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Abstract. The article studies an example of simulation of complex technical systems that combine the
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Introduction

The hydraulic drive of modern construction
and road machines is quite complex, and model-
ing the entire drive in full requires significant
effort and time [1]. However, improving the
quality of design with reducing time and cost
becomes possible only with the use of modern
technologies as well as computer hardware and
software.

SimHydraulics is a special library of the
Simulink package in the MATLAB environ-
ment, designed to simulate hydraulic systems
using components that take into account the
influence of real physical characteristics and
magnitudes that connect all blocks of the model.
At the same time, the main approach to model-
ing is based on the transfer of physical energy
from block to block, taking into account physi-
cal dimensions.

Analysis of publications

In literature [2-6], several models of the dy-
namics of the fluid power drive have been pro-
posed. In a significant number of works, for ex-
ample [2-3], as a rule, the sequence of modeling
the working processes of a hydraulic drive im-
plies the development of a mathematical model
based on differential and algebraic equations,
which are then entered into a computer by taking
them from the Simulink module standardized
blocks of the MATLAB program with subse-
guent solution by numerical methods.

In works [4-6] the modeling of hydraulic
system working processes in the SimHydraulics
physical simulation environment is substantiat-
ed. The examples of building the block diagrams
from standard elements of the library (spool
valve, pump, hydraulic cylinder, safety and re-
verse valves, hydraulic locks and auxiliary
equipment) are given. However, these works do
not consider the influence of time-varying ex-
ternal forces, which appear as a reaction during
the transient processes in multi-link mechanical
systems.

Purpose and problem statement

The aim of the work is to develop a simulation
model of the fluid power drive of the excavator
working equipment mechanical system in the
MATLAB & SimHydraulics package for study-
ing the dynamics of transient processes in multi-
link mechanical objects.

The following tasks are being solved in the
work:

— to develop a physical simulation model of
the fluid power drive for excavator working
equipment in the SimHydraulics package;

— to check the performance of the developed
model and find the power characteristics of the
actuators using the real technical characteristics
of the Borex 2201 excavator hydraulic equip-
ment.

Analysis of the excavator working equipment
hydraulic drive

The method for constructing a block diagram
of an excavator working equipment mechanical
subsystem mathematical model in the terms of
SimMechanics was considered in [7]. The fluid
power drive of the Borex 2201 excavator (Fig. 1)
consists of an open working circuit driven by a
gear pump H1.

In the excavator, the working fluid is supplied
from pump H1 through valve block P1-P3
(Fig. 2) to the hydraulic cylinders of the working
equipment (C1 of the boom, C2 of the stick and
C3 of the bucket) and then to the draining into the
tank. Pressure valves KP2 and KP3 that prevent
the rod ends from overloading are connected to
the head ends of hydraulic cylinders C1 and C2
of the boom and stick, and throttle DP1 with the
reverse valve KOL1 that ensures smooth lowering
of the boom, is connected to the rod end of hy-
draulic cylinder C1.

The safety valve KP1 adjusted to a pressure of
16.5 MPa is installed at the inlet to the hydraulic
valves P1-P3.
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In the SimHydraulics standard library there
are no blocks for modeling monoblock and sec-
tional multi-line (more than 4 lines of supply and
removal of working fluid) hydraulic valves with
pump unloading in the neutral position of three-
position spools [8].

The Simulink package allows the user to create
their own blocks that have the properties of standard
library blocks, therefore the required element can be
created from elementary hydraulic blocks of Variable
Orifice adjustable throttles that are interconnected as
shown in Fig. 2 in [9].
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Fig. 1. Simulink-model of the excavator working equipment hydraulic drive
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Fig. 2. Masked user subsystem of the hydraulic valve P1 - P3: a — the subsystem window after per-
forming «Look Under Mask» action; b — the settings window of the block P1 (mask); ¢ — the struc-

ture of a separate section of the hydraulic valve

The mathematical models of the hydraulic con-
trol valve spool and the safety valve are repre-
sented by the models of fluid flow through the
orifice of the adjustable diameter. Taking into
account the assumption of flow turbulence, we
can write down:

Q=u-84/§|API-Si9n(AD), )

where Q - rate of the liquid flow through the
section under consideration; u — coefficient of
consumption; p — density of the liquid; Ap —
pressure difference at the throttle; S — sectional
area of the throttle.

The pressure difference is calculated accord-
ing to the selected positive direction of the fluid
flow, and this determines the sign of the flow
rate. With the negative values, the liquid flows
in the opposite direction.

The cross-sectional area of the spool passag-
es is determined as:

h
S — Smax | It’:]ontrol| ’ (2)
max
hcontrol = hO *+ Zeontrol » 3)

where h,,, — maximum valve displacement
(Valve maximum opening); hy.., — current
displacement of the spool, which looks like a
non-linear dependence on the control signal
to be regulated; h, — spool overlap (Ori-

Zcontrol

fice P-A initial opening); S, — maximum area
of valve passage.

The cross-sectional area for the safety valve
is defined as:

0
S (o) as Pa = Pset
°= nzag é p s)et aS Pset < Pa<Prax (4)
e et as Pa = Peet
Smax

where p,, — value of pressure at which the

valve starts to open (Valve pressure setting);
Pmax — Value of pressure at which the valve is
fully open (Valve regulation range); Sy —
maximum passage area of the safety valve.

The P input of the «6-Way Directional
Valve» subsystem is connected to the pump, T —
to the drain line, and the control signal to the
spools is set by the signal from the S1-S3 input.
The outlets A1-A3 and B1-B3 are connected to
the chambers of the hydraulic cylinder.

The windows for setting the parameters of
the Fixed-Displacement Pump units and Double-
Acting Hydraulic Cylinder are shown in Fig. 3
and 4.

