.62
Market Size & Share | e.com/industry-
Analysis - Growth reports/hydraulic-equipment-
Trends & Forecasts market [4]
(2024 - 2029)
5. | Hydraulics Market https://www.verifiedmarketres 36,67 40.98/2031 14
Size and Forecast earch.com/product/hydraulics-
market/ [8]
6. | Global Hydraulics https://www.kbvresearch.com/ 43 54.9/2030 3.7
Market Size, Share & | hydraulics-market/ [9]
Trends Analysis
Report, 2023-2030
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1 2 3 4 5 6
7. | Hydraulic Equipment | https://straitsresearch.com/repo | 47.23 65.82/2032 4.23
Market Size, Share & | rt/hydraulic-equipment-market
Trends Analysis [10]

Report 2024-2032
8. | Hydraulics Market https://finance.yahoo.com/new | 45.26 60.36/2032 35
Size to Surpass USD | s/hydraulics-market-size-
60.36 Billion in 2032 | surpass-usd-
150000627.html?guccounter=1
&guce_referrer=aHROcHMG6L
y93d3cuZ29vZ2xILmNvbS8&
guce referrer_sig=AQAAAH
LpU6iuULvwCa-
x3ZXJ9SiFta8 cgR3QZAJeltl
VKCHNA5CmMJN82W kVloa
pTJnUZw6cz5CaRKkFY|SrEpV
Dk 3zeSjTnQLMnS4L7v7jug
yA8riex47XiTBFEwI48dhK9
YUfonHgPLrB42dUzuD1J7X
To7KOeZgwlnx29EKOQT4p
[11]

To assess whether it is worth entering the industrial, mobile and power hydraulics
business in 2024/2025, the most important parameter is the compound annual growth rate
(CAGR). CAGR represents the mean annualized growth rate for compounding values over a
given time. CAGR smoothest the effect of the volatility of periodic values that can render
arithmetic means less meaningful. For the eight studies listed in Table 1, the CAGR average
value is 4.07 %. This shows the prospects of the hydraulic equipment market in the
foreseeable future.

The growth trajectory of the hydraulic equipment market is illustrated in Fig. 1 [3].
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Fig 1. Global Hydraulic Market Size 2023 to 2034 (USD Billion) [3]

All the above analytical reports agree that Europe will occupy the middle position in
hydraulic systems and their component consumption. Recent analytics [4] show that the Asia-
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Pacific region is expected to remain the leading consumer of hydraulic equipment (Fig. 2) [4].
According to current fluid power market studies, the key driver of market transformation and
expansion is the integration of heavy-duty industrial and mobile machinery with Industry 4.0
technologies, particularly the Internet of Things (10T). This development underpins a second
major trend: accelerating demand for smart, automated hydraulic equipment. In Fig. 3 [6], we
see that the largest sector of consumption of hydraulic systems is construction. In my opinion,
it would also be appropriate to separately add such sectors as agricultural equipment and the
aerospace industry to the diagram in Fig. 3 [6].
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Fig 2. Hydraulic Equipment Market CAGR (%), Growth Rate by Region, 2025-2030 [4]
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Fig. 3. Global Industrial Hydraulic Equipment Market Share, By Application, 2022 [12]

In Fig. 3 [12] we see that the largest sector of consumption of hydraulic systems is
construction. In my opinion, it would also be appropriate to separately add such sectors as
agricultural equipment and the aerospace industry to the diagram in Fig. 3 [12]. List [13] of
key players in the Hydraulic Equipment Market is the next: Daikin Industries Ltd, Danfoss.
Eaton, Emerson Electric Co., Kawasaki Heavy Industries Ltd., Komatsu Ltd., Parker-Hannifin
Corp.. Robert Bosch GmbH. Siemens AG. Wipro Limited.

According to [2, 5, 14, 15], companies can make progress in embracing the full potential
of smart hydraulics if they quickly adopt these technologies [16].
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The third trend involves the green transition of fluid power systems within the industrial
equipment and machinery sectors. According to the data presented by the European academic
Fluid Power Association, fluid power equipment produces 2.4 times more CO2 than global
aviation, making energy-saving solutions for hydraulic systems an important contribution to
climate change mitigation.

Some electromechanical technologies, e.g. planetary roller screws, linear actuators and
ball screw linear actuators [17-20], can become a serious competitor to electrohydraulic drives
in the process of ongoing industrial and mobile equipment electrification.

Conclusions.

The conducted integrative review confirms that the global hydraulic equipment market is
set to grow steadily over the next decade, with an average compound annual growth rate of
about 4%, which indicates favourable conditions for launching new projects in this field. At
the same time, the structure of demand is changing: Asia-Pacific and the construction sector
retain leadership, while agriculture, mining, manufacturing and aerospace increase their
contribution, and component priorities gradually shift towards energy-efficient pumps, smart
systems and advanced actuators. Three interrelated transformation drivers have been
identified: electrification of mobile and industrial machinery, digitalisation and emergence of
smart hydraulics, and the green transition with strict CO: reduction and energy-efficiency
requirements, which jointly shape the agenda for further R&D, standardisation and product
portfolio renewal in industrial, mobile and power hydraulics.
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KIJIBKICHUM TA AKICHUH AHAJII3 PO3BUTKY INIOBAJIBHOI'O PUHKY
I'TAPABJIIYHOI'O OBJIA/ITHAHHSA

0. CkBopueBcbKHil
Llenmp Oocnioacenvb pobomomexuiku, mexampoHiku ma iHghopmamusayii upooHUYmMea

Anomauin

VY craTTi BUKOHAHO KUIBKICHUHA Ta SAKICHUH aHali3 PO3BUTKY II00aJbHOTO PHHKY TiApaBiIidHOTO
oOJyiaiHaHHsI HA OCHOBI y3arajbHEHHs JaHWX MPOBIIHUX KOMEPLIMHUX AOCIHIIKEHb, KOHCAITHHIOBHX
3BITIB 1 HayKOBUX myOmikaifiii 3a 2022-2025 poku. [loka3aHo, 110 HOMPH BIAMIHHOCTI Y METOIMKAX
PO3paxyHKy, yci pO3TISHYTI JoKepena JNeMOHCTPYIOTh cTalijlbHE 3pPOCTaHHS CBITOBOTO PHHKY 3
cepequbopiuarM TemnioM mpupocty (CAGR) 6musbko 4%, 110 TiATBEpIXKYE NOUIIBHICTD 3aITyCKY
HOBUX TIPOEKTIB y cdepi HpoMucioBoi Ta MOOUTBHOI rizpasiiku. IlpoBemeHo yzarambHeHHs
PErioHaTIbHOI CTPYKTYPH MOIUTY, TATy3eBUX CETMEHTIB Ta KOMIIOHEHTHOI 0a3u pHHKY, 110 JO3BOJIMIIO
BUAUTUTH TPOBiTHY poiib A3iHCHKO-THXOOKEaHCHKOTO PEerioHy, JOMiHyBaHHS OyIiBeNBbHOI TEXHIKH Ta
MOOITBHOI TigPaBNiKHM, a TaKOXK 3POCTaloue 3HAYCHHS EHEProeeKTHBHUX HACOCIB, «PO3YMHHUX)
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TIIPOCHCTEM 1 BHCOKOTEXHOJIOTIYHUX TIMPONMWIIHAPIB Ta BUKOHABUMX opraHiB. Okpemy yBary
MPUAUICHO TEHICHIisM mudposizamii Ta BrupoBamkeHHIO SMART-TiApaBiiku, IHTErpoOBaHOI 3
texHojorismu [HaycTpii 4.0 Ta loT, mo 3a0e3neuye mepexin BiA mocTadaHHs OKPEMHX KOMIIOHEHTIB
JI0 CEpBICHO-OPIEHTOBaHMX PillICHb HA PiBHI CUCTEM.

OOTpyHTOBaHO TPH KITFOYOBI JpaiiBepu TpaHcdopmarii TiApaBIivHOTO PUHKY: eNeKTpUQIKaIiio
MOOITBPHUX 1 MPOMHUCIOBUX MamuH, Iudposizamito Ta popmyBanass SMART-rigpaBmiku, a Takox
3eJICHUH Tepexill i3 MOCWICHHAM BHMOT A0 eHeproeeKTHBHOCTI U ckopoueHHA BUKUAIB CO..
ITokazano, mIo 11i (aKTOpH OMHOYACHO CTBOPIOIOTH HOBI HIIIl I TiIPaBIIYHAX CHCTEM 1 TTOCHITIOIOTH
KOHKYPEHIIIO 3 eIEKTPOMEXaHIYHIMHU TTPHUBOIaMH, 30KpeMa Ha 0a3i TBUHTOBHX Mepenad KyJIbKOBOTO i
POJIMKOBOTO THITY.

3anmponoHOBaHM iHTETPalNbHUN OMIAL [03BOJIAE CGHOPMYBATH LITICHE YSBICHHS MPO
MEPCIIEKTUBHA  PO3BHTKY CBITOBOTO PHHKY TiAPaBIIYHOTO OONIQAHAHHSA, a TAaKOK OKPECIUTH
npioputeTHi HampsiMu R&D y ramysi eneproedextuBHux rigponpusoniB, SMART-rigpaBniku Ta
riOpUIHUX EeNEeKTPOTiAPaBIiuHUX 1 eIeKTpoMexXaHiYHuX cucteM. OTpUMaHi pe3yabTaTd MOXYTh OyTH
BHKOPHCTAaHI BUPOOHHKAaMH OONaIHAHHSA, IOCTadadbHUKAMH KOMITOHEHTIB 1 JOCHITHUKAMH IS
MPUAHATTA OOTPYHTOBaHWX pillleHp II0A0 (OPMYBaHHA MPOMYKTOBOTO TOPTQento, BHOOPY
TEXHOJIOTTYHHX TJIaTOPM Ta BUXOJY Ha MEPCHEKTUBHI CETMEHTH [100aJbHOTO PUHKY TiPaBITiKH.

Kntouoei cnosa: tnobanpHuii puHOK riApaBiiku; SMART rimpasmika; emekTporigpaBiidHi
CUCTEeMH; eHeproe(eKTUBHICTb.
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EFFECT OF FATTY ACID CONCENTRATION IN THE WORKING
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Abstract. An analysis of research regarding the effect of fatty acid additives on enhancing the
anti-wear properties of working fluids was conducted. The characteristics and molecular state of the
additive within the oil were identified as factors influencing the formation of a boundary lubricating
film on friction surfaces. A method for intensifying additive adsorption by subjecting the working
fluid to an electric field was proposed. A methodology was developed to experimentally investigate
how the concentration of surfactant molecules — specifically the fatty acids under study — affects the
formation of a lubricating layer on the friction surfaces of machinery hydraulic drives. Experimental
studies were carried out to examine the effect of stearic and oleic acid concentrations on changes in
boundary lubricating film thickness when the working fluid undergoes electrostatic treatment. A non-
linear relationship between lubricating film thickness and additive concentration was established, and
the optimal concentrations of stearic and oleic acids — yielding the maximum boundary lubricating
film thickness — were determined.

Keywords: hydraulic drive, working fluid, friction surface, surfactant, lubricating film, electric
field, film thickness.

Introduction.

Hydraulic drives and hydraulic transmissions have recently become widespread and are
used to drive the working equipment of construction, track, and materials-handling machines.
Owing to the high cost of these units and the considerable labor intensity of repair work, there
is a need to develop and implement resource-saving technologies aimed at improving the
design of these units and the characteristics of working fluids.

One of the most common ways to improve the anti-wear properties of working fluids is to
add various additives, most of which are surfactants. Such molecules promote the formation
of a more wear-resistant lubricating film, the thickness of which directly depends on their
properties, state, and amount in the working fluid. However, because these substances possess
an electric dipole moment, at a certain concentration they interact with one another and form
supramolecular structures that are unable to form the required lubricating layer effectively.
Surfactant molecules are also adsorbed not only on friction surfaces but also on components
present in the working fluid (wear products and inorganic particles), which reduces their
effective concentration and hinders efficient lubricating-film formation.

An effective method of activating the additive (breaking down aggregates of surfactant
molecules) is treatment of the working fluid with an external electric field. Under such a field,
the protective function of the working fluid is enhanced by reducing friction and wear losses
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in hydraulic drives; wear of friction units in hydraulic machines is reduced, thereby increasing
their service life.

However, the effect of fatty-acid concentration (stearic and oleic acids) in the working
fluid on lubricating-film formation on the friction surfaces of hydraulic drives of construction
and track machines under electrostatic treatment remains insufficiently established. Therefore,
elucidating this process is a relevant scientific task.

Literature Review.

Boundary lubricating films of liquid media play an important role during friction between
solid surfaces. The mechanism of their formation has been considered in numerous research
studies [1-12] because it is of considerable practical interest. Liquid lubricating media that
form a lubricating film are inherently multicomponent systems in which surfactants play a
decisive role [2-4, 7]. The structure of these molecules is such that all of them possess an
electric dipole moment, which enables interaction with metal surfaces. At the same time, the
properties of the boundary lubricating film are also influenced by the structure of the metal
surface because it forms its force field [3-8]. Thus, formation of the anti-wear layer on
hydraulic-drive surfaces in contact with the lubricant depends on two main factors: the force
field of the metal surface and the molecular structure of the surfactants.

In [11], a mathematical model (1) was proposed for determining lubricating-film
thickness, taking into account the structure of the friction-surface material and the internal
state of additive molecules in the working fluid.

2
(1— 2ee, WMJ
b Po

2
1—(1—2ee0 WMJ
po

where H is the thickness of the lubricating film on the friction surfaces of machine hydraulic
drives, m; Wy is the interaction energy between surfactant molecules depending on their state
in the working fluid (monomers, dimers, micelles), J; p is the dipole moment of a surfactant
molecule, C-m; o is the surface charge density, C/m?; ¢ is the dielectric permittivity of the
working fluid; & is the vacuum permittivity; b is the radius of the friction-surface contact
area, m.

However, this mathematical model does not make it possible to construct an actual
dependence of the effect of surfactant-molecule concentration on lubricating-layer formation,
because the parameter Wwm [11], calculated using equation (2), depends only on the critical
micelle concentration of fatty-acid molecules (which is a constant for different surfactants)
and on temperature.

1)

RT In(CMC
Wy = ,El ), )

a

where R is the Boltzmann constant, J-K™!; Na is the Avogadro constant, mol™'; T is the
fluid temperature, K; CMC is the critical micelle concentration of surfactant molecules,
mol/L.

Analysis of studies [10-15] shows that the use of electric fields to control lubricant
properties and increase the service life of technical systems is a promising research direction.
The theoretical basis of this approach is provided by electrodynamics concepts concerning the
interaction of an electric field with matter, polarization processes, and the behavior of matter
in an electric field [10]. Application of these principles to technical systems is considered in
[13], where electric and magnetic fields are regarded as means of purposefully influencing the
processes that determine the service life of machine hydraulic drives.

[ pesmasal ISSN: 1994-4691 Ne 1(77) 83




@ TSATU ASIHP @

The results of [11] indicate the difficulty of establishing a universal relationship between
additive concentration and the effectiveness of electrical treatment. The optimum
concentration is determined by the specific composition of the working fluid, the type of
additive, the electrical-treatment mode, and the operating conditions of the hydraulic unit.
Therefore, the obtained relationships require additional verification for other lubricants and
hydraulic-drive designs.

The effect of liquid-crystal additive concentration and an electric field on the
physicochemical properties of a lubricant was investigated in greater detail in [15]. The
authors analyzed changes in the kinematic viscosity, viscosity index, and pour point of an
industrial oil depending on the concentration of a liquid-crystal additive and exposure to an
electric field [15]. The results demonstrate that additive introduction and electrical treatment
can change oil characteristics; however, the effect is not unequivocally positive for all
properties. Increasing the additive concentration may cause undesirable changes in certain
operating characteristics.

A practical assessment of the applicability of electrostatic treatment to engine oil was
carried out in [14]. Unlike laboratory studies, the authors conducted operational tests of an
electrostatic engine-oil treatment device directly on an engine. This approach is of
considerable practical importance because it enables the effectiveness of the technology to be
evaluated under actual operating conditions of a technical system [14].

However, the results of operational tests should be considered with due regard to the
limitations of the experimental basis. Device effectiveness depends on engine type, oil grade
and condition, load mode, temperature, operating duration, and the design parameters of the
electrostatic device. Therefore, results obtained for a specific technical system cannot be
directly extended to other engine types or lubricants without additional studies [14].

An important complement to these studies is [12], which addresses the mechanisms of
tribochemical-film formation on friction surfaces. Unlike [11], [14], and [15], which focus
mainly on the effects of the electric field and additives on lubricant characteristics or on the
technical system, [12] gives considerable attention to processes occurring directly at the
friction surface. Investigation of polymethacrylate components demonstrated the possibility of
forming thin tribochemical films on metal surfaces, the characteristics of which are associated
with the anti-wear action of the lubricant [12].

This result broadens the understanding of the mechanism of additive action. Improvement
in tribological characteristics may be associated not only with changes in viscosity or other
bulk properties of the oil, but also with the formation of a protective layer on friction surfaces.
At the same time, [12] does not directly investigate the effect of an electric field on
lubricating-film formation. Therefore, the possible influence of an electric field on the
formation rate, structure, and chemical composition of such films remains insufficiently
studied.

Generalization of the results of [11], [12], [14], and [15] suggests a complex interaction
among three main factors: lubricant composition, the electric field, and the friction surface.
Changes in oil properties under the action of an electric field may affect surface-contact
conditions, while the additive may alter the interaction between the lubricant and the metal. In
turn, processes at the friction surface determine the actual wear level and service life of the
technical unit.

At the same time, the reviewed literature does not provide a complete explanation of the
mechanism of interaction among these factors. Studies [11] and [15] mainly establish
experimental relationships between additive concentration, electrical exposure, and working-
fluid characteristics. Study [14] demonstrates the feasibility of practical electrostatic treatment
in a real technical system. Study [12] helps explain the role of protective tribochemical films.
However, a comprehensive study simultaneously linking electric-field parameters, additive
concentration, physicochemical oil characteristics, surface-layer formation processes, and
wear intensity requires further development.
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Thus, analysis of sources [10-15] indicates that electrical treatment of lubricants can be
regarded as a promising means of controlling their physicochemical and tribological
properties. At the same time, the effectiveness of such treatment depends substantially on oil
composition, additive type and concentration, electric-field parameters, and operating modes
of the friction unit [11, 14, 15]. Establishing the mechanism of this interaction requires a
combination of physicochemical, tribological, and operational research methods. Particular
attention should be paid to the formation of protective surface films and their relationship
with electrical-treatment parameters.

The analysis shows that numerous methods for improving the lubricity of working fluids
already exist; however, there is a need to refine existing mathematical models or verify them
experimentally.

Research Methodology.

The aim of the study is to determine the thickness of the lubricating film formed by
surfactant molecules on metal friction surfaces as a function of additive concentration (stearic
and oleic acids) in the working fluid when its action is intensified by electrostatic treatment.

To achieve this aim, an experimental methodology was developed for determining
lubricating-film thickness on a laboratory test bench. Before the experiments, the ranges of
additive concentration were selected: 0—0.35% for stearic acid and 0-2.8% for oleic acid. The
working-fluid temperature in both cases was maintained at 80 °C with an error of 0.5 °C. The
electrostatic-field strength was 2x10° V/m.

Results.

According to earlier studies [2, 12-15], the introduction of additives (fatty-acid
molecules) into the working fluid of hydraulic machines results in their adsorption on friction
surfaces, accompanied by an increase in the service life of hydraulic-system units. However,
these studies did not consider what concentration of molecules in the base oil is rational or
how it changes under the influence of an electrostatic field.

In previous studies, thin metal plates wetted with the lubricant under investigation were
used to determine lubricating-film thickness. During the experiment, several plates with
lubricant applied between them were compressed, after which their total thickness was
measured. The resulting value was then compared with the thickness of the dry plates to
determine the actual thickness of the lubricating layer.

A drawback of this method was that contaminant particles entered between the plates
together with the lubricant. Their size was several orders of magnitude greater than the
thickness of the lubricating layer, which increased the error of the experimental results.
Therefore, a device developed at the Department of Mechanical Engineering and Technical
Service of Machines was used to determine lubricating-film thickness. In this device, balls
arranged consecutively one after another are used instead of plates (Fig. 1). With this
arrangement, the probability of contaminant particles entering the ball contact point is very
low.

The test bench (Fig. 1) consists of frame 1, on which a tube is installed using mounting 6.
Thirty metal balls 4 are rolled into this tube. The tube is then closed on one side with
mounting bracket 7, while a dial indicator 2 (MYI1-10) is installed on the other side; its stem
contacts the first ball through loading mechanism 3. The indicator pointer is thereby displaced
by a certain amount.

At the first stage of the study, dry balls were used. They were rolled into tube 5 (Fig. 1)
and pressed by the indicator spring. The readings obtained on its scale were taken as the
initial values for subsequent measurements.

At the second stage, the mounting bracket was removed, the dry balls were rolled out of
the tube, and each ball was successively wetted with 1-20 working fluid as supplied and with
I-20 containing different concentrations of stearic and oleic acids. Oleic acid is liquid at room
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temperature, which allowed it to be introduced into the base oil without difficulty. Stearic acid
is solid under normal conditions and has a melting point of 68 °C; therefore, it was preheated
to the liquid state. The acids were introduced at the same temperatures, followed by mixing.
After wetting in the resulting 1-20 oil-acid solution, the balls were rolled into the tube again.
Mounting bracket 7 (Fig. 1) was then installed, and the indicator head was pressed with the
same force. The indicator reading shifted relative to the first value obtained for the dry balls.
The difference between these two values, divided by the number of gaps between the balls,
was taken as the thickness of the boundary lubricating layer.

LY PRV VN VR W

Fig. 1. Test-bench arrangement for determining lubricating-film thickness: 1 — frame; 2 — dial
indicator; 3 — loading mechanism; 4 — metal balls; 5 — metal tube; 6 — tube mounting; 7 —
mounting bracket

At the third stage, similar tests were conducted; however, in this case the investigated
working fluid containing the additive was treated with an electrostatic field. Each lubricating-
film thickness value was determined in eight repeated measurements.

The results of the planned experimental studies of the effect of additive concentration
under electrostatic treatment of the working fluid are presented in Tables 1 and 2.

Table 1. Experimental results for determining lubricating-film thickness as a function of stearic-
and oleic-acid concentration

Additive Mean lubricating-film Mean lubricating-film
Additive concentration in oil, | thickness (without fluid thickness (with fluid

% treatment), pm treatment), pm
0 0,21 0,42
0,05 0,33 0,45
0,1 0,35 0,52
Stearic acid 0.15 0,43 0,62
0,2 0,42 0,62
0,25 0,36 0,58
0,3 0,28 0,56
0,35 0,27 0,54
0 0,21 0,42
0,4 0,25 0,43
0,8 0,27 0,48
. 1,2 0,32 0,48
Oleic acid 16 0.31 0.51
2 0,28 0,49
2,4 0,27 0,49
2,8 0,23 0,48
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Table 2. Regression equations obtained from the experimental studies

Additive Working-fluid treatment Regression equation
Stearic acid With treatment H,(C)= —4,5476C*% +1,9988C + 0,3894
Without treatment H,(C)=-5,7381C* +2,1012C +0,2071
Oleic acid With treatment H,(C) =—-0.029C?* +0.1086C + 0.3992
Without treatment H (C)=-0.0472C* +0.1421C +0,1996

The graphical representation of the research results shown in Fig. 2 demonstrates that the
thickness of the boundary lubricating film between balls lubricated with 1-20 oil was 0.2 pum,
while electrostatic treatment increased it to 0.4 um. This indicates the presence of surfactant
molecules in the base oil as supplied. With a gradual increase in stearic-acid concentration,
the layer thickness first increases and then decreases. This is explained by the transition of
fatty-acid surfactant molecules from the monomeric state to an aggregated state. The
maximum H value corresponds to the rational concentration of stearic acid in the working
fluid. Without treatment, the rational concentration is 0.17%, whereas with an electrostatic
field it is 0.22%.

0.60{ —— Hi(C)
0.55_ s HZ(C)

0.50 -
s 0.451
x
L Rt L ey SWIRE S s
T - ﬁ-“.‘
0.35 1 L7 g
0.30- o7 Fse
0.25 - ’ 3
0.20

T T T T T T T

000 005 010 015 020 025 030 0.35
C, %
Fig. 2. Dependence of lubricating-film thickness on stearic-acid concentration in 1-20 oil at 80 °C

A similar relationship is observed when oleic acid is used in the working fluid (Fig. 3).
Without treatment, the rational concentration is 1.5%, whereas with an electrostatic field it is
1.9%.

According to the experimental results, all graphs exhibit a concentration of surfactant
molecules at which the maximum lubricating-film thickness is formed. For stearic acid, the
thickness increased from 0.2 um to 0.4 um without treatment and from 0.4 pm to 0.62 um
with treatment. For oleic acid, it increased from 0.2 pm to 0.32 um without treatment and
from 0.4 um to 0.51 um with treatment. This confirms the positive effect of additives in the
working fluid and the use of external fields to intensify their action.

The obtained results can be used to verify models for determining lubricating-film
thickness and friction-surface wear intensity and for predicting hydraulic-drive service life as
a function of fatty-acid concentration in the working fluid.
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Fig. 3. Dependence of lubricating-film thickness on oleic-acid concentration in 1-20 oil at 80 °C

However, future work should separately determine the contributions of the additive itself
and the electric field. For this purpose, comparative experiments should be conducted in at
least four modes: base oil without additive and without an electric field; oil with additive but
without electrical exposure; base oil after electrical treatment; and oil with additive after
electrical treatment. This methodology will make it possible to determine the contribution of
each factor and establish whether an additional effect arises from their simultaneous
application.

Conclusions.

Based on the analysis of scientific studies, it was established that the effectiveness of
boundary lubricating-film formation is determined not only by the presence of surfactants in
the working fluid, but also by their concentration and molecular state. As additive
concentration increases, aggregated structures may form, as a result of which some surfactant
molecules lose the ability to adsorb effectively on friction surfaces. One way to intensify
additive action is to apply an external electric field.

A non-monotonic dependence of boundary lubricating-film thickness on fatty-acid
concentration in 1-20 oil was established experimentally. For both additives studied,
increasing the concentration initially increased the lubricating-film thickness; after the
maximum value was reached, the thickness decreased. This indicates the existence of a
rational additive concentration that provides the greatest thickness of the formed lubricating
film. For stearic acid, the rational concentration is approximately 0.17% without electrostatic
treatment and 0.22% with electrostatic treatment of the working fluid. For oleic acid, the
corresponding values are approximately 1.5% and 1.9%. The results indicate that the
electrostatic-treatment mode must be taken into account when determining the rational
additive concentration.

Electrostatic treatment was found to increase boundary lubricating-film thickness under
the investigated conditions. The maximum film thickness was 0.62 um for stearic acid and
0.51 pm for oleic acid, whereas without electrostatic treatment the corresponding maximum
values were 0.43 pm and 0.32 um. The experimental results support further investigation of
electrostatic treatment of working fluids as a means of intensifying the action of surfactants.
At the same time, the established dependence of lubricating-film thickness does not directly
determine hydraulic-drive service life; therefore, additional tribological and operational
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studies are required to establish a quantitative relationship among additive concentration, film
thickness, wear intensity, and technical-system service life.

The research results can be used to refine and experimentally verify mathematical models
for determining lubricating-film thickness and as input data for subsequently establishing
relationships among working-fluid parameters, electrostatic-treatment conditions, friction-
surface wear, and hydraulic-drive service life.

Future Research Directions

Further research should focus on establishing a quantitative relationship between fatty-
acid additive concentration, the parameters of electrostatic treatment, boundary lubricating
film formation, friction-surface wear, and the service life of hydraulic drive components. The
results obtained in the present study characterize the change in lubricating film thickness;
however, this parameter alone does not provide a direct quantitative assessment of wear
intensity or hydraulic-system durability.

A priority task is to separate the individual and combined effects of the additive and the
electric field. For this purpose, comparative experiments should be carried out under four
conditions: base oil without an additive and without electrostatic treatment; oil containing an
additive without electrostatic treatment; base oil subjected to electrostatic treatment; and oil
containing an additive subjected to electrostatic treatment. Such an experimental design will
make it possible to determine the contribution of each factor and to identify a possible
interaction effect between fatty-acid additives and electrostatic treatment.

Further experimental studies should also extend the ranges of operating conditions. In
particular, the effects of working-fluid temperature, electric-field strength, treatment duration,
contact pressure, sliding velocity, and contamination level should be investigated. Particular
attention should be paid to verifying whether the rational concentrations determined for
stearic and oleic acids remain stable when the operating conditions of hydraulic friction units
change.

Another important direction is the tribological verification of the established relationships
using friction pairs representative of hydraulic machines. Measurements of friction
coefficient, wear rate, surface roughness, and changes in the morphology and chemical
composition of the formed boundary films would allow the experimentally determined film-
thickness relationships to be linked with the actual anti-wear performance of the working
fluid.

The resulting experimental data can subsequently be used to refine and validate
mathematical models describing boundary lubricating film formation and wear processes. A
combined model incorporating additive concentration, molecular state, electrostatic-treatment
parameters, lubricating film thickness, and wear intensity could provide a basis for predicting
the durability of hydraulic drive friction units and for selecting rational working-fluid
treatment conditions.
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BILIUB KOHIEHTPALII JKUPHUX KHUCJOT ¥ POBO‘I"II‘/JI PIINHI )
I'IAPOITPUBOJAIB MAIIIMH HA ®OPMYBAHHSA 'PAHUYHOI MACTHJIBHOI
IIJIIBKH

B.O. Creganos’, M.O. Boponin?
YVrpaincoxuii deporcasnuii ynisepcumem 3aniznuuHo20 mpancnopny

Anomauisn

VY oMy JIOCHIKEHH]I BUBUAETHCS BIUIMB KOHIIEHTPALIl IPUCaJ0K Ha OCHOBI )KUPHUX KUCIOT Ha
(dbopMyBaHHS TpaHUYHOI MACTHJIBHOI TUIIBKM Ha METAJCBHX MOBEPXHAX TEepTS Mix dYac
€JIEKTPOCTATHYHOI O0OpOOKM poOOYMX pinuH TifpaBniyHuxX MamuH. Oco0iHMBY yBary HpUAICHO
MOJIEKYJISIPHOMY CTaHy MPUCAAKH, OCKUIBKU MiABUIIEHHS ii KOHIEHTPAaLil MOXKe CIPHUITH YTBOPEHHIO
HaJMOJIEKYJISIPHUX arperariB i, K HACJIIJIOK, 3MEHIIYBAaTH YacTKy MOJIEKYJI, JOCTYITHHUX JUIsI afcopOmii
Ha TOBEPXHAX TEPTs. 30BHIIIHE €ICKTPUUYHE IT0JIC PO3IIIAIAEThCS K 3aci0 iHTeHCHiKalli aacopOril
npucanok Ta Moan(ikamii MOJIEKYJISIPHOTO CTaHy OBEPXHEBO-aKTHBHUX PEUYOBHH y PoOOUil piAuHI.
Byno po3pobneHo eKxcnepuMEeHTadbHY METOAMKY BH3HAYCHHS TOBIUMHHM TPAHUYHOI MAaCTHIBHOT
IUTIBKM 3 BHKOPHUCTAHHSM BHIPOOYBAIBHOTO CTEHIA, IO MICTHTh 30 IOCHITOBHO PO3MINICHHUX
MeTaJeBUX KyJIboK. Taka KoH]Iryparlis 3MeHIITye HMOBIpHHIA BILUTUB 3a0pyIHIOBAIBHUX YaCTHHOK Ha
pe3yabTaTd BHUMipIOBaHb. EKCHEpUMEHTH NpPOBOAMIM 3 BHKOpPHCTaHHAM Oa3zoBoi omuBu [-20 3a
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temreparypu 80 °C. JlocmipKyBaiau KOHIIEHTparlii creapuHoBoi kucinotu B miamazoni 0-0,35 % Ta
oneiHoBoi kucnotn — 0-2,8 % sk 3a yMOB eJeKTpoCTaTH4IHOI 00poOKH, Tak 1 Oe3 Hei. Pedynmbratn
EKCIIEpPUMEHTIB IPOJEMOHCTPYBAJIH HEJiHIMHY 3aJISKHICTh MK KOHIEHTpALi€l0 NpUCATKHA Ta
TOBIIMHOIO TPaHU4YHOI IUTBKH. {151 000X >KMPHHUX KHCIOT TOBIIMHA IUTIBKH CIIOYATKy 3pocTaia 3i
30UTBIIIEHHSAM KOHIIGHTpAIlii TPHCAAKH, a TICIA TOCATHCHHS MAaKCHMAaJIbHOTO 3HAYCHHI —
3MeHITyBanacs. J[js cteapuHOBOI KUCIIOTH palliOHaNbHA KOHIEHTpaIlis cranoBmwia mpuommsHo 0,17 %
0e3 enekTpocTatnyHOi 00poOku Ta 0,22 % — 3 00poOkoro. I 0neiHOBOI KHCIOTH BiAMOBITHI
3HaYeHHS cTaHOBWIX MpuOmm3Ho 1,5 % ta 1,9 %. MakcumanbHa TOBIIMHA TUTIBKH U CTEAPUHOBOI
kuciioTu cranosmina 0,43 MM 6e3 06poOku Ta 0,62 MKM 3 €JIEKTPOCTATUIHOIO 0OPOOKOIO, TOMI K IS
OJICTHOBOI KHCJIOTU IIi MOKa3HuWkH popiBHoBam 0,32 mxMm ta 0,51 mxMm BignosimHo. Otpumani
pe3yabTaTH CBig4aTh MPO Te, MO SIK KOHLEHTpamis MPUCAAKH, TaK 1 eJIeKTpocTaTnyHa oOpoOka
BIUIMBAIOTh Ha (OpPMyBaHHS TPAaHWYHOI MACTHJIBHOI TUTIBKM 3a OOCHKyBaHMX yMOB. OTpumaHi
EKCIIEpUMEHTANIbHI  3aJIKHOCTI MOXYTh OYTHM BHUKOPHCTaHI A YTOYHEHHS Ta Bepudikamii
MaTeMaTHYHHUX MOJIENIEH, 10 OMUCYIOTh (POPMYyBaHHS MACTHJIBHOT ILTIBKH, & TAKOX ISl TOAAIBIIOr0
BUBYEHHSI B3a€MO3B’SI3Ky MDK CKJIIAJJOM pPOOOYOi PpiITWHH, MOJEKYISAPHHUM CTAaHOM IPHCAIKH,
3HOIIYBaHHSM 1 pECypCOM TiApaBIidHUX CUCTeM. BHCHOBKHM MOCTIKEHHS CTBOPIOIOTD MiIPYHTS s
BUOOPY palliOHAJLHUX KOHIICHTpAIlid MPUCAJOK Ha OCHOBI KUPHUX KHUCIOT 3 YypaxXyBaHHSIM
3aCTOCYBaHHS €IEKTPOCTATHIHOI 0OPOOKH.

KuarouoBi cjoBa: rimpaBiidanii MpuBiA, podoYa pifrHa, TOBEPXHSA TEPTS, TOBEPXHEBO-aKTUBHA
p€4yoBHUHA, MAaCTUJIbHA HJ'IiBKa, CJICKTPUYHE I10JIC, TOBIIIMHA HJ'IiBKI/I.
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Abstract. The article addresses the development of components for hydraulic control systems of
wheelless ground robotic complexes with high terrain mobility. Typical wheelless ground robotic
complexes are considered. They have a central section that slides along the surface using inertial
propulsion devices and is equipped with long, flexible peripheral elements, 2-3 m in length, with
knives, saws, or milling cutters mounted at their ends to break down obstacles. The complex has a
large manipulator, approximately 4 m in length, which provides surface inspection and examination,
orientation, and communication. Wheelless ground robotic complexes include special units, hydraulic
drives, and hydraulic control systems using industrial water as the working fluid. It is proposed to
implement them using innovative components based on high-pressure jet and vortex devices and units
operating at approximately 25 MPa. The developed schematic solutions for innovative jet and vortex
devices are presented. The hydrodynamic processes in the devices were investigated theoretically and
experimentally. It was established that singular flow regions, where the rate-of-strain tensor
becomes degenerate, determine the operating processes of jet and vortex devices. The results of
studies of the static and dynamic characteristics of the jet devices forming the set of components are
presented. A structural design and manufacturing methods are proposed for small channels,
approximately 0.3 mm in size, with increased wear resistance. The manufacturing methods were tested
using experimental prototypes that were designed and manufactured.

Keywords: jet units, vortex devices, singular regions, turbulent jets, static characteristics.

Introduction.

Special-purpose ground robotic complexes are widely used in humanitarian demining [1].
Therefore, research aimed at developing advanced designs of ground robotic complexes is
relevant. The proposed special-purpose ground robotic complexes have a central section that
moves along the surface using inertial propulsion devices. This section is equipped with long,
flexible peripheral elements, 2-3 m in length, with knives, saws, or milling cutters mounted at
their ends to break down obstacles.

Ground robotic complexes operate under off-road conditions [2], with considerable
variations in temperature and humidity and without the necessary repair facilities and
equipment. Therefore, the general problem is to improve the reliability of these complexes
under harsh operating conditions [3]. One aspect of this problem is to improve their terrain
mobility [4]. This is consistent with practical applications of ground robotic complexes [5]
and general trends in the development of mobile robots [6].

Literature Review.

A reasonable approach to improving terrain mobility is to develop wheelless robots that
move by sliding [7]. Several technical solutions for wheelless ground robotic complexes have
been developed [8]. An analysis of the literature [9] indicates that snake-like robotic
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complexes are a promising direction.

The use of mechatronic systems is recommended to improve robot performance [10]. The
performance of mechatronic systems [11, 12] largely depends on their dynamic characteristics
[13]. The use of hydraulic and pneumatic control systems and hydraulic drives is promising
[14, 15]. These systems help address the challenges of operating wheelless robots under
difficult temperature and humidity conditions [16].

The use of mineral oil as the working fluid in the hydraulic drives of ground robotic
complexes is not considered appropriate [17]. Industrial water is a reasonable alternative.
However, its use creates several problems in the development of hydraulic and pneumatic
control systems for ground robotic complexes [18]. The main problem is the inability to
achieve the required fineness of working fluid filtration [19].

An analysis of the literature discussed above and other information sources [1, 6]
indicates that clear proposals for the development of wheelless ground robotic complexes are
currently lacking. Recommendations for the use of control components are also unavailable.
Therefore, the development of components for hydraulic and pneumatic control systems
remains an unresolved aspect of the broader problem of developing advanced ground robotic
complexes.

The aim of this study is to develop fundamentally new components for hydraulic and
pneumatic control systems based on high-pressure jet and vortex devices that use industrial
water containing a considerable amount of contaminants as the working fluid. The proposed
high-pressure jet devices are adapted for use in wheelless ground robotic complexes.

Research Methodology.

To achieve this aim, the following research objectives were formulated and addressed:

— to analyse the specific operating conditions of hydraulic control systems in wheelless
ground robotic complexes;

— to develop schematic and design solutions for high-pressure jet and vortex devices;

— to investigate the operating processes in jet and vortex devices;

— to determine the specific features of the characteristics of the devices forming the set of
control components;

— to identify promising design and manufacturing approaches for developing components
of hydraulic and pneumatic control systems for wheelless ground robotic complexes.

The study used materials from a wide range of engineering developments, including
innovative designs, results from tests of experimental prototypes of jet and vortex devices,
and operating experience with jet and vortex devices, including series-produced devices, in
various engineering applications [20, 21]. These materials were adapted to the development of
components for hydraulic control systems in wheelless ground robotic complexes [2, 22].

Theoretical and experimental methods were used in the study. The hydrodynamic
processes in jet and vortex devices were investigated by numerical integration of the
governing equations of fluid mechanics. The finite element and finite difference methods
were applied.

The theoretical calculations of jet and vortex flows were confirmed by experimental data
obtained through flow visualisation in model jet devices. In these experiments, MS-20 oil
containing a finely dispersed gas phase flowed at velocities of up to 50 m/s. High-pressure
turbulent flows at 20-30 MPa were investigated using miniature Pitot tubes, 0.2-0.3 mm in
size, on a specially designed test rig that provided positioning accuracy of 0.5-1 um for the
device components. The equipment and measuring instruments used provided a measurement
accuracy of 1-2%.

Special methods were developed and used to investigate high-pressure fluid flows in jet
devices. An effective method involves analysing singular regions in the moving fluid where
the stress tensor and the rate-of-strain tensor become degenerate. Innovative methods for
investigating the operating processes were proposed based on an analysis of wear in jet device
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parts after 10 million operating cycles.

Both analytical and experimental methods were used to investigate the static
characteristics of the devices forming the set of control components. The theoretical analysis
of the characteristics of jet and vortex devices was based on solving the equations of fluid
mechanics in integral form [20]. Experimental studies were conducted using specially
designed test equipment. This equipment made it possible to measure the static characteristics
of jet devices with assembled nozzles and receiver channels measuring 0.1-1 mm, at
operating pressures of up to 30 MPa and flow rates of up to 15 I/min.

The theoretical study of the dynamic characteristics of jet devices was based on fuzzy and
stochastic mathematical models [16, 23]. The computational models accounted for the inertia
and compressibility of the working fluid. Experimental studies of the dynamic behaviour were
conducted using high-precision pressure sensors. The measurement results were processed
using statistical methods and specialised software to determine correlation functions, spectral
densities, and other characteristics of dynamic processes in jet devices.

Advanced manufacturing and metalworking methods were used to produce the main
control components [24, 25]. On this basis, innovative designs were developed for assemblies
and parts of jet and vortex devices forming the components of hydraulic control systems in
wheelless ground robotic complexes. Manufacturing issues related to the main parts of jet and
vortex devices were addressed.

Results.

Developed Ground Robotic Complexes

Several schematic and design solutions for wheelless ground robotic complexes have
been developed. The most effective are ground robotic complexes that incorporate flexible
elements. The developed wheelless ground robotic complex has a central section 1 containing
batteries as the power source, a hydraulic power unit, and a control system (Fig. 1).

The front section 2 of the ground robotic complex is connected to the central section. It
carries a rotating milling cutter 3 with its drive. The rear section of the wheelless robot
consists of two branches, 4 and 5, attached to the central section 1. The ends of the rear
branches are equipped with positioning devices in the form of rotors 6 and 7, which have ribs
for interaction with the ground. The rotors are powered by drives located in the end modules 8
and 9 of the rear branches. The front section 2 and the rear branches 4 and 5 consist of
flexible modules connected in series. These modules allow limited spatial movement of the
front and rear sections relative to the central section 1.

The front section 2 moves in the horizontal plane so that the milling cutter sweeps an arc
F1FoF> whose width B, exceeds the overall width B, of the rear section of the robot. As a
result, the milling cutter breaks down obstacles in the robot’s path, allowing the robot to move
freely along the x-axis.

The front section of the ground robotic complex can move vertically. During this
movement, the milling cutter follows an arc FsFoFs (see Fig. 1b). Its vertical sweep Hn
exceeds the overall height Ha of the robot with the manipulator mounted on it. Obstacles in
the robot’s path are therefore broken down to provide sufficient clearance for the robot and its
manipulator to pass.

The large manipulator, with a total length of approximately 4 m, has a main link 10 of
length Li. Links 11 and 12 form the main linkage of the manipulator. The links are connected
by single-axis joints Ag and Bo. The manipulator has a static balancing system consisting of a
balancing lever 13 connected to link 10 and a balancing mass 14. A hexapod mechanism 15 is
mounted at the end of link 12 for fine spatial movements of the tactile device 16.

In the folded position, the manipulator is placed and secured on the rear section of the
robot, while the balancing lever 13 is secured on the front section. Link 10 is mounted on the
rotary base 17 through a two-axis joint O. Link 11 has an aerodynamic control system
consisting of a propeller 18 and its drive.
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Fig. 1. Typical wheelless ground robotic complex: (a) top view; (b) side view; 1 — central section;
2 —front section; 3 — rotating milling cutter; 4, 5 — rear branches; 6, 7 — working rotors; 8, 9 —
end modules; 10 — main link; 11, 12 — links; 13 — balancing lever; 14 — balancing mass; 15 —
hexapod mechanism; 16 — tactile device; 17 — rotary base; 18 — propeller.

In the operating position, the manipulator assumes the configuration OABCD. Link 11 is
positioned so that its axis (AB) is nearly horizontal. The propeller lift vector P, is directed
approximately along the direction of the gravitational forces acting on the manipulator.
Changing the direction of the propeller lift vector allows the position of the tactile device to
be adjusted within the region D. The manipulator has the required number of controlled
coordinates.

The drives for coarse (rapid, macro-scale) movements provide rotation of the manipulator
(coordinate qo), adjustment of the position of link 10 through an angle g, adjustment of the
relative angular position of links 10 and 11 through an angle g2, and variation of the angle g3
between links 11 and 12. To improve positioning accuracy, the manipulator is equipped with
a six-coordinate fine-positioning drive implemented as a hexapod mechanism 15 with six
degrees of freedom: g, Qs, ..., qo [26].
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Three controlled coordinates of the hexapod provide translational movements of the
tactile device 16, while the other three provide its angular movements in space. The tactile
device has an additional controlled coordinate g0, which determines the position of point D
relative to the hexapod platform.

Thus, in its operating position, the manipulator has 10 controlled coordinates. Its
workspace is bounded by a spherical surface with a radius R=max(Rm)=L1+L2+Ls. To ensure
reliable operation of the manipulator without loss of static equilibrium, the wheelless robot
must have a sufficient support area. When the manipulator is positioned close to the plane
xoz, the front section 2 and the rear branches 4 and 5, extending along the axis x, provide this
support area. The outermost points Fo, Ko and Mo define the limits of the support areas.

The flexibility of the front and rear sections should be taken into account when
determining the static stability of the manipulator. Positioning the manipulator away from the
robot’s plane of symmetry requires support areas located away from the plane xoz. The
maximum distance of the front section (points F1 and F>) from the axis x is determined by the
possible deformation of the elastic front section 2.

The width Bn of the arc can be used to estimate the extent of the support area provided by
the front section. The support areas at the rear of the robot are formed at points Ko and Mo. If
necessary, the rear branches 4 and 5 change their configuration to increase the distance
between their outermost points. A straight configuration of the branches is a reasonable
choice and corresponds to the movement of point Ko along the curve KoK:K2. The region in
which branch 5 can be positioned is bounded by the curve whose radius p3 depends on the
angle gs.

Changing the position of the rear branches significantly affects the robot’s terrain
mobility. Moving branches 4 and 5 and their end modules 8 and 9 away from the axis X
allows the robot to generate resistance forces to withstand the cutting forces of the milling
cutter. Wave-like movements of the rear branches provide translational motion of the robot in
different directions. The ability to turn in the plane xoy is particularly important. This
compensates for a limitation of a robot with a linear configuration, for which turning is a
difficult operation.

The presence of three long, flexible elements reduces the likelihood of unwanted twisting
of the flexible branches, which is characteristic of robots with a linear configuration. The
robot can also move backwards along the axis x. The proposed design improves the reliability
of robot operation when travelling over rough terrain with steep slopes.

Features of Hydraulic and Pneumatic Control Systems of Ground Robotic
Complexes

According to the basic design scheme [27], the front section 2 of the wheelless robot has
a rotating milling cutter 1 mounted on a spherical fluid-film bearing with a sphere 3 (Fig. 2).

The milling cutter 1 is rotated by a high-torque hydraulic motor 17 controlled by a
directional control valve 18. The hydraulic motor shaft is connected to the sphere 3 through
an involute gear coupling 19. The geometric centre of the coupling 19 is located at the centre
of the sphere 3. This allows limited spatial rotation of the sphere 3. The sphere can rotate
through an angle ¢o in the xoy plane and through an angle 6o in the perpendicular xoz plane.

The sphere is rotated in these planes by hydraulic drives. They include hydraulic
cylinders 20 and 21 controlled by a directional control valve 22. The piston rods interact with
the outer part of a rolling-element bearing 23 mounted on a shank 24 attached to the sphere 3.
Hydraulic cylinders 20 and 21 rotate the sphere 3 through an angle ¢o in the xoy plane. Similar
drives with a corresponding directional control valve are used to rotate the sphere in the
perpendicular xoz plane (not shown in the figure).

The spherical fluid-film bearing has a series of hydrostatic bearings 25 supplied with
fluid through throttles 26 from the robot’s common high-pressure line 27. Fluid is drained
from the spherical fluid-film bearing through a drain line 28 connected to its low-pressure
cavity 29. The spherical fluid-film bearing also has a series of hydrodynamic bearings 30.
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Various cutting forces act on the milling cutter 1.
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Fig. 2. Design scheme of the front section of the wheelless robot: 1 — milling cutter; 2 — front
section of the robot; 3 — sphere; 17 — high-torque hydraulic motor; 18 — directional control
valve; 19 — involute gear coupling; 20, 21 — hydraulic cylinders; 22 — directional control valve; 23
- rolling-element bearing; 24 — shank; 25 — hydrostatic bearings; 26 — throttles; 27 — common
high-pressure line of the robot; 28 — drain line; 29 — low-pressure cavity of the spherical bearing;
30 — hydrodynamic bearings; 31 — inserts made of superhard materials; 32, 33 — tubular
elements; 34 — bellows; 35 — outer elastic shell; 36 — sealed annular cavity; 37 — movable conical
sleeves; 38 — disc springs; 39 — protective plates; 40 — gyroscopic inertial navigation device for
tubular element 32; 41 — directional control valve for regulating the pressure in the annular
cavity; 42 — bellows-type actuators; 43, 44 — directional control valves for controlling the
bellows-type actuators; 45 — gyroscopic inertial navigation device for tubular element 33; 46 —
vibration device; 47 — fixed base of the vibration device; 48 — plate.

The maximum forces act in the direction opposite to the x-axis. They are supported by
the system of hydrostatic bearings 25. The milling cutter 1 is made of a high-hardness
material. To improve the efficiency of the cutting process, inserts 31 made of superhard
materials are placed on the cutter surface. The use of synthetic diamonds, boron nitride, or
boron carbide for these inserts is promising. The systematically arranged inserts ensure
effective destruction of obstacles such as metal structures, barbed wire, concrete, stone, and
other materials.

The efficiency of the cutting process is ensured by the proposed technical solution, which
provides spatial rotations of the sphere 3 about the x, y, and z axes. The rotating milling cutter
1, connected to the sphere 3, acts as a gyroscope rotating at a frequency wo. Hydraulic
cylinders 20 and 21, together with the hydraulic cylinders located in the plane perpendicular
to the plane of the figure, do not rigidly fix the shank 24 mounted on the sphere 3. The cutting
forces produce considerable spatial torques acting on the rotating milling cutter. These
torques give rise to corresponding gyroscopic moments and cause precessional motion of the
sphere and the milling cutter.

Spatial movement of the sphere allows useful force effects to be generated. For example,
a sudden movement of the shank 24 in the xoy plane produces a considerable gyroscopic
moment acting on the wheelless robot in the xoz plane. This can raise the front section of the
robot above the ground surface or push it into the soil.

The front section of the robot contains tubular elements 32 and 33 connected by a
bellows 34. These elements and the bellows are enclosed by an outer elastic shell 35, forming
a sealed annular cavity 36. The edges of the elastic shell are sealed by movable conical
sleeves 37. The sleeves are moved by disc springs 38. This ensures sealing and secures the
elastic shell relative to tubular elements 32 and 33. Protective plates 39 are attached to the
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shell surface. A special gyroscopic inertial navigation device 40 is used to measure the spatial
position of tubular element 32.

The pressure in the annular cavity 36 is regulated by a directional control valve 41. The
shell 35 is reinforced with cords made of ultra-high-strength fibre, oriented along the axes of
tubular elements 32 and 33. As the pressure in cavity 36 increases, the elastic shell 35
expands in the diametrical direction. The reinforcing cords shorten the shell, compressing the
bellows 34 and displacing tubular elements 32 and 33. Actuators for their relative spatial
displacement are installed inside the tubular elements. A reasonable solution is to use
bellows-type actuators 42 controlled by directional control valves 43 and 44. It is advisable to
use three or more bellows-type actuators to provide relative spatial displacement of tubular
elements 32 and 33.

A special gyroscopic inertial navigation device 45 is used to measure the spatial position
of tubular element 33. A vibration device 46 is installed inside tubular element 33. It allows
the direction of movement of its inertial mass to be adjusted. This device produces movement
of the mass and, consequently, inertial loads in the xoz plane. The vibration device has a fixed
base 47 attached to a plate 48 connected to tubular element 33.

The drive mechanisms of all parts of the ground robotic complex include an extensive
hydraulic control system. Its main components, the first- and second-stage amplifiers, form
the basis of the system’s set of control components.

A specific feature of the hydraulic control system is the compact arrangement of devices
within enclosed spaces. This requires minimising the mass and overall dimensions of
hydraulic control devices, allowing them to be combined into blocks, and combining the
functions of hydraulic units. The use of industrial water as the working fluid requires
eliminating or reducing the number of precision friction pairs. The limited internal space of
wheelless robots requires a special approach to cooling the units and hydraulic control
systems.

The main problem in operating hydraulic control systems is contamination of the working
fluid. The design features of these systems do not allow the necessary filtration equipment to
be installed. Considering the above requirements for hydraulic and pneumatic control
systems, high-pressure jet and vortex units are proposed as the basis for their control
components. These units have no precision friction pairs and allow relatively large clearances
between parts in the flow passage of the device.

Developed High-Pressure Jet and Vortex Devices Forming the Basis of the Set of
Control Components

The schematic and design solutions for high-pressure jet and vortex devices allow them
to operate with contaminated working fluids. The absence of small clearances between parts
allows relatively large contaminant particles to pass through and prevents clogging
(obliteration) (Fig. 3).

Several schematic and design solutions for jet and vortex devices have been developed.
The universal high-pressure jet unit (Fig. 4) has a supply nozzle 1. To form a compact jet at
the nozzle outlet, its peripheral parts are formed by control jets 3 flowing from nozzles 2.
Varying the pressure Py at the control nozzle inlet adjusts the shape and direction of the main
jet, which propagates in a low-pressure chamber at P. = 0.1-0.5 MPa. A focusing deflector 4
is located in the chamber and compresses the jet in the vertical direction.

This deflector has a wedge-shaped slot, in the plane of which a rectangular jet is formed
in region 5. Moving the deflector 4 provides the required shape and position of the jet in the
chamber. A control deflector 6 is installed in the chamber downstream of the focusing
deflector 4. It has a focusing wall 7 and an edge 8 for deflecting the jet. To improve the
stability of jet deflection, a channel 9 is formed in the deflector to supply part of the jet to the
rear side of the deflector 6. Shields 10 and 11 are installed downstream of the control
deflector in the low-pressure chamber. They divert the reverse flows entering the low-pressure
chamber from the receiver channels.
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Fig. 3. Passage of particles up to 150 pm in size through the hydraulic channels of a first-stage
jet amplifier.

15 21 19 17 20

Fig. 4. Developed universal high-pressure jet unit: 1 — supply nozzle; 2 — control nozzles; 3 —
control jets; 4 — focusing deflector; 5 — region of rectangular jet formation; 6 — control deflector;
7 —focusing wall; 8 — edge for jet deflection; 9 — channel supplying part of the jet to the rear side
of the control deflector; 10, 11 — shields for diverting reverse flows; 12 — receiver channel block;

13 — bridges between plates; 14, 15 — main receiver channels; 16 — separating wedge; 17 —
receiver channel outlet; 18 — additional receiver channel outlet; 19, 20 — recesses for flow
stabilisation; 21 — additional outlets for utilising the peripheral parts of the main jet.

The kinetic energy of the jet is converted into the potential energy of the compressed
fluid in the receiver channel block 12. The receiver channel block 12 contains a stack of plates
separated by bridges 13. The main receiver channels 14 and 15 are formed in the central plate
and separated by a wedge 16. Each receiver channel has an outlet 17 and an additional outlet
18. Recesses 19 and 20 are formed in the hydraulic line of the receiver channel to stabilise
fluid flow in its branched hydraulic line. The plate stack of the receiver channel block has
additional outlets 21 for utilising the peripheral parts of the main jet.

The proposed jet devices have chamber lengths ranging from 2 to 4 mm. The nozzle
outlet diameters are 0.2-1.0 mm. The receiver channel dimensions are 0.3-0.8 mm. The
device parts are subjected to high-pressure fluid flows with velocities reaching 200 m/s and
above.

The set of control components comprises various jet devices. They have nozzles with
openings of different shapes that form corresponding jets (Fig. 5a).
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Fig. 5. Typical shapes of outlet openings: (a) small nozzle devices (approximately 1 mm in size);
(b) receiver channel systems.

A symmetrical pair of receiver channels in a jet device is generally formed by two
openings of identical size and shape (Fig. 5b). A system of three receiver channels can be
symmetrical about two axes or have axial symmetry about three or more axes. A system of
four or more receiver channels is generally arranged symmetrically about two mutually
perpendicular planes. Devices with more than four receiver channels are also used.

Formation of Finite-Volume Vortex Flows and High-Pressure Vortex Devices

To improve the efficiency of high-pressure jet devices, innovative methods have been
proposed for forming jets with isolated, periodic, high-pressure vortex flows of finite volume
incorporated into them. These finite-volume flows take the form of a spatial dipole [28], a
vortex ring, or a vortex filament.

A vortex ring is formed in an annular gap through which fluid flows. An additional
pulsed fluid flow is introduced into and withdrawn from this flow (Fig. 6).

Fluid flows through the annular gap at a flow rate Qo (Fig. 6). Let us assume that the fluid
particle velocities Vo are parallel to the x-axis and that the velocity profile Vo(y) in the annular
gap is nearly uniform, with sharply varying regions at the walls corresponding to the
boundary layers.
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Fig. 6. Schematic diagram of the formation of an isolated vortex in an annular gap.
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The presence of boundary layers gives rise to a region of vortex formation (a vortex
sheet) at the walls of the annular gap. This occurs in both laminar and turbulent fluid flow.
Vortex formation is most intense in the fluid layers adjacent to the solid walls. Therefore, for
the selected closed contour A4oBoCoDo near the wall, the velocity circulation around the
contour is determined by the velocity along segment BoCop and is given by

ry=¢vaL~V,-B,-C, (1)

For a contour of unit length BoCo = 1, we obtain /o1 = Vo - 1.
The flux of the curl of velocity through the surface bounded by this contour is determined
by the surface integral

[ rotvds = 1, = [ 20dS = (rotv), S = 2a, -3, )

where S is the area of the surface bounded by the contour, S = AoBo-BoCo; wo is the mean
angular velocity of rotation of the fluid particles; and (rotV) is the local value of the curl of
velocity within the contour.

The circulation I'o around the contour, described by equation (1), depends on the
dimensions of the contour 40BoCoDo. In the region corresponding to the boundary layer, at
small values of the contour height 40Bo = CoDo, the circulation increases as the velocity V(y)
increases. For simplicity, let us assume that the velocity profile is approximately trapezoidal
within the boundary layer of thickness dy. Within the boundary layer, the velocity circulation
then increases linearly, while outside it the circulation remains constant. Thus, for a contour
of unit length BoCo =1

V,-yloy fory<oy
01:{O (3)

Vv, fory>ody

Thus, a steady vortex motion of the fluid exists in the annular gap. It is concentrated near
the solid walls and has a stable vorticity corresponding to the velocity circulation per unit
length Io1.

Let us select a toroidal control volume with a radial cross-section ABCDE in the annular
gap. Points A and E of this volume correspond to the positions of the outlet openings of small
radial slots. Through these slots, a pulsed fluid flow of volume 6/ is introduced into and
withdrawn from the annular gap over a time interval oz, starting at time to. Before time to, the
velocity circulation around contour A...E is determined solely by the flow in the annular gap
and is equal to 7 = hoVo. The sign of the circulation corresponds to the clockwise rotation of
fluid particles within the selected contour, as indicated by arrow 7.

During a short time interval o¢, a fluid volume 0 enters the annular gap through slot A.
The mean fluid flow rate through the slot is

oW

= 4
Q=" (4)
and the mean velocity of the fluid particles in the slot cross-section is
v, = Q.
SA

where Sa = 4a - zds is the cross-sectional area of the slot, 44 is the slot width, and dg is the
insert diameter.

The slot is oriented perpendicular to the channel wall. The fluid particles moving through
the slot acquire considerable kinetic energy. As the fluid leaves the slot and enters the annular
gap, it forms a fan-shaped flow AB. This flow is acted upon by a perpendicular fluid flow in
the annular channel with a velocity Vo. As a result, the fan-shaped flow is deflected, and its
cross-section takes a parabolic shape corresponding to curve AB. Given the short time
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required for the flow to form, it can be assumed that the fluid from the slot is concentrated in
a narrow region whose width differs little from the slot width 4a. Accordingly, the length of
this region is

oW__ow
mdgA, S,

Las = ,

Let us assume that diffusion of the radial flow is negligible. Taking equation (4) into
account, the velocity circulation along segment AB is then

2
Lpg =V Lpg :Sg' gﬂzg\:\/& :
A A A

This estimate of the circulation establishes how individual parameters affect its
magnitude. Equation (5) shows that increasing the circulation requires increasing the fluid
volume oW, reducing the cross-sectional area of the slot, and increasing the response speed of
the device supplying fluid to the slot.

This simplified approach was refined by taking into account the effect of the outflow at E
in the annular gap. A flow model consisting of a source interacting with an incoming uniform
fluid flow was used. According to this model, fluid entering slot E forms curved streamlines
corresponding to contour CDE. A region of flow deceleration develops on the insert surface.
Fluid entering slot E promotes rotational motion in the annular gap, increasing the overall
vorticity of the flow.

Isolated vortices form periodically in the annular gap. As a result, a vortex system
consisting of successive vortices is generated in the fluid flow. Several schematic and design
solutions have been developed for devices that generate vortex systems. In particular, a design
has been proposed for a jet device that forms a vortex system in the nozzle channel.

The device incorporated into the flow passage of the nozzle of a nozzle—flapper amplifier
(Fig. 7) has a nozzle 1 with a conical bore and a cylindrical outlet section of diameter d.. A
sleeve 2 is located in the central part of the nozzle and is secured axially by a cover 3. The
nozzle mounting bore of diameter dn, together with the outer surface of the sleeve, forms an
annular nozzle 4 and an annular receiver channel 5 of the jet device. Fluid is supplied to the
annular nozzle through hydraulic line 6 at pressure Py. A pressure Px develops at the outlet of
channel 5 of the jet device. This pressure is determined, in particular, by the volume of the
outlet cavity 7. Pressure Px reaches its maximum value Px when the distance between the
outlet of annular channel 4 and the inlet of receiver channel 5 does not exceed four times the
slot width of channel 4.

(5)
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Fig. 7. Design scheme of a vortex device incorporated into the flow passage of the nozzle of a
nozzle—flapper amplifier: 1 — nozzle; 2 — sleeve; 3 — cover; 4 — annular nozzle; 5 — annular
receiver channel; 6 — fluid supply line; 7 — outlet cavity; 8 — vortex-forming nozzle; 9 — fluid jet;
10 — conical vortex chamber; 11 — capillary channels; 12 — cavity; 13 — sealing gasket; 14 —
control channel; 15 — annular outlet channel; 16 — direction of vortex movement; 17 — quasi-
steady flow at the nozzle outlet and on the flapper surface; 18 — flapper; 19 — outlet opening;
20 — hydraulic line connecting to the second-stage amplifier; 21 — jet device chamber.
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Fluid from cavity 7 enters the vortex-forming nozzle 8 (Fig. 7). The fluid jet 9 leaving
nozzle 8 creates a vortex flow with positive circulation in the conical vortex chamber 10. At
the same time, fluid from cavity 7 passes through capillary channels 11 into cavity 12, which
is sealed by a deformed gasket 13. The inertia of the fluid in capillary channels 11 and the
compression of the fluid in cavity 12 cause a delay in the pressure rise P. in cavity 12. As
pressure P, rises in control channel 14 of the jet device, the jet leaving annular nozzle 4 is
deflected. The jet then enters annular outlet channel 15 instead of receiver channel 5.

An excess pressure Py develops at the outlet of channel 15 and exerts a force on the
vortex formed in vortex chamber 10. Deflection of the jet leaving nozzle 4 causes pressure Pk
to drop at the outlet of receiver channel 5 in cavity 7. The presence of compressed fluid in
cavity 7 somewhat slows this pressure drop. As pressure Px in cavity 7 decreases, the flow in
nozzle 8 and jet 9 slows down. Under the action of pressure Py, the vortex is expelled from
chamber 10. It travels along the nozzle wall in the flow direction indicated by arrow 16.

Due to the inertia of the fluid in capillary channels 11 and the compression of the fluid in
cavity 12, pressure P. in control channel 14 decreases with a certain delay. This ensures that
the vortex formed in chamber 10 is completely expelled from the chamber. After the vortex is
expelled, the control pressure P. drops to zero, and the fluid jet from annular channel 4 again
enters receiver channel 5, creating an excess pressure Px at its outlet in cavity 7. The cycle of
vortex formation in chamber 10 then repeats.

The nozzle design described above is used in a nozzle—flapper device. The resulting
vortex ring moves along the wall of nozzle 1 in direction 16. As the vortex moves through the
cylindrical section of the nozzle, it transforms into a high-pressure flow of ellipsoidal shape.
This ellipsoidal flow merges with flow 17, which is in a quasi-steady state at the outlet
opening and on the surface of flapper 18. The flows merge and undergo transformation.

Thus, flow 17 exists in a quasi-steady state in the gap between nozzle 1 and flapper 18. It
reduces the effective flow area of the opening in nozzle 1 and, consequently, reduces the
mean flow rate Q. through the nozzle—flapper device.

The reduction in the mean flow rate through the nozzle is equivalent to a reduction in its
cross-sectional area. It was established that the flow rate decreases by a factor of 1.6-1.7.
Accordingly, at equal flow rates, a nozzle in which vortex systems are generated has a
diameter 2.5-2.8 times that of a nozzle in a device without vortices.

For example, a nozzle with a diameter d. = 0.5 mm in the presence of vortices is
equivalent to a nozzle with a diameter d. = 0.3 mm used in existing nozzle—flapper devices.
Increasing the diameter leads to a corresponding increase in the gap B between the nozzle end
face and the flapper. This substantially reduces the sensitivity of the device to contaminants in
the working fluid.

The nozzle has an outlet opening 19 connected to the second-stage amplifier through
hydraulic line 20. The pressure P and flow rate Q in this line are the nozzle output parameters,
which depend on the displacement x of flapper 18. Given the high frequency of vortex
formation and passage through the nozzle opening, the output parameters P and Q remain
practically constant over time (quasi-static). The proposed device design essentially combines
a throttle and a nozzle—flapper device. Annular nozzle 4 acts as the throttle. The pressure in
chamber 21 of the jet device is practically the same as the output pressure P.

This provides a nozzle—flapper device in which the fluid flow contains periodic high-
pressure vortex flows of finite volume.

A specific feature of this device is its considerably lower sensitivity to working fluid
contamination. An additional advantage is its reliable operation at low temperatures.
Increasing the minimum flow area of the nozzle improves the reliability of the device when
the working fluid thickens at low temperatures. The jet components of hydraulic control
systems require optimal geometry of the flow passages in the jet devices. The geometry was
optimised on the basis of studies of the fluid flow processes.
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Study of the Features of Hydrodynamic Working Processes in Jet Devices of
Hydraulic Control Systems

The working processes were studied through numerical flow calculations supplemented
by a wide range of experimental studies. The calculations were performed by integrating the
Navier—Stokes equations using the finite element method [28]. The flow patterns in a
deflector-type jet device were determined (Fig. 8).

c d
Fig. 8. Results of numerical flow calculations for a deflector-type jet device: (a) distribution of
the fluid particle velocity magnitude in the plane of symmetry of the device; (b) streamline
pattern during jet deflection by the deflector; (c) trajectories of individual fluid particles in the
region between the deflector and the receiver channels; (d) overall visualisation of the three-
dimensional flow.

The calculations showed that the compact jet at the nozzle outlet exhibits static instability
(Fig. 8a). This is caused by the presence of a section of constant cross-sectional area at the
nozzle outlet. The boundary layers developing along the walls of this section narrow the
uniform-velocity core of the flow at the nozzle outlet. The numerical calculations revealed
specific features of the working processes, particularly the deformation of the jet as it interacts
with the deflector surface (Fig. 8b). When the jet interacts with the receiver channels, which
allow through-flow in these calculations, reverse flows from the channels into the chamber
are observed (Fig. 8c).

The calculations showed that the deformed jet has low-power peripheral regions that do
not enter the receiver channels but spread over the end face. Analysis of the fluid particle
trajectories in the three-dimensional flow within the jet device indicates the presence of fluid
flows in different directions in the region between the deflector and the receiver channels
(Fig. 8d).

The numerical calculations identified qualitative features of the working processes and
characteristic flow regions that were subsequently studied in greater detail. These include the
jet flow at the nozzle outlet, the interaction of the jet with the deflector, the flow in the
receiver channels, and the reverse flows formed in the receiver channels. All these regions
contain singular flow regions where the stress tensor and the rate-of-strain tensor become
degenerate.

Singular Flow Regions

The analysis of singular regions is based on experimental flow studies using visualisation
in a planar model device. In particular, a jet entering a chamber was studied. The jet entrains
the surrounding fluid in the chamber and expands (Fig. 9a).
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Fig. 9. Experimental flow visualisation: (a) flow around a jet propagating in a chamber; (b)
calculated distribution of the magnitude of the curl of velocity at the jet boundary, represented
by vorticity contours.

A specific feature of the flow is the singular region at the nozzle edge. In this region, the
stress tensor and the rate-of-strain tensor become degenerate. In the experiments, this
manifests itself in vortex and cavitation phenomena near the nozzle edge. The calculated
value of vorticity (the curl of velocity) was used to quantitatively assess changes in the
hydrodynamic parameters of the fluid in this region (Fig. 9b).

The flow in the singular region was studied analytically.

The following method was developed for analysing differential equations at singular
points. At a singular point, the fluid particle velocity vector v =o, and, accordingly, the
velocity components along the coordinate axes x, y, and z are:

v, zv, =v, =0.

The velocity components are functions of the coordinates:

dx dy dz
—=V,(X,¥,2), ==V, (X,¥,2), —=V,(X,Y,2Z). 6
Let us expand functions (6) in a Taylor series, retaining the linear terms:
v, v, v,
vV, =¢ X+& y+e z+0(¢)
ox |0 oy |0 oz |0
ov ov
vy =¢| = || x+e—| y+e—=| z+0(s) (¢ >0). (7
ox )0 oy |0 oz |0
ov ov ov
V,=¢g| =% || X+e—=| y+te— Z+0(6‘)
ox |0 oy |0 oz |0
The matrix of coefficients of series (7) has the form:
aVX aVX aV)(
ox |0 oy |0 oz |0
ov,| ov,| ov
K=|—| Y| 2|, (8)
ox |0 oy |0 oz |0
Ny | OV | OV,
ox |0 oy |0 oz |0

The rate-of-strain tensor of the fluid S [28] is defined as:
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v, v, v 1y, o,
OX 2 ox oy 2\ ox oz
. ov, | oV oV
S| L[ M %Yy y oV, Ny | )
2\ oy Ox oy 2\ oy oz
1[0V, N v, 1 ov, N ov, ) v,
|2\ 0z X 2\ 0z oy oz |
Let us assume that the fluid flow in the singular region is irrotational. Accordingly:
rotV =0. (10)

From (10), we obtain the relations:

v, oV, ov, oV, v, oV, (11)
oy o6z &z x| ox oy

Substituting (11) into (9), we obtain the matrix of the rate-of-strain tensor in the form:
oV, oV, oV,
oXx oy oz
S AR 12)

oXx oy oz
oV, oV, oV,

z

| ox oy oz |

Comparison of matrices (8) and (12) shows that matrix K corresponds to the matrix of

components of the rate-of-strain tensor S .
For a Newtonian fluid, there is a linear relationship between the stress tensor P and the

rate-of-strain tensor S :
P =aS +DbE,

where a and b are scalars; a = 2u, where  is the dynamic viscosity of the fluid; and E is
the identity tensor.

Therefore, degeneracy of the rate-of-strain tensor corresponds to degeneracy of the stress
tensor.

To determine the principal components of the rate-of-strain tensor S, which correspond
to the eigenvalues of the matrix, we obtain the characteristic equation:

det| A— 2E| =0, (13)

where E is the identity matrix.
The coefficients of equation (13) do not depend on the choice of coordinate system and

are invariants of the rate-of-strain tensor S .

Let us analyse the eigenvalues of matrix K, which coincide with the principal components
of the rate-of-strain tensor (12) and, accordingly, of the stress tensor in the fluid. If all
eigenvalues are positive, 11 > 0, 12 > 0, 43 > 0, an unstable node is obtained. If 1 >0, 12 <0, 43
< 0, a three-dimensional flow of the stable saddle type occurs. This type of flow occurs in the
singular region at the nozzle edge. In this region, fluid from the jet and the surroundings
moves in the z-direction (Fig. 10a).

An elementary fluid particle flowing near a stable saddle is deformed (Fig. 10b) and loses
its continuity due to cavitation. More complex singular regions occur in the receiver channels
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(Fig. 10c). Singular regions largely determine the overall flow parameters in jet devices.
These regions were identified through experimental studies.

Fig. 10. Schemes of flow and fluid particle deformation in singular regions: (a) three-
dimensional representation of a stable saddle-type flow near the nozzle edge when the stresses
oxx and oyy instantaneously drop to zero; (b) deformation of a fluid particle in this region; (c)
scheme of deformation of elementary fluid particles in a singular region corresponding to two

mutually perpendicular lines of expansion.

Experimental Flow Studies and Features of the Working Processes in Jet Devices

The interaction of the jet with the deflector produces a complex flow pattern with vortex
zones 2 and critical points 3 and 4 on the deflector walls (Fig. 11a).

The jet is compressed, forming jet 5, and intense reverse flows develop, bounded by
streamlines 6, 8 and 7, 9. Flows 10 initiate vortex zones 11. Jet compression causes
deformation of the outlet velocity profile. In the two-dimensional problem considered, the
fluid particles accelerate near the deflector walls. This is reflected in changes in velocity
profile 12.

The calculation results were confirmed experimentally (Fig. 11b). The photograph shows
singular regions of the stable saddle type that occur on the deflector walls.

The three-dimensional flow in the region of interaction between the jet and the deflector
was studied experimentally. It was established that the interaction of a round or square jet
with a flat deflector changes the jet shape to an elliptical (oval) form. The jet dimensions in
the direction perpendicular to the deflector edge increase by a factor of 2-3.

Theoretical (Fig. 12a) and experimental studies of the interaction between the jet and the
receiver channel were carried out.

Jet 1 entering the channel initiates an opposing fluid flow 2. The jet turns in region 3,
forming reverse flows 4 outside the channel. VVortex regions 5 form in the receiver channel.
At the channel inlet, velocity profile 6 changes sign, and the net fluid flow rate through the
inlet cross-section is zero. A singular flow region of the stable saddle type occurs at the
interface between flows 1 and 2 in the centre of the channel (Fig. 10a).

The calculated flow pattern was confirmed experimentally (Fig. 12b). The singular region
manifests itself in the almost complete stopping of fluid particles.

The interaction of a jet with two receiver channels was studied, including by
experimental methods. Intense vortex formation occurs in the flow passages of the receiver
channels, where singular flow regions are also present (Fig. 13a).

Singular flow regions corresponding to the intersection of two mutually perpendicular
lines of expansion occur at the edges of the receiver channels (Fig. 10c).

Non-circular turbulent jets are mainly used in high-pressure jet devices. These jets were
studied experimentally (Fig. 14).
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Fig. 11. Interaction of a jet with a converging deflector: (a) calculated streamlines and velocity
profiles; (b) photograph of the visualised flow in the model device; 1 — incoming jet; 2 — vortex
zones; 3, 4 —critical points on the deflector walls; 5 — compressed jet; 6, 8 and 7, 9 — streamlines
bounding the reverse flows; 10 — flows initiating vortex zones 11; 12 — velocity profile at the
deflector outlet.
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Fig. 12. Interaction of a jet with a receiver channel without through-flow: (a) calculated
streamline pattern and velocity profiles; (b) photograph of the visualised flow; 1 — incoming jet;
2 — opposing fluid flow; 3 — region where the jet turns; 4 — reverse flows outside the channel; 5 —
vortex regions in the receiver channel; 6 — velocity profile with a change of sign at the channel
inlet.

The nature of the flow determines the device characteristics and the surface wear of its
parts. The flow features were identified from the surface wear of the parts, and a three-
dimensional diagram of the fluid flows in the region where the jet enters the receiver channels
was constructed (Fig. 15).

The oval jet Sc formed at the deflector outlet splits into two forward flows 77x and 77y,
which are associated with two symmetrical parts of the vortex filaments Q1 and Q. formed in
the jet deflected by the deflector. The intensity of vortex filaments Q, and Q- is low, and the
helical motion in flows 77n and 71y rapidly decays. The upper forward flow 77y and the lower
forward flow 71y enter receiver channels 2 and 1, respectively, penetrate to a small depth, and
then turn back, forming a system of three-dimensional reverse flows.

The lower forward flow /In forms two localised forward flows Pni and Pz in receiver
channel 1. These flows then spread over the surface of the lower sleeve Wy, causing abrasive
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wear and forming wear recesses Vni and Vns on the surface. Reverse flows Zno and Zns are
similarly formed in channel 1.

Fig. 13. Interaction of a jet with two receiver channels: (a) photograph of the visualised flow; (b)
corresponding diagram of streamlines and velocity profiles.

Fig. 14. Results of experimental measurements of velocity distributions in the cross-sections of
non-circular turbulent jets: (a) segment-shaped jet; (b) pair of jets; (c) T-shaped jet.

Fig. 15. Flow diagram in the middle cross-section of the jet device (a) and locations of three-
dimensional flows at the end face of the receiver channels, determined from surface wear (b);
Sc — oval jet at the deflector outlet; IIN, ITV — lower and upper forward flows; Q., Q. — vortex

filaments; PN1, PN2, PV1, PV2 — localised forward flows; ZN1-ZN4, ZV1-ZV4 — reverse flows;
VN1-VN4, VV1-VV4 — surface wear regions; WN, WV — lower and upper sleeves; KV —wedge-
shaped protrusion; O — region in the middle part of the protrusion.
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The upper forward flow 71y of jet S¢ also splits into Py: and Pv2, which subsequently turn
back as reverse flows Zvi, Zvs, Zva and Zvz. These reverse flows form wear regions Vvi, Vs,
Vva and Vvz. The reverse flows near the tip of the wedge-shaped protrusion Ky, namely Zns,
Zna, Zyvz and Zvs, act not only on the surfaces of sleeves Wy and Wy but also on the edge of the
wedge-shaped protrusion Kv. Therefore, the tip of the wedge-shaped protrusion is worn over
its entire height. In the middle part of the protrusion (region O), in addition to the reverse
flows, forward flows 77n and 71y act on the wedge tip. The tip divides these flows into Py and
Pn2, and Py1 and Pysa.

The forward and reverse flows shown in the figure form cyclically in accordance with the
cyclic movement of the deflector. The total number of cycles was 10 million. Therefore, the
surface wear of the jet device parts results from the cumulative action of the entire system of
high-pressure jets and flows occurring in the region of the receiver channels. Accordingly, the
identified three-dimensional flow diagram represents an integrated average flow pattern
corresponding to the fluid flow in the jet device averaged over the cycles.

The results of the working process studies provided the basis for determining the static
characteristics of the jet devices.

Static Characteristics of Jet Devices

The characteristics were determined theoretically by solving the equations of fluid
mechanics in integral form [28]. In its general form, the energy characteristic relates the
pressures and flow rates at the device outlet and inlet:

2
P_ Py PV Q (SO-QJ

Loy Il yop s, ——— K, - , (14)
Py Py ks ° ° Po 'Vm'Qo ) S'Qo

where the constants depend on the device parameters.
In fully developed turbulent flows, energy losses depend mainly on the square of the
velocity. Therefore, characteristic (14) takes the form:

£:&_k2.(so'QJ _ (15)
Po Po S'Qo

Calculations using relationship (15) agree with the experimental data to within 5-8% for
jet devices with different shapes of receiver channel openings (Fig. 16a, b).

The energy characteristics show saturation in the outlet fluid flow rate. This is caused by
the limited energy of the jet formed in the nozzle and by cavitation processes in the receiver
channels. If the ratio of the receiver channel area to the nozzle area is less than 2, the
maximum pressure in the receiver channels reaches the pressure at the nozzle inlet.

It was established that jet devices remain operational when fluid flows out of the receiver
channel at a rate exceeding the nozzle flow rate. This occurs during braking of the hydraulic
drive actuators. The static characteristics of jet devices under these outflow conditions were
determined for receiver channels of different sizes (Fig. 16c).

When the receiver channel area is limited, the device outlet pressure remains stable in the
presence of outflow. Increasing the receiver channel area changes the shape of the
characteristic. This leads to a change in the nature of the flow.

The shape of the characteristics depends on the dimensions and shape of the jet
interaction chamber. Increasing the chamber length changes the shape of the characteristic
(Fig. 16d). A chamber length of no more than eight times the nozzle size is recommended.

The control characteristics of the jet device were determined in terms of the outlet flow
rate at zero outlet pressure and the outlet pressure at zero flow rate (Fig. 17a, b).

The flow-rate control characteristics of the device (Fig. 17b) depend only slightly on the
deflector shape and are described by the expressions:
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where the constant values are yq = 11.0-16.0 and y, = 10.0-15.0.
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Fig. 16. Schemes of jet devices with different nozzle and receiver channel shapes (a) and the
corresponding energy characteristics: (b) device energy characteristics (curves 1-6), with the
curve numbers corresponding to the receiver channel shapes humbered in diagram (a); (c)
energy characteristics of a jet device with a flow rate that changes sign, for different ratios of
receiver channel diameter to nozzle diameter; (d) effect of the jet interaction chamber length on
the energy characteristics of the jet device.

The energy characteristics of the devices (Fig. 18), measured at different fixed deflector
positions, are affinely similar and correspond to the characteristic of the basic device.

High-pressure jet devices were tested with different working media. It was established
that their characteristics (14), (15), and (16) are practically independent of the chemical
composition of the fluid. The tests were carried out using AMG-10 working fluid, which is
typical of aircraft hydraulic drive systems.

Reliable operation of the jet devices was observed when industrial water and aqueous
detergent solutions used for flushing hydraulic systems were employed as working fluids.
Therefore, jet devices are recommended as components of hydraulic control systems for
wheelless ground robotic complexes.

Dynamic Characteristics of Jet Devices

The dynamics of jet and vortex devices are determined by complex processes occurring
in different frequency ranges. The jet device itself is a high-frequency device characterised by
stochastic variations in its parameters. The dynamic properties of the jet device were studied
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theoretically and experimentally. A special dynamic model accounting for the presence of
undissolved air in the fluid was used (Fig. 19).
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Fig. 17. Control characteristics of the jet device: (a) receiver channel pressures as functions of
nozzle displacement; (b) outlet flow rate as a function of deflector displacement.
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Fig. 18. Energy characteristics of the jet device at different fixed deflector positions.
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Fig. 19. Dynamic model of a jet device with a hydraulic capacitance load.

pa(t)

Qnu

The overall transfer function of the system was determined using the dynamic model:

p(s) k~ko'(1—T3-S)~(l—T7-S)
W, (s) = =
T p(s) (Ts 1) (T2 87 +28 T, o5 +1) (T, -5 +1)(T7 57+ 25, T, -5 +1

(17)
)

where s is the Laplace operator.

The frequency characteristics and transient responses were obtained from transfer
function (17) (Fig. 20a), and the logarithmic amplitude—frequency characteristic of the jet
device with a blocked receiver channel was plotted (Fig. 20b).
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Fig. 20. Dynamic characteristics of the jet device: (a) transient responses for different volumes of
the hydraulic capacitance load; (b) logarithmic amplitude—frequency characteristic of the device
with a blocked receiver channel.
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Experimental studies of the dynamics were carried out using high-precision pressure
sensors. Stochastic pressure fluctuations at the jet device outlet were determined (Fig. 21a).
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Fig. 21. Pressure fluctuations in a chamber connected to the jet device outlet and their statistical
characteristics: (a) oscillographic records at supply pressures po = 5.0 MPa (upper trace) and po
= 2.0 MPa (lower trace); (b) correlation function; (c) spectral density of pressure fluctuations.
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The experimental measurement results were processed using statistical methods and
specialised software. Assuming that the random pressure fluctuations were stationary and
ergodic, the correlation function (Fig. 21b) and the spectral density of the process (Fig. 21c)
were determined by processing the oscillographic records.

The study results indicate that the high-pressure jet device has resonant frequencies of
approximately 1 kHz. A chamber with a volume of 100 cm? connected to the device outlet
reduces the resonant frequency to 100 Hz.

Technological Features of the Design and Manufacture of Jet and Vortex Devices
for Hydraulic Control Systems

High-pressure hydraulic jet devices are extremely small and are subjected to dynamic
flows of fluid containing considerable contamination. Therefore, their flow passages are
subject to wear. The effects of cavitation add to the dynamic action of the flow. Accordingly,
these components require special techniques for machining the flow passages of jet devices. A
number of design and manufacturing approaches have been proposed for producing nozzles
with opening cross-sectional dimensions of 0.1-1 mm. Nozzles with non-circular openings
are manufactured by plastic deformation or fitted with special cover plates (Fig. 22).

When necessary, small nozzles are assembled from separate parts (Fig. 23a). The flow
passage of this nozzle is formed by wedge-shaped plates 3 pressed into body 1. At the nozzle
ends, the plates are sealed with polymer 2. A cavity 4 is formed between the plates and the
body, and pressurised fluid is supplied to it through openings 6. A flange 8 with a groove 7 is
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provided at the nozzle edge. These serve to seal the inlet opening 9. Plates 3 form a conical
channel with a polygonal opening. The equivalent diameter of the channel at its minimum
cross-section is 0.3-0.5 mm.

8 7

Fig. 23. Assembled nozzle made of wedge-shaped plates: (a) design scheme; (b) nozzle parts and

external appearance; 1 — body; 2 — polymer for sealing the plates; 3 —wedge-shaped plates; 4 —

cavity between the plates and the body; 6 — fluid supply openings; 7 — sealing groove; 8 — flange;
— inlet opening.

The plates (Fig. 23b) are made of 95X18-111 steel and heat-treated to a hardness of 62—-64
HRC. The finishing operation involves grinding the working surface of the plate, with the
grooves and ridges oriented along its length. Subsequently, the plates belonging to a particular
nozzle or receiver channel are ground together in a stack to form a special microprofile on
their side surfaces. The grooves of this side-surface microprofile are oriented perpendicular to
the longitudinal axis of the plate. Micromilling methods were used in machining the plates
[25, 29].

The microprofile of the working surfaces of the plates forming the nozzle flow passage
has a system of longitudinal grooves. Therefore, as fluid flows at high velocity through the
nozzle channel, boundary layers develop along the grooves and ridges of the microprofile.
This flow is resistant to separation and transition to turbulence, which reduces energy losses
in the nozzles. The anisotropy of this microprofile considerably increases nozzle wear
resistance. Solid contaminant particles carried by the fluid at high velocity interact with the
local ridges between the grooves. This causes local wear of the ridges and consequently
improves the quality of the internal nozzle surface.
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The slots between the plates are used to inject fluid into or withdraw it from the boundary
layers on the nozzle surface. The fluid passes through the slots between the side surfaces of
the plates. Fluid injection or suction substantially reduces flow separation in the nozzle
channel.

An assembled nozzle with a rectangular opening cross-section was developed, consisting
of two body parts with inserts (Fig. 24a).

I|HIIHIH’HHHIH’I
1) 140 150 160 170 18/
a
Fig. 24. External appearance and parts of assembled nozzle devices: (a) adjustable nozzle device
with a rectangular outlet opening; (b) nozzle device with a curved channel.

The nozzle size is adjusted by moving the inserts. A nozzle with a curved channel was
manufactured in a similar way (Fig. 24b). The dimensions of the rectangular nozzle opening
are (0.2-0.5) x 0.5 mm.

Nozzles with adjustable hexagonal opening dimensions are assembled on flange 1 from
separate prismatic parts 2, 3, and 4 with high surface hardness (Fig. 25a).

a b
Fig. 25. Assembled nozzle devices and their parts: (a) nozzle device with a hexagonal opening
cross-section; (b) nozzle with a cross-shaped opening and a collet mechanism for adjusting its
dimensions; 1 — flange; 2, 3, 4 — prismatic parts.

A nozzle with a small cross-shaped opening has a collet mechanism for adjusting the
opening dimensions (Fig. 25b). Manufacturing the receiver channels presents a complex
technological problem.

Jet devices with rectangular receiver channel openings are constructed using a set of
plates with shaped slots. The plates are placed between the flat surfaces of the body parts and
sealed to form a stack (Fig. 26a, b).

The plate thickness is 0.08-0.2 mm, and the minimum slot width is 0.1-0.3 mm (Fig.
26¢). Assembled receiver channels with non-circular openings were proposed and tested
experimentally.

A nozzle device with two converging—diverging receiver channels separated by a spacer
allows channels with segment-shaped openings to be formed (Fig. 27).

[]romenesa ISSN: 1994-4691 Ne1(77) s

R |

r” HESMTIMUKO 2026




a

Fig. 26. Design of a jet device with receiver channels formed by a stack of plates: (a) placement

of a plate on a body part; (b) assembled device with eight channels with rectangular openings;
(c) plates with shaped slots.

Fig. 27. External appearance and parts of receiver channel blocks with segment-shaped
openings.

The proposed designs allow adjustable receiver channels with opening dimensions of
0.1-0.5 mm to be manufactured from high-carbon chromium and chromium-molybdenum
steels. Appropriate heat treatment provides a surface hardness of 62-65 HRC in the channel
flow passages. This improves the operational reliability and service life of high-pressure jet
devices.

The proposed assembled design of the receiver channels (Fig. 28) allows adjustment of
the dimensions of their rectangular outlet openings.

Fig. 28. Receiver channel block with rectangular openings: (a) general view of the block; (b)
block parts; 1, 3 — body parts; 2 — insert; 4, 5 — flat plates for adjusting the opening dimensions.

The opening dimensions are adjusted by moving flat plates 4 and 5, with thicknesses of
0.2 and 0.5 mm, installed between body parts 1, 3 and insert 2. This device allows adjustment
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of the rectangular opening dimensions within the ranges (0.2-0.5) x 0.5 mm and (0.1-1.0) x
0.2 mm.

Discussion.

The use of industrial water as the working medium in hydraulic control systems for
wheelless ground robotic complexes is a matter for discussion. The difficult operating
conditions are undoubtedly an argument in favour of industrial water. On the other hand, the
dimensions of wheelless robotic complexes and the specified loads require the use of high-
pressure systems operating at 50-60 MPa. Such systems generally operate with mineral oil.
The use of water is problematic. This problem is addressed by using high-pressure jet devices.

To improve efficiency, the cross-sectional areas of the channel and nozzle openings are
minimised. The minimum cross-section is limited by the possibility of channel blockage. To
prevent blockage, unsteady fluid flow incorporating periodic isolated three-dimensional
vortices is proposed for the nozzle channels. These vortices are formed by pulsed fluid flows
generated by resonant pulsation systems.

Another matter for discussion is the change in the energy balance of a jet device when
vortex systems are introduced into its flow passage. Energy is expended on forming isolated
vortices. Overall, the energy expenditure of the device increases. However, since the fraction
of energy used to form vortices is small, only a slight reduction in the efficiency of the
hydraulic control device should be expected. Most jet devices are flow-through devices. All
the energy of the fluid flowing through the nozzle is lost. Therefore, introducing vortex
systems does not change the overall energy balance of the device.

In most cases, vortex systems increase the mean equivalent hydraulic resistance of the
device. This corresponds to a reduction in the fluid flow rate through the nozzle at constant
pressure. The reduced flow rate decreases the power losses of the flow-through device.
Therefore, the presence of vortex systems in the flow passage of a jet device will reduce the
energy consumed by the hydraulic control jet device. This reduction depends on the design
parameters and can be optimised.

Another matter for discussion is the usefulness of analysing singular flow regions in jet
and vortex devices. The complexity of the hydrodynamic processes provides an argument in
favour of such analysis.

Both laminarised and fully developed turbulent fluid flows occur in jet devices. However,
the flow regimes are generally transitional. Laminar flow loses stability, and partial transition
to turbulence occurs. Singular regions are present in all flow regimes. They are closely related
to the flow boundary conditions and, accordingly, to the specific geometry of the jet devices.
Singular regions characterise fundamental processes in fluid mechanics: blockage and
cavitation. Therefore, analysing singular flow regions is useful and provides effective means
of studying the features of the working processes and characteristics of jet devices.

Conclusions.

1. Analysis of the specific operating conditions and the proposed design solutions for
hydraulic control systems of wheelless ground robotic complexes showed that the use of
conventional hydraulic control devices would significantly reduce the operational reliability
and functionality of these systems. The main reason is the high contamination level and
aggressiveness of the working medium, namely industrial water at pressures above 25 MPa.

2. To improve the operational reliability of wheelless robots, it is proposed to use
specially developed high-pressure jet and vortex devices (20-30 MPa) as components of
hydraulic control systems. These devices allow a working fluid filtration rating of 25-50 pm.

3. The components were developed on the basis of studies of the working processes in jet
and vortex devices. Numerical studies of fluid flow parameters using the finite element and
finite difference methods were confirmed and refined by experimental studies of laminar and
turbulent high-pressure fluid jets. Fluid flow patterns were established in singular regions
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where the stress and rate-of-strain tensors become degenerate. The effect of three-dimensional
high-pressure fluid flows of finite width on the surface wear of jet device parts was
determined.

4. 1t was demonstrated that the proposed innovative high-pressure vortex devices enable
the development of highly reliable hydraulic control devices with low sensitivity to working
fluid contamination. Vortex devices allow the minimum flow passage dimensions of first-
stage hydraulic amplifiers to be increased from 0.3 mm to 0.5 mm without reducing their
energy efficiency. This relaxes the working fluid filtration requirements from the 5-10 um
required by conventional hydraulic control devices to 25-50 um, which is typical of industrial
water used as the working medium in hydraulic systems.

5. The features of the static characteristics of high-pressure jet devices were established
through studies of their working processes. In particular, stable operating ranges were
substantiated for flow rates up to 40% and pressures up to 80% of their maximum values,
with linear ranges of the control characteristics reaching 60%. It was demonstrated that these
devices operate reliably for 10 million cycles.

6. The features of the dynamic characteristics of jet devices were determined, particularly
the presence of continuous random high-frequency pressure fluctuations in the range of 500—
1000 Hz. Analysis of the correlation and spectral properties of these fluctuations provided the
basis for developing high-pass filters to ensure stable characteristics and eliminate resonant
operating conditions in jet devices. The use of pulsating parameter variations was proposed to
reduce device sensitivity to working fluid contamination. This enabled reliable device
operation with a working fluid filtration rating of 25-50 um.

7. Promising manufacturing approaches were substantiated for the components of
hydraulic control systems for wheelless ground robotic complexes, including high-pressure jet
and vortex devices. The development of assembled nozzles and receiver channels is
recommended. This allows device parts to be manufactured from corrosion-resistant and
wear-resistant chromium and chromium-molybdenum steels, with finish grinding of the
internal surfaces of small nozzles and channels. Micromilling methods were proposed for
forming an anisotropic microprofile on these internal surfaces. This provides the required
anisotropy of the microprofile of the machined internal nozzle and channel surfaces at a
hardness of 62-64 HRC and, accordingly, considerably increases device wear resistance.
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EJEMEHTHA BA3A CUCTEM I'T[POABTOMATHUKH
BE3KOJICHUX HASEMHHUX POBOTU30BAHUX KOMIIVIEKCIB

B. B. CrpyTuHchbKumiit
! Hayionanonuii mexuiunuii ynisepcumem Ypainu «KIII imeni Izopsa Cikopcokozoy,

Anomauisn

CrarTs mpHCBsiUeHa PO3POOJICHHIO C€JIIEMEHTHOI 0a3M CHCTEM TiIPOaBTOMATHKH OE3KOJIiCHUX
Ha3eMHUX POOOTHU30BAaHMX KOMILIEKCIB BUCOKOI MPOXiTHOCTI. PO3rIIIHYTI THTIOBI OE€3KOIIICHI Ha3eMHi
pOOOTH30BaHI KOMIUIEKCH SIKi MalOTh LEHTPAJbHY YaCTHHY SIKa KOB3a€ MO TOBEPXHi 32 JOMOMOTOI0
IHEepUIAHUX pymIiiB 1 OCHalleHa THYYKHMMH MPOTSHKHUMHU (JOBXKMHOKW 2.3 M) mnepudepiiiHuMu
eIEMEHTaMH Ha KIHIX SKUX BCTAHOBJICHI HOXIi, mmiM abo ¢pe3n mis pyiHYBaHHS HEPENIKO.
Kommutekc mae BenukorabaputHuil (opsaky 4 M) MaHIITyJIATOp, IO 3a0e3Medye OTJIsi i JOCITIKEHHS
MOBEpXHI , Opi€HTaIlif0 Ta 3B’s130K. be3komicHi Ha3eMHI poOOTH30BaHI KOMIUIEKCH BKJIIOYAIOThH
CTIeliaibHi arperaTi Ta CUCTEMH TiPONPUBOIY Ta TiJAPOABTOMATHKH 3 POOOYHM CEPEIOBHIIEM THITY
TeXHiuHOT BOJIH. IX 3anmpoNOHOBaHO peani3yBaTH 3 BUKOPHCTAHHAM iHHOBAILHHOI eleMeHTHOT 6a3u Ha
OCHOBI CTPYMEHEBUX Ta BHXPOBHX HPHUCTPOIB 1 arperaTtiB BHCOKOTO THUCKY (mopsaky 25 Mlla).
HaBeneni po3poOieHi cXeMHI pillleHHS 1HHOBalliWHMX CTPYMEHEBHX Ta BHUXPOBUX MPHCTPOIB.
TeopeTnuyHO Ta eKCIIEPUMEHTANBHO JOCHTIDKeHI TigpOAMHAMIYHI TPOIECH B  IMPHUCTPOSIX.
BcranoBieHo, 1m0 cHHTYISIpHI 00nacTi Tedii, Jie BUPOMKYEThCS TEH30p MIBUAKOCTEH jaedopmarlii,
BU3HAYAIOTh pO0OYI MpPOIECH CTPYMEHEBHUX Ta BUXPOBUX MpUCTpoiB. HaBenmeHo pesynbTaTtu
JOCII/DKEHb  CTaTUYHUX Ta JAWHAMIYHUX XapaKTEPUCTHUK CTPYMEHEBHX IPUCTPOIB SIKi CKIATAIOTh
eJIleMeHTHy 0a3y. 3amponoHOBaHA KOHCTPYKTHBHA peali3alis Ta TEXHOJIOTiYHI METOAM BUKOHAHHS
Maiopo3MipHux (mopsiaky 0.3 MM) KaHaiB IiJBUIIEHOT 3HOCOCTIMKOCTI. TEXHOJOriuHI METOoaH
anpoOoBaHi po3p0o0IEHUMH i BATOTOBJIEHUMH €KCIIEPUMEHTATBHUMH 3pa3KkaMH.

Knwuogi cnoea: ctpyMeHeBi arperatu, BUXPOBI NPHUCTPOI, CHHTYISIpHI o0jaacTi, TypOyJeHTHi
CTpYMEHI, CTATUYHI XapaKTEPUCTHKH.

Ne 1(77) ISSN: 1994-4691 [ "Il
2026

120

S
~

-


https://sis.nipo.gov.ua/uk/search/detail/1727728/

@ THATY ACHFH@

DOI https://doi.org/10.32782/1994-4691-2026-1-77-8
UDK 621.22

CONTROL MODES OF AHYDRAULIC DRIVE WITH INDEPENDENT
CONTROL OF FLOWS UNDER DIFFERENT LOAD CONDITIONS
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Abstract. A hydraulic drive of a mobile machine under a passive load is considered, based on
proportional metering elements that independently control the inlet and outlet flows of the hydraulic
cylinder and on controlled check valves. The influence of the load mass, the load force direction and
the required rod velocity on the choice of the control mode is studied. Four modes are analysed: meter-
in control, meter-out control with pump unloading, combined control and control by the pump flow
rate. A quasi-static model with constraints on cavitation, pressure, flow rate and controllability is
compiled; the comparison criterion is the total pressure drop across the metering elements. A mode
map in the coordinates “load mass — required velocity” is built and the energy consumed from the
pump over a loader cycle is analysed.

Keywords: proportional metering element, controlled check valve, quasi-static model, total
pressure drop, cavitation, front loader, pump unloading, energy efficiency.

Introduction.

Hydraulic drives of mobile machines used for loading and unloading operations work
under a passive load for a considerable part of their operating time; the sign of this load with
respect to the velocity of the working element changes during the cycle, while its magnitude
is determined by the load mass and the position of the links. The hydraulic drives of such
machines usually employ directional control valves in which the flows at the inlet and outlet
of the hydraulic motor are controlled by a common spool, so the ratio of the flow areas of the
inlet and outlet passages is fixed by the spool geometry and cannot be changed according to
the load conditions. Metering elements with independent flow control (independent metering)
[1, 2] do not have this limitation: the opening of each metering element can be set separately,
while controlled check valves ensure the sealing of the working chambers of the hydraulic
cylinder. However, such a structure is more complex and, in order to realise its advantages,
requires the choice of a rational control mode for every combination of operating conditions.

The boom circuit of the PKU-0.8 front loader mounted on the MTZ-82 tractor (Fig. 1) is
taken for the study. The boom OB rotates about the pivot O on the frame, the hydraulic
cylinder CD rests on the frame at point C and acts on the boom at point D, and the load of
mass m is applied at point B. The mass on the boom varies from the mass of the empty bucket
to the rated one, i.e. approximately six times, and the sign of the load force with respect to the
rod velocity changes twice per cycle. With coupled meter-in/meter-out control, the
overrunning load during lowering is controlled by the outlet passage, whereas the inlet
passage of the same spool throttles the pump flow without any functional need, the pump
remains under pressure in all phases of motion, and the energy dissipated across the metering
elements is converted into heat and causes heating of the working fluid.
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S = +1 (lifting)
S = -1 (lowering)
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m = 150...950 kg

hydraulic cylinder 80/40 mm,
stroke 0.63 m

Fig. 1. Kinematic diagram of the boom circuit of the PKU-0.8 loader: O — boom pivot on the
frame; C, D — hydraulic cylinder pivots; B — point of load application; L, a — link lengths; h —
lever arm of the cylinder force about O (in the middle position h = 1.08 m); ¢ — boom rotation

angle; F. — force on the rod; s — sign of the force direction with respect to the velocity. The
dimensions are estimates and are to be refined according to the machine data sheet

At a small mass, the pressure produced by the load in the piston-side chamber is
insufficient to pass the required flow rate through the outlet passage, which limits the
lowering velocity. Independent flow control removes the structural coupling of the passages
but gives rise to the problem of choosing the control mode for every combination of mass,
sign of the force and required velocity. In the absence of appropriate recommendations, or
when irrational control modes are applied, the advantages of independent control are not
realized or are realised only partially, and an erroneous choice of the mode under an
overrunning load may lead to cavitation and uncontrolled motion.

Literature Review.

Independent control of the inlet and outlet of a hydraulic cylinder as a means of reducing
throttling losses and of solving the overrunning-load problem was proposed in [3]. The
authors of [4, 5] identified five control modes for a four-valve hydraulic unit and formulated
the mode-switching problem according to an energy criterion in a quasi-static formulation; in
their work, meter-out control with subsequent regeneration is preferable under an overrunning
load. In [6] a method of controlling four valves with cavitation prevention was proposed, and
in the patent [7] the control mode is selected according to the sign and magnitude of the load
pressure and the required velocity.

The authors of [8] systematised the structures of independent-metering systems and their
problems, in particular the loss of controllability at small pressure drops and shocks during
switching. In [9] the operating modes of “programmable valves” were selected according to
an energy criterion.

In [10-13] the coordination of the pump and the valves [10], bumpless mode switching
[11], the reduction of oscillations during switching [12] and switching between flow and
pressure control [13] were investigated. The state of the field is summarised in the reviews
[14, 15], and a separate review is devoted to the coordinated control of the inlet and outlet
under a sustained overrunning load [16]. The architectures of independent-metering systems
and their operating modes are summarised in [17-19], trends in the control of multi-actuator
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hydraulic systems of mobile machines in [20, 21], and the effect of such systems on the
energy consumption of excavators is investigated in [22—24].

The author of [25] substantiated the application of adaptive control systems for the
hydraulic drives of manipulators of mobile machines. In [1, 2] a proportional directional
control valve with independent flow control was developed and optimised, and in [26] a
multi-mode hydraulic drive of a front loader was investigated. In previous works of the
authors, approaches to improving the energy efficiency of electrohydraulic systems [27], a
test bench for studies under a passive load [28], the influence of the control system parameters
on the drive dynamics and the energy performance of throttling, load-sensing and
displacement control over a duty cycle were considered [29].

At the same time, for a two-spool valve without regenerative connections, the regions of
applicability of the control modes under a passive load in the coordinates “mass — force
direction — velocity” have not been quantified. The available selection rules were obtained
for four-valve units with regeneration or are formulated in general terms.

Research Methodology.

The aim of the work is to investigate different control modes of a hydraulic drive with a
passive load according to the criterion of minimising the total pressure drop across the
metering elements and reducing the energy consumption. To achieve this aim, the following
tasks have to be solved: 1) to substantiate the design scheme of the hydraulic drive and to
identify the flow control modes; 2) to build a quasi-static mathematical model of the steady
state with constraints on cavitation, pressure, flow rate and controllability; 3) to calculate the
pressures, pressure drops, power and efficiency for a grid of conditions “mass — force
direction — velocity” and to identify inadmissible combinations; 4) to build a mode map for
resistive and overrunning loads; 5) to analyse the energy effect of mode switching on a
conventional duty cycle of the loader.

The hydraulic circuit diagram of the drive is shown in Fig. 2.

The pump 1 feeds the pressure line; the metering section 2 contains the proportional two-
position metering elements 5 of lines A and B, each of which in the rest position (under the
spring action) connects its line to the return line through a throttling orifice and in the working
position — to the pressure line. The intermediate position of the spool of the proportional
element sets the flow area A1 (line A) or Az (line B). The load-holding section 3 contains the
controlled check valves 6, which in the rest position pass the flow only towards the working
chamber (load holding and make-up of the chamber from the return line) and, when
energised, open a free passage in both directions. The shuttle valve 7 transmits the higher of
the pressures of lines A and B to the bypass compensator 8 — the pump flow control element,
which discharges the surplus pump flow to the return line and maintains the pressure in the
pressure line at a level exceeding the load pressure by a constant margin. During load holding
and during motion under the action of the load, the compensator is fully open and the pump
pressure falls to Puni. The pressure relief valve 9 limits the pressure in the pressure line. The
hydraulic cylinder 4 has a piston-side chamber of area F1 (pressure P1) and a rod-side
chamber of area F, (pressure P»); the load force Fi acts on the rod, and the rod moves with
velocity v. The design of the metering elements is considered in [1, 2].

Hereinafter the subscripts “in” and “out” denote the role of the working chamber and of
the metering element: “in” — the chamber being filled and the element through which the flow
enters it, “out” — the chamber being emptied and the element through which the flow goes to
the return line. The sign s = +1 corresponds to a resistive load (the force is directed against the
rod velocity, lifting of the load), s =—1 — to an overrunning load (lowering of the load). At s =
+1, Pin = P1, Fin = F1, Ain = A1, Pout = P2, Fout = F2, Aot = Az, at s = —1 the roles are
interchanged.

[Jromicaosa o SSN: 1994-4691 Ne 1(77) 1 5a
sm 2026




‘5 TSATU ASIHP @

4 |—’v
- - S - B %: F.
|
F1. P1] _ Fa.P2.
3 6
awyQ  [Q o
g |
9 A L B
A E Az | l5
o A | v
PT"-P,,,UJ_ ‘ - E _ J_ - -
Pp A
3

rmsl Qp
|

In £ e b

I J [ | 10 l |

Fig. 2. Hydraulic circuit diagram of the drive with independent flow control: 1 — pump;
2 — metering section; 3 — load-holding section; 4 — hydraulic cylinder; 5 — proportional two-
position metering elements of lines A and B (flow areas Ai, A); 6 — controlled check valves;

7 —shuttle valve; 8 — bypass compensator (pump flow control element); 9 — pressure relief valve;
10 — tank. Pp, Qp — pump pressure and flow rate; Pr, Pmy — return-line and make-up pressures;
Puni — pressure of the unloaded pump; P, P2, F1, F2 — pressures and areas of the working
chambers; F_ — load force; v — rod velocity

Four flow control modes are distinguished for this circuit (Table 1). In mode M1 the
velocity is set by the meter-in element while the meter-out element is fully open, which is the
conventional variant for a resistive load. In mode M2 the flow is controlled by the meter-out
element while the meter-in element is fully open; under an overrunning load the inlet chamber
is filled by the make-up flow from the return line and the pump is unloaded. Mode M3, in
which both elements are partially closed, is intended for intermediate cases where M1 may
cause cavitation and M2 does not provide controllability. In mode M4 both elements are open
and the velocity is set by the supply flow rate (displacement or rotational speed of the pump);
this mode is the limiting one and is equivalent to displacement control [30].

A quasi-static model of steady motion is used to compare the modes. The choice is due to
three circumstances. First, the mode selection rule is formulated for conditions that change
slowly in comparison with the transient processes: the phases of the loader duty cycle last for
seconds, whereas the transients in the drive last for fractions of a second [29], and the energy
balance of a phase is determined by the steady values of pressures and flow rates. Second, the
constraints that determine the admissibility of a mode (cavitation, admissible pressure, flow
rate, controllability) are formulated for the steady state. Third, the dynamics of switching
between the modes is a separate problem which will be considered at the next stage.
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Table 1. State of the drive elements in the flow control modes

Mode Meter-in element Ai, Meter-out element Aqut Power source (pump)
M1 controls the flow fully open under pressure
M2 fully openn(%tksezg)l —line on controls the flow under prﬁisll;;%ézt)s =—1-
M3 controls the flow controls the flow under pressure
M4 fully open fully open controlled flow rate

The following assumptions are adopted: 1) the working fluid is incompressible, its
density and temperature are constant, wave processes in the hydraulic lines are not
considered; 2) the rod velocity is constant, inertia forces and viscous damping forces are
neglected; 3) leakages in the metering elements and in the hydraulic cylinder as well as
pressure losses in the hydraulic lines are neglected; 4) the friction force in the hydraulic
cylinder is proportional to the load force; 5) the flow rate through a metering element is
described by a quadratic dependence on the pressure drop with a constant discharge
coefficient; 6) the power source is a fixed-displacement pump with a bypass compensator that
maintains the pressure in the pressure line at the minimum necessary level and discharges the
surplus flow to the return line at this pressure (a load-sensing scheme with a fixed-
displacement pump according to [30]); losses in the pump itself are not considered; 7) the
make-up of a working chamber from the return line through the throttling orifice of the
metering element in the rest position and the check valve maintains a constant pressure in the
chamber at a flow rate not exceeding the pump flow rate; 8) a metering element retains
controllability if the pressure drop across it is not less than the minimum controllable one and
its opening does not exceed the admissible fraction of the maximum; the metering element
operates at the lowest admissible pressure drop.

For given mass m, force direction s and velocity v", the steady state is described by the system
of equations:

Pin*Fin — Pout'Fout = S-FL + kirFL, FL=krm-g (1)

Qin = Fin'V", Qout = Fout'V"” )

Apin = (p/2)-(Qin/ (1-Ain))%, APaut = (p/2)"(Qout/ (1-Aaur))? ©)

Pout = P1 + Apout;  Pp = Pin+ Apin (M1, M3, M4; M2 at s = +1) (4)

Pin = Pmu, Pp=Pui (M2ats=-1) (5)

A = Anmax (open element); Ap = max(Apc; Ap(Amax)) (metering element, s = +1) (6)
Pin, Pout > Pmin;  Pp<Pmax; Qin<Qp; ApPmet > Apc; Amet < Ka*Amax (7)

2Ap = Apin + ApPout;  Nd = ApPin*Qin + APout* Qout (8)

Np = Pp-Qp (M1-M3), Np =Pp-Qin (M4); 1 = (s + kr)-FL-V/Np, 9)

where Pin, Poyt are the pressures in the chambers being filled and emptied; Fin, Fout are their
areas; Fr is the load force on the rod; ks is the friction coefficient; k is the coefficient of
reduction of the mass to the force on the rod according to the boom kinematics (Fig. 1); g is
the gravitational acceleration; Qin, Qout are the flow rates through the meter-in and meter-out
elements; Apin, Apout are the pressure drops across them; p is the working fluid density; p is
the discharge coefficient; Ain, Aout are the flow areas; Amax is the flow area of a fully open
element; Pp is the pump pressure; Prt, Pmu, Pun are the return-line pressure, the make-up
pressure and the pressure of the unloaded pump; Pmin IS the pressure below which cavitation
occurs; Pmax is the admissible pressure; Qp is the pump flow rate (for M2 at s = -1 — the
capacity of the make-up path); Apmet, Amet are the pressure drop across and the flow area of the
ijr
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metering element; Apc iS the minimum controllable pressure drop; ka is the admissible
opening fraction; Ap is the total pressure drop across the metering elements (the comparison
criterion); Ng is the power dissipated across them; N, is the power consumed from the pump;
n iIs the transmission efficiency from the pump to the rod (calculated at s = +1; during
lowering there is no useful work and N, serves as the indicator). For mode M3 at s=—1 a
pressure not lower than the guaranteed value Py is maintained in the inlet chamber.

The initial data of the model and the ranges of their variation are summarised in Table
2. The design example corresponds to the boom circuit of the PKU-0.8 loader: hydraulic
cylinder 80/40 mm, NSh-32 gear pump. The area Amax iS chosen so that at full opening the
pressure drop is 0.3 MPa at the pump flow rate. The highest attainable lifting velocity is Qp/F1
= 0.182 m/s and the lowering velocity is Qp/F2 = 0.243 m/s; therefore a velocity of 0.3 m/s is
unattainable with the NSh-32 pump in any mode and is replaced by 0.15 m/s in the
calculation grid.

Table 2. Initial data of the mathematical model

Symbol Parameter Value / range Unit
areas of the piston-side and rod-side chambers 2
Fi/Fs (cylinder 80/40 mm) 50.3/31.7 cm
S rod stroke 0.63 m
Qp flow rate of the NSh-32 pump at 1700 rpm 55 I/min
m load mass (5 levels; continuous for the map) 150...950 kg
coefficient of reduction of the mass to the force
Kr . 2.04 —
on the rod (estimate)
FL load force on the rod 3...19 kN
Ksr friction coefficient 0.03 —
S direction of the load force +1; -1 —
v required velocity (grid; 0.02...0.30 for the map) | 0.05; 0.10; 0.15 m/s
w; p discharge coefficient; working fluid density 0.65; 870 —; kg/m3
Amax flow area of a fully open element 54 mm?
Pmin = Pmu = Pt cavitation, make-up and return-line pressures 0.15 MPa
Prmax; Prv admissible pressure; relief valve setting 16; 17 MPa
Ape; Ka minimum controllabl_e pressure drop; admissible 0.5: 0.8 MPa:
opening fraction
Py: Punt guaranteed pressure in the inlet chamber (M3); 0.5: 0.3 MPa
pressure of the unloaded pump
Py, standby pressure of the supply with coupled 05 MPa
control (cycle, strategy A)

The system of equations (1)—(9) is solved sequentially without iterations. The flow rates
are determined from (2), the pressure drops across the open and metering elements from (3)
and (6), Pout from (4), Pin from (1) and Pp from (4). Then the constraints (7) are checked and
the indicators (8), (9) are calculated. For M2 and M3 at s = —1 the order is different: Pin is
prescribed (the make-up pressure according to (5) or the guaranteed pressure), Pout and the
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pressure drop across the meter-out element are found from (1), and its flow area is found from
(3) and checked against (7). For M3 the pressure Pin is raised to the value at which the meter-
out element satisfies (7). A mode is considered inadmissible if at least one of the constraints
(7) is violated. For M1 at s = —1 the calculated pressure deficit in the inlet chamber and the
velocity of uncontrolled motion with a fully open meter-out element are recorded. The
calculation is implemented in Python (NumPy and Matplotlib libraries) for a grid of 5 x 3 x 2
x 4 =120 combinations “mass x velocity x direction x mode” and for the mode map on a grid
of 81 x 141 points in the coordinates (m, v°). The conventional cycle is calculated with the
same model phase by phase.

Results.

Under a resistive load (Fig. 3) the total pressure drop across the metering elements does
not depend on the mass (Fig. 3, a): the adaptive supply raises the pressure together with the
load, and the pressure drops are determined only by the flow rate and the minimum
controllable pressure drop. At v' = 0.15 m/s, ZAp is 0.61 MPa for M1, 0.70 MPa for M2, 1.00
MPa for M3 and 0.32 MPa for M4. The dependence on velocity (Fig. 3, b) explains the origin
of this difference: in M1 and M2 one element operates at the constant pressure drop Apc,
while the other, open, element adds a pressure drop that grows quadratically with velocity. In
M4 both elements are open, so at 0.05 m/s £Ap = 0.04 MPa against 0.51 MPa in M1, i.e. 14
times less, and at 0.15 m/s — 0.32 against 0.61 MPa, 1.9 times less.

—o— M1 - M2 —A- M3 -4 M4 1 e s i i T ST . R Oe —
Qr!: 1] —r—r—- Ao — o o —— iy o — —- — Qﬂz
= =
g $————- = -~ g 05
< 0.5 - J
W O @i @i en e @ e < W
0 T T T T 0
200 400 600 800
load mass m, kg
a
0.8 - = 1
- 0.6 _ A 5 0751
.~ (3}
-~ &=
"% 04 i = {d £ 05
= "‘_/ —== ) g
L2 i — i — &> '@ 0.25 +
0 — T ‘ .......... f.. T E 0 T L] T T
0.05 0.1 0.15 E 200 400 600 800
required velocity v ", m/s load mass m, kg
c d

Fig. 3. Mode indicators under a resistive load (s = +1): a — total pressure drop versus mass; b —
total pressure drop versus required velocity; ¢ — power dissipated across the metering elements;
d — transmission efficiency

The advantage of M1 over M2 is due to the fact that the open element in M1 passes the
smaller flow rate Qout = 0.75-Qin. In terms of the power dissipated across the elements (Fig. 3,
c), M1 and M2 are equivalent, because the pressure drop across the meter-out element acts on
the smaller flow rate, and at low velocities M2 has a slight advantage. Mode M3 is inferior to
M1 by a factor of two in £Ap and by 6...22 % in the power consumed from the pump (Table
3); therefore, under a resistive load it can be justified only by positioning accuracy
requirements, which are not analysed in the quasi-static formulation. The transmission
efficiency (Fig. 3, d) increases with the mass for all modes: for M1 from 0.39 at 150 kg to
0.70 at 950 kg, for M4 from 0.61 to 0.91. The pressure constraint is not reached in the
example: at 950 kg Pp does not exceed 4.9 MPa.
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Under an overrunning load (Fig. 4) the relations between the indicators change. In mode
M1 with a fully open meter-out element the pressure in the chamber being emptied is only
0.17...0.35 MPa, and the force balance (1) requires a negative pressure in the inlet chamber:
from —0.30 MPa at 150 kg to —4.42 MPa at 950 kg (Fig. 4, b). This corresponds to a
discontinuity of the flow in the inlet chamber, opening of the make-up path and uncontrolled
motion with a velocity limited only by the resistance of the fully open meter-out element.
According to (1), (3), at Pin = Pmin this velocity is 0.24 m/s at 150 kg and 0.63 m/s at 950 kg.
M1 is unsuitable for an overrunning load over the whole range, which agrees with the known
result for meter-in control [3, 8]. Mode M4 is also unsuitable: control by the supply flow rate
does not limit the velocity under an overrunning load, since the motion is produced by the
load force and not by the supply flow.

.’_d 0 -E .—.-..—--r-—-’-—...-*.—.--.—.-—l -.—-.—.—l
o 41 o~ 4 </~ / / / / / / cavitation zone / /
E s —-r-.‘.,-— &: ; / A 2 pm < Pmr'n S
J i .-*" - E 24 S S SIS S S S S S
821 el T e g —— M1~/
W T - M2 Q -=- M2/
e —A- M3 A4 =A- M3/
0 T T T T ; - T — —
200 400 600 800 200 400 600 800
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a b
34 - M2—N, ~ — v =015mk
z —A:+ M3—N, / 2 \\.ff =08 —== v =020m/s -
'f. 2 4 —— M2 — Ny (load energy) ’gf i e, O _ —-- v =024mis
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2 <
© 1 i e e s il s s il s 3 g %
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Fig. 4. Mode indicators under an overrunning load (s =—1), v' = 0.15 m/s: a — total pressure
drop; b — pressure in the inlet chamber (hatching — cavitation zone); ¢ — power consumed from
the pump N, and power Ng dissipated across the elements in M2; d — relative opening of the
meter-out element in M2 at three velocities

In mode M2 the pressure in the inlet chamber is maintained by the make-up flow, and the
potential energy of the load is dissipated across the meter-out element: Pout = 0.69 MPa at 150
kg and 3.78 MPa at 950 kg, XAp = 0.66...3.74 MPa (Fig. 4, a). This pressure drop
corresponds to the dissipation of the potential energy of the load (curve Ng in Fig. 4, ¢) and
cannot be eliminated in a throttling scheme.

The energy difference between the modes consists only in whether the pump work is
added to it. In M2 the pump is unloaded and consumes 0.28 kW. In mode M3 the pump
produces Pin = 0.5 MPa in the inlet chamber, which raises Pout by 0.26 MPa and adds a
pressure drop of 0.5 MPa across the meter-in element: XAp = 1.30...4.39 MPa, i.e. 2.0 times
more than in M2 at 150 kg and 17 % more at 950 kg, while the power consumed from the
pump increases to 0.92 kW (Fig. 4, ¢). M3 can be justified only by the controllability
condition. Fig. 4, d shows the relative opening of the meter-out element in M2: at 0.15 m/s it
does not exceed 0.6 for all masses, but at 0.20...0.24 m/s and masses up to 230 kg it exceeds
the admissible value ka = 0.8, i.e. the element is almost fully open and loses its ability to
control the flow. This corresponds to the case of fast lowering of the empty bucket: the
pressure produced by the bucket in the piston-side chamber is insufficient to pass the required
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flow rate through the meter-out element, and an additional force from the pump pressure in
the inlet chamber is needed to reach the required velocity. The results for the characteristic
points are summarised in Table 3.

Table 3. Calculation results for the characteristic points, v' = 0.15 m/s

Condition | Mode I\F/:Ilga ,\F;If’;‘é I\i 9 i/IAPpa; IL\I\;)V n Note
M0 M1 | 400 | 026 | 459 | 061 | 421 | 070 —
M2 | 438 | 065 | 458 | 0.70 | 420 | 0.70 —
M3 | 438 | 065 | 488 | 1.00 | 447 | 0.66 —
M4 | 409 | 026 | 429 | 032 | 324 | 091 | controllable-flow
supply
M0 | M1 | 081 | 026 | 131 | 061 | 120 | 039 —
M2 | 110 | 0.65 | 1.31 | 0.70 | 1.0 | 0.39 —
M3 | 110 | 065 | 160 | 1.00 | 147 | 0.32 —
Ma | 081 | 026 | 1.02 | 032 | 077 | 061 | controllable-flow
supply
_ cavitation,
m= 35_01kg’ M1 | —442 | 0.35 — — — — | uncontrolled motion
0.63 m/s
M2 0.15 3.78 0.30 3.74 0.28 — pump unloaded
M3 | 050 | 404 | 1.00 | 439 | 092 | — —
_ cavitation,
m _s iS_Olkg, M1 | —0.30 | 0.35 — — — — | uncontrolled motion
0.24 m/s
M2 0.15 0.69 0.30 0.66 0.28 — pump unloaded
M3 | 050 | 095 | 1.00 | 1.30 | 092 | — —

* Note. M4 at s = —1 is unsuitable: the supply flow does not restrain an overrunning load.

The effect of mode switching is analysed on a conventional cycle of a loader with a
bucket: lifting of a 950 kg load over the full stroke at a velocity of 0.15 m/s (4.2 s), holding
during transport (10 s), lowering of the empty 150 kg bucket at the same velocity (4.2 s) and
holding of the empty bucket (6 s). Strategy A reproduces a conventional spool valve with
coupled meter-in/meter-out control: the openings of the meter-in and meter-out elements are
equal, the pump is under pressure in all phases of motion, and during holding the compensator
standby pressure Psh is maintained. Strategy B is the mode selected by the load conditions:
M1 during lifting, M2 with the unloaded pump during lowering, and unloading during
holding (the load is held by the check valve). The results are shown in Fig. 5. During lifting
the strategies are almost equivalent (18.2 and 17.7 kJ): the equality of the openings creates an
additional back pressure of 0.28 MPa in strategy A. The difference arises during lowering (4.3
against 1.2 kJ), where in strategy A the pump supplies the working fluid under pressure into
the rod-side chamber, the filling of which could be provided by the make-up flow, and during
holding (7.3 against 4.4 kJ). Over the cycle, 29.8 kJ is consumed with strategy A and 23.2 kJ
with strategy B: mode switching reduces the energy consumed by 22 %, and the cycle
efficiency at a useful work of 12.0 kJ increases from 0.40 to 0.52. This result is conservative:
at the standby pressure of 1.5 MPa typical of load-sensing systems [30], the saving reaches 48
%.

A generalisation of the calculations on a grid of 81 x 141 points in the coordinates (m, v")
is shown in Fig. 6. Under a resistive load (Fig. 6, a) the region of admissible modes is
bounded from above by the pump flow rate, v* < 0.182 m/s, and inside it M1 is optimal in
terms of Ap at any mass, while the mass affects only the efficiency (isolines n=0.3...0.7).
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Under an overrunning load (Fig. 6, b) M1 is inadmissible everywhere because of
cavitation, M4 is unsuitable, and the region is bounded from above by the capacity of the
make-up path, v° < 0.243 m/s. M2 is optimal almost over the whole region, while M3 is
needed in the wedge of small masses and high velocities bounded by the curve Aout = 0.8 Amax
(see Fig. 4, d). The ZAp isolines for M2 show that during lowering the pressure drop is
determined by the mass and is almost independent of the velocity.

percycle: A —29.8kJ, B —23.2 kl A — coupled meter-in/meter-out control

20
18.2 17.7 = B — mode selected by load conditions

s
(93}
1

energy consumed from the pump, k
[y
=

5 4.6 4.3
2.8 2.8
1.2 1.6
0
Lifting Holding Lowering Holding
950 kg 950 kg 150 kg 150 kg

Fig. 5. Energy consumed from the pump by phases of the conventional loader cycle for the two
control strategies
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Fig. 6. Map of control modes in the coordinates “load mass — required velocity” under resistive
(a) and overrunning (b) loads; hatching — infeasible combinations; at s = —1, M1 is inadmissible
because of cavitation and M4 is unsuitable

Thus, the most influential parameters for the choice of the control mode are the sign of
the load force, the ratio of the required flow rate to the supply flow rate, and the ratio of the
required opening of the meter-out element to the admissible one.

Conclusions.

A quasi-static model of a hydraulic drive with a two-spool valve has been built for four
flow control modes with constraints on cavitation, admissible pressure, pump flow rate,
minimum controllable pressure drop and opening margin of the metering element; the
assumptions and the solution procedure have been substantiated. For the boom circuit of the
PKU-0.8 loader (hydraulic cylinder 80/40 mm, NSh-32 pump), 120 combinations “mode x
mass X force direction x velocity” have been calculated.

Under a resistive load the total pressure drop across the metering elements does not
depend on the mass and at 0.15 m/s amounts to 0.61 MPa for M1, 0.70 MPa for M2, 1.00
MPa for M3 and 0.32 MPa for M4. M1 is optimal among the modes of control by metering
elements at all masses, and M4 defines the lower limit, which is 1.9 times lower at 0.15 m/s
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and 14 times lower at 0.05 m/s. The transmission efficiency with a fixed-displacement pump
increases with the mass from 0.39 to 0.70. The flow-rate limits of the NSh-32 pump are 0.182
m/s for lifting and 0.243 m/s for lowering.

Under an overrunning load M1 is inadmissible over the whole range of 150...950 kg: the
calculated pressure in the inlet chamber is from —0.30 to —4.42 MPa, the uncontrolled motion
velocity is 0.24...0.63 m/s; M4 is unsuitable. M2 with the unloaded pump provides ZAp =
0.66...3.74 MPa at a power consumed from the pump of 0.28 kW. M3 increases TAp by
1.2...2.0 times and the power to 0.92 kW; therefore it is justified only for masses up to 230 kg
at velocities of 0.20...0.24 m/s, where the meter-out element in M2 loses its ability to control
the flow.

For the conventional loader cycle, mode switching according to the load conditions (M1
— lifting, M2 with unloading — lowering and holding) reduces the energy consumed from
the pump by 22 % (from 29.8 to 23.2 kJ) in comparison with coupled meter-in/meter-out
control, and the cycle efficiency increases from 0.40 to 0.52.

The mode map in the coordinates “mass — velocity” shows that the choice of the mode
of a two-spool valve is determined by the sign of the load force, the ratio of the required flow
rate to the supply flow rate and the ratio of the required opening of the meter-out element to
the admissible one. The information of this map is the basis for choosing an appropriate
method of controlling the hydraulic drive. Further work will be devoted to the dynamics of
switching between the modes and to the implementation of the mode map in the form of a
neural-network approximator with verification on the test bench [28].
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PEKUMU KEPYBAHHA B I'TIPOIIPUBO/I 3 HE3AJIEKHUM KEPYBAHHAM
ITOTOKAMM IIPU PI3BHUX YMOBAX HABAHTAKEHHS

0. A. Cuporin, JI. O. Jlo3incbkniil
! Binnuyvkuii nayionansnuii mexuiunuil ynieepcumem

Anomauisn

PosrnsayTO TimpomnpuBoa MOOILTHPHOI MAaIlMHU 3 TTACHBHUM HAaBAaHTAXEHHSIM, IMOOYAOBaHWN Ha
MPOTIOPIIIHIX PO3MOJUTPYMX €JIEMEHTaxX, SKi HEe3aJIe)KHO KepyITh MOTOKAaMH Po00YOi pimquHU Ha
BXOJIi Ta BUXOJIi TIAPONMIIIHJIPA, i KEPOBAHUX 3BOPOTHUX KJIallaHax, Mo 3a0e3MeUy0Th TePMETHYHICTh
foro pobounx kamep. [lokazaHo, 0 Mpy 3MiHI Macu BaHTaXy, 3HaKa CHJIM HaBaHTa)KEHHs BIAHOCHO
IIBUIKOCTI Ta 3afjaHol IIBHAKOCTI MITOKA Taka CTPYKTypa moTrpeOye BHOOPY PeXUMY KepyBaHHS —
MpU3HAYEHHS PEryIIOBATHHOTO 1 MOBHICTIO BIAKPHUTOTO PO3MOUIBUMX €JIEMEHTIB Ta CTaHy JDKeperna
JKUBIICHHS. BUIITIEHO YOTHPH PEXUMU: KepYBaHHS Ha BXO[i, KEPYBaHHS Ha BUXOJ 3 PO3BaHTAKCHHSAM
Hacoca, KOMOiIHOBaHe KepyBaHHS 1 KepyBaHHS monmadyero Hacoca. OOIpyHTOBAaHO KBa3iCTaTHUHY
MMOCTAHOBKY 3a/1a4i, c(hOpMyIIbOBAaHO MPHITYIIEHHS 1 CKJIaJIeHO CUCTEMY PIBHSHB CTAJIOTO PEXKUMY, KA
MICTHTh PIBHSHHS PIBHOBarW CHJ Ha MOPIIHI, PIBHSHHS BUTpAT 4epe3 PO3MOJiIbYi €IIEMEHTH Ta
O0OMEXCHHS 3a KaBiTaIll€r0, JTOMYCTUMHUM THCKOM, T0Jauel0 HACcOCa 1 KEPOBAHICTIO PEryTFOBAIILHOTO
eneMenTa. Kpurepiem NOpiBHSIHHS PEKUMIB MPUHHATO CyMapHUil Hepenaj THCKY Ha PEeryJIroBaJbHUX
eleMeHTax, JOAaTKOBIUMHU MOKa3HUKaMHU — TOTY)KHICTb, COXKHUTY Bix Hacoca, i KK/ nepemaui. Ha
NPUKJIAli CTPUIOBOTO KOHTYPY (DPOHTAIBHOTO HaBaHTa)KyBada BUKOHAHO PO3PaxyHOK JJIsl Jiarna3oHy
Mac BaHTaXy, 000X 3HAKIB CHJIM HABAHTAXEHHS 1 KUIBKOX 3aJJaHUX IIBHIKOCTEH, BHUILICHO
HEZOIyCTUMI HO€AHAHHA YMOB Ta iX npuuuHU. 1100yzoBaHO KapTy peXUMIB y KOOpAMHATaX «Maca
BaHTaXy — 3aJaHa LIBHJIKICTH» Il 3YCTPIYHOTO 1 MOMYyTHOTO HAaBaHTAXXEHHS; BCTAHOBIICHO, IO
MeEX1 00J1acTel ONTHMMAJIBHOCTI BH3HAYAIOTHLCS 3HAKOM CHJIM HaBaHTAa)KEHHS, BIAHOIIECHHSIM 3aJaHOl
BUTpAaTH 10 TMOJAadi JpKepeia 1 MOTPiOHUM BIAKPHUTTSAM BHUXITHOTO PO3MOIUIBYOTO eneMeHTa. Ha
YMOBHOMY po0OOYOMY IHMKJII HaBaHTaKyBada IMPOAHAII30BAHO 3MEHIICHHS €HEprii, CIIOXKHTOI Bif
Hacoca, pH NMepeMUKaHHI PEKUMIB 32 YMOBaMH HABAHTA)KCHHS MMOPIBHIHO 31 CIUTBHUM KEPyBaHHSIM
BXOZOM 1 BUXOJIOM. Pe3ynbraTu mpu3HaueHi Al CUHTE3y aJrOPUTMIB KEPyBaHHS TiApONPHBOAAMHU
MOOUTBHUX MAIlMH 3 He3aJIeKHUM KePYBaHHIM TOTOKaMHU.

Knrouoei cnosa: TPONOPIIAHUE PO3NOAUILYHMIA €JIEMEHT, KEPOBAaHUM 3BOPOTHHUM KJaraH,
KBazicTaTMYHAa MOJENb, CyMapHHH Tmepemna] THCKY, KaBiTamis, (pPOHTaJbHUN HaBaHTaXyBad,
PO3BaHTaKEHHS Hacoca, eHeProe()eKTUBHICTb.
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Abstract. The article presents the development and methodological substantiation of a
specialized experimental test bench for investigating the characteristics of a hydrostatic drive with an
anti-slip control system. The study used hardware-in-the-loop (HIL) modeling methods, stall test
(maximum-load test) and transient response test protocols. The scientific novelty lies in the
comprehensive assessment of the transition from passive flow dividers to systems of individual
electronic control of hydraulic motor displacement. The proposed control algorithms are expected to
provide more effective damping of critical pressure pulsations than classical proportional controllers.
The practical value of the work lies in providing accurate efficiency mapping, which creates a basis
for optimizing energy saving in hybrid technology and the modern mobile machines.

Keywords: hydraulic drive, anti-slip device, experimental test bench, control algorithms,
hydraulic motor.

Introduction.

Hydrostatic transmission of mobile machines is a system for transmitting mechanical
energy from the prime mover to the drive wheels using hydrostatic pressure of a working
fluid [1, 2]. Due to their ability to provide continuous and smooth speed control, extremely
high specific power, low inertia of moving masses and the possibility of effective dynamic
braking, hydrostatic transmissions have become the absolute standard for a wide range of
mobile machinery [3]. This category includes agricultural tractors, combine harvesters, crop
protection machines, construction machinery, skid steer loaders, excavators, road paving
machines and modern unmanned ground vehicles [4, 5]. However, one of the most important
and most complex problems that arise during the operation of such specialized machines in
difficult conditions (off-road, snow, ice, viscous soil, rocky slopes) is the loss of traction of
the wheels with the supporting surface, which inevitably leads to wheel slip [6, 7].

To fundamentally solve this problem, various anti-slip devices and traction control
systems are being developed and implemented, which limit wheel slip and dynamically
redistribute traction effort and torque between the wheels [4, 8]. The creation and
implementation of anti-slip devices for hydrostatic transmissions remains a difficult scientific
and technical task due to the nonlinearity of the characteristics of the interaction of the drive
with the supporting surface. Anti-slip devices from the company "Poclain Hydraulics"
demonstrate high efficiency [9, 10], but require adaptation to specific operating conditions
and integration with existing domestic control systems. Therefore, the development of our
own solutions and specialized stands for their testing is relevant.
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Literature Review.

Modern hydrostatic transmissions of high-mobility vehicles are built according to a
closed hydraulic circuit [11]. In such a circuit, the output of the main pump is connected
directly to the input of the hydraulic motor (or a system of parallel-connected motors), and the
output from the motor is returned directly to the pump suction, bypassing a large hydraulic
tank. An additional make-up pump and make-up circuit are used to compensate for internal
leaks and cooling.

Vehicle traction control fundamentally boils down to optimizing the micro- and
macroscopic forces of interaction between a pneumatic tire (or track) and a supporting
surface. In order to develop an adequate control algorithm on an experimental test bench, it is
necessary to rely on mathematical models of the longitudinal dynamics of the vehicle and
differential equations of the characteristics of the hydraulic circuit [12, 13].

To overcome the differential effect of parallel-connected hydraulic motors, several
fundamentally different engineering and algorithmic approaches have been proposed and
investigated over the past decade. Each of these approaches has its own advantages,
disadvantages, and requires a specific experimental test bench architecture for full validation.

Conceptually, the simplest solution was to install flow dividers or special synchronizing
valves in the hydraulic circuit [14]. These devices, often built on the basis of spool or gear
dividers, forcibly branch the total flow from the pump into equal parts, regardless of the
pressure drop across each individual hydraulic motor. The reviewed studies on a self-
propelled plant protection machine showed that the introduction of a synchronizing valve
allowed to significantly reduce wheel slip in field conditions. At the same time, at speeds of 3
km/h and 6 km/h, the wheel slip coefficient was acceptable 3.79% and 6.17%, respectively.
However, the main and critical disadvantage of this method is the large throttle energy losses.

Another approach is to use the automotive anti-slip regulation system [15]. The anti-slip
regulation system constantly monitors the angular velocities of the wheels using encoders,
and when excessive acceleration of one of them is detected, it applies braking to the slipping
wheel.

A similar principle is used in hydrostatic transmissions [4], but a mechanical or hydraulic
brake mechanism is applied to the wheel slip. The brake creates artificial external resistance
on the hydraulic motor shaft, which leads to a forced increase in pressure in the general
hydraulic line. This restores the pressure drop and allows the wheels with good traction to
again receive torque for movement. As a result, for unmanned ground platforms weighing
more than 300 kg, it has been theoretically and practically proven that the use of an external
braking system instead of classic flow dividers minimizes the internal pressure drop in the
hydraulic equipment and allows for much more efficient overcoming of difficult terrain,
reducing the overall energy consumption of the platform.

The most technological solution in the concept of mobile hydraulic control is the use of
hydraulic motors with independent adjustable working volume (for example, Poclain Twin
Lock systems [9], Danfoss H1 series technology [16]). The essence of this solution is to
completely abandon energy-consuming throttling or mechanical braking with friction pads. If
a wheel starts to slip, the microcontroller instantly sends a PWM signal to the servo valve of
the corresponding hydraulic motor to reduce its working volume. In this case, the traction
force on the slipping wheel is proportionally reduced, which exactly corresponds to its current
low tire—road adhesion coefficient. The torque is dynamically redistributed between the axles
or wheels according to their ability to realize traction, and without overheating the mineral oil.

Leading scientific research centers and industrial corporations were analyzed regarding
the experimental test bench and parameters they investigated for hydrostatic transmissions of
mobile machines (Table 1).

Thus, the nonlinearity of the working fluid requires an inevitable transition from simple
PID controllers to advanced control systems based on fuzzy logic, differential speed
algorithms and active suppression systems of uncontrolled disturbances.
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Table 1. Analysis of the main achievements of research centers in the field of hydrostatic
transmissions of mobile machines

Research Center

Research direction

Experimental base

Main achievements

Faculty of Mechanical
Engineering and
Marine Technology,
University of Rostock
[17]

Improvement of
hydrostatic
transmission control
algorithms,
compensation of
nonlinearities, spatial
trajectory tracking

A sophisticated cyber-
physical test bench for
testing electro-hydraulic
systems ina HIL
environment

The fundamental
inefficiency of classic PID
controllers due to the
nonlinearity of the fluid has

been experimentally
proven. Optimal control,
methods of active

disturbance suppression
and tracking differentiators
have been implemented

School of Mechanical
Engineering,
University of Jinan
[14]

Preventing wheel slip
of agricultural
machinery using
valve equipment

Field test platform with
laser measurement of
actual distance traveled
and wheel speed

Forced steering has been
proven to reduce the slip
coefficient from 6.17% to a
stable 3.79% at an
operating speed of 6 km/h,

increasing the required
stability
Faculty of Mechanical | Mobility of Computer simulation It has been proven
Engineering, Military | unmanned platforms | modeling followed by | mathematically and
University of on rough terrain. bench validation of practically that external
Technology [4] Development of high | hydraulic motor traction| electro-hydraulic  braking
traction forces on forces outperforms flow dividers
unstable soils in terms of energy
efficiency
College of Grey-box modelling | Experimental test Using Whale Optimization
Engineering, Nanjing | of electro-hydraulic bench with Algorithm  to  identify
Agricultural lifting mechanisms proportional solenoid | hidden parameters.

University [18]

and intelligent
algorithms with anti-
slip device

control valves

Extreme control accuracy
achieved (RMSE of errors
was only 0.33 mm)

Poclain / Danfoss firm
innovations

Development of
commercial systems

Certified Application
Development Centers

esting of independent
electronic control of engine

[9, 16] CreepDrive, H1 with truck displacement.  Successful
traction control, Twin | dynamometers testing on gravel slopes,
Lock avoiding  engine  stall
effects
College of Mechanical | Analysis of the A full-fledged A safe methodology for

and Electronic
Engineering,
Shandong Agricultural

shifting quality of
hydrodynamic
continuously variable

dynamometer for
testing hydrodynamic
continuously variable

testing hydraulic system
failures on a bench without
destroying a real, expensive

University [19] transmissions during | transmissions without | tractor transmission has
critical hydraulic starting the internal been created
system failures combustion engine

AVIC The First Creation of miniature | Inertial test bench with | Implementation of

Aircraft Institute [20]

electrohydrostatic
braking systems for
aircraft with anti-slip
algorithms

semi-real-life
simulation of aircraft
aerodynamics

backstepping surfaces and
on/off valves to increase
reliability in mineral oil
contamination conditions
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Modern developers are trying to rigidly separate the hydraulic power unit and software
logic, transferring the lion's share of algorithm testing to a virtual environment with hardware
locking. This will allow a real axial piston pump and motors to be physically rotated on the
experimental test bench, while the inertia of a multi-ton machine, dynamic soil resistance and
the percentage of tire wheel slip are calculated and simulated in real time by a powerful
computer. At the same time, it applies the appropriate physical load to the hydraulic motor
shafts through high-speed loading devices.

Research Methodology.

The main goal of the article is to substantiate and develop the concept of an experimental
test bench for a comprehensive study of working processes in the hydraulic drive of a mobile
machine with an anti-slip device.

The experimental test bench is designed according to the modular principle, which allows
to study both individual elements (pump, hydraulic motors, valve equipment) and the entire
system as a whole. The primary power source of the test bench is a power-and-drive module
that simulates the internal combustion engine of the vehicle. The use of real diesel engines in
laboratories is associated with environmental problems and the complexity of control.
Therefore, modern stands use powerful industrial asynchronous AC electric motors (with a
power of 5 to 90 kW, depending on the scale of the transmission), which are controlled by
high-precision Variable Frequency Drives. This allows you to programmatically create
various dynamic torque characteristics, simulating, for example, turbocharger lag or a
reduction in diesel-engine speed under sudden hydraulic overload.

For full testing of the anti-slip device, it is critical to be able to independently and
extremely quickly change the load on each output hydraulic motor, physically simulating
sharp spatial changes in the tire—road adhesion coefficient [18]. To do this, the output shafts
of the hydraulic motors are rigidly connected to the loading devices.

A stand for testing highly dynamic fast-moving processes, such as the transition from
normal operation to transient wheel slip, must record changes in indicators with a sampling
frequency of at least 1 kHz, and ideally up to 5 kHz. The basic list of necessary precision
sensors must include: pressure measurement, flow measurement, speed and position sensor,
and torque measurement.

The study of modern high-speed proportional valves, which are widely used in anti-slip
device, requires perfectly clean oil. Servo valves are extremely sensitive to micro-
contamination, which can cause spool jamming [21, 22]. Strict industry standards
categorically require the use of stands capable of maintaining oil cleanliness two ISO code
levels higher than in a conventional working machine in the field. This is technologically
achieved by installing special Hydrostatic Filter Groups (e.g. 9U-5899) with duplex filters (10
pum and 5 pm filtration) in the pressure and drain lines with visual and electrical clogging
indication. In addition, since throttling during anti-slip device operation generates a huge
amount of waste heat, the stand must have a main cooling system. It consists of water-oil heat
exchangers or air radiators controlled by a PID thermostat, which guarantees the absolute
maintenance of the liquid temperature within 50+2 ° C. Only under such conditions is the
constancy of the kinematic viscosity of mineral oil ensured during experiments lasting many
hours.

A modern experimental test bench is not just a set of drives, but a complex cyber-physical
complex controlled by programmable logic controllers. To test the anti-slip algorithm, a real
commercial control unit is usually installed on the stand. In this case, the Real-Time Target
Machine calculates the full multi-body dynamics of the mass of the tractor or loader, reads the
hydraulic motor speeds with microsecond-level timing resolution from the stand,
mathematically calculates the virtual movement of the chassis and the tire—ground contact
conditions. After that, the HIL system generates a control command for the dynamometers,
instantly increasing or decreasing the physical resistance on the shaft, realistically
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reproducing the transition to a low-adhesion surface in laboratory conditions [23]. Next, the

measuring system monitors how the anti-slip device controller reacts to this sudden event.
Based on the analysis of the research methodology, the main recommendations for

systems and subsystems for the configuration of the experimental test bench were formulated

(Table 2).

Table 2. Recommended systems and subsystems for the implementation of the experimental test

bench

Main subsystems of the
experimental test bench

Recommended specifications

Purpose in the experiment

Power and Drive Module

Electric motor, 5-90 kW, with
variable-frequency drive
control, 0-3000 rpm

Simulation of a car's internal
combustion engine taking into
account the nonlinear torque
curve and speed drops

Dynamic Load Unit

Electromechanical servomotors
with dynamometers

Highly dynamic simulation of
ground resistance, instantaneous
changes in tire—road adhesion
coefficient

DAQ Module

Sampling frequency from 1
kHz, 16-bit analog-to-digital
converter, digital buses CAN-
bus, EtherCAT

Reliable synchronization of data
collection of pressure, speed and
micro-displacements  of  the
main pump swash plate

Hydraulic Station

Working pressure 250-400 bar,
flow up to 200-380 I/min,
ultrafiltration 1SO 16/13

Ensuring  stable  physical,
chemical and  temperature
conditions for the operation of

the hydrostatic transmission.

To implement the control of the experimental test bench processes on a programmable
logic controller, the following basic structure of the anti-slip device control algorithm was
developed:

1. System initialization (sensor polling, operating pressure check);

2. Main measurement cycle (with a period of 10 ms);

2.1. Reading the speeds of the hydraulic motors;

2.2. Calculation of the average theoretical speed,;

2.3. Determination of the slip coefficient for each wheel;

3. Conditions for turning on the anti-slip device: IF the permissible slip is exceeded,
THEN we generate a control signal for the valves of the anti-slip device of the corresponding
wheel and correct the supply of the adjustable pump to minimize pressure losses,
OTHERWISE we support the nominal flow distribution mode.

4. Return to step 2.

Furthermore, the modular architecture of the experimental test bench provides hydraulic
ports and software interfaces for the direct integration of energy recovery systems. To fully
explore energy recuperation within hydraulic drives, hydropneumatic accumulators and
advanced directional control valves can be connected to the main circuit. This hardware
flexibility allows for the physical simulation of regenerative braking, where the kinetic energy
of the virtual vehicle, calculated by the HIL system, is converted back into hydraulic pressure
and stored.

Thus, based on the analysis, complex requirements for the hardware and software
components of the experimental test bench have been formed. The use of precision measuring
equipment in combination with high-speed servo valves and dynamometers enables accurate
reproduction of complex off-road operating conditions in laboratory conditions. The
described control algorithm provides flexibility of settings for testing various strategies for
redistribution of traction force.
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The practical implementation of the proposed methodology will allow not only to
investigate the effectiveness of commercial anti-slip devices, but also to develop and validate
our own, adapted to domestic operating conditions, hydrostatic transmission control
algorithms. The next step is to develop a scheme of an experimental test bench and analyze the
required accuracy of the hydraulic drive characteristics in wheel slip simulation modes.

Results.

After completing the stage of theoretical justification of the experimental test bench
configuration, its scheme was developed. The general view of the experimental test bench
scheme during test execution and recording of operating parameters is shown in Fig. 1. This
allows you to visualize the layout of key hydrostatic transmission lines, loading devices and
an array of measuring sensors involved in the study.

1. POWER AND DRIVE MODULE 2. INVESTIGATED HYDROSTATIC TRANSMISSION 3. DYNAMIC LOAD UNIT
Mechanical
C ctio Line A i dranlic ma ote
— . onnection_| | LineA U Line C _| Hydraulic _ Load D_\:nr-nci)llr}u_gr l] - ]
Variable Drive Main ‘ Antisslin Motor1 || Simulation| [__(Load Unit) ™
Frequency Electric Pump D’\‘;C’lr -«
Drive Motor | LineB s Line D Hydraulic Dynamometer 2 i 3
—» - ;\ngu?i . {Load Unit) Servo Drive 2
4 4
8
a
‘ %
Z « g
E 4. AUXILIARY HYDRAULIC STATION AND 2 e 2 g
2 THERMOREGULATION SYSTEM ) g g S
g < 3 3 4
“ Hydraulic Thermoregulation 5 = = g
2 Tank z 3
g &) o4
= r . )
g Filtration Hydropneumatic 3
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z 3
E]
5 5. DATA ACQUISITION AND CONTROL SYSTEM
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L || |Pressure Flowmeters | | Encoders ‘ Torque &, ASR Microcontroller Lﬁ HIL Simulator
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v Y v
‘ DAQ Module 4 .
Models and Parameters ’
f Parameters and States

Fig. 1. Scheme of the experimental test bench for studying the characteristics of a hydraulic
drive with an anti-slip device.

To ensure high accuracy of verification of nonlinear mathematical models, the use of
modern high-speed analog-to-digital converters and precision sensors is envisaged. Fast
transient processes that occur during sudden wheel slip and at the moment of anti-slip device
activation are recorded.

Table 3 summarizes the key parameters studied on the experimental test bench, provided
by the measuring equipment under different loading conditions and simulated tire-road
adhesion coefficient. These results serve as an empirical basis for assessing the effectiveness
of the proposed control algorithms.

The main experimental procedures include stall testing, transient-response testing,
simulated wheel-slip testing, efficiency mapping, and energy-recovery testing. Stall test is a
classic, but extremely important procedure for verifying the maximum traction capacity of
hydraulic and mechanical systems without actual vehicle movement. On the bench, the
hydraulic motors are forcibly blocked, the pump displacement is brought to maximum, and
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the drive electric motor is accelerated to maximum speed. During the study, the maximum
pressure achieved in the system is recorded, the correct operation of the pressure relief valves
is checked, and the case drain is measured. To ensure the reliability of the results and prevent
mineral oil degradation, the temperature of the working fluid during the test is strictly
controlled by bench automation (maintained at about 50°C). This test will be used to verify
whether the system can withstand the critical peak loads that occur when the traction control
device redistributes 100% of the traction force to one wheel with a high tire-road adhesion
coefficient to the ground.

Table 3. Investigated parameters on the experimental test bench

Measured parameter Sensor type Mears:rl]’(ge(ranent Accuracy
Pressurge in the pressure and Strain gauge pressure 0..40 MPa £0.5%
return lines transducer
Hydraulic fluid flow rate High-pressure turbine 5...150 I/min +1,0%

flow meter
Hydraulic motor speed Incremental encoder 0...3000 rpm +2 rpm
Hydraulic fluid temperature Thermal resistance -20...+100 °C +0,5 °C

Transient response testing and slip simulation involves operating the stand in the basic
and most informative mode for studying Traction Control systems. The complex test protocol
involves bringing the hydrostatic transmission to a stationary cruising mode with high
symmetrical resistance, after which the HIL system instantly (10-50 ms) minimizes the load
on one of the hydraulic motors, simulating a sudden loss of traction. The provoked
uncontrolled slip causes a sharp drop in pressure and stops the support motor. Having
identified a kinematic mismatch in the form of a critical increase in differential speed, the
anti-slip drive instantly initiates countermeasures - reduces the displacement of the hydraulic
motor. The stand equipment at high speed records the time of restoration of traction and the
dangerous amplitude of pressure pulsations, which, thanks to the use of modern control
algorithms, is damped 2.5-5 times more effectively compared to classic proportional
regulators.

The experimental test bench additionally provides automated construction of
multidimensional efficiency maps by testing the object in the entire matrix of pressures and
speeds by recording the balance between input and useful output power. Highly accurate
assessment of energy losses of the anti-slip device itself is critical for the latest electric
forklifts and hybrid equipment. Given the specific balance of power, each joule of stored
hydraulic energy directly extends the duration of autonomous operation of such machines
from the battery. To comprehensively investigate this process, a dedicated energy
recuperation testing protocol will be implemented. During simulated braking or downbhill
movement, the dynamic load units will operate in a driving mode, transferring mechanical
energy back to the hydraulic motors, forcing them to act as pumps. The measuring system will
evaluate the efficiency of capturing this reverse fluid flow into hydropneumatic accumulators
and record the transient responses of the mechatronic valves during the rapid switch between
traction and recuperation modes.

As a result, the data obtained after experimental studies will be used to develop and refine
nonlinear mathematical models of the hydraulic drive of a mobile machine in simulation
environments.
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Conclusions.

The creation of a specialized experimental test bench for studying the characteristics of a
hydraulic drive with an integrated anti-slip device is an extremely complex multidisciplinary
engineering task. This task combines the laws of ultra-high-pressure hydraulics, the applied
theory of complex nonlinear spatial control of multi-mass systems, and the most modern
information cyber-physical technologies. An analysis of scientific and technical sources over
the past decade has been conducted, noting a clear transition from hydromechanical
compensators (such as passive flow dividers) to intelligent high-speed systems for the
individual electronic control of the working volume of each hydraulic motor.

It should be emphasized that this article primarily focuses on the methodological
development, architectural design, and hardware validation of the experimental test bench
itself. The developed hardware and software complex proves its suitability and readiness for a
comprehensive assessment of such intelligent systems. The proposed control algorithms are
expected to provide more effective damping of critical pressure pulsations than classical
proportional controllers. Executing the proposed stall test and transient response protocols
will provide extensive empirical data sets to evaluate the dynamic damping of critical
pressure pulsations under simulated loss of traction.

In addition to assessing traction characteristics, the created stand opens up wide
opportunities for automated efficiency mapping and the accurate measurement of
measurement of small energy losses within the system. This creates a reliable scientific and
technical basis for the further improvement of energy recovery systems in modern hydraulic
drives, which is a critically important stage in the design of energy-efficient hybrid
technologies and modern mobile machines. Ultimately, the developed test rig forms a robust
experimental foundation for future comprehensive studies on energy recuperation in
mechatronic hydraulic drives, enabling the practical validation of intelligent control strategies
for regenerative braking.
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EKCNNEPUMEHTAJIbHU BUIIPOBYBAJBHUM CTEH]I JIJISI JOCJIIIKEHHSA
XAPAKTEPUCTUK I'TAPOITPUBOY 3 AHTUBYKCYBAJIBHUM ITPUCTPOEM

B. O. Tpery6os?, O. B. [TlionTkeBny!

L Binnuyoxuii nayionanvruuii mexniunuii yHisepcumem

Anomauisn

PobGota mnpucBsyeHa BHPIMICHHIO CKJIAAHOI MYJIBTUAMCUUILIIHAPHOT iHXKEHEpHOi 3aaadi —
po3po0Ii  Ta AOCHIKEHHIO CIEialli30BaHOTO  anapaTHO-TPOTPaMHOI0  EeKCIEPUMEHTAIBLHOTO
BUTIPOOYBAaIBFHOTO CTEHAA [UISI TECTYBaHHS TiAPOCTATHYHUX TPAHCMICIH 3 I1HTETPOBAaHUMH
aHTHOYKCYBaJIbHUM TIPUCTPOEM. [OJOBHOIO METOI0 € OOIPYHTYBaHHA Ta pO3pOOKa KOHIEMIIil
EKCIEPUMEHTAILHOTO BUMPOOYBAaILHOTO CTEHAY AJIsi KOMIIEKCHOTO JOCIIIKEHHSI pOOOYHX MPOLECiB
y TigporpuBoai MOOITBPHOI MAamIMHU 3 aHTHOYKCYBAJbHUM MHPHUCTPOEM. Y TPOIECi IOCIHIHKEHHS
3aCTOCOBaHO KOMIDIEKCHHH MIAXIM, IO MOEJHYE 3aKOHH TiAPaBIiKH, TEOPItO MPOCTOPOBOTO KEPYBAHHS
0araToMacoBHMMHU cHCTEMaMu Ta cydacHi KiOep¢izuuni HIL-texnomorii. B mpoueci mociikeHHs
TaKO MPOaHaNTi30BaHO MPOAYKIito iHHOBaiiHuX (ipm Poclain ta Danfoss, 30kpema, ixHi po3poOku:
CreepDrive, H1 traction control, Twin Lock. Jlist Bepudikarii mapamerpiB peanizoBaHo crierugivmi
IPOTOKOJIM: TECTH HA YTPUMAHHS 3 >KOPCTKUM TEMIIEPATypHUM KOHTPOJIEM Ul OLIHKU BHYTPILIHIX
BUTOKIB; BUNPOOYBaHHs Ha MEPEXiTHUH BIATYK, SKi IMITyIOTh pamnToOBY BTpaTy 3uUCIUICHHs Kojeca 3
IPYHTOM LUIAXOM MHUTTEBOTO CKHIAHHS ONOPY HABAHTAXXYBAJIBHOI'O IMPUCTPOIO; & TAKOXK aJITOPUTMHU
moOymoBU OaraToBUMIpHUX KapT edeKTuBHOCTI. [IpoBeneHo IpyHTOBHHN aHaJi3 TEHCHIIII Tepexory
Bil KJIACUYHMX [MACHBHUX TIIPOMEXaHIYHUX KOMIICHCATOPIB [0 IIBHAKOMIMHUX CHUCTEM
IHAMBIYaNbHOTO  €JIEKTPOHHOTO KepyBaHHSA pobounM o0’eMoM  TimpomoTopiB. HaenmeHi
pEKOMEHAIll CUCTeM i3 TeXHIYHMMH XapaKTePUCTHKAMH JI KOMIUICKTAIii eKCIePHUMEHTAIEHOTO
BUTNIPOOYBaJILHOTO CTEHIY, @ TAKOX Jiama3oHH Ta TOYHICTh JOCIIKYBaHHX MapameTpiB. OTpumaHi
pe3yJbTaTH CTBOPIOIOTH MillHE HAYKOBO-TEXHIUHE MiAIPYHTS JJIsl BIOCKOHAJICHHS CHCTEM peKyTeparii
€Hepril B TiIpaBIivyHUX TpruBoAax. TodHUI 00K €eHepreTHIHOTO OATaHCy € KPUTHYHO BaYKIIMBUM JIS
PO3pOOKH HOBITHROI MOOLITBHOT MaIlIMHY, e KOKEH 30€peeHHI HKOYIb TipaBIidHO] eHeprii mpsaMo
NPOTOPLIHHO MPOJOBXKYE Yac aBTOHOMHOI pOOOTH MAaIllMHU BiJl aKyMYJISITOPHUX OaTapeii.

Knrouoei  cnosa: TigpompuBON, aHTUOYKCYBIBHWUH  TNPHUCTPiH,  eKCIIEPUMEHTAIbHUN
BUNPOOYBaJILHUN CTEH/I, aJITOPUTM KEPyBaHHS, TAPOMOTOP.
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Abstract. The article addresses the urgent problem of increasing the reliability and efficiency of
constant-fill safety-start fluid couplings in the drives of underground scraper chain conveyors. An
analysis of the use of various types of operating fluids is conducted in terms of ensuring fire safety and
optimizing key operational characteristics. The study aims to establish regularities between the
mechanical characteristics of fluid couplings and the concentration and properties of operating
fluids—specifically, water-oil emulsions of the HFA-E type. The research was carried out through
bench testing of a serial GPE345U fluid coupling at various fill volumes and concentrations of
Solcenic PI Plus emulsol. It has been experimentally proven that increasing the emulsol concentration
in the operating fluid significantly improves mechanical characteristics during transient operating
modes of the fluid coupling, while minimizing heat generation and excessive energy losses. The
scientific novelty lies in identifying the deviations in the behavior of water-oil emulsions from the
laws of classic Newtonian fluids within the flow passage of fluid couplings. The practical value of the
results consists in justifying the feasibility of using a 10% HFA-E type emulsion as the operating fluid
of a fluid coupling to significantly improve efficiency and durability indicators.

Keywords: hydrodynamic drive, constant-fill fluid coupling, mine scraper chain conveyor,
mechanical characteristic, oil-in-water emulsion, HFA-E, operating fluid, concentration.

Introduction.

Hydrodynamic power transmissions have become widely used in the drives of belt and
scraper mine conveyors [1]. During operation, the fluid coupling is a critical component that
ensures their reliable performance.

In scraper conveyor drives (Fig. 1) with a power rating of 30-250 kW, it is technically
viable to use constant-fill safety-start fluid couplings (closed-loop system), which provide the
following functions:

— facilitated starting of conveyor electric motors under no-load and loaded conditions;

— maximum utilization of the electric motor's traction characteristics to start the
conveyor in a loaded state;

— protection of the drive and the conveyor traction element against overloads by limiting
the torque;

— load equalization between drives in multi-drive conveyors.
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Head drive Tail drive
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Fig. 1 Kinematic diagram of a scraper conveyor equipped with fluid couplings in the drives:
1 —electric motor; 2 — connecting coupling; 3 — fluid coupling; 4 — gear reducer; 5 — drive shaft;
6 — sprockets; 7 — drag chains; 8 — scrapers.

This type of fluid coupling features a relatively simple design, with only an internal
operating fluid circulation loop and air cooling. In drives with a power output exceeding 250
kW, there arises a need for additional cooling of the operating fluid. This is achieved either
by introducing an external circulation loop or by using fluid couplings with auxiliary
chambers that increase the volume of the operating fluid, expand the cooling surface, and can
provide a smoother, slower start. Both approaches lead to a more complex design and reduce
the viability of using fluid couplings. In high-power drives, competing technical solutions are
more frequently utilized, such as controlled drives with electromagnetic brakes [2], two-speed
electric motors with flexible couplings, thyristor soft starters, variable frequency drives [3],
and others [4].

Thus, along with their advantages and beneficial functions, fluid couplings also possess a
number of fundamental drawbacks, such as high heat generation and energy losses, and
therefore require improvement.

Literature Review.

The conducted analysis identified the following directions for improving the performance
of hydrodynamic transmissions:

Increasing energy capacity.

This is aimed at reducing the mass and dimensions of the hydrodynamic transmission and
the drive as a whole, which intends to lower equipment costs, reduce installation expenses,
and expand the feasibility of using compact drives when mining thin coal seams. This can be
achieved through:

Using high-density operating fluids (p). The torque that a hydrodynamic drive can
transmit has a direct linear dependence on p [5, 15]. This follows from the formula for
determining torque derived from the general similarity theory of turbomachines:

M=7vp-D5~o)2, (@D
where A is the torque coefficient, which accounts for the shape of the fluid coupling's flow
passage and the viscosity of the operating fluid; p is the density; D is the active diameter (in
the case of fluid couplings, the outer blades diameter); w is the rotational speed.

Optimizing the viscosity-temperature parameters of operating fluids. This reduces friction
losses during the circulation of the operating fluid during operation, increases transmission
efficiency, lowers heat generation, and consequently enables the use of more compact
transmissions for a given power and rotational speed.

Enhancing the heat dissipation capability and heat capacity of the fluid. This is aimed at
maintaining operation within a specified temperature range (without overheating) due to the
properties of the operating fluid, the design and materials of the main components, and the
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presence of a cooling circuit.
Optimizing the geometry of the flow passage. This includes reducing the thickness of the
impeller blades and the surface roughness of the flow passage.

Increasing reliability.

This is aimed at improving the operational performance indicators of both the fluid
coupling itself and the drive as a whole, while maintaining all functional properties. This can
be achieved through:

Reducing thermal stress during operation by means of the operations [5, 15].

Using operating fluids with high anti-corrosion and anti-friction properties to prevent the
failure of transmission components.

Simplifying the design of hydrodynamic systems and reducing the mass and dimensions
of rotating parts to lower dynamic loads.

Using operating fluids with a high boiling point and low saturated vapor pressure, which
is crucially important for closed-circuit fluid couplings to prevent additional loads on the
housing. Concurrently, preference should be given to fluids with a high flash point, and in the
conditions of underground coal mines — to non-flammable, non-toxic, and environmentally
safe fluids.

Reducing energy consumption in steady-state and transient conditions

It is technically expedient to bring the transmission efficiency as close to 100% as
possible in steady-state (nominal) operating modes that do not require impeller slippage.
Generally, these modes account for about 90% of the drive operation time. Therefore,
increasing efficiency by even 1-3% vyields significant energy savings, reduces the thermal
load on all transmission elements, and enhances drive reliability.

However, the hydrodynamic method of torque transmission requires operating fluid
circulation, which is only possible when slip occurs S>0. This means that using purely
hydrodynamic methods, we can only approach an efficiency of 100%. Currently, the best-
performing fluid couplings achieve an efficiency of 97-98% in nominal mode (with a
nominal slip of S =2...3%).

The efficiency of a fluid coupling can be increased by optimizing its design (the shape of
the flow passage, the number and tilt angle of the blades, etc.), by altering the parameters of
the operating fluid, or by a combination of both methods.

As an example, transitioning from the use of 1-20A industrial oil to a water-oil emulsion
(3% oil, 97% water) as the operating fluid increases the nominal efficiency from 96.1% to
97.7% without modifying the design of the 1GPE400U fluid coupling [2]. Given the nominal
power of 55 kW transmitted by this fluid coupling, power losses under nominal load in this
specific case decreased from 2.12 kW to 1.25 kW, while the heat flux causing the coupling to
heat up was reduced by 40%.

A transmission efficiency of 100% can be achieved by mechanically locking the
impellers during operation [6, 7]. This possibility derives from the friction torque component
Meric in the torque equation for a fluid coupling:

M = Mup + Mrric + Mp — Mw 2)

where M is the total torque transmitted by the fluid coupling; Mup is the hydrodynamic
component (torque transmission via the energy of operating fluid flows); Mrric is the torque
transmitted by friction in bearings and seals, via internal fluid friction, or through locking
elements (for couplings featuring a lockup system); Mp is the dynamic component during
non-steady-state (transient) conditions due to the acceleration of the fluid coupling's driven
rotating masses and the operating fluid (equals O under steady-state conditions without
acceleration); Mw is the windage torque caused by the friction between the housing and the
surrounding medium (air).

In practice, implementing a mechanical lockup requires a more complex fluid coupling
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design and the integration of a control system. In most cases, this is impractical in terms of
reliability, ease of maintenance, and manufacturing cost. Furthermore, during lockup, the
fluid coupling loses several beneficial functions, such as protection against static and dynamic
overloads, and load balancing between drives in multi-drive conveyors. Consequently, the use
of impeller lockups in fluid coupling drives requires a cautious approach.

Locking the impellers or reducing slip can also be achieved by controlling the viscosity
of the operating fluid—specifically, by transitioning from the "fluid coupling™ mode (low
viscosity, high circulation) to the "viscous coupling” mode (high viscosity, low or no
circulation). The latter method remains under-researched but holds promise for the
development and efficiency enhancement of hydrodynamic drives.

During transient operating modes (drive startup, overload operation), when slip can reach
values from 5 to 100%, a large amount of energy is lost, converting into heat that warms up
the operating fluid and the fluid coupling itself. Although such modes account for only about
10% of the drive operation time, their behavior significantly affects the operational reliability
of both the fluid coupling itself and the drive as a whole.

Most scraper conveyor failures occur precisely during startup (especially when buried
under coal), static overload, and dynamic overload during flight bar chain jamming. As a
result, the temperature of the fluid coupling operating fluid rises, and under critical load and
long duration, the thermal protection of the fluid coupling trips. According to data [2], in
scraper conveyors equipped with fluid coupling drives, thermal protection tripping accounts
for 14% of failures and 7.55% of downtime.

Recent studies on the failure distribution among main components during the operation of
the TR-7A conveyor [8] are shown in Fig. 2.
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defect PVI lifter gear  coupling  drive motor drum

Fig. 2 Failure distribution for main components during the operation of the TR-7A conveyor.

The nature of the conveyor failure distribution indicates that fluid couplings account for
approximately 10% of failures and 11% of time spent on restoration and repairs. Indirectly,
the operation of the fluid coupling also influences the reliability of all listed components,
including electrical equipment. Due to the cushioned motor startup, the cables and the
electromagnetic starter experience high startup currents for a shorter duration, thanks to the
starting and safety properties of the fluid coupling. That is, the correct operation of the fluid
coupling can significantly increase the reliability of all conveyor components and reduce
repair costs, both in terms of material and time.

Therefore, it is important to optimize the starting, acceleration, and static characteristics
of fluid couplings. On one hand, this reduces wasted energy; on the other hand, it increases
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the reliability and operational efficiency of the fluid coupling, electric motor, drive, and the
machine (conveyor) as a whole. In the drive of a mine scraper conveyor, the joint operation of
the fluid coupling and the induction motor must be considered. Figure 3 shows the
superposition of their mechanical characteristics. The slip S is plotted along the abscissa axis
(x-axis), and the torque M transmitted by the fluid coupling and the motor is plotted along the
ordinate axis (y-axis).
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M with a fluid coupling
Motor operation on the stable part
ot the mechanical characteristic
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Fig. 3 Mechanical characteristics of the electric motor, fluid coupling, and their joint operation
in the scraper conveyor drive.

Under a static load of an operating drive, the torque transmitted by the drive is
determined by the fluid coupling, while the electric motor operates on the stable part of its
mechanical characteristic, thereby being protected from overloads. This occurs due to the
absence of a rigid connection between the driving shaft of the electric motor and the driven
shaft of the gearbox — the fluid coupling separates the electric motor and the output part of the
drive via a hydrodynamic method of torque transmission.

As the load increases, the slip S of the fluid coupling increases from the nominal value up
to 100%, at which point the output shaft is braked (stalled condition). In this case, the electric
motor operates under overload, but there is no stalling (drop-off) into the unstable part of its
mechanical characteristic. Under these conditions, the motor's traction capabilities are fully
utilized: the torque reaches values of 2...3 Mn (Mn is the nominal torque), and the current
reaches values of 3...4 In (In is the nominal current).

At the moment of the drive startup, due to the slip S decreasing from 100% to the
nominal value, the fluid coupling allows the motor to accelerate rapidly (up to 1 s) and pass
the unstable part of the mechanical characteristic, where the currents reach 5.5...8.5 In. This
provides protection for the electric motor during the starting mode.

To ensure protection of the electric motor and the drive against overloads on one hand,
and to maximize the utilization of the motor's traction capabilities on the other, the
mechanical characteristics of fluid couplings in scraper conveyor drives must meet the
following requirements:

— The fluid coupling slip at nominal load, Sn , must be as low as possible and should
not exceed 3%, which ensures minimum efficiency n > 97%:

SN <3 %; 3)
— The maximum torque values that the fluid coupling can transmit must range from 0.85

to 0.95 of the maximum torque Mmax mort that the electric motor can develop on the stable
part of its mechanical characteristic:

Mst, M1, M2 =0,85...0,95 Mmax.morT; (4)
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— The starting torque of the fluid coupling, Mst, must be equal to or higher than the
maximum torques M1 and M of the fluid coupling's static characteristic. This is a necessary
condition for damping self-excited oscillations during chain jamming, which was
experimentally proven by A.V. Leusenko [2]:

Mst > M1, My; (5)

— To ensure the required rigidity of the stable section of the mechanical characteristic of
the fluid coupling, the minimum values of the maximum torque Mz and the torque Mioy at a
slip S = 10% are standardized as follows:

M1 >2 Mn; (6)
Miow > 1,7 Mn; (7)

— To ensure uniform and efficient drive acceleration and to prevent long-term operation
of the fluid coupling with high slip values during overload, the minimum torque Mmin (the
torque "dip™) should be absent or is standardized by the following expression:

Mmin > 2 My; (8)

— To protect the drive and the conveyor's flight bar chain assembly from dynamic loads
(for example, during chain jamming), the maximum dynamic torque \(M_{dyn.c}\)
transmitted by the fluid coupling during emergency stalling of its driven part must not exceed
3.5 M within a braking time of t = 0.5 s [3]:

Mbpyn < 3.5 Mn. 9

Summarizing all the considered aspects, three main directions for regulating and
improving the characteristics of fluid couplings can be distinguished:

— Changes in the design and geometry of the flow passage;

— Selection of the optimal fluid coupling filling volume;

— Optimization of the operating fluid parameters.

The first direction (design-based) can be applied at the stages of development,
manufacturing, and bench testing. This direction has been foundational for fundamental
research ever since the inventor of hydrodynamic transmissions, Prof. Fottinger. Currently,
the largest amount of research in this field is conducted by Voith (Germany). The general
optimization of the modern design of safety-starting fluid couplings for mine scraper
conveyors produced in Ukraine by the "Svitlo Shakhtarya” plant was carried out in the 1980s
and 1990s, based on research from the Skochinsky Institute of Mining and the works of
engineers from their own research laboratory: A.V. Leusenko, V.K. Gavrilenko, and V.Y.
Kapshtyk. The general dependencies of mechanical characteristics on the number of blades,
flow passage parameters, and other design variables are provided in [9].

The second direction (filling volume optimization) is used during the testing and fine-
tuning phases to match the characteristics to specific operating conditions once the design and
operating fluid type have been finalized. As a rule, safety-starting fluid couplings are filled
with operating fluid to 65...90% of the total internal cavity volume. Higher filling values
correspond to higher values of transmitted torque M and power N. The optimal filling
volume, which maximizes the traction, safety, and starting capabilities of the fluid coupling,
is approximately 88% of the internal cavity volume. By reducing the filling volume, the
torque can be regulated from Mmax down to 0,6Mwmax. This method of selecting the optimal
filling volume is used as an auxiliary tool during the final phase of pre-operational testing.

In our research, we examined the third path — optimizing the composition of the
operating fluid, as it can improve the performance efficiency of both newly designed
equipment and machinery already in operation. Design changes always require significant
material costs, which are much higher than the cost of replacing the operating fluid. Practical
experience with safety-starting fluid couplings has revealed that operating fluids significantly
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affect both the mechanical characteristics of the couplings and their operational reliability. In
our opinion, insufficient attention has been paid to this issue in previous studies. Therefore, it
is crucial to establish the dependencies that will aid in selecting the optimal characteristics of
the operating fluid.

We will examine the key requirements for operating fluids used in fluid couplings of coal
mine conveyor drives.

Modern coal mine safety regulations [10, 11] require the use of fire-resistant fluids
only. This requirement is due to the periodic discharge of overheated operating fluid when the
thermal protection of fluid couplings is tripped. The tripping temperature of the protection
system in modern fluid couplings ranges between +120...+150 °C, which is determined by the
thermal stability of seal and bearing materials, as well as the allowable casing temperatures
of +165...+170 °C upon contact with coal dust [12]. To prevent fires and explosions in
Ukrainian mines, the use of mineral oils as operating fluids in hydraulic drives was
discontinued in the 1970s. They were replaced by HFA-type oil-in-water emulsions consisting
of water and emulsol in concentrations up to 20% (oil in water), which are completely non-
flammable fluids (classified according to ISO 12922:2020 [13]). The transition to HFA-type
fluids provided many advantages regarding their application in fluid couplings, but it also
introduced certain technical difficulties compared to mineral oils. Below, we examine the
criteria by comparing these two types of operating fluids.

HFA-type emulsions must contain a package of anti-friction and anti-corrosion
additives to compensate for the aggressive properties of water toward metal parts and
friction pairs. For the same purpose, in fluid couplings operating with emulsions, the bearings
are lubricated with grease instead of the operating fluid and are equipped with additional
seals. That is, bearing units in fluid couplings using mineral oils as operating fluids have a
somewhat simpler design than those operating with HFA emulsions. The fluid couplings
manufactured by the "Svitlo Shakhtarya™ plant, which were used in this study, are adapted for
operation with water emulsions; they feature two levels of protection (against overheating and
overpressure) and are equipped with bearing units isolated from the operating fluid.

When selecting an operating fluid, it is necessary to ensure compatibility with seal
materials (elastomers).

Operating fluids must have low viscosity to reduce internal friction losses and
increase hydrodynamic efficiency during fluid coupling operation in the steady-state mode. In
terms of this parameter, HFA-type emulsions have a major advantage over oils because they
possess significantly lower viscosity and show less dependence of viscosity on temperature. It
is worth noting that choosing the optimal viscosity of the operating fluid is a critical issue. As
a result of our research, we obtained findings indicating more complex dependencies than
those considered in classical sources (see below in the text).

In order to increase energy capacity, preference is given to fluids with higher density.
HFA emulsions have a density 15...20% higher than mineral oils, which provides a
corresponding gain in the torque and power that the fluid coupling can transmit.

During the operation of hydrodynamic transmissions in starting modes and during
overloads under steady-state modes, a significant amount of heat is generated, which goes
toward heating the operating fluid. To ensure the proper operation of the drive in these modes
(without overheating), the operating fluid must effectively store thermal energy and dissipate
it to the environment. It is most expedient to use fluids with a higher specific heat capacity
(the ability to heat up less with the same amount of supplied heat) and a higher thermal
conductivity coefficient (the ability to transfer heat within the fluid). HFA emulsions are
twice as effective as oils in terms of specific heat capacity, and 4...5 times more effective in
terms of heat transfer [14].

Operating fluids must comply with environmental and sanitary standards and have
the lowest possible cost. Since HFA-type emulsions consist of more than 80% water, they
have an advantage in these indicators not only over mineral oils but also over water-glycols
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(HFC) and synthetic operating fluids (HFD), which can also be used in fluid couplings.
Table 1 presents a comparison of the performance indicators of various types of operating
fluids for fluid couplings [5, 14, 15].

Table 1. Characteristics of operating fluids for fluid couplings

Parameter / fluid type | Mineral HFA (oil in HFB (water HFC HFD'U.
(1SO 6743-4) oils water) in oil) (water- | (synthetic
glycol) fluid)
~ 05 35...45

Water content, % — (80 min) 40...60 (18-20 for —
HFC-E)

Fire resistance flam- non-

(minimum ignition +650 +600 +400

mable flammable

temperature), °C

Compliance with

Section 3.1.1 of the i + i + i

7th Luxembourg

Report [11]

Fire resistance class

according to Section

3.1.3 of the 7th H A E B-C G-H

Luxembourg Report

[11]

Lubricating capacity +++ + + ++ +++

Kinematic viscosity

at +60 °C, cSt 6...18 0,5...3 18...25 10...25 14...25

Density, kg/dm? 0,99...1 for

0,85...0 HFA-E,
9 ...1.15 for 0,92...1,05 |1,07...1,14 | 0,91...0,93
HFA-S

Spec_lflc heat_ capacity 1 23 18 18 0.7

relative to mineral oil

Ther_mal conductmt_y 1 4 5 25 0.9

relative to mineral oil

Relative cost 1 0,5 0,5 3 6

As can be seen from the table, only HFA and HFC-type fluids fully comply with fire
safety regulations. One of the leading manufacturers of hydrodynamic transmissions, "Voith
Turbo" (Germany), recommends HFD-U class fluid as fire-resistant, considering it one of the
primary  options alongside HFA fluids [5, 16]. In essence, HFD-U fluid is a synthetic
substitute for mineral oil [17] and can be used as a fire-resistant fluid in industrial gearboxes
of mining equipment and in metallurgy. However, for fluid couplings operating in mines
hazardous due to gas and coal dust, which are typical for Ukraine, the use of HFD-U fluid is
impossible due to its non-compliance with safety regulations.

Based on an aggregate assessment of all factors, it is evident that HFA-type emulsions
are the most expedient choice for hydrodynamic couplings under coal mine conditions. In the
mines of Ukraine and Eastern European countries, the most widespread practice is the use of
emulsions based on the Solcenic Pl Plus concentrate (manufactured by FUCHS Petrolub SE,
Germany). The data were obtained from surveys of technical departments at mines in the
Donets Coal Basin (Donbas) and from open internet sources (tender procurement, Prozorro)
for the period from 2009 to 2025. In our research, we selected this operating fluid as the
primary subject for analysis.
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Research Methodology.

In the vast majority of studies focusing on the performance characteristics of fluid
couplings, homogeneous liquids—such as mineral and synthetic oils, water, and even
vegetable oils, which are considered an environmentally friendly alternative to petroleum-
based oils [18]—have been used as operating fluids. However, the operating fluids currently
used in the fluid couplings of coal mine scraper conveyor drives are emulsions, i.e., two-
component liquids. Therefore, establishing relationships between fluid coupling
characteristics and the composition and properties of HFA-type operating fluids represents an
urgent contemporary problem addressed in this study.

In this work, a pilot study was conducted to trace the dependence of the torque
transmitted by the fluid coupling on the concentration of the water emulsion. Water emulsions
of the HFA-E type based on Solcenic Pl Plus concentrate (a mineral oil-based concentrate)
were investigated. The concentration recommended by the manufacturer has changed over
time. In the 2000s and 2010s, it was recommended to use a 0.5-2% emulsion; currently,
Fuchs Lubricants Ukraine recommends using a 1.3-5% emulsion [19]. Practical experience
demonstrates that saving on concentration compromises the operational reliability of mine
hydraulics, and it is recommended to increase the concentration up to 5% [20]. In 2009, a
survey of mechanical engineers at SE Sverdlovantratsit (Luhansk Oblast) revealed that
increasing the emulsion concentration from 1.5% to 10% led to a 3.5-fold increase in the
service life of fluid coupling seals. Consequently, it was decided to test the fluid couplings
using operating fluids with the following volumetric content of concentrate in water: 1.5, 3, 5,
and 10%.

The tests were performed on a GPE345U safety-start constant-filling fluid coupling using
an STG110M test bench at the "Svitlo Shakhtarya™ plant. The GPE345U fluid coupling has
the following main technical specifications:

— Active diameter D = 345 mmM;

— Internal cavity volume V = 6.26 dm? (l),

— Weight without motor half-coupling and flexible insert m = 32 kg;

— Total weight (including motor half-coupling and flexible insert) M = 46.5 kg;

— Rated power N, = 22...30 kW at a motor rotational speed n1 = 1480 rpm.

The design and operating principle of safety-start fluid couplings manufactured by the
"Svitlo Shakhtarya" plant are discussed in detail in [2]. The installation layout of the
GPE345U fluid coupling in conveyor drives and other machinery is shown in Fig. 4.
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Electric motor
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|
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Fig. 4. Installation diagram of a fluid coupling in machine drives.

The mechanical characteristics were recorded at two different operating fluid fillings:
— 4.9 dm? (1), which constitutes 78% of the internal cavity volume and is used for
operation with electric motors rated at N, = 22 kW,
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— 5.3 dm? (1), which constitutes 85% of the internal cavity volume and is used for
operation with electric motors rated at N, = 30 KW.

Figures 5, 6, and 7 show the test bench for fluid couplings. The technical capabilities of
the test bench allow for testing fluid couplings and electric motors with power ratings ranging
from 11 to 500 kW. On the test bench, fluid coupling 4 is installed identically to its
operational layout in machine drives (Fig. 4). The STG110M test bench measures the torque
M and power N transmitted by the fluid coupling, as well as the rotational speeds of the
driving part n; and the driven part n2 (the pump and turbine impellers). The rotational speeds
are measured by tachometers 10, which are mounted on the rear end of electric motor 1
(driving part) and on the shaft of mechanical brake 7 (driven part). Torque is measured using
torque transducer shaft 5. One side of this shaft connects to the driven part of the fluid
coupling, while the other side connects to transfer gearbox 6, which distributes the torque
between brakes 7 and 8. The fluid coupling receives rotation from electric motor 1, which is
mounted on support 2. Brakes apply the load while recording mechanical characteristics.
Powder electromagnetic brakes 8 generate the load when recording static and start-up
characteristics, as well as when determining slip S at fixed loads. Mechanical drum brake 7
applies emergency loads to simulate conveyor chain jamming within a braking time of t < 0.5
s [3]. Bench control (starting, setting the load level), speed monitoring, and load control are
managed via control panel 9.

v/

Fig. 5. Schematic diagram of the STG110M test bench for fluid coupling testing: 1 — electric
motor, 2 — electric motor support (base); 3 — motor half-coupling (connecting coupling); 4 — fluid
coupling under test; 5 — torque transducer shaft; 6 — transfer gearbox; 7 — mechanical drum
brake; 8 — powder electromagnetic brakes; 9 — control panel; 10 — tachometers.

Rotational speeds are measured by two optical sensors (tachometers), which ensure a
high response speed with an accuracy of + 1 rpm. Their signals are sent to a computer to be
recorded while capturing static, start-up (acceleration), locked-rotor (starting), and dynamic
characteristics. They are also sent to the control panel to visualize rotational speeds under
steady loads.

The torque measurement accuracy is at least £ 5 N-m. The torque transducer shaft
transmits the signal to the computer for recording via Bluetooth wireless technology.
Compared to the previously used contact-based data transmission via brushes, wireless
technology reduces noise by an order of magnitude and improves measurement accuracy.
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Fig. 7. Mounting location of fluid couplings for testing on the STG110M test bench.

Load monitoring and visualization during the tests are performed using a wattmeter
installed in the control panel. The wattmeter measures the active electrical power Na
consumed by the electric motor with an accuracy of = 0.5 kW. When creating the required
mechanical load level, the value of the active electrical power was determined based on the
electric motor efficiency using the formula:

NAzNM/Tl, (10)

where Na is the active electrical power indicated by the wattmeter; Nm is the mechanical
power developed by the electric motor; 7 is the electric motor efficiency.

During the tests, the following characteristics were recorded:

a) Start-up (acceleration) characteristics. The torque M, as well as the rotational
speeds of the driving part n1 and the driven part n,, were recorded from the moment of start-
up until the driven part reached its maximum speed under a specified load. The load was
defined by the idle resistance torque of the powder brake with no voltage applied to it. The
resistance torque in this case was 100...120 N-m, which accounted for approximately 80% of
the nominal load at 22 kW and 60% at 30 kW.

b) Static characteristics. The driven part of the fluid coupling was gradually loaded
from a minimum torque of 0,6...0,8 Mn up to the locked-shaft state, where the speed of the
driven shaft n = 0 (slip S = 100 %), while recording the rotational speeds and torque. The
nominal rotational speed of the driving shaft was n1 = 1495 rpm. To eliminate the influence of
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the inertia of rotating masses on the torque readings, the load was increased smoothly,
ensuring a braking time of 15...20 s. To construct the torque M versus slip S characteristic
curve, the speed readings n: and nz were converted using formula (11):

5=27%% 10006 = 172 1000, (11)

O, n,

where o1 is the angular velocity of the fluid coupling driving part, rad/s; o 2 is the angular
velocity of the fluid coupling driven part, rad/s; n1 is the rotational speed of the driving part,
rpm; nzis the rotational speed of the driven part, rpm.

c) Locked-rotor (starting) characteristics. The test was performed by starting the
system with a completely locked (braked) driven shaft while recording the starting (stall)
torque Mst — simulating the start-up of a conveyor drive under a coal blockage.

d) Dynamic characteristics. From the nominal rotational speed of the driven shaft,
emergency braking was applied to bring it to a complete stop within 0.5 s, while recording the
torque and rotational speeds. The maximum torque value is standardized and represents the
dynamic torque Mpyn, which is used in structural strength calculations for drive components,
the traction element, and conveyor housing parts.

e) Measurement of slip Sn at nominal load. The required load level was set using the
powder brake: My = 142.5 N-m at Nn = 22 kW and Mn = 194 N'm at Ny = 30 kW. The
speeds n1 and n2 were recorded. Slip Sy was calculated using formula (11). Oscillograms were
recorded for all filling levels and concentrations. For static loading, they were converted into
static characteristics, the general view and symbols of which are shown in Fig. 8.

M, N'm M - torque
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Fig. 8. Parameters of static characteristics and accepted notation.

Accepted notation in tables and figures:
Sn — nominal slip,
Mn — nominal torque,
Muios — torque at S = 10 % slip,
Mwmax — maximum torque on the stable part of the mechanical (static) characteristic curve,
Mwmin — minimum torque on the unstable part of the mechanical (static) characteristic curve,
Maioo% — torque at S = 100 % slip (with the driven part locked),
Tst — run-up (acceleration) time of the driven part after switching on the electric motor,
Mst — starting torque at S = 100 % slip (starting with a locked driven shaft),
Mpyn — maximum torque during emergency braking within 0.5 s.
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Results.

For comparison, Fig. 9 shows the acceleration characteristics and static load at the same
fluid filling of 5.3 dm? under different emulsol concentrations: 1.5% (Fig. 9a) and 10%
(Fig.9b).
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Fig. 9. Start-up characteristics and static loading of the fluid coupling GPE345U with a 5.3 dm?
(D) fluid fill at different emulsol concentrations: a — 1.5%; b — 10%:
1 —speed curve of the driving part n; (electric motor); 2 — speed curve of the driven part n, (gear
reducer); 3 —torque curve M.

A lower emulsol concentration (Fig. 8a) corresponds to lower torque values. There is a
noticeably large "dip” on the unstable part of the mechanical characteristic, along with a
prolonged, inefficient run-up featuring a large torque drop and excessive fluid coupling
operation time at high slip values (S). This can lead to increased heating of the operating fluid
and the inability to start the conveyor under a coal overload. In contrast, at a 10%
concentration (Fig. 8b), the start-up and static load curves exhibit no large drops or "dips™ and
meet the performance requirements for scraper conveyors.

A similar pattern is observed for both fluid fills (4.9 and 5.3 dm®) — as the concentration
increases, the characteristics gradually approach more acceptable levels. For convenience of
result analysis, all obtained data were plotted as overlaid static characteristics (Figs. 10, 11)
and summarized in reference Tables 2 and 3.
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Fig. 10. Static characteristics of the fluid coupling GPE345U with a 4.9 dm? (1) fluid fill at
different emulsol concentrations: 1 — torque curve at 1.5% concentration; 2 — torque curve at
3% concentration; 3 — torque curve at 5% concentration; 4 —torque curve at 10%
concentration.
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Fig. 11. Static characteristics of the fluid coupling GPE345U with a 5.3 dm? (1) fluid fill at
different emulsol concentrations: 1 — torque curve at 1.5% concentration; 2 — torque curve at
3% concentration; 3 — torque curve at 5% concentration; 4 — torque curve at 10%
concentration.

In Tables 2 and 3, parameters that do not meet the performance requirements for
scraper conveyor drives are highlighted in red. It is evident that operating fluid couplings with
emulsions of 1.5...3% concentration fails to satisfy several criteria—see formulas (6), (7), and
(8). Therefore, fluid coupling operation can be recommended with emulsions containing a
Solcenic PL PLUS emulsol concentration of 5...10%.

The greatest deviations in the mechanical characteristics at low emulsol concentrations
are associated with the occurrence of a "dip" on the unstable part of the mechanical
characteristic at a slip of 10...40%. This is a negative phenomenon that leads to inefficient
performance during transient modes—drive startup (especially under a coal overload) and
operation with overloads.
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Table 2. Mechanical characteristics of the fluid coupling GPE345U.
Operating fluid: Solcenic PL PLUS water emulsion at concentrations of 1.5, 3, 5, and 10%.
Fluid coupling fill volume: 4.9 dm? (I). Nominal load: Ny = 22 KW, My = 142.5 N-m.

ASIHP @

Concen- | Sn, % | Mioos, Mmax, Mwmin, M09 , Tst, Msr, Mbpvn,
tration N-m N-m N-m N-m S N-m N-m
15% 29 310 310 200 430 17 385 490
(2,18Mn) | (2,18Mn) | (1,4Mn) | (3,02My) (2,7Mn) | (3,44My)

30 99 250 315 215 425 16 385 498
~1(1,75My) | (2,21M0) | (1,51My) | (2,98My) (2,7Mn) | (3,5My)

50 29 370 380 305 440 11 396 500

' (2,6Mn) | (2,67MN) | (2,14Mn) | (3,09MNn) (2,78Mn) | (3,5My)

10% 3.0 370 395 357 400 11 390 470
(2,6My) | (2,77My) | (2,51My) | (2,81Mn) (2,74Mn) | (3,3My)

Table 3. Mechanical characteristics of the fluid coupling GPE345U.
Operating fluid: Solcenic PL PLUS water emulsion at concentrations of 1.5, 3, 5, and 10%.
Fluid coupling fill volume: 5.3 dm? (I). Nominal load: Ny = 30 kW, My = 194 N-m.

Concen- |Sn, % | Mg, Mmax, Mwmin, Mi00% , Tsr, Ms, Mbpvn,
tration N-m N-m N-m N-m S N-m N-m
360 360 280 465 445 538
0,
L% 1 31 | @semy) | (1.86My) | (144My) | @4My) | 120 | @20my) | 277My)
3% 07 415 415 347 455 1 435 510
0 1 (2,14My) | (2,14M0) | (1,79M0) | (2,35My) (2,24My) | (2,63Mn)
S ”g 410 425 370 455 105 435 528
0 © 1 (2,11My) | (2,19My) | (1,91My) | (2,35My) ® | (2,24My) | (2,72My)
0% 07 425 455 415 465 o5 450 528
0 1 (2,19My) | (2,35My) | (2,14My) | (2,4My) ~ [ (2,32My) | (2,72My)

The shape of the "dip” and the minimum torque Mmin clearly depend on the emulsol
concentration. At the same time, the highest quality mechanical characteristics, featuring
small drops in torque M at a slip S = 10...100 %, were observed at high concentrations (curves
3 and 4). Run-up efficiency is indicated by the parameter Tst (Start-up time to nominal
speed). Increasing the emulsion concentration from 1.5% to 10% reduces the start-up time by
25...35%. As noted previously, the startup was performed under a load of 0.6...0.8 Mn. Under
real operating conditions with a nominal load, and even more so when starting a conveyor
under overload, the start-up time, excess energy losses, and fluid coupling overheating will
differ significantly across concentrations. This will crucially affect the conveyor's tractive
characteristics and drive reliability. The parameter Mmin serves as an indicator of the
conveyor's capability to start under an overload. As the emulsol concentration in the operating
fluid increases, it rises:

— with a 4.9 dm? fill volume and Nn = 22 kW from 1,4My to 2,5Mn

— with a 5.3 dm’ fill volume and Nn = 30 kW from 1,44Mn to 2,14Mn

Based on the obtained data, the relationships between the mechanical characteristics
and the operating fluid concentration have been plotted.

Fig. 12 shows that the torque values, especially during transient operating modes of the
fluid coupling, are a function of both emulsion concentration and viscosity. A rather

Ne 1 (77) ISSN: 1994-4691 [ ™
2026

158




@ THATY ACHFH@

unexpected result was that higher torque is achieved with emulsions of high concentration and
viscosity. In classical sources, lower viscosity values should correspond to higher torque
values due to lower internal friction losses. However, during our research, we obtained the
opposite result.

M, M,
N-m M1O% N-m M20%

500 | [ 500 /

400 1| /—“ 400 |

300 L 300 L
200 | 200 |
100 L 100 L
0 ' : } : 0 : } : :
1,5 3 5 10 15 3 5 10
Emulsol concentration, % Emulsol concentration, %
a b

Fig. 12. Dependence of the torque transmitted by the fluid coupling (5.3 dm? fluid fill) on the
emulsol concentration: a — at 10% slip; b — at 20%o slip.

This may be caused by several factors:

— easier discharge of the low-viscosity fluid into additional chambers, which are
designed into the fluid coupling to limit torque [2, p. 187], at lower emulsol concentrations;

— deviation of HFA-E type emulsion properties from the classical properties of
Newtonian fluids (according to [21], oil-in-water emulsions exhibit non-Newtonian properties
at oil concentrations of 5...80%);

— the Toms effect [22], which states that polymer substances added to water reduce fluid
friction against the walls, smooth out surface defects, and dampen turbulent pulsations in the
fluid flow. These facts require verification and further research to develop a more accurate
physical model of the processes occurring during fluid coupling operation with HFA-E type
operating fluids.

Conclusions.

An analysis of prior research into improving power drives for mine conveyors indicates
that the most promising and relevant approach to enhancing fluid coupling efficiency and
reliability is the use of HFA-E type water emulsions as an operating fluid. This area remains
insufficiently explored and requires a comprehensive set of studies aimed at investigating
fluid coupling characteristics depending on the percentage composition of water emulsions.

Based on the mechanical characteristics of the GPE345U fluid coupling obtained during
exploratory bench testing, it can be asserted that at an emulsion concentration of 10%, the
fluid coupling operates with maximum efficiency according to the following parameters:

— maximum utilization of the electric motor's traction characteristics due to a high torque
value Mmax on the operating section of the mechanical characteristic;

— smooth acceleration of the conveyor chain, without oscillations, including startup
under maximum load of the transported material;

— minimum heating of the operating fluid during startup due to the absence of a "dip" in
the mechanical characteristic, which ultimately increases the operational reliability of the
fluid coupling and reduces power consumption.
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These findings show that using Solcenic PL PLUS emulsion as the operating fluid
improves conveyor efficiency. Increasing the emulsol concentration from 1.5-5% (the
standard for hydraulic roof supports) to 10% significantly boosts scraper conveyor
performance and reliability.

Further research should focus on how viscosity, which depends on emulsol concentration,
affects torque and slip across operating modes. Additionally, developing physical models and
calculation methods for fluid coupling traction characteristics using HFA-E emulsions holds
both scientific and practical value.
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OBI'PYHTYBAHHA METOAY HIABUINEHHSA EOEKTUBHOCTI TA
HAJIMHOCTI I'TAPOMY®T IMPUBOJAIB IHAXTHUX KOHBEE€PIB I1PU
3ACTOCYBAHHI B IKOCTI POBOYOI PIJIMHU BOJJHUX EMY.JIbCII

C. B. Boponin?, B. B. IToaeraes?
! Vpaincokuii epoicasnuil ynisepcumenm 3aiisHuuH020 mpancnopny
2 Taspiticokutl depaicasnuii azpomexnonoivnul yrieepcumem imeni JImumpa Momoproz2o

Anomauin

CraTTi0O TNPUCBIYEHO aKTyalibHIA 1H)KEHEpHIH mpoOJeMi MiABUIICHHS HAJIMHOCTI Ta
eKCIUTyaTalliiHoT e(EeKTHBHOCTI 3aro0i’KHO-ITYCKOBUX TiAPOMY(DT 3 TOCTIHHAM 3allOBHEHHSM, SIKi
BUKOPHUCTOBYIOTbCS Y MPHUBOAAX IIAXTHUX CKPeOKOBUX KoHBeepiB. I[IpoBeneHo KOMILIEKCHUI
NOPIBHSUTBHUKA aHaji3 pi3HUX pOOOYMX pIIUH il 3a0e3ledeHHs BUMOI TMOXKEXKHOI Oe3leKku Ta
ONTHUMI3alil KIOYOBUX EKCIUTyaTallliHMX IapaMeTpiB B YMOBax IIAaxXT, HEOC3MEUHUX 3a Ia30M Ta
BYT'UJIbHUM MHIOM. [0JIOBHOIO METOIO IIbOTO JOCIiJKEHHS € BCTAHOBJICHHS 3aKOHOMIPHOCTEH MiXk
MEXaHIYHAMHU XapaKTEPUCTUKaMHU TiApoMy(T Ta BIACTUBOCTSAMH (KOHLCHTPALIEI0) BOJOMACIISTHHX
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emynbciit kimacy HFA-E.

ExcniepuMeHTalIbHI JTOCHIHKEHHS BHUKOHAHO Ha JIaOOPaTOPHOMY BHIPOOYBaJIbHOMY CTCHII 3
BUKOPHUCTaHHSM cepiliHoi riazpomydTu I'TIE345Y BupoOHunTBa 3aBoay «CBiTiO maxraps» (YkpaiHa).
Metonuka BunpoOyBaHb Nependavaia OLIHKY poOOOTH TigpoMy(Tw 1yis ABOX pi3HUX 00 €eMiB
3ammoBHeHHS piguHO0 (78% Ta 85% Bix moBHOTO 00’€My BHYTPIIIHBOT OPOKHWHU), IO BiJIMOBiIaE
po0OTi y TpHBOIAX 3 aCHHXPOHHHUMH EJNEeKTpOABUTYHamMH MOTyxHicTIo 22 kKBt Ta 30 xBT. Cxman
piavHM BapitoBaBCs 32 00’ €MHOI KOHICHTpaIliero emynbcony Solcenic Pl Plus (Bupoouurirea FUCHS
Petrolub SE, Himeuunna) — 1,5%, 3%, 5% ta 10%.

ExcneprMenTanbHi JaHi OKa3aiy, Mo 301IBIIEHAS KOHIIEHTPAIlii eMyJIbCOTy CyTTEBO MOKPAIIIYE
MEXaHiYHI XapaKTEPUCTHKH IiJl Yac KPUTHYHUX Ta MEPEXiIHUX PEKUMIB POOOTH, TAaKUX SIK 3aIyCK
KOHBEEpa Ta PEXKHUMIB TEepeBaHTaKEHHA. BU3Ha4ueHO, 10 BHINA KOHIEHTpALis €MYJIbCONy YyCyBae
MagiHAS («IPOBA») KPYTHOTO MOMEHTY B IHX PEXHUMax POOOTH, IO MPU3BOAWTH M0 MiHIMIi3arlil
HarpiBaHHS piAMHM Ta MapHUX BTpaT CHEPrii, THM CaMHUM 3HIDKYIOYH DPH3HK CIPalbOBYBaHHS
terioBoro 3axucry. KinbkicHo, mepexix Bim 1,5% mo 10% koHIEHTpaIii eMydabCii MiJBUILYE
MepPeBaHTAXYBaIbHY 3MaTHICTH mpuBoaa 3 1,4...1,5My mo 2,1...2,5My, 10 BiANOBiga€ BUMOTaM IS
MIPUBOIIB 3a0iHHUX CKPEOKOBIX KOHBEEDPIB.

HaykoBa HOBM3HAa OTPHMAaHUX PE3yNBTATiB IMOJSATAE Y BHSABICHHI PEOJIOTIYHUX BIIXWUJICHB BiJ
KJIACMYHUX 3aKOHIB HBIOTOHIBCHKHX PiIMH y TIOBEMIHIII BOIOMACIISIHIX €MYNbCIA B TIPOTOYHIHM YacTHHI
rigpomydtr. [lpakTrdHa MIHHICTH Pe3yAbTATIB MONATAE B TEXHIYHOMY OOTPYHTYBaHHI BUKOPHCTAHHS
10%-i emynbcii Tumy HFA-E sk ontumansHOi poOouoi piauHu. BrpoBamkeHHs Takoi KOHLEHTpaii
pPiAMHU eKOHOMIYHO JoUijbHEe Ta 3abe3leuye CyTTEBE MiJBUINEHHS eHEeproe(eKTUBHOCTI U
JIOBTOBIYHOCTI SIK camMoi TigpomMydTH, Tak 1 BCi€l NMPUBOAHOI CHUCTEMH IIAXTHOTO CKPEOKOBOTO
KOHBE€Epa.

KarwuoBi cjaoBa: rizpoanHamiuHUiA TpPUBIA, TiIpoMy(Ta MOCTIHHOTO 3aMOBHEHHS, HIAXTHUN
CKpEeNepHUil JaHIIOTOBUA KOHBEEp, MEXaHidyHa XapaKTEepHCTHKa, MacioBogHa emynbcis, HFA-E,
poOoua pignHa, KOHIICHTPAIIis.
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AHoTamis. Po3rmisiHYyTI MOXJIHMBOCTI  CTBOPEHHS TiIponpuBOAHOT OOpTOBOi  TpaHCMicii
BITYM3HSIHOIO KOJIICHOTO Bcroauxoga «Tornado» NUISXOM TMPOBEACHHS CTATHYHUX 1 JUHAMIYHHX
PO3paxyHKIiB 3 MOJEIIOBAHHAM ITapaMeTpiB TATOBO-IIBUIKICHOI XapaKTEPUCTUKH 3a JOHMOMOTOO
MaKeTy MPHUKIAJAHUX Hporpam VisSim mpu pilleHHI HETIHIMHUX AU(eEepeHliaJbHUX pIBHSIHb MIOAO
BU3HAUEHHs IIBHJKOCTI HaBaHTa)XXyBada 1 THUCKY B TifjponpuBoji Bix uacy. [IpoBenmeHuii anaii3
MIOKa3aB, III0 32 JIOTIOMOTO0 MOJICTFOBAHHS BapilOBaHHS BUTpPATH Hacoca i 3MiHM po0o4oro o0’emy
aKCi1aJbHO-TIOPIIHEBHX T1APOMOTOPIB MO>KIMBO BUSBICHHS €KCTPEMAILHUX PEKUMIB, SKi IIPHBOISATD
JI0 KOJIMBaHb THUCKY B TiJIPONPUBOMAI 1 MIBUAKOCTI BCIOJMXOJA. 30KpEeMa, BHU3HAYCHO, IO NpPHU
rajJbMyBaHHI BCIOJJMXO/Ia 3 MaKCHMAaJbHOI MIBUAKOCTI HUISXOM 3MEHIICHHS I10/1a4i Hacoca Ul
3a0e3meueHHs Oe3KkaBiTamiiHOl POOOTH TiPONPHUBOAY HEOOXITHO OJTHOYACHO 30epiraT MOCTIHHUM
BCTaHOBJICHO 3HaUYEHHS p00OYOro 00’ €My TiJJpOMOTOPIB.

KawuoBi ciioBa: guHamMika 00’€MHOIO TiIPONPUBOJY, aKCIallbHO-TIOPIIHEBI TiJPOMAIUHH,
KPYTHUI MOMEHT, IIBHJIKICTb, TOTYXHICTb, IEPEMa]] THCKIB.

Berynm.

CTBOpEHHSI KOJIICHUX BCIOJUXOAIB OTpeOye pIIIeHHs 3aja4, OB’ sI3aHUX 3 BUKOHAHHAM
BHUMOT IIBUAKICHO-TSATOBUX XapaKTEPUCTUK HA DPEXUMAaX 3pYyIIyBaHH, OJOJaHHS MiAHOMIB,
TPAHCIOPTHOI MIBUAKOCTI, a TaKoX 3amoOiraHHs OykcyBaHHIO.  Tomy ciijl BBaxaTH
aKTyaJbHUM NPOBEJCHHS PO3PAaXyHKIB TPAHCMicii BCIOAMXO0/IA K OJHOTO 3 HaMBa)KIMBIIIMX
eTamiB Horo mnpoekTyBaHHs. O0’ekToM poOoTH OOpaHa TpaHCMICIS JIOCHIITHOTO 3pa3ka
BiTun3HsHOTO Beroauxoga (BX) «Tornado» 3 OGoproBUM  00’€MHUM TiAPOTPUBOIOM.
3acTOoCyBaHHS  T1IPOMOTOP-KOJIIC 3aMICTh MEXaHIYHHUX TPAHCMICIH mJae MOXJIHBICTD
3abe3neueHHs] Oe3CTYMIHYacTOrO0 PeryJIroBaHHS IIBUIKOCTI BCIOJUXOMIB 1 MPUCKOPUTH iX
BUTOTOBJIICHHSI OJIOKOBUM METOJIOM TIPH 3aCTOCYBaHHI IMOKYITHUX KOMITICKTYIOUHX BY3IIiB,
30KpeMa HacocCiB, TPOMOTOPIB, TigpoanapariB Ta CHCTEM KOHJIUIIIOBAaHHA POO0YO0i PiIUHH.
Oco0nuBy yBary NpHUILIEHO pO3paxyHKaM JUHAMIYHMX XapaKTePUCTHUK, SKI Jal0Th
MO>KJIMBICTh BHM3HAYMTU KOJMBAJbHI MPOIECH, CYTTEBO BIUIMBAIOYM HA JOBTOBIUHICTb
tpancMmicii BX. Jlo HaykoBoi HOBU3HM POOOTH CJiJ BIIHECTH OTPUMAHHS JIHHAMIYHHUX
XapaKTepUCTUK TriAponpuBoAHoi TpaHcMicii BX 3a  pesynpratamMu MaTeMaTHYHOTO
MOJICJIIOBAHHS I1apaMeTPiB TArOBO-IIBUIAKICHOI XapaKTEPUCTUKM IPU BUKOPUCTAHHI MAKETY
MPUKIATHUX TPOo-TpaM VisSim ajis pileHHs HENIHIMHUX ITu(epeHIialbHuX PIBHSAHD MO0
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TSATU ASIHP

BH3HAYCHHS IIBUIKOCTI HABaHTa)KyBaya, TUCKY B T1APOMPHUBO/II 1 HOTO KOPHUCHOI MOTY>KHOCTI
BiJI Hacy.

Orasig aiteparypu.

PosrasHeMo TexHIYHI XapaKTEPUCTHUKH, PO3PAXYHKH 1 OCIIKEHHS TiIPONPUBOIHUX
TPAHCMICI  BCIOAUXOMIB JUIsl TOTPeO  BITYM3HSHUX Taldy3ed MPOMECIOBOCTI, 30KpemMa
HaTOra3oBoi, CiIbCHKOTOCIIOAAPCHKOMY BHPOOHMIITBI, pATYBaJbHUX poOOTaxX IIpHU
HaJ[3BUYAalHHUX CUTYalisX 1 Uil JOMOMOTH BiHCHKOBUM ipu OoioBux aisx [1]. B po6oti [2]
po3rsgHyTi Xapakrepuctukd BX  «Tornado» 3 rigponpuBogHOI0 GOPTOBOIO TPAHCMICIEKO.
B nmocmimxenni  [3] po3rasHYTI  CIOCOOM — MAIIMHHOTO KEPYBaHHS TiApaBIiYHUMH
TPAHCMICISIMH 13 3aMKHEHHUM JIAHIFOTOM ITUPKYJAii pobdodoi pimuuau (PP), maremarnuni
MOJIENTi TiAPOTIPUBOIIB Ta AaNTOPUTMH YIPABIiHHSI OKPEMHMH TigpoMammHamu. KepyBaHHA
0a3yeTbCs Ha JCIEHTPATi30BaHI CcXeMi, J€ TiAPOMOTOpP Ta HACOC KEPYIOTHCS OKPEMO
BIJTHOCHO CTPYKTYpU KEpyBaHHS, aJi¢ CHHXPOHI30BAaHO BIJHOCHO  JOPOXHIX  YMOB
nepecyBaHHsl TpaHCHOPTHOro 3aco0y. Ciia BIAMITUTH HAayKOBUM TEOPETUYHHMM MIAXiJ 10
QITOPUTMIB KEPYBaHHS TAPONPUBOJIOM 1 OTpUMaHi MPAKTUYHI pe3yIbTaTH.

TpaHcMicis 3 CHUCTEMOIO KOHTPOJIIO TSTH, KA CKJIAIa€ThCS 3 PEryjbOBaHMX Hacoca Ta
JIBOX TiIPOMOTOPIB, SAKI TPAIIOIOTh MapajeiabHO, MpuBeaeHa B podori [4]. [lapanenpHa
poboTa TiAPOMOTOPIB  MOXJIMBa Ha KOXHY BiChb TpPaHCIOPTHOro 3acol0y abo sk
anbTepHATHBHA TIIBKM Ha OJHY BICh Y BUIJISAI MOTOp-KoOJic oOepTaHHs Oe3mocepenHbo
MaTOYUH. AHAII3YEThCS TpaHCMICis TpaHCHOPTHOTO 3aco0y Macor 5000 Kr i MOTYXKHICTIO
60 kBt nipu tarosomy 3ycusuti 10 25 kH Ta makcuMmanbHii mBuakocTi 10 30 km/roz.

[TutanHss kepyBaHHS 00 €MHOIO TigPaBIiYHOI TPAHCMICIEI0 3 HEBU3HAYCHOIO
JTMHAMIKOI0 BHKOHABYOTO MEXaHi3My po3misiHyTo B poboti [5].  Tpancwmicis 3 Hacocom i
TiIPOMOTOPOM 3 PEryJlbOBAaHMMH pPOOOYMMH 00’€eMaMH (YHKIIOHYE IO 3aMKHEHOMY
naHutory  mupkymauii PP, MarematnyHa Mopaens TiponpHMBOAA Jlana  MOXKIIUBICTb
noOy/ayBaTu 3HaYEHHS Tepenaay THUCKIB 1 4acTOTH o0epTaHHs T1ipoMoTopa. B enexTpoHHuit
6mok (ECU) nHancmnmaroThCsi CUTHald 3BOPOTHOTO 3B’sI3Ky poOOTH TpaHCMIcii, 30Kpema
yacToTu obepranHs /B3, Hacoca Ta riipoMOoTOpa, 3HAUEHHS TUCKIB B OCHOBHUX MaricTpasix.
Perynaropu 3miHu poOounx 00’€MiB Hacoca 1 TiIpOMOTOpa KepyrTbCs MPONOPLIHHUMHU
enekTpomarHitamu. PerymioBanHs monaui nanuea no JIB3 Ta peBepcyBaHHs TpaHcMicli
TaKOK 3/IIICHIOETHCS uepe3 eIeKTPOHHUM OJIOK.

Benuky yBary npuIuisioTh mpoOiieMaM TrajlbMyBaHHS TPAaHCIOPTHUX 3aco0iB, IO
MOB’S13aHO 3 TUM, L0 NMPH HAHOLIBII MPOCTOMY CIIOCO01 rajJbMyBaHHS MEPEBEJCHHAM HAacOCa
Ha MIHIMaJbHE 3HA4Y€HHS pPOOOYOro 00’€eMy MOMKJIMBI CYTTEBI KOJIMBAHHS THCKY B
TiIPOCUCTEMI 1 CHpaIlbOBYBaHHS 3al001KHUX KianaHiB. Taki pexxuMu (poOoTa Ha «KJIamaHy)
IPUBOJATE K MEPErpiBy TiAPONPUBOJA 1 3MEHIIEHHIO HOro J0OBroBiuHOCTI. ToMy ¢axiBIi
MPOMOHYIOTh OUTBII M’SKi CIOCOOM TambMyBaHHS [JIsi TUX BUMAJKIB, KOJTU BOHO HE €
eKkcTpeHuM, Tak B maTeHTax [6;7] Ta mochipkeHH1 [8] po3TisHyTI ciocoOu TaabMyBaHHS
TpaHcMiciit 3 00’emanM rigponpuBogoM (OI'TI) «HAcOC-TiAPOMOTOP» HUITXOM IPOCETHHOTO
HABAHTAXKEHHSI JIOJaTKOBOTO HACOCY, 00’€/THaHHS OCHOBHUX MaricTpajiei TiapocucTeMu ado
MOBIIOMJICHHSI OJIHiI€T MaricTpaini 3 JHIE€ TMHDKUBICHHS, a TaKOX MPUMYCOBOTO
PO3BaHTAKyBaHHS 3aITO01KHOTO KIIAMaHY.

['iapaBiiuHi IPUHIMIIOBI CXEMH TPAHCMICIH 3 JIeKIJIbKOMa TipOMOTOp-KojecaMu GpipMu
«Poclain Hydraulics» 3a 10moMoror IiTbHUKIB MOTOKY pO3MISAHYTI B podoTi [9]. B
MOOUTBHUX MO3AIUIIXOBUX TPAHCIOPTHUX 3aco0ax BEIMKOI  MpolieMoro € 6opoThda 3
oykcyBanusMm. Tomy ¢ipma «Poclain Hydraulics» 3anpomonyBaga KOMIUIEKCHE pillIeHHS 3a
nornomoroto crnemianbHoro 6soky «SD-CT OFF-Road Systemy [4; 10-12], sikuii mae apoceni
3 eNeKTPOTiAPaBIiYHUM MPOMOPIIOHATIBHUM YyIpaBmiHHIM. CHpanboByBaHHS IUX JIPOCETIB
BUKOHYETHCS 3TIHO 3 aHATI30M IMIBUAKOCTI O0EpTaHHS KOXHOTO 3 TiIPOMOTOP-KOJIIC, s
YOro BCTAHOBIJIEHHI BiAmoBimaHi meperBoproBaui (Speed Sensor). BcraHOBIEHHH TaKOX
nepetrBoptoBau (Turn Detector) monoxxenHst pynboBoro kojeca. CUrHajmM HEepeTBOPIOBaUiB
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noctymnaiote B 0oproBuii komm’'torep (Regulating Computer), anamisyrorses 1 3amo0iraroThb
OyKCYBaHHIO T1POMOTOP-KOJIIC NUIIXOM 3YIWHKHM MOJAHHs 10 HUX BUTpatd PP Bin Hacocy.
CuctemMa TIOBHICTIO aBTOMATH30BaHa, IO BIATOBIA€ CydaCHUM BHMOTaM J0 TPaHCMICIH
MO3ANUITXOBUX TPAHCIIOPTHUX 3aCO0IB.

Po3paxyHkoBuii aHai3 MOMJIMBOCTI 3aCTOCYBaHHS TiAPaBIIIYHOI TpaHCMICii 3 MOTOp-
koecamu misi BX «NOMAD ATV», 30kpema 3 BHCOKOMOMEHTHMMH padialibHO-
MOPIIHEBUMHE 0araTONUKIOBUMH TiApPOMOTOPaMH, BHUKOHaHHI B podoti [13].

MeTo10J10Tifl JOCTIKEeHHS.

Mertoponorisa 1ociiKeHHs epeadadae o0y J0BY TATOBO-IIBUAKICHOT XapaKTePUCTHKH,
CTPYKTYPHOI 1 pO3paxyHKOBOI CXeM AMHaMIKK TizponpuBoaHoi Tpancmicii BX «Tornadoy»
Ta BUKOHAHHS TaKUX €TaIliB:

1. [IpoBenenns craruuHux po3paxyHkiB OI'Tl 3 mMeTor0 BH3HAYEHHSI KPYTHHUX MOMEHTIB
Ta 9acTOT 00EPTAHHS TiJPOMOTOP-KOJIIC Ha BCIX €Tammax TArOBO-IIBUIKICHOT XapaKTEPUCTUKH.

2. Ananrarnis MmarematiuuHoi mojeni auHamiku OI'TI ob6epTanbHOro pyxy [16] mms ymoB
poOOTH TpaHCMICIi BCIOAMXO0a, 30KpeMa MiArOTOBKA 0 MOJIEIIOBAHHS IUIIXOM 3aBJaHHIM
rapameTpiB 30BHIIIHBOIO HABAaHTA)KEHHS, I0Jadi HACOCIB, 00’€MHOrO i TiIpOMEXaHIYHOTO
KK]I HacociB i TiApOMOTOpPIB 3a JOIMOMOI'OK BIAMOBIIHMX YHCEIbHHX 3HAYeHb B OJIOKax
naketiB map-VisSim.

3. OTpuMaHHs OCLMJIOTPaM AMHAMIYHUX PO3PaxyHKiB 070 mepemnany TuckiB B OITI,
4acTOTU OOEPTAaHHS TiAPOMOTOP-KOIIC, MBUIAKOCTI BX Ta HOro KOpMCHOI MOTY>KHOCTI Bij
Yyacy B MOBHOMY JIiana3oHi TpaHCIOPTHOTO pyxy 10 40 km/rox. Ilpu 1ipoMy MOBHUN pexuM
pyxy BX ymoBHO yknanaBcs Ha ocuuiiorpamax B 36 c.

4. Ananiz oTpuMaHux AMHaMIYHUX HaBaHTakeHb Ha OI'Tl BX i BUSIBJICHHS KPUTUYHUX
PEKUMIB IIOZ0 MaKCHMaJIbHUX TUCKIB MpH 3pylryBanHI BX 1 MiHIManbHHX KaBiTalliitHHX
3HaueHb THUCKY Ha PEKMMax rajibMyBaHHS, aHali3 BIUIMBY Ha AWHAMIUHI XapaKTEPUCTHUKU
3MEHILEHHS MO0 Mpy»xkHocTi PP.

5. MojentoBaHHs  pEeXHMMIB, L0 3aMo0iraloTh OTPUMAHHIO KPUTHYHUX 30H POOOTH
rigpornpuBoaHOi TpancMicii BX.

PesyabTarm.

BX tuna «Tornadoy» mae mosuuit OI'TI 3 komicHow Gopmynoro 4x4 i mpusHaYeHUN
JUIS. BUKOPUCTaHHS B Ha(TOra3oBiil rayy3i, CUIbCHKOI'OCHOJApPChbKOMY BHPOOHHULITBI Ta
HAJI3BUYAMHUX CHUTYaIlisIX, a TAaKOXX MOKE OCHallyBaTHCh mpuueroMm. BX «Tornado»
nonae Opyn, BOAYy, 3aBaJIM JepeB Ta KaMiHHsA 3aBBUIIKKM a0 | M. BX ocnHamenuii
Iu3elnbHUM  JBUTYHOM Mogeni «Doosan» (BupoOGuunrsa miBaeHHoi Kopei), skuil mae
pobounii o0’em B 2,4 am°. Ha BX wmakcuMmanbHa MBHAKICTH mocsrae 40 km/ron npu
BHTPATAX MaJbHOTO 70 5 j/roj. Ilannruii 6ak eMHicTIO B 160 1M° crpusie OTPHMAHHIO
3amacy Xojy. 3aBIsKd MiHIMaJdbHOMY pajiycy po3Bopoty BX «Tornado» uwymoBo
MaHEBpYy€E MiX JepeBaMHu. 3a JIOMOMOTrOK OOpTOBOI cxeMu moBopoty BX po3Bepraerncs
Maiike Ha micili. BX ocHaieHuii koiecaMu 3 HU3BbKUM THCKOM, sIKi MaloTh BUCOTY 1,65
M 1 mpury 0,57 M, mpoTekTop Mae BuCOTy 35 MM. BX 10CTaTHRO JI€TKO BHXOIUTH Ha JIiJ
3 BOJM, Ma€ rapHy MpoOXigHICTh Ta miaBydicTb. Komneca B 300pi 3 AMCKOM MaioTh
BOJOTOHAXHICTE B 933 am°. 3a paxyHOK mpoTekTopa B 35 MM Ha mmHax BX pyxaeTbcs Ha
BOJI 31 MBHUIKICTIO 10 6 km/ron. lleHTpanizoBaHa cucTema >KUBJIEHHS J1a€ MOXJIHBICTh
HakadyBaHHA Bcix koiic BX omgHodacHo He 6inmbm Hixk 32 40 ¢. BX mae ximiperc 600 mwm i
€ HEeBPA3JIUBUM It Oyb-sikux nopir. [loBua Bantaxonigiiomuicts BX gocsirae 1000 kr 3
MOXJIMBICTIO TIepeBe3eHHs 8 oci0 3 BogieM Ta gomgatkoBo 500 kr BanTaxy. Kabina BX
OCHaII[eHa TaK0XX TPbOMa CHATbHUMHU MICISIMH.

Ha puc. 1 npencraBieHa KOMIIOHOBKA CHJIOBOI YCTAHOBKH 1 TiIpaBIIYHUX arperariB
O0opTOBOI TpaHCMICIi 3 aKcialbHO-TIOPIIHEBMMHU rigpomoropamMu  BX «Tornadoy.
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[TimcymMKOBHII MakCUMaIbHUN KPYTHHH MOMEHT 4-X MPOBIAHUX Kojic mocsirae 25420 H.m, a
mBUAKICTE BX nocsrae 40 km/ro.

l'izpomotop

OYHCHUK
nosirps J1B3

AB3

! iapomoTop

Penykrop
A Tizpomorop

Taupem-Hacoc ~
Marounna

liapomaorop

Puc. 1. Beroguxin «Tornado» Ta po3ramyBaHHs HOro CHJI0BOI yCTAHOBKH i TiApaBIivyHUX
MAalIMH 00PTOBOI TpaHcMicil 3 aKciaJbHOMOPIIHEBUMHM TiIPOMOTOPAMU.

AKCialbHO-TIOPUIHEB] T1IPOMOTOPOM 3 MOXMIIUM JTMCKOM MAIOTh PETyJIbOBAHUN POOOUHIA
00’€M 3 eNEeKTPOTiAPaBIIYHUM YIpaBMiHHIM. [1ApOMOTOpU KOXKHOTO 3 OOpTIB MarOTh
JKUBJICHHS BiJl OKpEMOTo Hacoca. bopToBe KepyBaHHS MMOBOPOTOM 3a0e3redye eNeKTpUYHHIA
JOKOMCTHK IIJISAXOM 3MIHHM XKUBJICHHS HAa TMPOMOPIIHHMUX €JEKTpOMAarHiTax B BiATOBIIHHX
perymsTopax HacociB 1 rigpomoropiB. Taki cuctemMu OOpPTOBOTO KEpPyBaHHS 3 IMOCTIHHUM
aHaJI30M MIBUJKOCTI MPOBITHUX KOJIC KOXXHOTO 3 OOpTiB, SK 3BOPOTHUX 3B’S3KIB B
€JIEKTPOHHUX OJIOKAaX KEPyBaHHS TPAHCMICil, BUKOPUCTOBYETHCS, HAITPHUKIIAA, B I'yCEHHYHUX
tpakTopax XT3 momeni TC-10 3 BuUKOpHUCTaHHSM HAcOCiB 1 TiIAPOMOTOPIB  KOMIIaHIii
«Rexroth Bosch Group» i takosx po3pobiieHi kommnanieto «Sauer-Danfossy [14; 15].

CrpykTypHa cxema 6oproBoro 06’emuoro OI'TI tpancwmicii BX mpencrasiena Ha puc. 2.
Tangem-Hacocu akcianbHO-TIopmHeBoro tuity Hi 1 Hop oGepratorbest Bin npuBoanoro J[B3
yepe3 NpPOMDKHUM peaykrop Pex 3  MigBMIIEHMM MepelaBaIbHUM  BIIHOIIEHHIM
(MynbTHIUTIKATOp)  JAJs ajanTtanii 4acTOTH OOepTaHHd Hacoca [0 HOro HOMIHAJIbHOT
TEXHIYHOI XapakTtepucTuku. Koxuuii 3 HacociB mogae PP 10 BiAMOBIAHMX TiAPOMOTOPIB:
Hacoc Hn no rigpomotopiB-komic  mpaBoro Oopty MIIpl 1 MIIp2; nacoc Hnm no
rizpoMotopis-koisic jiBoro 6opty MJI1 1 MJI2. T'igpomoTopu o6epTaroTh Bedydi Kojeca
yepe3 6opToBi peaykropu BP, BinmosinHo. Bei HacocH 1 TiApoMOTOpH MarOTh PETyIbOBaHUMN
poboumii 00’€eM 3 CHUCTEMaMHU €JEKTPOTiAPaBIIUYHOIO IPOMNOPLIHHOTO KepyBaHHS.
[IponopuiifHi e1eKTpoMarHiT KepyBaHHs HacocaMM Mo3HadeHi K Y1 1 Y2, rigpomoropamu
gk Y3...Y6.

Cucrema kepyBaHHs mojaudi mnanuBa 10 /IB3 mosnayena Y7. Cucrema KOHTPOJIIO
napamerpiB OI'Tl nmoOynoBaHa Ha mepeTBOpIOBavax: 4YacTOTH OOEpTaHHS T1IPOMOTOPIB
JUYOmpl 1 AYOmp2, A4Onl 1 AUYOn2, a Takox yactotu obepTanHs Bainy ABuryHa JJUOB3;
TUCKY B OCHOBHHUX Marictpaisax riaponpusoaa [1T1...I1T4. EnextpoHHuii 610K ympaBiIiHHS
3niiicHioe 3MmiHy mapametpiB OI'Tl mono vactotu oOGepTraHHsS HAcociB 1 pobodoro o6’emy
HACOCIB 1 I'IpOMOTOPIB 32 JOMOMOTI0l0 Kepytounx curHaiis Y 1...Y7. Boxiit Bcroguxoaa Mae
Baxunb ynpaBiiHHA (jxoiictuk) PKP ns 3nificuenns npsimoniniiinoro xoxy (F - Boepen, R
- Hazaj) 1 60pTOBOro MOBOPOTY HIISXOM 3MIHM HIBHJIKOCTI KOJIC.

Po3paxyHkoBa cxema Jjisi CTBOPEHHSI MaTeMaTUYHO1 MOJIET 1 BU3HAYEHHSI CTATUYHUX Ta
muHamiuaux mapamerpiB OI'TI BX mnpuBeaena Ha puc. 3. Po3risgaeTscs TiAbKH OIUH
rigzpomoTop M1, mo sikoro migBoAWTHCS ToAada PP Bijg Hacoca 3HaYE€HHSM B MOJOBUHY Bif
mizcyMkoBoi. Ha cxemi moka3zaHni motoku PP momo Teuii Bi Hacocy 10 TipoMOTOpa, a TAKOXK
BHUTOKH, ITOB’s13aH1 3 11 BTpaTaM#u 10 3a30pax MOPITHEBHUX IMap 1 PO3MOAUILHOTO BY3Jia, a TAKOXK
BTpaTH, MoB’s13aHi 31 crucnusictio PP. [Tapamerpu OI'TI KOHTpOMIOIOTHCS NEPETBOPIOBAYAMU
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gactotn oOepranHs Hacoca JUYOH i1 rimpomoropa JUOOp (BuximHOTO Bally OOPTOBOTO
penyKTOpa), a TAKOK aHaJIOTOBUMU TepeTBoproBadyamu Tucky IIT1 i I1T2.
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Puc. 2. CtpykTypHa cxema 00pTOBOro riiponpuBoaa TpaHcMmicii Bcroanxoaa.
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Puc. 3. Po3paxyHkoBa cxemMa rigponpuBoHoi TpaHcMicii BCcroauxona.

Ha puc. 4 npusenena tsaropo-uBHakicHa xapakrepuctuka (TLIX) BX, noGynoBana 3
MaKCUMaJIbHUMU 3HAUYE€HHSM TsroBoro 3ycuuis 32,8 kH 1 mBuakocti B 40 km/ro.

Fiu, kH
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Puc. 4. TroBo-IBUAKICHA XapaKTePUCTHKA BCIOANX0/A.
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Pesynbratu MmogemoBanns TIIX 1 pospaxynky OI'TI mpuBeneni B Tadm. 1.

Tabumus 1. TpancnopTHi pe:kMMH NPAMOJTIHIHOTO PyXy BCIOAUX0AA

.. Pexxum pyxy Bcroguxona:

ITapameTpu, po3MipHicTb 1 5 3 2 5 6
Hdac  smimm - pexumy ~SMIIHO | g 9 | 1013 | 16-19 | 2326 |29-36
MOJICIIOBAaHHIO B rmakeTi VisSim, ¢
Tarose 3yc., F,,, kH (F BX)* 32,8 9,78 8,87 5 31 2,17
Buak., v, , km/rox (V BX)* 0-2,5 36 | 47262 | 87-128 | 30,6 | 36-40
Buxigna motyxuicts BX, kBt 22,8 9,79 15,0 17,8 26,4 24,1
Bux. nmotyxH. OI'TI BX, kBt 25,33 10,9 16,7 19,8 29,3 26,8
Kpyt. momenr BX M, Hm 25420 | 7580 | 6874 3875 2403 | 1682
Kpyrt. mom. xoneca M, , H.m 6355 | 1895 | 1719 969 601 421
Kpyr. mom. moropa M, Hm 642 172,3 174 97,9 60,7 | 425
Yacrora 06epr. Kosecan, , XB 857 | 1233 | 21,2 43,6 105 137
Yacr. 06epr. M, n_, xB* (i=11) 94,3 135,6 233 480 1155 | 1507
Pobouuit 06’eMm M, V., ;, cM®* 1156 | 1156 | 1156 101-85 | 65-50 48
[lomaya nacoca Q, , /xB.** 13,9 17,6 | 20-28 34-42 | 52-59 | 73,3
Po6. 06’em Hacoca VHT, cM® 0-5,7 7.2 11,5 60 60 60
Iepen. B OI'TI, Ap,,,, MITa ** 39-35 | 104 9,5 6,2-76 |6,8-10| 7,2
KKJI OI'TI ** 0,7 0,7 10,73-0,8 0,77 0,68 | 0,61
Cnox. nmotyxH. OI'TI, kBT ** 37 16,2 |16,2-23,4| 16-26 29-45 43
Brparu notyxs. OI'TI, kBT ** 11,4 4,8 4.4 6 9-15,5 | 175
06’emunii KKJI H * 0,65-0,89| 0,98 0,99 0,99 0,99 | 0,99
Iapomex. KK H * 0,95 0,95 0,95 0,97 0,92 | 0,90
06’emunii KKJI M * 0,5-0,82 | 0,89 (0,92-0,98| 0,99 0,99 | 0,99
Iapomex. KK M * 0,85-0,99| 0,99 0,99 (0,97-092| 0,86 | 0,75

[Mpumitka: 1. *) 3anani nani; 2. **) Jlani 3 ocumtorpam Ha miorepax VisSim; 3. Bei inmn napameTpu
€ PO3paxyHKOBUMH.

Buxigna (kopucHa) noryxHictb BX 3Haxoautbes 3a GopmMyIioro:

, 10°
F’T BX VBX = O’ 000278 ’ F; BX VBX >
3600 ~ ‘
ne Frex — Tarose 3ycuuisa Tpancemicii BX, H; Vex — mBuakicts BX, km/rog.
Buxinna (kopucna) motyxsicte OI'Tl Tpancwmicii BX moBunHa OyTu 30iiblleHa 3a
paxyHok BukopuctanHs KK/I mianerapHoro peaykropa B MATOUHHI:

P =F_ v, =10

T.BX B:

1)

kBT,

o

PM.Bx = PBx /npea ’ KBT’ (2)
Ie 1pen — KKJI penykropa MaTOYMHH, #pes = 0,9.
BX po3BuBae KpyTHHMII MOMEHT 4-Ma IPOBITHUMH KOJIECAMU!
d
MBX = FI‘.BX ?B > H'M’ (3)

ne 0z — 30BHIIIHIN giaMeTp MPOBIAHOTO Koteca (3a mmHo0), ds = 1,55 M.
Tozi kpyTHHI MOMEHT OJTHOTO TPOBIHOTO KOJIECa BCIOIUXO/aA!
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M
=—= Hm, 4
2 (4)

BE/L.BX

3anumieMo GopMmyity At KpyTHOTO MOMEHTY OJHOTO TipoMoropa BX mpu 3amanomy
TATOBOMY 3yCHIUTL Fr gy

M, =10°F  ———=>—— Hwm, (5)

.BX .
22 “Loen  Moen

1€ Z — KUIbKICTh OOpTOBHX MPOBITHUX TiAPOMOTOpiB B TpaHcMmicii BX, Z = 4; ipex —
nepegaBaibHe BIIHOMICHHS [JIAHETAPHOTO PEAYKTOPA, Ipex = 11.
Yacrora obepTaHHs MPOBIAHUX KoJic TpaHcMicii BX 3Haxoautbes 3a GopMynoro:
10° v v
nBeHABX = = :5’31ﬂ 2 XBil’ (6)
60 7-d, d

B
Ile Vex — MIBUAKICTH BX, XM/TOI.
Yacrora obepTaHHs OHOTO TiIpoMoTOopa TpancMicii BX:

n,=n A, xB Y @)

BEI.BX  pend ?
Po6ounii 06’eM rigpomMoTOpa it CTBOPEHHS HEOOXIAHOTO KPYTHOTO MOMEHTY':

M.
VMi = = 1 CM3! (8)
470,159- Ap

M, ’ 77MrM

ne Apw,; — Tiepernaj THCKIB Ha TIAPOMOTOpI K PI3HUIS 3HA4eHb HA BXOJi 1 Buxoxi, MIla;
Nwrm — TiIpomexaniuanii KK/ akciallbHO-TTOPIITHEBOTO TiApOMOTOPA.
KKJI 06’eMHOrO TiApONpUBOIY pO3paxoByeEMO 3a (OPMYJIOHO:

Mo =P, /P

BX.OI'T cros.orn ! (9)

ne BxinHa noTyxHicte OI'TI:
M -n
PBXAOFH = Z - - b KBT’ (10)
9550
I Z = 4 — KUIbKICTh NPOBIAHUX T'iIpOMOTOpPIB TpaHeMicii BX
Crio’xnBaHa MOTYKHICTh OJHOTO OCHOBHOT'O HACOCY JOPIBHIOE:

=2 QAP g (11)
: 60-7, 60-77.,

ne Aps — mepenan TUCKiB Ha Hacoci, MIla; Qu — nilicHa momada OCHOBHOTO Hacoca 3
ypaxyBanHsM ioro o0’emHoro KKJI, n/xB; Qur — TeopermuHa mnojada (Butpara PP)
OCHOBHOTO Hacoca, JI/XB; 1y — 3aranbHuii (moBauii) KK/ ocHOBHOTO (aKciaabHO-MOPIIHEBOTO)
Hacoca; fury — riipoMexaniyanit KK/ ocHoBHOTO Hacoca.

[lepenan TuckiB Ha Hacocl, SIKUH TMOTpiOEH JUIsi CTBOPEHHS HEOOX1IHOTO KpPYyTHOIO
MoMeHTY Tigpomoropa B OI'Tl i3 3aMKHEHUM JaHIIOroM HupKyssiuii PP:

Ap, =Ap, +2Ap MlIla, (12)

BTpar ?

1€ Apepar — BTPaTH TUCKY 10 JOBXKHUHI B TPyOOIPOBO/1 MI’K HACOCOM 1 rigpomoropom, MITa.
B nepmomy HaOmmkKeHHI BpaxoOBYEMO TIIbKM BTpPaTH TUCKY 32 JIOBXKHHOIO
Tpybomnposois [14]:
:2-0,584-dLA-Qm-VB,m, MlIla, (13)
P
ne 2 — koedilieHT, KUl BpaxoBye MOBIMHY IOBXHHY TPYyOOIpPOBOAIB MK HAcocoM i
TIIPOMOTOPOM B 3aMKHEHOMY JIaHIIOTY LWpKyJsmii PP; L — momxkuHa TpyOOmpoBoIy Bin

2ApBTpaT ~ Apr.L
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Hacoca JI0 TiapoMoTopa, M; O — BHYTpILIHIH (3BeieHHiT) AiaMeTp TPYOOIPOBOIY, MM; Vy'sax —
3Ha4eHHs KoedillienTy kinematuuHoi B’s3k0cTi PP, MM %/c (cCT).
3HaXO0MMO CIIOKUBaHYy IIECTCPEHHUM HACOCOM ITiKHBIICHHS TOTYKHICTh:

10°-V_-n_- .
PHH — HIT nﬂB le’l — QH]‘[T pH]‘[ , KBT’ (14)
60 ' 77H1'11"M 60 : 77Hl'll"M

ne Vun — poGounmii 00’eM Hacoca IiJUKUBJIEHHS 33 KaTaJoOrOM BHUPOOHHUKA, CMY; iy —
HOMiHAJIbHA YaCTOTa 00EPTAHHS HACOCA MiHKMBIICHHSI HA OCHOBHOMY HACOCI, XB ™Y} pun — THCK,
10 PO3BMBA€E HACOC MIPKMBICHHS 32 JOMOMOIOI0 HANAIITYBaHHS BMOHTOBAHOTO KJIAlaHy
THCKY, SKHH 3a3Bu4aii He mnepeBunrye 2,4 MIIa; #uww — OpIEHTOBHE 3HAYCHHS
rigpomexanigynoro KKJ[ Hacoca mimkuBieHHS, Hunrw — 0,7, Quur — TEOpeTHYHa mojada
(BuTpara) Hacoca MiHKUBJICHHS, IKa JOPIBHIOE:

_ -3
Q.. =107V, -n_, w/xB. (15)
[TincyMKoOBa CIoKMBaHa MOTYXKHICTh HACOCIB OJTHOTO OOPTY JTOPIBHIOE:
ZCHO)K - Pcnom,og:n + Pr-m , KBT. (16)

Bci mpuBeneni ¢GopMynu Aar0Th MOXKJIMBICTh BHKOHATH CcTaTHYHUE po3paxyHok OI'TI
[14].

3anani 3HauenHs KKJ[ macoca i rizpomotopa Tpancwmicii BX B 610kax makeriB map-
VisSim npuBeneHi B TaoI. 2.

Tabauus 2. KK/l nacocis i rinpomoTopiB Tpancmicii Bcioguxoaa

Yac pyxy BX, ¢ KK Hos KK Hem KK Ms KK My

0,01 0,65 0,95 0,5 0,85

1 0,68* 0,95* 0,6* 0,9

3 0,75 0,95* 0,68* 0,94*
5 0,82* 0,95 0,76 0,99
10 0,99 0,95* 0,92 0,99*
14 0,99* 0,95* 0,99 0,98
16 0,99* 0,95 0,99* 0,97
30 0,99 0,9 0,99 0.75
36 0,99 0,9 0,99 0,75

[Tpumitka: *) — oTpumMaHi 3 rpadigHUX 3aJeKHOCTEH B O1okax map-VisSim.

IIpu posrmsni MatematuyHoi HemiHiHOI Moxemi aumHamiku OI'Tl BX mnpuiimaemo
nonyiieHHs [16] momo mocrifiHOCTI MoMeHTy iHepuii BX i 3HaueHb Momyns 00’eMHOi
NpYy>KHOCTI, TeMIepaTypH, IIbHICTI Ta B’s3kicTi PP. Kpim Toro, 3aBasku BUKOPUCTAHHIO
JIOCUTh KOPOTKUX TPYyOONPOBOAIB MK HACOCaMH 1 T1IPOMOTOpPaMHU XBUJIHOBI TPOIECH B
TpyOOIpoOBOaX HE BPAXOBYEMO.

3anumemo GopMmynu A BU3HA4YeHHA mepenany TuckiB Ap, [MIla] 1 wactotn

obepranHs rigpomotopis N [xB™]:

t
- E
AP, = [[ Qe =10V, ()1, () = Gy 2 (0 [l 17)
0 bl
£3,6-10° 1
n =] {—VMJ (©)- (P = Pu) i —Mc}dt : (18)
5 Ju 2r

ne Qure — BUTpaTa (1oJ1auya) akciaabHO-TMIOPUIHEBOIO HACOCY MPU BIAHOCHOMY 3HAu€HHI KyTa
3MiIeHHST MOXMWIOro AUCKY, Qure = Qur * €, e = 0...£1, 1/xB; Qur — TCOpETHUHE 3HAYCHHS
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Tmojiavi Hacoca IpH HOro MakCUManbHOMY pobodoMy 06’emi Vi [cM®] Ta wacrtoTi o6epranHs
Bany 1y [XB ] €3 ypaXyBaHHs 30BHIIIHIX Ta BHYTpIilHIX BUTOKiB PP 10 3a30pax MmopIHiB,
TiAPOCTaTUYHUX TN ATHUKIB TOPIIHIB 1 TOPIEBOTO PO3MOIIBHOTO BYy3Ja, JI/XB,
Qur = 10° - Vi - 1w} Vi — moTounmii po6ounii 06’€M TiApoMOTOpa, AKUHA € HPOHOpPIiHHIM
MaKCHUMaJIbHOMY HOTO 3HAUYCHHIO Vy 1 3JICKUTH Bijl BITHOCHOTO IMapaMeTpa i, oM®, Vi =V i,
Clutw)sur — 3aralpHui  KoeQilieHT BUTOKIB PP (WiACyMKOBHMX 3Ha4eHb 30BHIIIHIX Ta
BHYTpiHIX BUTOKIB PP Hacoca AQysur 1 TimpoMoTOpa AQu sur TIO 3a30pax MPEIU3IHHUX AP
MOPILHIB Ta PO3NOALIBLHOTO By3na, J/(xB.MIla); Vi, — 06’em ctucuenns PP B tpyGompoBosi
niamerpoM Dss [MM] Ta moskmHOIO L [M] Mik HacocoM Ta TimpoMoTopoM, amS; E — MOIylb
npyxHocti PP, Binm 3HaueHHs skoro 3amexurtb aedopmarniiina Butpata AQum B OITI,
IpornopuiiHa CTUCIUBOCTI Ta 00’eMy TpyoOompoBoay Vip, Mlla; J; — migcymkoBe 3HaYeHHS
MOMEHTY 1HEpIIii, MPUBEIEHOTO 10 BUXITHOTO BaJly TiJPOMOTOpA 31 CKJIQJOBUMH MOMEHTAMHU
1HepLii: aKciaJTbHO-MIOPUIHEBOrO T1ApOMOTOpa Jv, peaykropa Jp, yactuau BX, ska mo3HaueHa
K Jpo, K.M%, Jn = Ju+Jp + Jp0; Pu i psn — 3HAYEHHS THCKIB B MAricTpasIsaX HATHITAHHS HACOCA
1 3muBy PP 1o rigpomoropa B 3amkHeHoMy naHIo3i nupkymsnii OI'TI, MIIa; nuem —
3Ha4yeHHs rizpomexaniyaoro KKJI rinpomoropa; M. — MOMEHT 30BHIIIHBOTO HAaBAHTAXKCHHS
(omopy) Ha rizpoMoTopi, H.M.

[Tpu omiHIli AMHAMIYHUX XapakTepucTHK 1 moaentoBanHs OI'TI BX 3MinHUMU Bij dacy
3aJ]a€MO TaKi MapaMeTpu: KPyTHUH MOMEHT 30BHIITHHOTO HaBaHTAKEHHsI Ha TipomMoTop M.,
nonavya (Burpata) Hacoca Qure; 3HAYCHHS poOOYOTO 00’€My aKCiallbHO-TIOPIITHEBOTO
rigpoMmoTopa V,.; Ta rizpomexaniuni 1 06’emui KK][ HacociB i rizpomMoTopiB.

Jnst pimneHas mudepeHmianbHux piBHAHR B makeri VisSim [17] obupaemo meron
inTerpanii Pynre-Kytra yerBeproro nopsiiky 3 auckpernictio A = 0,001 c.

3naueHHs1 koedimieHTiB BUTOKIB PP mo 3a3opax mpenusiiHUX map 3HAWIEMO depe3
00’emunii KK/ (koedimieHT mogavi) Hacoca:

—A A
nHO — QH — Q HT QH.BPIT — 1 _ QH.BHT ’ A QH'BMT — Q " (1 _nHO);
Q HT Q HT Q HT (19)
— AQH.BMT — Q HT (1_ nHo)
B A A
1 TiIpoMoTOpa:
T]MO =L; nMO .QMT—‘FT]MO .AQM BUT =QMT;
Q MT+AQM.BI/IT '
1 A 1 (0)
AQM.BHT = NYur __1 ; CM.BHT = QM.BHT = QMT —-1 >
nMO pH +p3J’I pH +p3ﬂ nMO

ne Qur — TEOpeTHYHa BUTpATa aKCiaIbHOIIOPITHEBOTO TiAPOMOTOPA, SIKa MPOTOpIiiHa HOTo
pobodomy 06’emy Vi [cM®] i wacToTi obepramus ny [xB], 1/xB, Qur = 102 - Vi - niy.

[TincymkoBe 3HadeHHs koedimieHTy BuTOKIB PP Hacoca i rizpoMoTopa 3amuiiemo y
TaKOMY BHTJISIII:

1
QHT (1_nM0)+QMT 7_1
C =Con +Coome = Do/ (21)

(atm).BUT H.BUT M.BUT +
pH p3n

PosrasiHeMO oTpuMaHi ocHWIIOTpaMH  AWHAMIYHHUX pO3paxyHkiB (puc. 5-8) mpum
moxaemoBanHi pobotu OI'TI Tpancwmicii BX B moBHOMY aiana3oHi TpaHCIIOPTHOTO pyXy 110 40
KM/TOJ1, /ie TOBHUM pexuM pyxy BX yMoBHO ykianeHuit Ha miiorepax B 36 c.

[Tpu oMy 3aaBay MOCTINHI 3HAYCHHS TTapaMEeTPIB:

1. Yacrora obepranns JIB3 mnpuitmanack nocriitnoro B 2200 xB™, yactora obepTaHHs
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TaH/IEM-HACOCIB BCTAHOBJICHA MiABHUINEHOIO 3 ypaxyBaHHIM MYJbTHILTIKATOpa 3HAYCHHSIM
1,11.
[TepenaBanabHe YKCIIO PEAYKTOPA MiXK T1IPOMOTOPOM 1 MaTOYMHOO Koeca — 11.
Hiamertp xoseca 3a mmHOO 1,55 MM;
MowmeHnT iHepIii Ha ogHOMY Koseci 70 Kr.m
Monyns npyxsocti PP 1500 MITa;
O6’em PP B TpyOGompoBosi miamerpoM 16 MM 1 JOBXHHOIO 2,5 M MiX HAacoCOM i
TiipOMOTOPOM cKIIanae 5 am>,;

7. Koedimienr kinematnuyHoi B’si3kocti PP mpuiinaruit 30 c¢Ct mnpu po3paxyHKY
TiAPaBIIYHUX BTPAT 32 JOBKHUHOIO TPYyOOIIPOBOY.

2.
1

SE A

F BX V BX
Plot I_,
40 Pt 800
e £ s
’é 20 k » 400
0 0 0 00
N 0 10 20 30 0 10 20 30 0 10 20 30 » 0 10 20 30 L
TirTE‘(‘S‘é‘C)_—*I Time (5ec) _ﬂ Time (5ec) Time (Sec) |
-
> Plot |+ |_’
Plot Plot
I—D 200 =60 & %0
o E ™
L O . 40 x|
» 2200E7N B G
h =%
i e IEES :
b 1 1 1 D ) o 'D E 10
‘ 0 10 20 30 =0 0 10 20 30
0 10 20 30 » : 0 10 20 30 N
> Time (Sec) Time (Sec) FI Timesee Timeeey |

M Brpatu noryxn BX j

|_’ Plot Plot Cﬁa Plot |; Plot
< 50 : o >

a fay A~ 2 M,
" E .J'ﬂ /f! ’ ’ ; ’ Eﬂ { "\\

225 \/’k\f'f E‘ E \M

) =

E > e Ho

° 0 5 =

* 0 10 20 30 0 10 20 30 S 0 10 20 30 0 10 20 30
¥ Time-sec)——) Time(5ec) gl Timer(sec) | Time(se

Puc. 5. XapakTepucTHKH TiiponpuBoAy BCIOANX0Aa B MOBHOMY Jiana30Hi IIBUAKOCTI

Ha nnorepax mpencrasieHi:
F BX — TaroBa xapakrepucrtuka BX.
V BX — mBujkicHa xapakrepuctika BX.
Mcl — kpyTHUIT MOMEHT OJJTHOTO TAPOMOTOPA.
NM — yacToTa 0OepTaHHs OJTHOTO T1IPOMOTOpA.

5. QHT — TeopeTHyHa TOJa4Ya HAacoca JIO OJHOTO TiIPOMOTOpa. 3aKOH 3MiHU IOjaavi
JI03BOJIsIE MAaTH MOTPiOHY MBUAKICTH BX npu MakcuManbHOMY NOCTiiiHOMY pobodomy 00’ emi
riApoMoTopa.

6. VM,i— xapakTepucTika 3MiHH poOo40oro 06’eMy riipoMoTopa.

7. Jlenpra PM — mepenaa TUCKIB Ha T1APOMOTOPI.

8. Pm kop. BX — xopucHa noTykHICTb 4-X T1JpOMOTOPIB (YEpBOHA JIiHIA).

PN E
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9. P xkop. BX — kopucHa moTy>kKHicTh Ha MaTounHax BX (cuns miHis).

10. P BX cnox — cnoxwuBana notyxHicts OI'TI (Tpancwmicii);

11. KKJ] BX — KK/ Bcroguxona.

12. Brpatu notyxHocti BX a1 BUOOPY 0JIMBAOXOJI0)KyBaya.

13. Q Burt. 0,58+M™m — BuTokHM PP 3 Hacoca (mpuiimaemo 0,5 BiJ MOBHUX OHOTO HACOCY)
1 TigpomMoTopa.

14-17. 3aBnanns KKJ[ Hacoca Ta rizpomoropa.
[Mpumitka: pesynabraté 3a nm. 4 1 7 oTpuMaHi Hpu pilleHHI AU(EepeHIiaTbHUX PiBHSIHbD
MATEMATUYHOI MOJEN] YUCEIBHAM METOIOM B ImakeTi VisSim.

F BX V BX

Plot |.; Plot
0 o <40 800 2000
T = = n
» = E e P & 1000
> 20 15 400 S
Mm 2 g
= ", A p= N
¥ 0 K ” 10 > oL -1000
s 0 % 4 0 20 40 |, o B
Tirm‘(§e'c)——"1 Time (Sec) _ﬂ Time (5ec) Time (SeC) |
P aenprapy |—| PP xop. BX
R Plot Plot ) Plot L Plot
g 60 & 30 Y
g s e S ; fj;
»< ¥ ¥ SR PATY
g E = |- 210
-1
» _ R 0 20 40 0 20 40
’l Time (sec) TimeT(sec) Time_(ﬁ)__ﬂ Time(ee)
a
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= e / = -
»= LE / LE » & 100
> 20 .15 y; 400 :
m > S [3) é 0
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y 0 20 4 0 20 40 0 20 40 |y o -
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-’ 0 1 I -’ 5 e Mt -’ E
0 20 40 =0 -10
> _ 0 2 4w | 4 0 2 &
> Time (5eC) Time (5ec) 'I Timeseey Time(sec)

0
Puc. 6. Pesxumu po6oru BX npu ragsmyBaHHi 3i mBuakocTi 40 KM/Toa: a — IPH 0OAHOYACHOMY
30i1b1IEeHH] po0040ro 00’€MYy riIPOMOTOPA 10 MAKCUMAJILHOI0 3HA4YeHHs; 0 — 0e3 MmiIBUILIeHHS
po60o4oro 06’emMy rirgpomMoTopa (IUB. OCHUJIOTPaAMY «AeJIbTa PM» B HUKHBOMY PAIKY).
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Ha puc. 5 mpeacraBieni ocruiorpaMu mpu TpaHcnopTHoMy pyci BX, moumnaroun 3i
3pyIIyBaHHS 10 MaKCUMaIbHOI IIBUAKOCTI B 40 KM/TO/I.

Ha ocHOBI 1Iux ocruorpaM MoO’KHA 3pOOMTH TaKi IMOMEPeTHI BUCHOBKH:

1. OIII TpancMicii BUKOHYE BUMOTH TATOBO-IIBHJIKICHOI XapaKTEPUCTHKH B il MOBHOMY
miamnas3oHi.

2. Tuck B OI'Tl xonuBaerbes Bix 52 MIla npu 3pymryBanni BX i 3umxkyerbes no 10
MlITa nipu mBuAKOCTI O1IbIe HIXK 10 KM/TOST.

3. MakcumanbHa mBuakicte BX B 40 kxM/ron Moxe OyTH JOCATHYTa MpPU POoOOUOMY
06’eMi rigpomMoTopa B 48 cM°.

4. KKJI OI'TI 3miHro€eThCs Bi MakcuMaiabHOro 3HadeHHss B 80 % mpu mBuakocti BX
B 13 km/ron 1 3MeHmyeThes 10 61 % Ha MakcHMalbHIM MBHAKOCTI B 40 KM/TOI.

5. Brpatn mnoryxHocTi He mnepeBHIIyIOTh 17,5 kBT (T00TO, 01MBa0X0I0/KYBau
MMOBUHEH MAaTH TaKy MaKCUMaJIbHy XapaKTePUCTUKY a00 BHIILY).

6. Ha migBumeHux MBUAKOCTIX mepecyBanHs BX crokMBaHa MOTYXHICTH gocsirae 45
kBT, B 1iana3zoHi mBUIKOCTI 10 25 kM/Toa He nepeBulrye 37 kBT.

7. TloOymoBanma wmartematmuna wmojenb OI'TI BX nmo3Bomsie BapitoBatu ACSIKUMU
napaMeTpamH JUIs aHalli3y iX BIUIMBY Ha BUXIJHI XapaKTepUCTUKH. [lo TakuX mapaMeTpiB CIif
BiHECTH 4acToTy oOepranHs JIB3, MmomeHnt inepiii BX, Momynb mpykHOCTI i KOe(iieHT
kiHemaTu4Hoi B s13kocTi PP, 3nauenns KKJ]I Hacoca i1 rizpomoTopa.

Ha puc. 6 mokasani pexxumu mnepemimenHss BX 3 ranbMyBaHHSIM HanpuKiHIN. SIKIio
BCTAHOBHUTH PETYJISATOP HACOCAa B HYJIHOBE MOJOKEHHS 1 OJHOYACHE MiJHATH POOOUHil 00’ eM
TiIpoMOoTOpa 10 MaKCHUMAaJILHOTO 3HaUeHHS (puc. 6,a), TO Mae MicCIle 3HWKCHHS TUCKY HHXYE
HYJIbOBOTO 3HaueHHs Ha 36-i cekyHAl pyxy, ToOTO Mo KaBiTamiiiHoro cranoBuma B OI'TL
SIK110 Mpu raapMyBaHHI He 30UIbIIyBaTH podounii 06’eM rigpomoTopa (puc. 6,0), TO THCK B
OI'TI He 3HMXKYETHCS 10 HYJIHOBOT'O 3HAYCHHSI.

Ha puc. 7 npuseneni okpemi ocumiorpamu Ticky B OI'Tl, ne B mepmomy Bumaaky (a)
THUCK KOPOTKOYACHO 3MEHIIUBCS 10 3HaueHHs Bakyymy B 7 MIla, a npu yrpumMaHHi 3HaYeHHS
pob6ouoro 06’eMy TipomMoTOpa Ha piBHI 48 cM®, 110 BimOBi a0 MIBHAKOCTI BCroanxoa B 40
KM/TOJI, TUCK HE 3MEHIIIYEThCS IO 3HAYEHHS HIbK4Ye aTMocdepHoro (0).

Plot Plot
» [‘::‘3 60 ° » E 60 °
= =
» 540
= =
g g 201
ME o
= 1 1 =0 I 1
0 20 40 0 20 40
L Time (sec) > Time (sec)
a 0

Puc. 7. 3mina Tucky B JiHii HarHiTanHA Hacoca OI'll npu ratbMyBaHHI HIJISIXOM 3MiHK
po6ouoro 06’eMy Hacoca: a — NP OTHOYACHOMY 30iJIbIIEHHI po0040ro 06’ €My rizpomoropa 10
MaKCHMAILHOTO 3HaYeHHs 115,6 cm®; 6 — npu 30epeskenni po6o4oro 06’eMy rizpomoropa Ha
piBHi 48 cM3, o BixmoBigan0 mBHUAKOCTI Beroauxoaa B 40 KM/rox.

Jani po3rasHyTi pekuMu 3pyiryBaHHs BX mpu Takux BUXITHUX JaHHUX:
MaxkcumanbpHa maca Mamau — 3500 kr;
MiHimanbpHa IBUAKICTD IPU 3pYLIYBaHHI — 3 KM/TOS;
3oBHiMIHIN giameTp mmHu 0z = 1,55 m;
KinbkicTh Beyuux rijpoMoTOp-Koic Z = 4,
MakcumanbHUN KPyTHHH MOMEHT OJHOTO TiipomMoTopa 642 Hw;

MowmeHT iHepuii Ha oHe Koneco 70 Kr.m2,
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VY nepmoMy HaOIMKEHH] PO3TISHYTI JIHIMHI PEKUMU HaBAaHTAXEHHS HA T1IPOMOTOP 10
KpyTHOro MoMeHTy Mc = 642 H.m 3a 0,015 c i pi3Huii 4ac miABHUIIEHHS [10/1a4l HACOCY 010
ogHoro rigpomoropa m10 Q. , = 50 n/xB. Ilpu pimeHHi audepeHIialbHUX PpIBHSAHD 3a
JormoMororo makery VisSim orpuMani 3Hau€HHS 4acTOTH OOEpTaHHS TiAPOMOTOpa i THCKY B
OI'TI, mBunkocti i kopucHoi motyxHocti BX. IBuakicts BX 3pocrama no 3 xm/rox, a
KOpPHCHA MOTYXKHICTh He TiepeBunryBaia 33,5 kBrT.

Jns Oinpmioi HAOYHOCTI Ha puc. 8 MpHBEACHI OTPUMAaHI OCHWIOTPAMHU TiJIBKU IS

nepenaay TUCKIB «JIeJbTa pM» BiJl 4acy.
Yac miABUILIECHHS 30BHIIMIHLOTO HABAHTAXKEHHA 10 3HadeHHd M. = 642 HwM

BCTaHOBIIOBaBcs nocTiiaum 3a 0,015 ¢ as Beix 3-X pexuMmiB.

l+ N o [[@= I_} n o || @ || |.’ (X o | ® | =8
= 50 {,,\__ = 50 A S 60 '{\
IE-PTIE ¥ 2o —)‘l M ZOM/ o~
g fl :: ! :.f 20 —j
() — | [ — () —
0 .05 1 0 .05 | 0 .05 1
P> Time (sec) P Time (sec) S Time (sec)
a 0 B

Puc. 8. Ocumnorpamu 3miny nepenaay tuckis B OI'Il BX 3asexHno Bix yacy 3pocTanns noaaui
Hacoca a0 50 j/xB i MoayJisi IPYKHOCTi poOOUOI piTuHM.

Ha puc. 8, a yac 3poctranHs noaayi Hacoca BcranoBieHuit B 0,1 c. Tuck 3pyuryBanss
nocsirae 45 MIla 1 3MeHITyeThCs 10 cTaTUYHOTO 3HAaYeHHs B 39 MITa.

Ha puc. 8, 6 uac 3poctanHs mogadi Hacoca 30UTbIIeHHE HA OpIoK A0 1,0 ¢, 3aBAsKU
4YOMY THCK 3pylryBaHHs 3MeHIuBces 10 43 MIla. Jlns nqocsirHeHHsT Takoro e(eKTy B JIHISIX
YIOpaBIIHHA PETYJIATOPaMU HACOCIB BCTAHOBIIIOIOTH Jpocei (3a3BU4Yaif, € JeKiIbKa
TUIOPO3MIPIB IIUTHH APOCEIIB MPH 3aMOBJICHHI HACOCIB).

ITpu 3menmenHi moayins npyxHocti PP 3 1500 MIla no 500 MIla 3rigHo puc. 8,B (Take
MOJKJIMBO IIpU HaciueHH1 PP Hepo3uMHEHUM MOBITPSIM) MAEMO MiJIBULLIEHHS KOJUBAaHb TUCKY
343 MIla no 52 MlI1a.

Takum uymHOM, mMiA 4Yac marotoBku BX 1mo ekcrutyatarlii HEOOXiAHO HaJaAIITyBaTH
CHCTEMY PETYJIIOBaHH 3 3ali3HEHHAM 100 MiJIBUIIEHHS Yacy MmoJjadi Hacoca i ourctut PP
B1Jl HEPO3YMHEHOTO MOBITPs (OyIbOAIIOK).

BucHoBkn.

3a JA0MOMOTOI MaTeMaTUYHOI MOJEINI JUHAMIKA OOPTOBOrO 00’€MHOTO TiAPOMPHUBOLY
BCIOJIMX0JIa TPOBEIEHO MO/ICNIIOBAHHS 3MIHM I10/1a4l Hacoca 1 HaBaHTaXXEHHS TiAPOMOTOPIB,
KK/l rigpomamuH Ta MOAyNs MPYXKHOCTI poOOYOi piAMHM Ha iX BIUIMB Ha JAMHAMIYHI
XapaKTePUCTHKH.

INipponpuBoa TpaHcMicli BUKOHYE BHUMOTH TSTOBO-IIBUAKICHOI XapaKTEPUCTUKU B ii
MOBHOMY Jliamna3oHi, Ipy HbOMY THUCK KOIMBaeThes Bia 52 MIla mpu 3pyiryBaHHI BCIOAUXOA
1 3HMKyeThes 0 10 MIla npu mBuakocti 6inbie Hixk 10 km/rox.

[Ipu rambMyBaHHI BCIOAMXOJA 3 MAaKCHMaJIbHOI MIBUAKOCTI IIJISIXOM 3MEHIICHHS Mojaul
Hacoca Juig 3abe3meueHHs Oe3kaBiTaliiiHOi poOoTu rigponpuBofy Tpeba 30epiratu
NOCTIHHUM MiHIMaJIbHE 3HA4YeHHS PoO0YOro 06’emy TigpoMoTopa.

3HWKEHHST MOJYJS TPYXKHOCTI poOO4Y0i piauHU TpH i1 HACHMYEHOCTI HEPO3UMHEHHM
HOBITPSIM NMPUBOJUTH K MiABUILEHHIO TUCKY MIPU 3pYIIYBaHHS BCIOJUXO/A.

[lix yac mMATrOTOBKM TIAPONMPHBOMHOI TpaHCMICIi BCIOAMXOJA O E€KCIIEPUMEHTAIbHUX
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BUMPOOYBaHb HEOOXITHO HAJAIITYBAaTH CHUCTEMY PEryJIIOBaHHS 3 3ali3HEHHSM Yacy mojadi
Hacoca.

[IpencraBnserbcss ~ KOPUCHUM — MOJAAibIE  HPOBEACHHS — aHA3y  JUHAMIYHHX
XapaKTePUCTHK MpPH TMOBOPOTaX BCIOJMXOJ]IA, a TAKOXX 3aCTOCYBAaHHS BHUCOKOMOMEHTHHUX
0e3peaYKTOPHUX T1IPOMOTOP-KOJTIC 3aMICTh aKCiabHO-TIOPIITHEBUX.
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DYNAMICS OF THE HYDRAULIC FLUID POWER OF ALL-WHEEL VEHICLES IN
THE MODES OF TRACTION-SPEED CHARACTERISTICS

G. Avrunin?, I. Lebedyk?, M. Podgorny?, I. Bilan?, I. Moroz?,
! Kharkiv National Automobile and Road University
2Ceo LLC «Tornado» All-Terrain Vehicle Factory

Abstract

Goal. Creation of a domestic all-terrain vehicle «Tornadoy, equipped with a transmission with a
hydraulic fluid power based on axial-piston hydraulic motor-wheels with adjustable working volume
and end-gears. Scientific novelty. Obtaining dynamic characteristics of the all-terrain vehicle’s
hydraulic drive transmission based on the results of mathematical modeling of the parameters of the
traction-speed characteristic using the VisSim application software package for solving nonlinear
differential equations for determining the speed of the loader, the pressure in the hydraulic fluid power
and its useful power over time. Practical value. Conclusions were obtained regarding the loading
algorithms of the all-terrain vehicle’s hydraulic fluid power transmission, which provide pressure
limitations at all stages of its traction-speed characteristic. Main results. The analysis of oscillograms
of dynamic processes in the hydraulic fluid powerof the all-terrain vehicle showed that by modeling
the pump supply modes and changing the working volume of axial-piston hydraulic motors, it is
possible to detect extreme modes that lead to fluctuations in the speed of the all-terrain vehicle and the
pressure in the hydraulic fluid power. In particular, it was determined that when braking the all-terrain
vehicle from maximum speed by reducing the pump supply to ensure cavitation-free operation of the
hydraulic fluid power, it is necessary to simultaneously maintain the set value of the working volume
of the hydraulic motors constant. Conclusions. According to the results of the research, limiting
modes of loads of the hydraulic fluid power transmission were established at the stage of experimental
research of the all-terrain vehicle «Tornado».

Keywords: dynamics of a hydraulic fluid power, axial piston hydraulic machines, torque, speed,
power, pressure drop.
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AHoTamisa. Y CTarTi MNpOBENEHO TOPIBHSUIBHUI aHalmi3 e(QeKTHBHOCTI 0e3CTymiHYacThuX
TiIpOMEXaHiYHUX CHIIO-PO3AUTbHUX TpaHcmicii Fendt Vario ta John Deere AutoPowr. Mertoro €
BU3HAYEHHS BIUIMBY PO3MOJUTY MOTYXHOCTI M MEXaHIYHOK Ta Timpood’emHoro rimkamu Ha KK
TpaHCMIicCii 3aJIe)KHO Bif] MBUAKOCTI PyXy. MeToan BKIIFOYAIOTh TEOPETHUYHHA aHAIi3 €HEPTeTUIHOTO
Oanmancy, MaTeMaTHYHE MOJICNIIOBAHHs, 3aCTOCYBaHHs piBHSAHHs Bimmica Ta OLIHIOBaHHS BTpAaT.
HaykoBa HOBHM3Ha mosisirae y BCTaHOBJICHHI 3B’SI3Ky MIDK YacTKOIO TiApo00’€MHOI MOTYKHOCTI Ta
cymapuauM KKJI. BeranosneHo, o 30imbIieHHs Tigpood’eMHoi yacTku 3HmKye cymapuauit KK/, s
mBHKOCTel 4—12 km/rop cepenniii po3paxynkosuit KK/l cranosuts 0,875 mis Fendt Vario Ta 0,947
i John Deere AutoPowr. 3HaueHHsS OTpUMaHO 3a aBTOPCHKOIO MOJIEIIIO, @ HE €KCIIEPUMEHTAIBHO.
[IpakTryHa IIHHICTP MOJSITAE Y BUKOPUCTAHHI ITiIXOMY JJIS TOTIEPETHBOTO 1H)KEHEPHOTO OIli HIOBAHHS
EHEepPreTHYHOI e)EeKTUBHOCTI TPAHCMICIH.

KarouoBi caoBa: rizpomexaHiuHa TpaHcMicis, Oe3CTymiHUacTa TPaHCMICis, CHIJIOPO3/iICHHS
MOTY>KHOCTI, power-split, Tigpoo0’eMHa TiTKa, TNIAHETAPHUI MEXaHi3M

Beryn.

CyyacHuM TpakTOp TpalIOE Y MIUPOKOMY Jlala30HI TATOBUX HABAHTAXKEHb 1
HIBUJIKOCTeH. 3a TaKMX YMOB CTyIMiHYacTa TPAHCMICis 3MyLIy€e JBUTYH TE€piOJUYHO
BIIXWJISITUCA B ONTUManbHOI poOodoi Touku. CumoposniibHa  Oe3CcTyIiHYacTa
ri[poMeXaHiyHa TPAHCMICIsl TMOEIHYE MEXaHIYHy Ta TiApo00’€MHY TUIKH, IO /A€ 3MOTY
peamizyBatu O€3CTYIMHYACTE PEryJIIOBaHHS IMIBHUIKOCTI MPU BHUCOKIA YaCTI[l MEXaHIYHOTO
nepeaaBaHHs NOTyKHocCTi [1, 2].

Orasp aiteparypu.

CyuacHi TOCTiIKEHHS TiIpOMEeXaHIYHUX TPAHCMICIH CUTbCHKOTOCIIOAPCHKUX TPAKTOPIB
30CEepPEKeHI Ha MIABUIICHHI €HEPreTH4HOi edeKTHUBHOCTI cunoposnimpHux CVT,
onTUMi3alii po3MoJAiTy MOTYKHOCTI Ta BJOCKOHAJEHHI aJrOPUTMIB KepyBaHHS. Y Mparix
Ahn Tta iH. pO3MIISIHYTO IHTErpPOBaHE KEPYBaHHS JIBUTYHOM 1 TiIPOMEXaHIYHOK TPAHCMICI€I0
Ta aITOPUTMU NepeMHUKaHH Jiana3oHis [4, 5]. Jocmikenns Wang Ta iH. IPUCBSYEH] SKOCTI
nycKy 1 mepemukanss, po6ori CVT mpu BiaMOBax TipaBiIidHOI CUCTEMH Ta ONMTHUMI3ZAIli
naJuBHOI eKOHOMIYHOCTI [6—8]. Zhao Ta iH. HOCHIKyBaJld €HEPreTHYHI BUTPATH 1 MAJUBHY
€KOHOMIYHICTh HOBHUX KOHIICIIIIM TiapoMexaHiyHuX TpaHcmicii [3, 9], a Xia, Sun 1 Qin -
KOMIUIEKCHY cTparterito kepyBaHHs nepemukanHsMm [10]. Cyuacni pobotu 2023-2026 pp.
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TaKOXX OXOTUTIOIOTH HOBI KOH(QITYypallii CHIOPO3AUTPHIUX CUCTEM Ta OIIHIOBAHHS 1X TATOBHX
xapakrepucTuk [ 11-14].

PazoM i3 TUM y HaBelEeHUX [OCIIDKEHHSX OCHOBHA yBara MPHUAUISETHCS OKPEMHUM
acleKTaM KOHCTPYKIIii, EHEepreTHYHOro aHajizy abo KepyBaHHs. HeBHpIIIEHOIO YaCTHHOIO
poOJIeMHU 3aJIMIIAETHCS y3roJDKEeHE MOpiBHsIbHE oriHtoBaHHs Fendt Vario ta John Deere
AutoPowr Ha OCHOBI €IMHOTO pPO3PaxXyHKOBOTO MiAXOMy JO YacTKH MOTYKHOCTI, IO
MIPOXOJNTH Yepe3 TiApoo0’eMHY TIIKY, 3 YITKUM PO3MEKYBAHHSIM MOJCIbHUX PO3PAXYHKIB 1
KoMmIuiekcHuX mokasHukiB DLG PowerMix. Came I11bOMYy MHUTAaHHIO TPUCBSYEHO JaHE
IOCIIIKEHHS.

Jns Fendt Vario Ta copilHEHUX KOHCTPYKIIH y JiTepaTypi OMHCAHO TiApo0O’€MHO-
MexaHiuHe cuioposaiuienns. s ZF ECCOM, skuii 3actocoByBaBcs B cuctemax AutoPowr
BINMOBiAHUX TMOKONiHE John Deere, ommcaHo IUIaHETapHY Mepenady, e Peali3yrThCs
ABTOMAaTHYHO YOTHUPH IIBUIKICHI JAlana3oHH, TiApood’eMHUNM MOy 1 PEBEPCUBHY Tepenady

[6, 20].

MeToa0J10Tisl JOCTITKEHHS.

MeTto050Tis JOCTiIKEeHHS Tiepedadae BUPIICHHS HACTYTHUX 3aBJaHb.

— (dopmanizyBaTu po3moAUT BXiIHOT MOTY>KHOCTI MIX MEXaHIYHOI Ta Tigpoo0’€MHOIO
riJKamu;

— 3ampoNOHYBAaTH TEOPETUYHHMU amapaT BUXITHOTO MaTepially Ta moaatd (GopMyiH y
KJIACUYHOMY BHIJISIIL,

— MpoaHaii3yBaTH KiHEMATHKY IJIAHETAPHOTO MEXaHI3My 3a piBHSIHHIM Bimrica;

— OI[IHUTH BIUTUB YaCTKH TiApoo0’eMHOI OTY>XHOCTI Ha cymapuuii KK/I;

— TOPIBHATH PO3PAaXyHKOBY XapaKTEPUCTHUKY 1 (1) U1 3a1aHOTO y BUX1THOMY Martepiai
HaOOPY TOUOK;

— chopmymnroBaTH KOpekTHI Mexi 3actocyBaHHS DLG PowerMix sik moka3Huka Bci€i
MaIIMHH, a HE 130JIbOBAHO TPAHCMICII.

Teopern4Hi ocHOBY (PyHKIIOHYBaHHA IiIpOMeXaHivYHOI TPaHCMICcII.

VY nepuioMmy HaGIMKEHHI BXiJIHA MOTY>KHICTh ABUI'YHA PO3Tally’Ky€eThCsl HA MEXaHIYHY Ta
riapoo6’eMHy ckaoBi. J{Jis KyTOBOT IIBUIAKOCTI @in Ta MOMEHTY Min MaeMo:

P = F:lnach + Ph}'d:' (1)
YacTKy MOTYXKHOCTI, 1110 IPOXOAUTH Yepe3 riApo00’eMHUN KOHTYP, BBEAEMO SIK:
Py ar
y¥=—p @)

Toni nepBuHHa iHXeHepHa ominka cymaproro KKJI mae Bursiz [14]
Niotar — [:1 - Fj”mach + F”h_‘;dr (3)

Ile piBHSHHS € MOJAEIUIIO MEPUIOro MOpsaKy. BoHO He BpaxoBye OKpPEeMO LUPKYJISALIO
MOTYXHOCTI, BTpaTH B My(Tax, MIJIIUIHUKAX, 3yO4acTUX mepefaudax, YIIUIbHEHHSX Ta
napa3uTHI MOTOKH, TOMY IpPHU YHUCENbHIM ineHTH]iKalii KOHKpETHOI TpaHcMicii Horo ciin
PO3TISAATH K 1HKEHEPHY alpOKCUMAILIIO.

Jns 1igpoo0’eMHOI TiUIKM, SKIIO BTPATH HAcoca 1 MOTOpa MOAAIOTHCA J100YyTKOM
00’€MHUX, T1IPaBIIYHUX Ta MEXaHIYHUX CKJIQJOBHX, MAEMO:

Tiyar = T T 15 75 T (@)

Jie 1HIAEKCH P Ta M BIAMOBIAAIOTH HACOCY 1 TIAPOMOTOPY. 3BiJICH OYEBHUIHO, IIO HAaBITh 3a
Bucokoro mexaHiunoro KK/ 3aranpamii KK]I cucremMu 3HUKY€ETHCS 31 3pOCTaHHSIM ¥, SKIIO

Nhydr < #mech. [IpUHITATT MiHIMI3aI111 9YaCTKU TOTYXHOCTI, sIKa MMPOXOANTH Yepe3 T1Ipo00’ eMHUI
KOHTYD, € OJTHUM 13 KIIIOYOBUX YNHHHKIB €()EKTUBHOTO MPOEKTYBAaHHS power-split TpaHcMmicii
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KinemaTuka nuiiaHeTapHOro MeXaHi3My Ta pO3LIHPeHi TeOpeTHYHI BUKJIAJAKH.

JIJist TTaHETAPHOTO MEXaHi3MYy i3 COHSYHOIO MIECTEPHEI0 8, KOPOHHOI IecTepHero b ta
BOIMIOM h BUKOPUCTOBYEThCS piBHsAHHS Bimrica (15):

w, —kw, +(k—1)w, =0 (%)

€ wa — KyTOBa IIBUJKICTh COHSYHOI INECTEPHi; wbh — KyTOBa IIBUJAKICTH KOPOHHOI
(30BHIIIHBOT) MIECTEPHI; wh — KyTOBa MIBUJKICTh BOAMIIA; K — mepeaaTouHe BiJHOUICHHS, SKE
BHU3HAYAETHCS YUCIOM 3yOILiB KOPOHHOI Ta COHSYHOI IECTEPEHB, K = — (Zv / Za).

Ile piBHSHHS OMUCY€ KIHEMAaTUYHWHA 3B’S30K MiX TpPhOMAa OCHOBHHMH €JIECMCHTAMH
IUTAHETAPHOTO MEXaHi3My. 3a TCOMETPUYHHMH TapaMeTpaMu, NPUHHATHMU y BHXIJTHOMY
marepiani, Za = 31, 2, = 67:

k=—2— 5161 (6)
31 '

3a HoMiHaNBbHOI yactoTH obepranHs nBuryHa 2100 06/xB, ToOTo mpubmmzno 220 pax/c,
Ta Wh = Win.

w, +2,161w, —3,161w = 0 (7)
w, = 69542 —2,161w, (8)

Jns npuitHaToi y BUXITHOMY MaTepiaii ifeanizoBaHOl MoJiedl IPONOPIIHHUN PO3MOALT
MOMEHTY 3anucyerhces [15]:
M

M = =
« " (1—k) 3,161

7 0,316M (9)

ne M — cymapHuUB MOMEHT, LIO MEpelaeTbcs uepe3 MexaHi3M; M, — 4yacTKa MOMEHTY, sKa
HpUIagae Ha COHSAYHY mecTepHio; 1 — K — 3HaMEeHHHMK, 1110 BPaXOBY€E F€OMETPUYHI TapaMeTpH
(BimHOIIIEHHS 3YOIIiB).

[{s 3a7€XHICTh € CHPOIICHOI 1 BUKOPUCTOBYETHCS JIMINE /IS 17€ai30BaHOT MoAei. Y
peaJbHUX TPAHCMICISX PO3MOJLI MOMEHTIB 3aJ€KUTh BiJl TOMOJOTII IJIAHETApHUX PSAIB Ta
OayaHcy MmoTy>XHOCTI. J[Jis1 cepiiHOi TpaHCMICii TOUHI 3HaKM MOMEHTIB 1 BEJIMYMHU MOTOKIB
BU3HAYAIOTHCSl KOHKPETHOIO TOTOJIOTIEI0 TUTaHETapHUX PSJIIB Ta OaIaHCOM MOTY>KHOCTI; TOMY
YHUCIIOBI KOE(]IIIEHTH BHUXIJHOTO MaTepialy HE CJiJ TpakTyBaTH SK MAclOpTHI JaHl
KOHKPETHOI cepiiiHOT KOPOOKH.

3B’S130K IIBHJAKOCTEH Hacoca 1 MOTOpa B 3aMKHEHOMY Tip0o00’€MHOMY KOHTYpl Y
criporieHoMy Burysiai [18]:

Do _ [Vp”i???)

o %8

bl m

(10)

JI€ (om — KYTOBa IIBUJIKICTh TAPOMOTOPA; wp — KyTOBa IIBUIKICTH TiipoHacoca; Vp — pobounii
06’em Hacoca (cM*/00); Vm — pobounii 06’em Motopa (cMm3/00); n° — 006’ eMuumii KoedillieHT
KOPHCHOI [Ti Hacoca (BpaxoBy€E BHYTPIIIHI BUTOKH); 7y" — 00’ €MHUIA KOe(illieHT KOPUCHOT il
MOTOpa.

s dopmyna mokasye, MO MIBUAKICTF MOTOpa MPOMOPIIfHA MIBUJIKOCTI Hacoca, aje 3
MOIMPaBKOI0 Ha pobodi 06’eMM Ta BTpATH BiA BUTOKIB. SKmo o0’eMu Hacoca i MoTopa
onHakoi, a KKJI 6iu3pki 10 1, To mBuakocti OynyTh Maibke piBHI. OTxe, 3MiHa Vp Ta Vi
3MIHIOE @p 1 @Wm, @ Yepe3 MIaHeTapHUN MEeXaHI3M - BUXIJHY IIBUAKICTb. Y peasbHil cucteMi
HEOOXIJTHO TOJJATKOBO BPaxOBYBAaTH HANpPSMOK ITOTOKY, 3HAaK KYTOBOI IIBHIKOCTI, THCK,
00’emHi BTpaTH Ta MexaHiunuit KK/ rizpomarus.

Enepreruunuii 6aanc i BTpaTu.

3a 3a1aH01 YacTKH TiApoo0’eMHOI moTy»)HocTi eHepreTnunuii KKJI moxHa nogatu uepes
eKBiBaJIeHTHUH Oananc [18]:

Poue = (1 = ¥)Mmecn P + ¥Yliyar P (11)
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ne Pout — KOpHUCHA BUXiHA MTOTYKHICTh CUCTEMH; P — 3aranbHa BXiJHA MOTYXXHICTh CUCTEMU;
y — YacTKa Tiipoo0’€MHOI MOTYKHOCTI y 3arajlbHOMY OajaHci; #jmech — MexaHiuauid KK
(epexTUBHICTH MEXaHIYHOI TIKHU); #hydr — TigpaBaiyauii KK (edextuBHICTh T11p000’€eMHOT
TLIKH).

Drpatu eneprii y cucremi

P:E-SS' = 'P - PD:H‘ = P[(l - Fj(1 - nmach) + F(l _nh}-dr)] (12)

®opmyina (12) mokasye, mo BTpaTH ckiagaroThest 3 ABoX 4acTHH: (1 — y)(1 — #mech) —
BTpaTH y MexaHiuHii T i y (1 — #hydr) — BTpaTH y TiApaBIidHiN TiIIIi.
Judepenniroroun piBHSHHS (3) 3@ Y IPU CTAITHUX Hmech TA #hyd, OEPKYEMO:
d

d_};nrprn! = Mhydr — Mmech (13)

1€ ntotal — cymapauii KK/I cucremu.

[Toximgna mokasye, sk 3MmiHIO€ThCs 3arainbHui KKJI mpu 3miHi yacTku rigpoo0’eMHOi
HOTY>KHOCTI. SIKIIO #hydr < #mech, TO 301IbIIIEHHS Y 3HIKY€E cyMapHuii KK]I.

OCKIUTBKH JUISI TUTIOBUX POOOYUX PEKUMIB #hydr HHXKYHMHA 32 #mech, 30UTBIIEHHS YaCTKU
rizpoo6’eMHOT MOTYKHOCTI B niepuioMy HaommkeHH1 3HWKye cymapanid KK/, Lle e o3Hauae,
M0 MakKcuMizamisd MeXaHI4YHOI YacTKU 3aBXId ONTUMAajbHA: HEOOXIIHO OIHOYACHO
BpaxoOBYBaTH po0OYy TOUKY JIBUTYHA, TATOBUH PEKUM Ta TUHAMIKY KEPYBaHHSI.

Interpansunii KK/l Ha inTepBaJjii miBUIKoCTEH.
Jns  GesnepepBHOi  xapaktepuctuku cepeaniii KK/ wa inTepBam  [Vmin, Vmax]
BU3HavaeThes [17]:

1 Ymax

= 1, dv (14)

(v —v . ).
T min Lmln

ne 1 — cepenniii KKJI, oGuunciienuii sk iHTErpas mo iHTepBaty MBUIKOCTEH, HOPMOBAHUH
Ha WOro NOBXHUHY; [Vmin, Vmax] — iHTepBan mBuAkocTeil pyxy; nv — murreBuil KKJ[ mpu
MIBUIKOCTI V.

JUis  IUCKPETHHX  eKCIIepUMEHTAJbHUX ab0 pO3paxyHKOBHX TOYOK JOLUIbHE
TpanemienoaioHe iIHTerpyBaHHs,:

. (m+n?1)(u )
! (v, — 1) > i+1 Vi (15)

e Vi, Vo — KpaiiHi 3HaYeHHs MBMAKOCTI y BMOipui; 7i, 7" — 3Hadenns KKJI y cycimnix
TOYKaX.

dopmyia pealnizye 4McelbHE IHTEIPYBaHHS METOJOM Tparmeliid, 1m0 J03BOJISE OLIHUTH
cepenniit KK/ 3a excriepumeHTansHUME a00 pO3paxyHKOBUMH JJAaHUMHU.

JunamiuHa MoJe/ib KepyBaHHSI.

Posmmpenuit Teopetnunmii anapat Bkiarodae PID-perymnstop mBuakocti. s moxuOku
ev(t) = Vtarget(t) — Vactual(t) [17]:

£ d
Upyare(t) = Ky pe,(8) + K J [Ey(tj) + Ky E%(tj (16)

1€ Unydro(t) — Kepyrouwii CHUTHal Ha TigpaBiIiuHUN CEPBONPHBIN (HANPHUKIIAA, TMOJOXKCHHS
30JI0THUKA 4d KjiamaHa); Kph — Koe(ilieHT MpOoMopLiiHOi CKIagoBoi (peakilisi HA MUTTEBY
noxuOKy); ev(t) = Viarget(t) — Vacwal(t) — moxmOka mBuAKOCTI (pi3HHIST MiX OaXaHOHO Ta
peanbHOI0); Kih — KOSdIII€HT IHTErPAIbHOI CKJIAI0BOT (HAKOTTMYCHHS TTOXUOKH Y Yaci, yCyBae
cTay moMuwiky); Kdgh — koedinieHT nudepeHmiansHoi CKIagoBoi (peakilis Ha MIBUAKICTh
3MIHU TOXUOKH, eMITpyBaHHS).
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( Cralve Yhydral (e)— V“'r:'} (17)

I:EE' rea

—V (t) =

ne Vp(t) — monoxenHs abo 00’emMHa momada Hacoca (kepoBanuit mapamerp); Cvave —
KOCe(IIIEHT MiJICUICHHS KiianmaHa (epeTBOPIOE CUTHA y (Bi3UYHUIN BIUTHB); Uhydro(t) — CUTHA
Binm PID-perynstopa; Tservo — TMOCTIHA 4Yacy CepBONPHUBOAY (BHU3HAYA€ 1HEPLIMHICTH
CUCTEMH).

dopmyia onucye, siKk peanbHe mojoxeHHs Vp(t) HaOmmKkaeTbes 10 0aKaHOTO 3HAUCHHS
i1 Ti€ro Kepyrodoro curany [17].

d
Iﬂng Em[tj = M:’nd [qfual’m) - M?nachmss [m:] - M[tj (18)

ne  leng — MomeHT iHepuii aBuryHa; (f) — KyToBa INBHAKICTH KOJIHYACTOrO BaJa;
Ming(qfuel,w) — iHIUKATOPHKUIT MOMEHT IBUTYHA, IO 3aJCXKHTh BiJ IOJadi HaauBa (fuel Ta
HMIBUIKOCTI @; Mmechloss(®) — MexaHiuHi BTpatu (TepTs, gonomixkHi arperatu); M(t) — MomeHT
HaBaHTAXCHHS BiJl TPaHCMICII.

PiBHsiHHS onucye O0ajaHC MOMEHTIB: IPUCKOPEHHS JIBUTYHA BU3HAYAETHCS PIZHUIICIO MK
KOPHUCHUM MOMEHTOM 1 BTparaMu. Y3ro/DKEHHSI KepyBaHHS TPAHCMICIEIO 1 TBUTYHOM MOXKHA
chopMyIIIOBaTH SIK 3a7]a4y MiHIMi3allii IHTErpaibHOrO KPUTEPIIO:

T
L(qryersVy) = j [gs (e, M, ;)P +ler(t)) dt — min (19)
o

ne L(Qfuel,Vp) — dyHkiionan (kpurepiit ontumizaiii); ge(w,Ming) — muTOMa BUTpaTa MajnBa
(r/xBT'r0M), 3aM€XKNUTh BiJ pexuMy ABUTYHA; P — moTyxHicTh aBuryHa; Aey(t) — mrpad 3a
BIJIXMJICHHS IIBUKOCTI (Bara A BH3HAYa€ BKJIMBICTH TOYHOCTI). [HTETpan Oeperbes 3a yac
pobotu T.

3aBmaHHs: 3HAWTH TaKe KepyBaHHS MOJAauero MaauBa Cfuel Ta MOJIOKEHHSIM Hacoca Vp,
1100 MiHIMI3yBaTH CyMapHy BUTpaTy MajuBa Ta MOXUOKY IIBUJIKOCTI.

Taka mocraHOBKa MOKa3ye, M0 MaJIMBHA €KOHOMIYHICTH HE € BUKJIIOYHO BJIACTHBICTIO
KIHEMaTHMYHOi CXEMH, BOHa 3aJeKUTh BiJl TOr0, HAaCKIJIbKM CHUCTEMa KEpyBaHHs 3/aTHa
YTPUMYBATH JBHUTYH 1 TIAPOMEXaHIYHY TUIKY y CIPUSATINBIN 001acTi pexxumiB. JlocmimkeHHs
IHTErpOBAHOTO KEpPYBaHHS JBUIYHOM 1 TIIpPOMEXaHIYHOK TPAHCMICIEI0 MIATBEPAXKYIOTh
BaXUIUBICTh CIIJILHOTO BUOOPY MEPEAaTHOIO BIJHOLIEHHS Ta peXXUMY ABUTyHa [4].

PesyabTarm.

[IpUHIMIIOBI CXEMH TipOMEXaHIuHOI TPAaHCMICIT pO3MOIiTY MOTYKHOCTI TpakTopiB Fendt
Vario i John Deere AutoPowr / ZF ECCOM HnaBezeHi Ha puc. 1.

MexaHi4yHa
FinKa

MnaHeTapHWii Bin6ip

Aewnryt MexaHiam nOTYMHOCTI

rigpocraTuyHa
rinka

Puc. 1. IlpuHuunoBa cxema riipoMexaHiqyHoi TpaHcMicii po3noainy NoTyKHOCTi TPaKTOpiB
Fendt Vario i John Deere AutoPowr/ZF ECCOM

Fendt Vario: KOHCTPYKTHBHO-KiHeMaTHYHi 0CO0JIMBOCTI.

Fendt Vario € KkiIacMUHUM MPHUKIAAOM Tipo00’€MHO-MEXaHIYHOI CHIIOPO3ALTHHOI
tpancwmicii. Texuiuna myOGumikamis Brenninger ommcye xonnenmiro Fendt Vario CVT ta ii
3aCTOCYBaHHS y CLIIbCBKOTOCIOIAPChKUX TpakTopax [15, 17].
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st anamizy Vario y HayKOBIH JiTepaTypi BUKOPHUCTOBYETHCS CHIJIOPO3ALIbHA CXeMa 3
IUIAHETApPHUM  MEXaHI3MOM Ta TiIpo00’€MHOI0 TUIKOIO. Y  KOHKPETHHX CEepiHHUX
MoaudiKaIlisAX pO3TAllyBaHHS €JIEMEHTIB 1 HalPSIMKH MOTOKIB MOXKYTh BIJIPI3HATHCS, TOMY
HaBEJICHA Yy CTATTi CXeMa Ma€ CTaTyC y3araJlbHeHOT MPUHIMIIOBOT Mozeni [3, 5].

Jns Vario xapaktepHa 3MiHa CITIBBITHOIICHHS MEXaHIYHOI Ta T1Ap000’€MHOT CKJIaJI0BUX
3aJIXKHO BiJl IIBUAKOCTI; 11e € QyHIaMeHTa bHOO BiacTuBicTio power-split CVT [1, 3, 15].

John Deere AutoPowr/ZF ECCOM: KOHCTPYKTHBHO-KiHEMaTH4YHi 0CO0JIMBOCTI.

VY mnHaykoBiil 1 TexHiuyHii Jiteparypi AutoPowr BiamoBimHux mnokoninb John Deere
MOB’SI3Y€ThCA 3 TiJpoo0’eMHO-MexaHIYHUMHU TpaHcMicisimu ZF ECCOM. ZF ECCOM
XapaKTepU3YEThCs K OE3CTyMiHUacTa CUIOPO3JUIbHA Mepeada 3 IUNIAHETAPHOI YaCTHUHOIO,
riIpoo0’€MHUM MOYJIEM Ta PEBEPCUBHOIO Mepeaadeto. Y MOBHOMY Jiara3oHi MIBUIKOCTEH €
YOTHPH IIBUIKICHI Jlialia30HU SKi aBTOMaTHYHO TiepeMuKaroThes [6, 20].

Jns John Deere mprHIMIIOBO Ba)KJIMBO HE NMEPEHOCHTH MApaMETPH OJHOTO HMOKOJIHHS
AutoPowr nHa Bci iHmi mozeni. TexHiyHI Jpkepena MokaszyroTh pi3Hi peanizanii ECCOM
3aJIe)KHO BiJl MOTYXKHOCTI Ta MOKOJIHHS TpakTopa. Tomy B Wil CTAaTTi YOTHPHUAIala30HHY
KOHIICTIIIIF0 HaBEJICHO K XxapakTepucTuky BiamoBimaunx ECCOM/AutoPowr peanizamiii, a He
K YHIBEpCaJIbHY BJIACTUBICTh KOXKHOTO TpakTopa John Deere [22].

VY xoxHOMY Jiana3zoHi 6e3cTymiHgacTa 3MiHa MBUIKOCTI 320€31eUy€eThCS PEryIIOBaHHAM
riApoo0’eMHOT TUTKH; CTPYKTYypa power-split 1ae 3MOTy 3MEHIITYBaTH T1IPp000’€MHY YaCTKy Ta
Hi/IBUIIYBaTH €)EKTUBHICTD Y CIPUATIMBUX poOounx 30Hax [1, 2, 6].

Pospaxynkosa oninka KK/ n(v).

Jlns KiIBKICHOTO MOPIBHSAHHS e€()EeKTUBHOCTI TipoMexaHIYHHMX TpaHcwmiciii Fendt Vario
ta John Deere AutoPowr BukopucTaHO AMCKpPEeTHHH Hal0ip pO3PaxyHKOBUX 3HAYCHb
KoedillieHTa KOPUCHOI il 3aJIe3KHO BiJ MIBUAKOCTI pyXy TpakTopa. HaBeneHi 3HaueHHS HeE €
pe3ynbTaTaMu  CTEHJIOBUX BUIIPOOYBaHb KOHKPETHUX TpaHCMIciH abo  odimiitHuMu
nokasHukamMu DLG 1 ToMy poO3risiialoThCsi BUKJIIOYHO SIK JJaHI aBTOPCHKOI PO3paxyHKOBOT
Mojzenl. 3aranbHUM KoeQILIEHT KOPUCHOI Mii TpaHCMICli BH3HAYAETHCS BIAHOLICHHIM
HOTY>KHOCTI Ha ii BUXO/1 /10 HOTY>KHOCTI, 1110 MiABOAUTHCS 10 TPAHCMICII:

PEPK
Tp = (20)

EX

J€ M — 3arajJbHUN Koe(ilieHT KOPUCHOI nii TpaHCMicii; Peux — MOTYXXHICTh Ha BUXOAI
TpaHcMicii, KBT; Pex — HOTY>KHICTb Ha BXOJ1 TpaHcMicii, KBT.

JUis  cunopo3IbHOT  TiIPOMEXaHIYHOI TpaHCMicli BXIJHMM MOTIK HOTY>KHOCTI
PO3MOAIAETHCS MK MEXaHIYHOIO Ta TiAp000’€MHOI0 TIIKaMU. Y MEpLIOMY IHKEHEPHOMY
HaOmkeHH1 cymapauii KK/ moxe Oytu npeacraBienuil sk 3BaxxeHa cyma KKJI mux ringok:

?F'rp = (1 - F)?Fnex + Fnri..lrp (21)

JIe Y — YacTKa BX1JIHOI MOTY>KHOCTI, IO TIepeaeTbcs Yepe3 Tiipood’eMHY TUIKY; Huex — KK
MEXaHI4HOI T'JIKH; rizp — KK/ rigpoo6’eMHOiI TiIKH.

YacTka MOTYXXHOCTI, IO TMepedaeTbcs uYepe3 TiApo00’€MHY TUIKY, BU3HAYAETHCS
CHIBBIAHOIIECHHSM:

— _rmap 29
¥ o (22)

BX

ne Prizp — TOTYXHICTh, 11O TMepeAaeTbcs 4vepe3 Tiapood’eMHy rinky, kBT. BiamosigHo,
MeXaHiIYHa YacTKa MOTYXHOCTI JOPIBHIOE:

SIKIIO #sex > Arigp, TO 30UIBIIEHHS MEXAaHIYHOT YAaCTKH MOTY>KHOCTI CIIPHSIE MiABUIIICHHIO
cymapnoro KK/I. I{to yMoBy MOHa 3anucaru siK:

FHEY
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Mex = Mrizp (24)

PiBusinasa (21) € Mopemmo mepmioro mnopsaky. BoHO He BpaxoBye OKpeMO BTpaTH B
IUTAHETapHUX MeXaHi3Max, 3y04acTHX mepegadax, MiJIIAIHUKAX, My(Tax, yIIIJIbHEHHSX,
TIAPaBIIYHUX MariCTpalisiax, a TAKOXK IMUPKYJALINHI Ta Mapa3uTHI MOTOKU MOTYXKHOCTI. Tomy
HOro ciiji BUKOPHCTOBYBATH IS MEPBHHHOI 1H)KEHEPHOI OIIIHKH, a HE SIK MOBHY MOJIENb
E€HEePreTUYHOTO OaTaHCY KOHKPETHOI CepiiiHO1 TpaHCMICii.

Jiis  y3roJuKeHHsST pPO3PaxyHKY 3 KOHCTPYKTHBHO-KIHEMATUYHHMH OCOOJHMBOCTSAMU
CHIIOPO3AUILHUX TPAHCMICIH y TaOuuii 1 BHKOHAHO pPO3paxyHOK 3a piBHAHHSAM (21).
3HaueHHs #7(V) BU3HAYAFOTHCS Yepe3 YaCTKY MOTYKHOCTI Tiipoo6’eMHOT riiku p(V).

Ta6auus 1. Po3paxynkoBi 3HaueHHs1 YacTKH rigpood’emuoi nory:xuocti Ta KK/| Tpancmiciii
Fendt Vario i John Deere AutoPowr

v, km/ron Fendt Vario John Deere AutoPowr
yF yF »JD yJD
2 0,941 0,857 0,180 0,948
4 0,892 0,863 0,360 0,927
6 0,843 0,869 0,360 0,927
8 0,794 0,875 0,180 0,948
10 0,745 0,881 0,000 0,970
12 0,696 0,886 0,063 0,963
14 0,647 0,892 0,125 0,955
16 0,598 0,898 0,188 0,948
18 0,549 0,904 0,250 0,940
20 0,500 0,910 0,179 0,949
25 0,375 0,925 0,000 0,970
30 0.250 0,940 0,096 0,958
40 0.000 0,970 0,208 0,945

VY po3paxyHKy TPUHHATO #wex = 0,97 Ta #rizp = 0,85 sk iHXKEHEPHI MOJIENIBbHI MapaMeTpu
MEPIIOTO TOPSAKY, a HE SIK MacmopTHI a00 eKCIepUMEHTAIbHO BU3HA4YeH1 3Ha4deHHs. J[is
Fendt Vario yF(v) ampokcuMOBaHO 3a JOKYMEHTOBAHOK TCH/CHINEID 3MEHIICHHS
riIpoo0’eMHOT YacTKM 31 3pocTaHHAM MmBHAKOCTI; i John Deere AutoPowr pJD(v)
BU3HAYEHO 32 OMyO0JIIKOBAaHOIO XapaKTEPHCTUKOI MEXaHIYHOI YacTKu moTyxHocTti 55-100 %
s 7R AutoPowr [21, 22].

Hns ouinroBanus cepeanboro KKJ[ Ha 3amaHoMy iHTEpBasi MIBUIKOCTEH BUKOPHUCTAHO
TparnenienoaioHe IHTErpyBaHHs TUCKPETHUX 3HAUYEHb!

n—1

1 n +n;+1
Nep = Z 5 (v; +1—v,;) (25)

Vimaxr — Vmin &=
i=1

ne nwp — cepennit KKJ[ Tpancwmicii Ha 3ajaHoMy iHTepBasli IIBHUAKOCTEH; Vmin 1 Vmax —
MiHIMaJIbHA Ta MaKCHUMaJIbHA MIBUIKOCTI JOCIIKYBAHOTO IHTEpBaIy, KM/Tom; ViTa Vi + 1 —
CyCilHI 3HAuUeHHS MBUAKOCTI; #i, #i +1 — BignoBimHi 3HaueHHs KKJI; n — KinbKicTh
JTVCKPETHUX TOYOK.

VY tabnuui 1 V — mWBUAKICTh pyXY TpakTopa, KM/ToJ; yF — 4acTka BXiJHOI IOTY>KHOCTI, 1110
nepeaaeThes uepes rigpood’emuy rinky Fendt Vario; #nF — po3paxyukosuit KKJI Fendt; yJD —
qacTka riapoo6’eMHol moTyxkHOoCTi John Deere AutoPowr; #JD — po3paxynkoBuii KKJ[ John
Deere; #uex = 0,97 Ta 1.i9p = 0,85 — mpuitHATI MOJENTBHI TApAMETPH.

3acrocyBaHHs pPiBHAHHSA (25) 10 iHTepBayly WIBUAKOCTeH 4—12 kMm/roa nae cepeaHii
po3paxynkoBuii KKJ[ 0,875 mns Fendt Vario ta 0,947 mnst John Deere AutoPowr. Ile
HiATBEPIXKYE, 110 30UTBIIEHHS YaCTKH T1Ipo00’eMHOI MOTYKHOCTI 3HIKY€e cymapauii KK/, a
onrumizaiis power-split rparcmicii monsrae y minimizamii y [14, 15]. e inTerpanbHa ominka
PO3paxyHKOBOT MOJIET, a HE eKCIIEPUMEHTAIbHHI MOKa3HUK KOHKPETHOT CepiiHOT TpaHCcMicii.
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VY 3aranpbHOoMy Bumanky peanbHuid KKJI Tpancwmicii 3ameXuTh HE JHIINE BiJ MIBUIKOCTI
pyXy, a ¥ BiJ pO3MOALTY IOTYXHOCTi, HaBaHTa)KyBaJbHOI'O MOMEHTY, pOOOYOrO THUCKY,
4acTOTH OOEpTaHHs JBUTYHA Ta Temmeparypu pobouoi onmBu. Tomy OaraTodakTopHy
3aJICXKHICTh MOYKHA [TOIATH Y BUTJISIII:

Nep = Nepl V¥ My 00y, T, (26)

e My — HaBaHTa)XXyBJIbHUN KPYTHHIA MOMEHT, H-M; p — pobGoumii TuCK y TiIpoo0’eMHOMY
KoHTypi, MIla; w; — KyToBa MIBHIKICTH KOJIHYACTOrO Baja JBUTYHA, pan/c; Tox —
TeMIiepatypa pododoi onusu, °C.

PiBusHHs (206) migkpeciroe, M0 MIBHIKICTH PyXy caMa mo co0i He € JOCTaTHbOIO
3MIHHOIO TSI TOBHOTO onucy peanbHoro KK/I.

PozpaxynkoBa 3anexnicte KKJI Big mBuuakocti pyxy TtpaktopiB Fendt Vario i John
Deere AutoPowr HaBeneHi Ha puc. 2.

1.000
—a— Fendt Vario

------ John Deere AutoPowr
0.975 1

0.950 1

n
o
1=}
o
w»

0.900 A

KKO TpaHemicil,

0.875

0.850

0.825 A
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Puc. 2. Po3paxynkosa 3anexuicts KK/ Bix mBuakocti pyxy rpakropis Fendt Vario i John

Deere AutoPowr

OTtpumaHi pe3yabTaTu CIiJ TPAKTYBaTH K IHKEHEPHY OLIHKY MepuIoro nopsjaky. Bona
BiJ10Opakae BIJIMB JOKYMEHTOBAHOI'O XapaKTepy pO3IMOALTY MOTYKHOCTI MK MEXaHIYHOIO Ta
riipoo0’eMHOI0 TiIKaMH, aje He 3aMiHIoe MOBHOI Mozeni power-flow 3 ypaxyBaHHIM
MUPKYJISLIHHUX, TTAPA3UTHUX Ta HIITUX JOKAIBHUX BTPAT.

DLG PowerMix: meTono/10riyHe po3Me:KyBaHHS.

DLG PowerMix € cTaHIapTH30BaHOK METOIUKOI0 KOMITJIEKCHOT'O OLIHIOBAaHHS MATUBHOI
Ta eKCIUTyaTaliifHOi e(eKTUBHOCTI TpakTopa. Pe3ynbrar ¢opMyeTbes mija BILIMBOM POOOTH
JIBUTYHA, TPAaHCMICii, TiApaBIiuHOI CHCTEMM, UIMH, MacH MallWHHW, HABAaHTAKCHHS Ta
HaJalmTyBaHb. Tomy mokazHuk PowerMix He MoxkHa Oe3mocepeaHbo oToToxHIOBaTH 3 KK]]
TPaHCMICii #rp, BU3Ha4eHUM piBHSHHAM (20). YV miii poOoti wmcnoBuid po3paxyHok #(V)
BUKOHAHO OKPEMO Ha OCHOBI MoJeli posmoainy moTyxHocti p(V), Tomai sk DLG PowerMix
PO3TIIAIAETHCS JIMIIE K HE3AIEKHE KOMIUIEKCHE JKEPEIIo I METOA0JIOT1UYHOI EPEBIPKU.

Merononoriuno HeoOXiTHO po3MexkoByBath 1Ba piBHI omiHoBaHHsa: KKJ[ camoi
TpaHCMICii, SIKHMIl XapakTepu3ye CHIBBIAHOIIEHHS BHUXIJHOI Ta BXIJHOI TOTYXHOCTI
BiAMoBigHO 10 piBHSAHHS (20), Ta KOMIUIEKCHY NAlMBHY W EKCIUTyaTalliifHy e(QeKTHBHICTh
TpakKTopa, Ky xapakrepuszye DLG PowerMix.

VYV mexax 1iei pobotu pesynabratd PowerMixX BHKOPHCTOBYIOTHCS JIHMINIE SIK JKEPEIIO
KOMILJIEKCHOI OILIIHKM TpPakKToOpa 1 HE MEpeHOCAThCS Oe3MocepelHb0 Ha XapaKTePUCTUKU
TiapoMexaHIgyHO1 TpaHCMICii.

“  ISSN: 1994-4691 Ne1(77) 1oc
2026




TSATU ASIHP

Kopektae mopiBasiHHs Fendt Vario ta John Deere AutoPowr mae BUKOHyBaTHCS 3a
JAaHUMH KOHKPETHMX MOJEJeH 1 TOKONIHb TPaHCMICiid, &N SKUX JOKYMEHTaJIbHO
MIATBEP/HKCHO BIJMOBIIHY KOHCTPYKTUBHY cXemy. JJIT TMOBHOTO KUIBKICHOTO IOPiBHSHHS
HEOOXiJHI KiHEeMaTW4Ha CXeMma, IepeJaTHI 4YKcia, XapaKTePUCTHKU TiAPOMALINH, KapTH
06’emuoro Tta wmexaniuHoro KKJI, poOGounii THCK, HaBaHTa)KECHHs, 4YacTOTa OOCpTaHHS
JIBUTYHA, TEMIIEpaTypa OJIMBH Ta PE3YyJIbTaTH HE3ICKHUX CTCHIOBHX a00 TOJIhOBUX
BUIPOOYBaHb.

OT1xe, po3paxyHKOBa XapakTepuctuka n{v), moOymoBaHa 3a tabnuiero 1 Ta ycepenHeHa
3a piBHSAHHAM (25), 1 pe3ynbratn DLG PowerMix moBUHHI pO3IIISIIATUCS SIK TIOTTOBHIOBAJIBHI,
aJle METOJOJIOTIYHO Pi3HI TMOKAa3HUKU: IEpIla XapaKTepU3ye pPO3PaXyHKOBY EHEPreTHUHY
e(DeKTUBHICTh TPAHCMICIi, Apyra - KOMIUIEKCHY €(QEKTHBHICTh TPAKTOpa B 3aJaHUX YMOBax
BUIIPOOYBaHHS.

KepyBaHHs1 TpaHCMICi€I0 Ta IBUTYHOM.

EnekTpoHHa cucTemMa KepyBaHHS KOOPAMHYE YAaCTOTy OOCpPTAHHS JIBUTYHA, MOJIOKCHHS
pEryJibOBaHUX TiIpPOMAIIHH, MepelaTHEe BiTHOIIECHHS Ta, y Oararojiana3oHHUX TPAHCMICIAX,
MOMCHTH TIepeMUKaHHA. AutoPowr Mae aBTOMAaTH30BaHI PEXHMH KEPYBaHHS, a Cy4acHi
cucremu Fendt peani3yroTh y3rokeHe KEepYBAHHS JIBUTYHOM 1 TpaHcMmiciero. OnHak
KOHKpETHI ayroputmu, koedimieatu PID ta BHyTpimHI GuTbTpH BUPOOHUKU HE PO3KPHBAIOTH
MOBHICTIO, TOMY YHCJIOBI TapaMeTPH 3 BUXITHOTO MaTepialy He CJiJ [10aBaTh K 3aBOJICHKI.

3 TeopeTHYHOI TOYKH 30py IUILOBOIO € TaKa TPAEKTOpis KEePyBaHHs, 3a SIKOI 3a/aHa
MIBUJKICTh MITPUMYETHCSI 3 MIHIMAIBHOIO BHTPATOI0 TajuBa Ta 0€3 MEepeBHIICHHS
JOTYCTUMHX TUCKIB, YaCTOT OOEpTaHHS 1 MOMEHTIB.

Omxke Fendt Vario nmemonctpye xapaktepHy s power-split CVT 3anexHicTh Mix
MeXaHiyHOI Ta rigpoo0’emuHoro rinkamu. ZF ECCOM/AutoPowr BHKOpUCTOBYE
OaraTtopianazoHHy apXiTeKTypy, fKa Ja€e 3MOory (OpMYBaTH CHPUATIMBHHA PO3MOILI
MOTYXHOCTI Y Pi3HUX Aiana3oHax [1, 3, 6].

Boagnouac 3a HaBeAeHMMM y BUXIIHOMY MaTepiajli 3HAQUEHHSMHU HE MOXKHa pOOUTH
BUCHOBOK IIpO YHiBepcaJlbHy IepeBary oJHoOro BHpoOHHMKa. Tabmuus 7(v) € MOAEIbHOIO;

peanbauii KKJ/I 3anexuTh BiJ HABaHTaKE€HHS, TUCKY, YACTOTH 00epTaHHs, IEpEeAaTHUX YHCE,
TeMIIepaTypy OJIUBH, CTaHy T1JPOMAIINH Ta aITOPUTMY KEpPYBaHHS.

BucHoBKH.

ChopmoBanuil TeopeTWYHHMH amapaT BHXIAHOI CTaTTI — €HEepreTHYHuil OanaHc,
koedimieHT posramyxyBaHHs ¥, rigpocratnunuit KKJI, piBusanas Bimmica, kiHemaTu4Hi

3aJIeXKHOCTI T1[pOMaIINH, 6ajaHC BTpAT Ta AMHAMIYHA MOJEIb KepyBaHHS.

CunoposaiibHa riipoMexaHidyHa TpaHCMICis MOXe MaTd BHILY €(QEeKTHBHICTb 3a YHCTO
riapoo6’eMHy Tiepenady 3aBIsSKH MPOXO/KEHHIO 3HAYHOI YaCTUHU MOTYKHOCTI MEXaHIYHOIO
rinkoro [1, 2].

Pigusiuas (21) mpupaTHe A TEPBHHHOI IH)KEHEPHO! OIIHKH BIUIMBY PO3MOALTY
HOTYKHOCTI, ajie He 3aMiHIO€ TOBHOI Mojiesi power-flow 3 MUpKyISAUiHHUMY Ta Tapa3uTHUMU
BTpaTaMH.

Fendt Vario e rizpoo0’eMHO-MexaHIUHOW power-split KOHIIETIIi€l0; y HAayKOBHX 1
TEXHIYHUX JKepesiaX ONKUCAaHO 3POCTAaHHS MEXaHIYHOI YacTKU Yy BIAMOBIIHUX pexuMax 3i
301IbIIEHHSIM MIBUIKOCTI [3, 15].

John Deere AutoPowr y BiAMOBIIHMX TOKOJIHHSIX TOB’SI3aHUM 13 TiPOMEXaHIYHUMH
tpancMmicisimu ZF ECCOM; yotupuaianazonna komeniis fokymentoBana st ECCOM 1 e
MOBMHHA aBTOMAaTUYHO MEPEHOCUTHUCS Ha Bci Mojeini AutoPowr [6, 20].

HaBezneni 3HaueHHs 7(V) MalOTh CTaTyC PO3paXyHKOBUX 1 HE € pe3ysbTaTaMu CTEHJAOBUX

BunpoOyBanb DLG.
JI71s1 OCTaTOYHOTO KIJTBKICHOTO MOPIBHSHHS KOHKPETHHUX TPAKTOPIB HEOOXITHI Y3TOKEH1
3a MOJIEJUTIO TPAaHCMICIi Ta yMOBaMU BHIPOOYBaHHS JlaHi: MEpEeIaTHI YnCa, xapaKTepnchH
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rigpomamuH, kaptu KKJI, HaBaHTakeHHs, YacToTa OOEpTaHHS [BUTYHA Ta pPE3yiIbTaTH
HE3AJICKHHUX CTEHJI0BUX a00 MOJIbOBUX BUIIPOOYBaHb.

Jns TiOBMINEHHST TOYHOCTI Ta BiATBOPIOBAHOCTI pE3YJbTaTiB JOLUIBHO BHKOHATH
napaMeTpuuHy IIeHTH(IKAIil0 KOHKPETHHX TPAHCMICIH 13 BUKOPUCTAHHSM IOBHOI
KIHEMaTUYHOI ~MaTpHIll IJJaHETAPHUX MEXaHI3MIB, XapaKTEPHCTHK TigpoHacoca 1
rigpomoropa, kapt o0’emHoro Ta wmexaHigHoro KKJI, MomeHTiB iHepilii, BTpar Yy
nigmunHuKax 1 mydrax. e gacTe MOXIMBICTD MEPEHTH Bl IHKEHEPHOI arpoKCHUMAIii 110
BiITBOpIOBaHOI Mojeni (v, M, ).
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ANALYSIS OF THE OPERATION OF FENDT VARIO AND JOHN DEERE
AUTOPOWR HYDROMECHANICAL TRANSMISSIONS AND COMPAR-ISON OF THEIR
EFFICIENCY

M. Volianskyi', A. Lavrinenko!, Y. Humeniuk?, Y. Rosamakha!
! National University of Life and Environmental Sciences of Ukraine

Abstract

The paper presents a comparative analysis of the operating principles and energy efficiency of
continuously variable hydro-mechanical power-split transmissions Fendt Vario and John Deere
AutoPowr used in modern agricultural tractors. The relevance of the study is determined by the
increasing requirements for energy efficiency, fuel economy, operational adaptability, and rational
utilization of engine power under different operating conditions. The objective of the research is to
establish the relationship between power distribution between the mechanical and hydro-volume
branches of the transmission and its calculated overall efficiency depending on tractor travel speed.

The research is based on theoretical analysis of power flow in power-split continuously variable
transmissions, consideration of the kinematic characteristics of planetary mechanisms, and
mathematical modeling of the transmission energy balance. The Willis equation is used to describe
kinematic relationships in planetary gear mechanisms. A combined efficiency model is applied to
account for losses in the mechanical and hydro-volume branches. The comparative assessment is
performed using common methodological assumptions, which makes it possible to evaluate the
influence of transmission architecture and power distribution on calculated efficiency. Particular
attention is given to distinguishing calculated model values from experimental or certified test results.

The results indicate that the proportion of power transmitted through the hydro-volume branch is
an important factor affecting overall transmission efficiency. Increasing the hydro-volume component
increases hydraulic losses and, under the adopted assumptions, reduces calculated total efficiency. For
the investigated travel-speed interval of 4-12 km/h, the average calculated transmission efficiency is
approximately 0,875 for Fendt Vario and 0,947 for John Deere AutoPowr. These values are obtained
from the calculation model and should not be interpreted as direct experimental measurements or
official manufacturer performance indicators. The practical significance of the research is the
possibility of applying the proposed approach for preliminary engineering assessment, comparative
evaluation of tractor transmissions, and selection of rational operating modes. Further research should
include identification of actual hydraulic-unit and planetary-mechanism parameters and experimental
validation under standardized operating conditions.

Keywords: hydro-mechanical transmission, continuously variable transmission, power-split
transmission, power distribution, hydro-volume branch, mechanical branch, planetary gear
mechanism.
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AHoTanisi. MeToro JOCTiKeHb € BU3HAUYEHHs JUHAMIYHUX XapaKTEPUCTHK PETYISITOpa THUCKY 3
EJIEeKTPOMATHITHAM KIIallaHOM JJIsi TPHOX (pOpPM 3aTBOpa 3a Pi3HMX IMapaMeTpiB MMHEBMOCHCTEMHU Ta
MepeBipka aneKBaTHOCTI MareMaTHdHoi Mojeni. OTpuMaHO KOpENAIiiHI 3aJIeKHOCTI YaCOBHX
XapaKTePUCTUK POOOTH KIAmaHHOI CUCTEMH PEryisiTopa TUCKY MHEBMOCHCTEMH B 3aJIE)KHOCTI Bif
THUCKY B CHCTeMi, JOPMH 3aTBOpa KJlalaHa, 3ajjaHa MapaMeTpoM CKBIBaJCHTHOTO KJIMHA, CEKTUBHOI
TUTOIII JPOCETIs, 0 YMOXKIIMBIIIOE OOTPYHTYBaHHS €(DEKTHBHOCTI KJIANIAHHOI CHCTEMH 32 YaCOBUMH
napaMeTpaMu 3aKpUTTSA-BIAKPUTTS KJIANaHa perymsaropa. Po3paxoBaHo KpHTepil y3roKeHOCTi 3a
HEBU3HAYCHICTIO BUMIPIOBaHb 1 TOYHICTIO BUXIJHUX JaHUX Moxeni. 3a kputepiem CThrojieHTa
CHCTEMaTUYHOI OXUOKHM MOZEJIi He BUSBICHO, PO3PaxyHKOBI 3HaueHHs ctaHoBimATh t = 0,29-1,90. 3a
kputepiem ®@imepa (F = 14,6) monens amexBartHa. [IpakTHUHE 3HAYECHHS OTPUMAHHUX 3aJIEKHOCTEH
MOJISITa€ B MOXKJIMBOCTI @JIAITUBHOTO BHOOpPY KOHCTPYKINI 3aTBOpa KiamaHa 1 HalallTyBaHHS
MTHEBMOCHCTEMH. SIKIIO MPIOPUTETOM € IIBUJKE 3aKpUBaHHs (IIBUAKE MiIBUIICHHS THUCKY B JIiHII) i
CTaOUTBHICTh IIOTO Yacy 3a 3MIHHMX THCKY JKWBJICHHS 1 OIOpY JiHii, JOUIIBHO 3aCTOCOBYBATH
KOHIYHHI 3aTBOP.

KarouoBi cjoBa: THCK, IMHEBMOCHCTEMa, KiIallaHHA cHCTeMa, KpuTepiii Dimepa, Kputepii
CrhI0feHTa, PIBHAHHS perpecii, yac BIAKPUTTS, KJIMH, MaTeMaTHYHA MOJIeIb, HApyTa *XHUBJICHHS.

Beryn.

[MuTanHs (QYHKIIOHYBaHHS PETYJISATOpPAa THCKY ITHEBMOCHCTEMH MOJSTAa€ B TOMY MO0
YHEMOKJIMBUTH 1HEPLINHHICTh KEpYBaHHS 3MIHM THUCKY B cucTeMi. YacoBi XapaKTepUCTHKH
3MIHM TIapaMeTpiB THUCKY TIOBHMHHI BIAMOBIIATH 33JaHUMH YaCOBUM IHTEpBaJlaM, SKi
BIJNOBIAIOTh MEpPEXiTHUM XapaKTePUCTHUKAM 3MIHH THCKY KOHKPETHOTO 00’€KTy
perymoBaHHs. ['eomMeTpiss TMOBEpXHI KjamaHa BIUIMBA€ Ha CHJIOBI  TapaMeTpu
3aKpUBAHHSI/BIAKpUBAHHS  peryisatopa. TeHaeHLis po3poOJIeHHS peryisTopiB THCKY €
HaNpsSMKY 3MEHIIEHHS KOHCTPYKIIii, 3HWKEHHSI MacH KJIAIIaHHOI CHCTEMH, 110 YMOXIIUBIIOE
3HWKEHHS MOTY)KHOCTI NPHUBOAY I MIJIBUINEHHS AMHAMIKA MEpEMUKAaHHS KialaHa Ta
3MEHIIY€E 1HEpUiHHICTh KiamaHHOi cucteMu. @OaKTOpHUI eKCIEpUMEHT YMOXIIUBIIIOE
eKCIIEpUMEHTAIbHO JIOCTIIUTH JIMHAMIYHI XapaKTepUCTUKU Peryisropa TUCKY 3a pi3HOi
reoMeTpii MoBepxHi kiamaHa. Tomy, 3 OrNigay Ha MNpakTU4HI MOTPeOM EKCHEPHUMEHTIB,
MOB'SI3aHUX 13 PETyJIOBaHHAM THCKY, HEOOXIZHO OOIpYyHTOBYBAaTH po0OO0Ul XapaKTEPUCTHKH
MMHEBMAaTUYHUX PETYJIATOPIB, JOCITIKYIOUH BIUIMB T€OMETPUYHOI (POPMH MOBEPXHI HA YAaCOBI
XapaKTePUCTUKH 3aMMPAHHA-BIANMPAHHS KJIallaHHOI CUCTEMH.
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Orasig aiteparypu.

[THeBMaTH4HI PETYIATOPU TUCKY IIMPOKO BUKOPUCTOBYIOTHCS JUIsl KEPYBAaHHS IIOJauelo B
[THEBMOCHCTEMaX BUCOKOTO THUCKY JJIi TEXHOJIOTIYHOIO W BUPOOHMYOro oOJaJHaHHS, IO
nepeabavaroTh CTBOPEHHS 3aaHOTO TUCKY B MHEBMOCHCTEMAX TEXHIYHHUX 00'ekTiB [1].

JUisd mokpaieHHs poOOYMX XapaKTepPUCTUK PEryJsTopa THCKY ITHEBMOCHCTEMH psiji
JIOCITITHUKIB 30CEPEIKYIOThCS Ha ONTUMI3allil aJrOpuTMy KEPyBaHHSA TaKHUM PETYJSTOPOM.
30kpemMa, € po3poOJIeHU METON HEeNiHIHHOI KOMIeHcamil i MHEeBMAaTHYHOI CHCTEMHU Ha
OCHOBI TPOMOPIIHHOTO peryiiaropa IMOTOKY; I[ed METOA JO03BOJMB KOMIICHCYBAaTH
HENIIHIAHICTD XapaKTePUCTUKU «BXII—BUXII» PEryiiaropa Ta 3MEHIIUTH HOro 3araibHy
HENIIHIAHICTD, 10 CHPHUSIO TOKPAIICHHIO XapakTepucTuk cucremu [2]. Takox Oyio
PpO3p00IeHO MHEBMATUYHUHA MPOMOPLUIHHUI PETryasTOp TUCKY (CKHAAHHS TUCKY) AJsl poOOTH
B YMOBax HaJBUCOKOro THCKY [3]. [lyis MOCSATHEHHS BHIIOT TOYHOCTI PETYJIIOBAHHS B HHOMY
Oyno 3actocoBano [1I-perynsTop i3 KOe(IiiEHTOM MPOMOPIIHHOCTI, IO 3MIHIOETHCS 3AJICHKHO
BiJ] 3aJIaHOTO BUXIJHOTO THCKY; Jialla30H PEryJIIOBaHHS TUCKY CTAaHOBUTH Bix 8 mo 25 MIla.
3MiHa KOHCTPYKIIi 3aTBOpa BIUIMBAE YACOBI MapaMeTpu peryisaTopa. Tak peryisTop TUCKY
KOHIYHOTO THEBMATUYHOTO TMPOMOPIIIHOTO perynaropa, mo O0a3yeTbcs Ha CHUCTEMI
HOJBIHHOIO 3aMKHEHOI'O0 KOHTYpPY 3BOPOTHOrO 3B’A3KY (KOHTYp CTpPyMy Ta KOHTYpP THCKY)
YMOXJIUBIIIOE 3/11IHCHIOBATH IIJIaBHE PETyJIIOBaHHS BUXITHOIO TUCKY B jiana3oHi 0—0,6 Mlla 3
noxuOkorw perymoBanHs B Mexax | klla [4]. JlocnmigHukKM BBaXarTb, MI0 MaTeMaTHYHY
MO/JIeJIb HEOOX1THO MEPEBIPUTH €KCIIEPUMEHTAIBHO. 32 JOIIOMOIOI0 €KCIEPUMEHTIB, B SIKUX
pPETYJIIOBAJIMCS THCK IIOJadi IMOBITPs, KPUTHYHHUM THUCK Ta 00'eM razoBoro OajoHa, OyIio
OTpUMaHO XapakTepucTuku [5)]. [THeBMaTHUHMI peryIOBaIbHUN KIIAllaH BUKOHYE (DYHKIIiFO
pETryJIIOBaHHS MOTOKY CUCTEMHU a0o PIBHs B KIIOUOBOMY pe3epByapi, 1 1oro npoayKTUBHICTh
Mae OyTH rapaHToBaHa. ToMy MOJENIOBaHHS M aHaji3 BUTIKaHHS TMOBITPSA B JIiHII Mojadi
HOBITPs, 3MIHM CHJIM YIIUIBHEHHs KjarnaHa Ta TMOMHJIKOBI KOPUTYBaHHS HYJIS Ta Jiana3oHy
NO3UIIIIOBAHHS €  BWKJIMBHM  CIEMEHTOM  CKCIIEPUMEHTAJIbHUX  JIOCHi/DKeHb  [6].
[THeBMaTU4YHUIA MPONMOPLINHUN PETyJIATOp € KIIOUYOBUM KOMIIOHEHTOM CHUCTEMH 3
[THEBMAaTUYHUM HABAaHTAKEHHSAM 1 BIJIIpae BaXJIUBY pPOJb Yy BHPILIEHHI IpobieMu
HAJMIpDHOTO TMIJBUIIEHHS TUCKY (mepeBaHTakeHHs). [l 3a0e3nedyeHHs MapameTpiB
pEryJIIOBaHHSI THCKY 3 BpaxyBaHHSM MEXaHIYHUX MapaMeTpiB KJalmaHa, 3acTOCOBYETHCS
METOJI HEUITKOro aJalTUBHOrO peryistopa [7]. BiamoBigHO moxuOka BHXIJHOTO THUCKY
peryinsaropa cTaHOBUTH 1,24%, 1110 € HE3HAYHUM TMOKa3HUKOM. Jliama3oH perysatoBaHHS THUCKY
cranoButs 0,2-0,6 Mlla, a wmakcumanbHe Bigxwmwienas — 0,012 Mlla. JlinifinicTts
XapaKTepUCTHKHU CTaHOBUTH 1,34% Bin Jqiana3oHy BUMIPIOBaHb.

Juis  oTpuMaHHS TOBEIIHKH KIJIAllaHHOI CHCTEMH pETYJsATOpa BHUCOKOTO THCKY
3aCTOCOBYIOTh JIMHAMIYHE MOJICTIOBAHHS Ha OCHOBI PIBHSHHS PYXy BHYTpIIIHIX YacTHH,
PIBHSIHHS HEPO3PUBHOCTI ISl PI3HOMAaHITHUX KaMep Ta PIBHSHHS [UJII MacoBOi BUTPATH.
Yepes HeMHINHICTD Ta 3B'SI30K 111 PIBHAHHS PO3B'S3YIOTh 3a IOTIOMOT'OI0 YHCEIBHUX METO/IIB
[8, 9]. BupimansHuM IS TEPEBIPKUM  pPe3yJbTaTiB  MOJCIIOBAHHS — 3aJIMIIAETHCS
eKCIIepMEeHTalIbHa MepeBipKa (JakKTOPHUM IIJIaHOBAHUM ekcriepuMeHnToM [10]. mociimkeHHs
JUHAMIYHUX XapaKTEPUCTHK KIAMAHHOI CHUCTEMH pEryJisiTopa THCKY, 30KpeMa MeXaHi3MiB
KepyBaHHs poOO0TOI0, TUHAMIYHUX NTapaMeTpiB poOOTH KJlalaHa € OJHUM 3 OCHOBHUX METO/IIB
JOCITIJKEHHSI € HE3aMIHHUM JIOMOMDKHHUM 3aCO00OM Yy TMpOLECi NMPOEKTYBaHHSA CTPYKTYpH
KJIaIraHiB, BUOOPY THITy BHYTPILIIHIX KOMITOHEHTIB Ta po3po0ku mpoaykiii [11-13]
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MeTo10J10Tifl JOCTIIKEeHHS.

Bu3HayeHHsT IUHAMIYHMX XapaKTEPUCTHK PETYJSITOpa TUCKY 3 EJIEKTPOMArHiTHUM
KJIAIIaHOM JUIS TPhOX (OopM 3aTBOpa 3a Pi3HUX HapaMeTpiB ITHEBMOCHCTEMH Ta IEpeBipKa
a/ICKBaTHOCTI MaTEMaTHYHOI MOJETl MPOBOAMTHCS METOAOM ILIAHOBAHOTO (HaKTOPHOTO
EKCIIEPUMEHTY.

@akTopu Ta piBHI IX BapilOBaHHS BHOpPaHO 3 OIJISAY HA MOAEIBHI pPE3yNbTaTH i
obMmexeHHs obnamHanHs (Tabmn. 1). [lepmmii dpaktop — popma 3aTBopa kianaHa Xi. 3a CBOEIO
IPUPOIOI0 BiH SIKICHUH, IpoTe opMy poOoU0i OBEPXHI 3aTBOpAa MOKHA OXapaKTepU3yBaTh
KUTbKICHOIO O3HAKOK) — MapaMeTPOM €KBIBAJIGHTHOTO KIIMHA ff 3 MOJIENi MOTPAaHUYHOTO MIapy
(Tabn. 2). Bin noB’s3aHuil 3 KyToM O, Ha KW 3aTBOP BIAXWIISIE CTPYMiHB BiJl OCI OTBOPY
cimna, cniBBinHomeHHsM f = O [ 90°. Kyt © Bu3Hauae koediuieHT cuin cTpyMeHs Kep = 1 —
C0SO, a mapamerp f — TpaJi€eHT THCKY B NOrpaHMYHOMY Imapi. JlJis KOHIYHOTO 3aTBOpa 3
KyToM 1ipu Bepimi 60° © = 30°1 =1/ 3, nns chepuunoro giamerpom 4,6 mm © = 71° (kyT
MK TOTHYHOIO 110 chepH B TOUIN KOHTAKTYy 1 Biccro kiamana) i f = 0,789, st mimockoro © =
90° i # = 1. Jlpyruit akTop — THCK *uBIeHHS X2 = Pc. Moro pieui 0,2; 0,4 i 0,6 MITa nexats
y Mexkax pobouoro tucky kiamana (0,15-0,8 MIIa) i giana3oHy HaJalTyBaHHS PEryssTopa
AR2000 (0,05-0,85 MIIa). Tperiii dhakTop — edekTHBHA IUTOMIA ApOcesst X3 = uAop, 3a1a10Th
TIOJIOXKCHHSIM PETYJIFOBAILHOTO TBUHTA, a BIJMOBIIHI 3HAYCHHS BU3HAYAIOTh KAIiOpyBaHHSM.
[inpoBi piBHi 0,5, 1 1 2 MM? BIIOB1IaI0OTh PO3PaXyHKOBUM pekrMaM Taodu. 2.7 1 3 orjsiay Ha
edexTuBHy MwIONly BimKpuTOro Kiamana (6nmseko 1,4 mMM? 3a dy = 1,5 M) 3a6e3neuyroTh
MOMITHO Pi3H1 piBHI TUCKY B JIiHI1 BIAKPUTOTO KJaraHa.

Ta6anus 1. @akTopu i piBHi iX BapiloBaHHA

Daxr Io3na- PiBensb PiBennb PiBensb Konveanmst
axrop YeHHA -1 0 +1 onypa
®opwma 3aTBOpa (TapaMeTp . KOHIYHMIA | Cdepuu- J10C- _ra
eKBiBAJIEHTHOTO KIMHA [3) X =F (0,333) | umit (0,789) | xwmii (1) x1 =B —2/3)/0/3)
Tuck xusnenns, Mlla X: =p, 0,2 0,4 0,6 x;=(p_—04)/0,2
x; = log, ud A,
EdexruBHa nnozma X3 = pAg 05 1 2 3 g 1AL (1 ap
Jpoceist, MM MM2)

@OyHKLISAMHU BIATYKY € MOKAa3HUKU JMHAMIYHOI XapaKTepUCTUKU, BU3HAYECHI B M1APO3.ILIi
2.2: 4ac 3aKpUBAHHS L., Y4CH 3POCTAHHS TUCKY fyg 1 tgp, Y4C BCTAHOBJIEHHS fy.;, YCTAJICHUH
THCK BIAKPHTOIO KJIANAHA Py ger, YAC BIAKPUBAHHS Ly, 1 9AC CIIAJAHHS TUCKY fgq'.

3aranbHU BUTTSZ J1abOopaTOpHOI YCTAaHOBKM TpuBeneHOo Ha puc. 1. Jlng peectparii
HepexiTHUX TPOLECIB 3aCTOCOBAHO JBOKaHAJIbHY cxeMmy BHUMiproBaHHs (puc. 2). Kanan 1
ocumiorpada peectpye curHai garyuka Tucky J[T, BCTaHOBIEHOro uepe3 TPIMHUK y JiHil
MiX BEHTWJIEM 1 kinanaHoM. Kanan 2 peectpye Hanpyry Ha KOTYIII 1 BUKOPUCTOBY€ETHCS NS
3amycKy (CMHXpOHi3alii) 3anucy. 3a HasSBHOCTI IIYHTA Ry y KOJI KOTYIIKH KaHal 2 MO>KHa
nepeMUKaTH Ha BHUMIipIOBaHHS cTpymy. llpoBan ctpymy, 3ymoBnenuit EPC pyxy, nae
HE3AJIeXKHY OL[IHKY MOMEHTIB NIOYATKY 1 3aBEpIICHHS PyXy SIKOPSL.

HeoOxigHa TOYHICT, BUMIPIOBAaHb BHU3HAYAETHCS OYIKYBAHUMHU BIJIMIHHOCTSMHU MIiX
JMOCTiIP)KyBaHUMHU BapiaHTamMu. 3a 3MOJIETHOBAHMMH pe3ynbraTamMu maius p, = 0,6 Mlla i
pAL, = 1 MM® Hac 3aKpUBaHHA CTaHOBHUTH 13,3 MC i KoHIUHOTO, 15,3 MC 11 chepuanoro i
15,8 Mc it IIIOCKOTO 3aTBOpa KiamaHa. HaliMeHia pi3HUIS € MK CQEpUYHHUM 1 MIOCKUM
3arBopamu, ctaHoButh 0,5 mc. Yac BiakpuBanHs craHoButh 74,1, 81,5 i 107,4 mc. s
BUMIPIOBaHHSA TPHUBAJIOCTI 3aKpUBaHHSA COHEPUYHOTO 1 IIJIOCKOTO 3aTBOPIB, PO3IIMPEHA
HEBU3HAUEHICTh CEpeIHBOro 3HaueHHs He mnepeBuinyBatu 0,2—0,3 Mc; 1Is TpUBAJIOCTI
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BIJIKpHBAHHS TOCTAaTHRO 1-2 Mc. BiIMiHHOCTI B yCcTajg€HOMY THCKY BIAKPUTOTO KJIallaHa Mixk
3aTBOPAMH, 3a pe3yJibTaTaMu MOJENIOBaHHs, He nepeBulytoTs 0,006 MIIa.

T

Puc. 1. 3aransnuii BUriIsig 1aéopatopHoi ycraHoBku: 1 — komnpecop; 2 — TpiliHnk; 3 — pecusep;
4 — peryJsiTop THCKY; 5 — Apocesib; 6 — BeHTWIb; 7 — eJieKTpoMarHiTHuii kiaanan; 10 — kadesn
JKMBJIeHHS KoMnpecopa; 11 — MyJbTHMeTp 1Jis BAMIPIOBAHHSA CTPYMY KOTYIIKH; 12 — nuutanr

KoMImpecopa i3 3aTuckauem; M2 — manometp; SB — BuMukau

sSB
— ] [xepeno
' 12B
]
]
I: i
BeHTHNL & #| EMKY [——— !
B atMocthepy !
1 ulr)
i
AT l:l] R i
L]
:
K k2
5B
K1 Ocymnorpady

Puc. 2. Cxema BumipioBanns: AT — gaTunk tucky; J2K — qixepesno :KMBJIeHHS JaTYMKA;
SB — kHonkoBuii BuMuka4y; EMK — koTymika eJleKTpoMarHiTHoro kjanana; R, — myHr ais
BHMIipIOBaHHS cTpyMy (3a moTpedn); K1, K2 — xananu ocumiorpadga

XapakTepHi TPUBAIOCTI: TPUBATICTh 3POCTAHHS THUCKY TICIISI TTOCAIKU 3aTBOpa KjlamaHa
(1,5 - 22 mc) 3rigHO Pe3yIbTaTIiB MOEITIOBAHHS); TPUBATICTD PYXy SIKOPs (MUTICEKYH/IH).
[ToxmbOka quckpern3ariii 3a pIBHOMIPHOTO PO3IMOAUTY B MEKax 1HTEPBAITY ITUCKpETHU3aIli
At_ Mae cTaHIapTHY HEeBU3HAYEHICTH [14]

at,
Uy = iz (1)

3a yacroru auckperuzanii 10 k['m (At; = 0,1 mc) u, # 0,03 Mc, M0 3HAYHO MEHIIE 3a
BuMory. Otrxe, gactora auckperusanii He Huxue 10 k[’ € nocrarHbor0. TpuBaicTh 3anucy
Ma€e OXOIUTIOBATH MOBHUM UK, ToOTO 0,1 ¢ 10 Mojadi curHany, yac yrpuMaHHs KHONKH 1 0,2
. ) ndustrial
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¢ micns 11 BigmyckanHs. 3a yrpumanusa 0,3-0,5 ¢ me craHoBUTH OM3bKO 1 ¢, TOMY TOBXKHHA
nam’sTi ociuiorpaga Mae OyTH He MEHIIOK 32 10* TOUOK Ha KaHaI.
Bumorn no narumka tucky. [loxuOka BU3HaUYE€HHS MOMEHTY TIEPETUHY MOPOTOBOTO PiBHS
TUCKY HOB’A3aHa 3 MOXUOKOIO TUCKY U, 1 INBUJKICTIO 3MiHU THCKY [14]:
u
o
Urp = T2 a0 2
P |dpy/dtl (2)

3a MoJesuTIo, Tijl Yac 3pOCTaHHS TUCKY ITICJISI 3aKPUTTS KilamaHa HaiOUIbIIa MIBUIKICTh
3MmiHu TUCKY cTaHOBUTH 0,01-0,05 MIla/mc. [ns naruuka 3 gianazonom 0—1 Mlla i 3BegeHor0
noxu6koro 0,5 % (u, ¥ 0,005/43 ¥ 0,003 MIla) moxubka craHOBUTH u,, = 0,06-0,3 Mc.
HaiiGinpIie 3Ha4eHHsI BIJOBiJa€ HAWMEHIIH TPOBIAHOCTI APOCENs, KOJIH THUCK 3POCTAE
MOBIJILHO; JIJISI BU3HAYCHHSI MOMEHTY 3aKPHUTTS, KOJIM KpyTU3HA GPOHTY HaWO1IbIIIa, TOXHOKA
He nepeBuinye 0,1 mc. Yac BiAryKy JaT4yrka Mae OyTH IIIOHAMMEHIIE HA TOPSAI0K MEHIIUM 3a
Yac 3pOCTaHHs TUCKY, TOOTO He Ounbiie 1 Mc. [{luM BuMoram BiANOBINAIOTH 1’ €30PE3UCTUBHI
JMATYMKKU TUCKY 3 aHAJOTOBHM BUXIAHUM curHaiioMm (Hampukiaz, 0,5-4,5 B) 1 yvacom Biaryky
O6au3bsK0 1 Mc.

OriHOBaHHS HEBH3HAYEHOCTI BHKOHYETHCS BiAMoBigHO 1m0 HactanoBu JCGM 100
(GUM) [14].

KaniOpyBanbHi 10CaiM TPOBOJMMO HACTYITHUM YHHOM. EEeKTHBHY TUIONIYy IpOcess s
KOKHOT'O ITOJIOKCHHS TBUHTA BU3HAYAIOTh 33 YCTAJICHUM THCKOM Y JIiHIT BIIKPUTOTO KJIalaHa.
Sxmio Teyis yepes Apocenb 1 KianaH HaAKPUTHYHA, 3 PIBHOCTI BUTpaT (2.48) BUIUIMBaE

P

HA,:I;FI p:&: = ﬁﬂx R%;fcn .f-'“q,:l;p = .HAB: paﬁc L (3)

c

JIe THJIEKC «a0c» Mmo3Havae abCOMIOTHI TUCKH.

VMOBa HAaAKpUTHYHOCTI s Jpocens — p2ic /p#de = (528, 1na KnanaHa -
Da/P22. = 0,528 [15]. EdexTuBHY IUIONLy BiIKPMTOro KiamaHa pd, BH3HAYAIOTh METOIOM
criopokHeHHs1 eMHOCTI [16]. [Inst nporo 3anoBHOIOTH pecuBep a0 0,6-0,8 Mlla, BuMukaroTh
KOMITPECOp, TOBHICTIO BIJIKPUBAIOTH JPOCENb 1 PEryasTop, a AATYUK THUCKY THMYAacOBO
NPUETHYIOTh JI0 pecuBepa. 3a HAIKPUTHUYHOTO BUTIKAHHS THUCK Y pECHUBEpi cHaaae 3a

€KCIIOHEHTOIO, BIAMOBIAHO:

— E+1
|54 [k 2 h2le-1)
UAr = —f I Ple 1= (—) ) (4)
nR TC At poy \JRIT k+1

ne pAy — cymapHa e€(peKTHBHA IUIOIIA TOCHIJOBHO 3’€HAHUX €JIEMEHTIB, M?, Pp1, Ppz —
abCOJIIOTHI TUCKM Ha MOYATKY 1 B KiHII iHTepBaiy At, [1a.

InrepBan BuOMparoTh Tak, MO0 pp; MNEPEBMILYBaB P, /0,528 ¥ 0,19 Mlla. [lnsa
MOCIIOBHO 3’€JHAHUX ENEMEHTIB 3a HAJAKPUTHYHOTO PEXUMY HAOJIMKEHO BUKOHYETHCS
criBBigHOmeHHs HAz - = ;p A7 [17], mo mae 3MOTy BUALMNTH e(eKTHBHY IIIONLY KJIaNaHa,
SIKIIO TUTOIII 1HIITMX €JIeMEHTIB 3HAUYHO OLTBIIIL.

Hanpyry Ha KOTyIIII KOHTPOMIOIOTH MYJIbTHUMETPOM IijJ Yac MEpeMUKaHHS KIalaHa.
3HMKEHHS HallPpyTH I11]1 HABaHTaXXEHHSIM XapaKTepHU3y€e BHYTPIILIHIN OMip JpKepena KUBJICHHS
(BUXOIy KOMIIpecopa) i BUKOPHCTOBYETHCS /IS OLIIHIOBaHHS (DAKTUYHMX YMOB 3aKpHUBaHHS
KJIaTmaHa.

PesyabrarTu.

Pe3ynbTaTH OCHOBHOTO (DAKTOPHOTO EKCIIEPMMEHTY sl IuaHy 3° y BUITIAmi MaTpHIi
IUIaHy HaBeIeHO B Tabn. 2. 3HAueHHS IMOKAa3HUKIB OTPUMAHO YCEpEAHEHHSM pe3yJIbTaTiB
MOBTOPHHX JOCII/IIB Y KOXKHOMY PEXKHUMI.
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Tabauus 2. MaTpuus njiany eKcnepuMeHTY i eKcliepuMeHTAJIbHI 3HaYeHHs PyHKUiH BiIryky

I R I N e e e
1 | xowiwvmmit | 0,333 | -1 | 0,2 | -1 0,5 -1 13,2 | 326 | 1325 0,022
2 | womiummii | 0333 | -1 |04 | O 0,5 -1 13,1 | 34,7 | 1248 0,081
3 | xomiunmit | 0,333 | -1 | 0,6 | +1 0,5 -1 133 | 34,1| 1152 0,158
4 | chepuynmii | 0,789 | 0,367 | 0,2 | -1 0,5 -1 128 |333| 1116 0,021
5 | cdhepuunmii | 0,789 | 0,367 | 04 | O 0,5 -1 135 | 359 95,5 0,079
6 | chepuunmii | 0,789 (0,367 | 0,6 | +1 0,5 -1 13,3 | 36,2 86,5 0,152
7 IUIOCKUH 1 +1 02 | -1 0,5 -1 12,5 33,1 102,4 0,031
8 | miockwmii 1 +1 | 04| O 0,5 -1 13,3 | 354 85,1 0,080
9 | mockwuii 1 +1 | 0,6 | +1 0,5 -1 14,0 | 36,2 76,1 0,152
10 | komiymmit | 0,333 | -1 | 0,2 | -1 1 0 122 | 189 | 1251 0,105
11| xowmiynmit | 0,333 | -1 [ 04 | O 1 0 12,7 | 19,6 | 118,2 0,238
12 | xowmiymmit | 0,333 | -1 | 0,6 | +1 1 0 136 |20,0| 107,2 0,375
13 | cpepuynnii | 0,789 | 0,367 | 0,2 | -1 1 0 142 | 20,2 | 1052 0,098
14 | cpepuynnii | 0,789 | 0,367 | 0,4 | O 1 0 139 | 20,8 90,3 0,242
15 | cpepuynmii | 0,789 | 0,367 | 0,6 | +1 1 0 156 | 22,2 81,1 0,368
16 | miockuit 1 +1 | 02 | -1 1 0 132 | 199 98,6 0,115
17 | mnockuit 1 +1 | 04| O 1 0 144 | 21,2 83,1 0,246
18 | mnockwuit 1 +1 | 0,6 | +1 1 0 16,0 | 229 73,8 0,361
19 | xowmiymmit | 0,333 | -1 | 02 | -1 2 +1 128 |145| 1201 0,170
20 | xomiymmii | 0,333 | -1 [ 04 | O 2 +1 133 | 141 | 1135 0,354
21 | xomiymmii | 0,333 | -1 | 0,6 | +1 2 +1 129 | 149 | 1033 0,531
22 | chepuunnii | 0,789 | 0,367 | 0,2 | -1 2 +1 140 | 159 | 101,7 0,172
23 | chepuunuit | 0,789 | 0,367 | 0,4 | O 2 +1 155 | 171 87,6 0,352
24 | chepuunnii | 0,789 | 0,367 | 0,6 | +1 2 +1 16,4 | 17,9 79,1 0,530
25| miockuit 1 +1 (02| -1 2 +1 142 | 16,0 96,6 0,172
26 | miockwuit 1 +1 0,4 0 2 +1 15,7 17,5 81,6 0,342
27 | 1uIoCKMi 1 +1 | 06 | +1 2 +1 17,4 | 19,1 73,3 0,531

[lpumiTka. f — Tmapamerp ekBiBameHTHOoro Kimuna, £ =8,/90° x,=1(8—2/3)/(1/3),
x;= (p.— 0,4)/0.2, x5 =logouA,,; 3Hauenns GyHKuiii BiAryKy — cepenni 3a pesynpbraTamu
JIOCITiJTiB.

Yac 3akpuBaHHS KOHIYHOTO 3aTBOpa KiamaHa B yCiX 27 peXumax JIeKHUTb Y BY3bKHX
Mexax 12,2—13,6 Mc 1 Maibke HE 3aJICKUTh Hi BIJl TUCKY YXUBJICHHS, Hi BiJ TUIOIII JPOCETIS.
Jns chepuunoro 3arBopa BiH cTaHOBUTH 12,8-16,4 mc, mis tutockoro — 12,5-17.4 wc.
Haiibinbimnit yac 3akpuBaHHs MI0cKOro 3aTBopa (17,4 Mc) oTpuMaHO 3a HAWOUIBIIOTO TUCKY
B JIiHII BIAKpHUTOro Kianana (p, = 0,6 Mlla, pd_, = 2 MM?, py ., = 0,531 MIla). 3a nalimenmoi
rromi pocenst (0,5 Mmm?) Truck y miHii Bigkpurtoro kianana manuii (0,021-0,158 MIla), cuma
CTpyMEHsl He3HayHa, 1 Yac 3aKpHUBaHHs BCIX 3aTBOpIB oJHakoBHH y Mmexax 1,5 mc. Yac
BIJIKPUBAHHS 3MIHIOETHCS Y 3BOPOTHOMY MOpAAKy. HaliMeHIIMi BiH 7Sl TUIOCKOTO 3aTBOpA
(73,3-102,4 mc), HaitOinbmuii — mist konigroro (103,3-132,5 mc), a C(I)epI/IIIHI/II/I 3aiimae
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npomikae mojoxkeHHs (79,1-111,6 mc). 31 30UIbIICHASIM TUCKY >KHBJICHHS 1 TUTOIT APOCEs
Yac BIJKPUBAHHA BCIX 3aTBOPIB 3MEHIIYETHCSA, OCKUIBKU 3pOCTAE THCK, IO JIi€ Ha 3aTBOP Y
HaNpsIMKY BiIKpUBaHHA. Yac 3pOCTaHHA THCKY tg; BU3HAUYAETHCA IEPEAYCIM IUIOMICIO
npocens: 3a 0,5 Mmm? BiH cTaHOBHUTH 32,6—36,2 Mmc, 3a 2 mm? — 14,1-19,1 mc. Ycranenuii TUCK
y JiHiT BIAKPUTOrO KJIanaHa Juis TPbOX 3aTBOPIB.

BiamoBigHO 10 METOIUKK E€KCIIEPUMEHTANIBbHI JaHI aipOKCHMOBAHO TIOBHUM PiBHSHHSM
perpecii apyroro nopsaky. @akropu HaBeaeHi B Tabi. 1, BiANOBITHO € Taki:

— dakTop X; — ¢opma 3aTBOpa KianaHa, 3aJaHa MapaMeTpoOM €KBIBaJICHTHOTO KJIMHA 3.
B = 0,333 ansa xowiunoro, 0,789 mist chepuunoro i 1 Isi TUIOCKOTO 3aTBOpa; KOIOBAaHE
3HaueHHs x, = (f — 2/3) /(1/3) cranoBuTh Bigmosiguo —1; 0,367; +1;

— (akrop X, — Ttuck xuBiennsa p, = 0,2; 0,4; 0,6 MIla; xomoBaHe 3HAaYECHHS
x, = (p, — 0,4)/0,2 cranoButs —1; 0; +1;

— Gakrop X3 — edexruBHa mioma apocens pA;, = 0,5; 1; 2 MM?; KOJOBaHe 3HAYECHHS
x3 = log;pA o, cranosuts —1; 0; +1;

— GyHKUIi BIATYKY y — €KCIIEPMMEHTAlbHI 4aC 3aKPUBAHHA £y, YAC 3POCTAHHS THCKY
10 90 % nepenany tgg, 9aC BIAKPUBAHHA typ,y 1 YCTAIECHUH THCK Y JIiHIT BIIKPUTOrO KilanaHa
R‘LB‘ET

Bubip mapamerpa [ sfK KUIBKICHOT XapaKTepHUCTUKH (hopMu 3aTBopa KjlamaHa Mae
¢iznyne oOTpyHTYBaHHS. BiH OJTHO3HAYHO MOB’sI3aHMIA 3 KyTOM 8, Ha SIKUI 3aTBOp BIAXUIIAE
CTpYMiHB BiJI OCi OTBOpY cija: mf§f = 26, T00TO f§ = 8/90°. Lle# kyT Bu3Ha4ae Koe(iIlieHT
CUIIM CTPyMEHS k., =1 — cos(90°F) 1 BogHOYAC TPATIEHT TUCKY B MOTPAHUYHOMY Iapi Ha
noBepxHi 3aTBopa. [loka3Huk rpamieHTa THCKY m = /(2 — ) HE €, OCKUIbKH OJJHO3HAYHO
BU3HAYAETHCS Yepe3 ff 1 XapakTepusye Ty caMmy O3HaKy. Maca 3arBopa okpeMuM (aKkTopoM
TakoXX He € okpemuMm ¢aktopom. Koxna dopma 3atBopa mae BiacHy macy (5,8 r s
wiockoro 1 mo 7,0 T As KOHIYHOTO 1 c(pepudyHOro 3aTBOPIB), TOMY Koe(dilieHTH mpu f
B1100OpakatoTh CyMapHUN BIUIMB (POPMH 1 Macu peajbHUX 3aTBOPIB. Po3MiauTH 11 BIUIMBU
MO’KHA JIMILIE 32 JOCIIaMH 13 3aTBOpAMU OJTHAKOBOi pOopMHU 1 pi3HOI Macu abo pi3HOI popMHu 1
OZITHAKOBOI MacH.

Jnis mepexony 10 HaTypajbHMX 3HaueHb (AKTOPIB PIBHSAHHS perpecii MarTh TaKUH
BUTIIA] (MIO3HAYEHO A = logapd,y, e uAy, — B MM?; f — Oe3po3mipHuii; p, — B MIla):

— Il yacy 3aKpUBaHHs, MC:

fasp = 11,83 +3,7948 — 2,108p, — 1,3561 + 6,9858p, + 2,10564 + 1,500p,1 — ©)

—3,2418% + 1,111p2 — 0,0222242,
— JUIst 4acy 3pocTaHHs THCKY 110 90 % mepenamy, Mc:

top = 16,06 + 5,8798 + 5,115p, — 9,8084 + 7,6518p, + 1,41784 — 0,8333p.4 — ©)
—4,4678% — 6,528p% + 4,83942,
— JUISI 4acy BIJKPUBAHHS, MC:
toimp = 161,4 — 72,808 — 67,65p, — 8,972 — 29,318p, + 5,54461 + 2,500p.1 + .
+27,238% + 41,67p% + 1,18342, (7)

— 711 yCTaJeHoro TUCKY B JIiHIT BigkpuTOoro kianana, MIla:

Paser = —0,009971 — 0,0091168 + 0,6177p, + 0,018561 — 0,045398p, — 0,00205252 + ®)
+0,2875p.A4 + 0,01995 82 + 0,05000p2 — 0,0203342.

PiBastaast  (5-8) cnopaBemymmBi B Mexax (akTOpHOTO TpocTopy 1/3 =<1,
02= p, = 06Mlla, 05=puAd, =2 mv>. Koepiuientu aerepminamii cranoBisats 0,934
0,999, T0OTO piBHSIHHS TOSCHIOITH Bim 93 mo 99,9 % Bapianii moka3HUKIB. 3aJIUIIKOBI
cepeHbOKBAaAPaTHyHi BiaxuneHHs (0,42 MC IS togy, 0,41 MC 1014 tgp, 1,55 MC IS typp, i
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0,0069 MIla mns p,g..) TOTO CAMOTO MOPSIKY, IO ¥ OYiKyBaHA HEBH3HAYCHICTh BUMIPIOBAHb
(migpo3min 3.3).

I'padiune 300pakeHHST KOPETAMIMHUX 3al€KHOCTEH Yy BHIVIAAI NOBEPXOHb BIATYKY
HaBEJCHO Ha puc. 3, 4.
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Puc. 3. 3anexxHicTh yacy 3pocTaHHs THCKY fgq: a — Bil mapamerpa ¢opmu 3aTBopa Kianana § i
THCKY KUBJIEHHS P, 32 (A, = 1 MM?; 6 — Bill THCKY )KUBJIEHHS i epeKTHBHOI IUIOLII Apocestst IIst
cepuunoro 3atsopa (f = 0,789); Touku — eKCIepUMEHTAJbLHI ycepeaHeHi 3HAYeHHS
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Puc. 4. 3anexuicTb yacy BiAKPUBAHHA g, 2 — Bill mapamerpa ¢opmu 3aTBOpa Kianana f i
THCKY KUBJIEHHSI P 32 (LA 5 = 1 MM?*; 6 — Bil THCKY KHBJIEHHS | e()eKTHBHOI NUIOLi IPOCe.Ist ISt
cepuunoro 3atopa (ff = 0,789).

Awnaniz pesynpTariB pociuimkeHHs (puc. 3, 3amexHocTi (5-8)) mnokasye, mo yac
3aKpUBaHHS 3pOCTa€ 31 30UIBIIEHHSAM YCIX TpbOX (DaKkTOpiB, NMPUUOMY TOJOBHI €PEeKTH
Oonu3bki 3a 3HaueHHsM (by = 0,756, b, = 0,687 1 bz = 0,648 mc). Haiibinpmorw 3a Moaynem
cepen B3aemoxiit € byz = 0,702 mc: BB (opMH 3aTBOpa KiamaHa MOCHIIIOETBCS 31
30UTBIICHHSIM IO Apocens. 3HAYYIIO0 € 1 B3aemMoist by, = 0,466 Mc, TOOTO BIUTUB THUCKY
JKUBIIGHHS TIOCHIIFOETBCS 31 30imbmieHHsaM . OOuaBi B3aeMmojii MaloTh OAHY (GI3HYHY
NPUYHHY. 301IBIICHHS TUCKY JKUBJICHHS 1 TUIOIII APOCES MiJIBHUIYE TUCK Yy JIHIT BIAKPUTOTO
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KJIallaHa, a OTKE, 1 CHITy CTPYMEHS, SIKY Ma€ MMOJ0JIaTh eJeKTpoMarHiT. L cuna npomnopiiitHa
kep=1-— cos(90°F), ToMy Ul KOHIYHOTO 3aTBOPa BOHA MaJja, 1 HOro Yac 3aKpMBaHHS MaiKe
HE 3aJISKUTh BiJ pexxumy. KBagparudni koe]illieHTH HE3HAUYII, TOK y MEKax (akTOPHOTO
MPOCTOPY 3aJIeKHICTh ONM3bKa a0 OUTiHIMHOI. Big’emuuit koediuieHT by, BigoOpaxae Te, 1110
3a MaJIor0 TUCKY B JiHIi ChepuyHUN 3aTBOpP 3aKPUBAETHCS HE IIBUIIIC 3a TIOCKHA.
[TprunHOIO € MEHIa Maca TIockoro 3atBopa (5,8 r mportu 7,0 1), sika 3a c1abKoro CTpyMeHs
nepeBaxae

3anexXHICTh yacy BIAKpHUBAaHHS BiJ (GakTopiB (puc. 4) Mae MPOTHICKHUN XapaKTep: yac
BIJIKPUBAHHS 3MEHIIYETHCS 31 30UIBIICHHAM yCiX TppoxX (akTopiB. Brmus dopmu 3arBopa
KJIalaHa TyT HAWCHIIbHIIIMIA: KOZOBAaHUH KoedilieHT by = —16,07 MC NEPEBHUIILYE 32 MOAYJIEM
KoeQillieHT TUCKY b, = —10,77 mc y 1,5 pa3a, a koedimieHT miomii apocens by = —4,28 Mc —
Maibke B 4 pa3u. Y Mexax (pakTOpHOTO MPOCTOPY Yac BiAKPUBAHHS 3MIHIOETHCA BiX 73 10
133 mc, To0To y 1,8 pasa. Koniunuii 3aTBOp BiIKpUBAETHCS HAWIOBUIBHIIIE, OCKUJIBKU CHJIA
CTpYMEHSI, III0 JIOTIOMAra€ BiJKpUBaHHIO, JJIsl HHOTO HaliMeHma. [lix 4ac BiIKpHBaHHS CHIa
CTpYMEHs CIIPHSIE PyXy 3aTBOpa, TOMY IUIOCKHH 3aTBOp, IO CIPHIMAaE HAHOUIBIIY YacTKy
IMITYJIbCY, BIIKPUBAETHCS HAWIIIBU/IIIIE.

TakuM YMHOM, OTPHMAaHI JOCIIPKEHHS JJO3BOJISIFOTh BCTAHOBUTH IO KOHIYHHIA 3aTBOP
KJIaraHa 3aKPUBAETHCSI HAWIIBUJIIIE, a IepeBara 3poctae 3 Tuckom: 3a 0,6 MIla i 2 Mmm? yac
3aKpUBaHHS TUIOCKOTO 3aTBopa B 1,35 pas3u Oinbuiuii, Hik KoHIgHOTO (MOozens - 1,27). 3a 0,5
MM? THCK Y JiHIl MalHii, i 9acu 3aKpUBAaHHS TPHOX 3aTBOPIB BiPI3HAIOTHCS HE OibIIE HIK Ha
0,7 mc, mo Bigmosinae moneni (a0 0,9 mc). YV niama3oHi TUCKY B JiHIT BIIKPUTOrO KJaraHa
0,02—-0,53 MIla gac 3akpuBaHHS IIOCKOTO 3aTBOpa KJamaHa 3pocrae B cepeanboMy Ha 0,97
Mc Ha koxHi 0,1 MIla (monens — 0,91 mc), chepuunoro — nHa 0,69 mc (Mmogenp — 0,63 Mmc),
a KOHIYHOTO Maiixe He 3MiHreThes (0,06 mc; moaens — 0,14 mc).

BucHoOBKH.

ExcniepyMeHTaabHO MiJTBEPIKEHO, 110 (opMa 3aTBOpa KilalaHa BU3HAYAJIbHO BIUIMBAE
Ha JUHAMIYHY XapaKTePUCTHKY DPETryJsiTopa TUCKY, KOJM KJalaH 3aKpUBAETHCS HA3yCTpId
notoky. KoHiuHMI 3aTBOp 3aKkpuBaeThCcs HalmBuame 1 HaictabupHime (12,2-13,6 mc 3a
tucky xuBieHHs 0,2—0,6 MIla 1 epexruBHoi mwiomti apocens 0,5-2 Mm?), ane BiIKPUBAETHCS
HaitnosuibHIe (103,3-132,5 mc). Ilnockuii 3aTBOp, HaBMaKH, BIAKPUBAETHCS HANIIBHULIE
(73,3-102,4 mc), a ¥ioro yac 3aKpuBaHHS HAWCUIIBHIIIE 3pOCTae 3 THCKOM Y JiHil (3 12,5 mo
17,4 wmc). Cdepuunuii 3aTBOp 3aiimMae TPOMDKHE TOJIOKEHHSA. Yac 3pocTaHHS THCKY
BU3HAYAETHCS MEPEAYCIM TUIOIIECIO APOCEIIs, a YCTAICHUH THUCK Yy JiHIT BiJ GOpMU 3aTBOpa HE
3aJIEXKUTh.

OTtpumani perpeciitHi MOEI YMOXIIMBIIOIOTh OOTPYHTYBaHHs ()OPMH 3aTBOpa KiaraHa i
HaJAIITyBaHHA JpOCeNs Ta pEryjasaTopa THUCKY BIANOBIAHO 10 pexuMy poOoTu
ITHEBMOCHCTEMH.

HactynHum ertamom IOCHIJKEHHSI MPOMOHYETHCS BU3HAYMUTH BIUIUB KOHCTPYKTHBHHX
pPO3MIpIB Ha TUHAMIKY pOOOTH KJIallaHHOI CUCTEMH.
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COMPUTATIONAL FACTORIAL EXPERIMENT FOR INVESTIGATING THE
DYNAMIC CHARACTERISTICS OF APNEUMATIC SYSTEM PRESSURE
REGULATOR

V. Dmytrivi, S. N.-T. Velykyi?!
! Lviv Polytechnic National University

Abstract

The objective of this research is to determine the dynamic characteristics of a pressure regulator
equipped with an electromagnetic valve—considering three different valve plug shapes and various
pneumatic system parameters—and to verify the adequacy of the mathematical model. Correlation
relationships were derived for the temporal operating characteristics of the pressure regulator’s valve
system. These relationships depend on system pressure, the shape of the valve plug (defined by an
"equivalent wedge" parameter), and the effective throttle area. This allows for an assessment of the
valve system's efficiency based on the opening and closing time parameters of the regulator. The
results of a three-factor experiment are presented. The factors considered were: X; (valve plug shape,
defined by the equivalent wedge parameter £: g = 0,333 for a conical plug, 0.789 for a spherical plug,
and 1 for a flat plug); X, (supply pressure p. = 0.2, 0.4, 0.6 MPa); and X5 (effective throttle area
1Az, = 05,1, 2mm?). The experimental response functions include: closing time teose; the time
required for pressure to rise to 90% of the differential teo; opening time topen; and the steady-state
pressure in the line downstream of the open valve piire. It has been experimentally confirmed that the
shape of the valve plug has a decisive influence on the dynamic characteristics of the pressure
regulator when the valve closes against the direction of flow. A conical valve element closes the
fastest and most consistently (12.2-13.6 ms at a supply pressure of 0.2-0.6 MPa and an effective
orifice area of 0.5 - 2 mm?, but it opens the slowest (103.3-132.5 ms). Conversely, a flat valve element
opens the fastest (73.3-102.4 ms), while its closing time increases most significantly with line
pressure (from 12.5 to 17.4 ms). A spherical valve element occupies an intermediate position. The
pressure rise time is determined primarily by the orifice area, whereas the steady-state line pressure is
independent of the valve element's shape. Consistency criteria were calculated based on measurement
uncertainty and the accuracy of the model's input data. According to the Student's criterion, no
systematic model error was detected (calculated values: t = 0.29-1.90). Based on the Fisher criterion
(F = 14.6), the model is considered adequate. The practical significance of these derived relationships
lies in the ability to adaptively select the valve element design and configure the pneumatic system. If
the priority is rapid closing (a quick rise in line pressure) and consistency in this timing despite
variations in supply pressure and line resistance, a conical valve element is the appropriate choice.

Keywords: pressure, pneumatic system, valve system, Fisher criterion, Student's criterion,
regression equation, opening time, wedge, mathematical model, supply voltage.
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