The pump creates a fluid supply depending
on the rotation speed of its shaft (control signal).
This supply is expressed by the formula:

QA:Dp'n' (5)

where D, — working volume of the pump (Dis-
placement); n — current pump rotational rate.
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Shaft speed is fed to the port S using Con-
stant, the Simulink-PS Convert adapter, and
Ideal Angular Velocity Source.

u"—W ent Pu

Fixed-Displacement Pump

This block models a pump with constant volumetric displacement that supplies mechanical energy to an hydraulic
liquid netwrk. It accounts for losses due to leakage flow and friction torque. The pump may operate in both the
forward and reverse directions depending on the rotation of the shaft. It may also operate as a motor that drives
the shaft. Right-click on the block and select Simscape->Block choices to select between parameterization options.
Consult the block reference page for description of variants and block inputs.

Connections P and T are hydraulic conserving ports associated with the pump outiet and inlet, respectively.
Connection S is a mechanical rotational conserving port associated with the pump driving shatt. The block positive
direction is from port T to port P. This means that the pump transfers fluid from T to P if shaft S rotates in positive

direction.

Settings
Parameters
Displacement: 100 am*3frev -
Leakage and friction -
parameterization: [anaiytcal
Nominal shaft angular velocity: 2400 m -
Nominal pressure gain: 160 bar B
Nominal kinematic viscosity: 36 st -
Nominal fluid density: 900 kg/m"3 =
Volumetric efficiency at nominal

© 092

conditions:
No-load torque: 0.05 N*m -
Friction torque vs. pressure gain o — -
coefficient:
Check If lower side pressure
violating minimum valid None -
condition:

[ o J[ cncet J[ nep ][ ooy |

Fig. 3. Windows for setting parameters of hy-
draulic pump units [10] Fixed-Displacement
Pump

The hydraulic cylinder consists of two vol-
umes of hydraulic fluid, the pressure in which
creates a force acting on the piston. For interme-
diate positions, this can be expressed by the
equation:

F:ppsp_prsr as O<Xr<x;nax’ (6)

where p, and p, — pressure in the head and rod
ends; S, and S, — area of the head (Piston area

A) and rod ends (Piston area B); x, and x;* —

current position of the rod and its maximum
extension (Piston stroke).

The volume of these ends is set by the initial
position of the hydraulic cylinder rod (Piston
initial distance from cap A) and the speed of its
movement.

For the extreme positions of the hydraulic
cylinder piston, the force is represented by vis-
coelastic connections:

X, <0

, (7
X, > X" 0

F=k(x —x™)—xb as

where k and b —reduced coefficients of elastic-
ity (Contact stiffness) and viscosity (Contact
damping) in the extreme position of the hydrau-
lic cylinder piston, respectively.

Double-Acting Hydraulic Cylinder

“This block represents a double-acting hydraulic cylinder. The model of the cylinder is constructed from the
Hyd i ional Hard Stop blocks. The rod motion s limited with the

y
mechanical Translational Hard Stop block.

‘Gonnections R and € are g ports to the cylinder rod and cylinder
«damping structure, respectively. Connections A and B are hydraulic conserving ports. Port A is connected to
converter A and port B is connected to converter B. The block directionality is adjustable and can be controlled with
the Cylinder Orientation parameter.

Settings
Basic | Hard stop properties | Initial conditions |
Piston area A: (pi*0.1172)/4 mA2 B
Piston area B: (PI*0.1172)/4-(pI*0.056~2)/4 ma2 -
Piston stroke: 0.9 m -
Dead volume A: led mA3 -
Dead volume B: le-4 m*3 -
‘Specific heat ratio: 14
Cylinder orientation: [acts in posttive direction -
Settings
Basic parameters | Hard stop properties | Initial conditions
Contact stiffness: 1e9 N/m -
Contact damping: 150 N/(m/s) -
Settings
Basic || Hard stop properties | Initial conditions
Piston initial distance from cap A:  HC_Boom_0 mm -
Chamber A initial pressure: 0 Pa -
Chamber B initial pressure: o Fa -

Fig. 4. Windows for setting the parameters of
the power hydraulic cylinder blocks [11]
Double-Acting Hydraulic Cylinder

To take into account the dissipative compo-
nent, Cylinder Friction block was used (Fig. 5)
which describes the forces of viscous friction,
static friction and sliding friction:

Fo=F+fe(Pp+P)+fee- % , (8)

where F, — force of static friction (Preload
force); f, — coefficient of viscous friction
(Viscous friction coefficient); f.. — coefficient
of dry friction (Coulomb friction force coeffi-
cient).

(%] Block Parameters: C ]

Cylinder Friction

“The block simulates friction in the contact between moving bodies in hydraulic cylinders and is intended to be used
primarily as a building block in combination with both the double- and single-acting cylinders to develop a cylinder
model with friction. The friction force is simulated as a function of relative velocity and pressure, and is assumed to
be the sum of Stribeck, Coulomb, and viscous components. The Coulomb friction force consists of the preload
force, caused by the seal squeeze during assembly, and force proportional to pressure. The sum of the Coulomb
and Stribeck friction forces at zero velodity is often referred to as the breakaway friction force.

Connections R and C are mechanical translational conserving ports associated with the rod and case, respectively.
Connections A and B are hydraulic conserving ports to be connected to ports A and B of the cylinder model. The
force generated by the block always opposes relative motion between the rod and the case.

Settings

Parameters | variables
Preload force: 150 N h
Coulomb friction force o6 = =
coefficient:
Breakaway friction increase

1
coefficient:
Viscous friction coefficient: 1500 N/(mys) -
Transition
coefficient: 0 g -
Linear region velocity threshold: ~ 1e-4 m/s -

OK Cancel Help Apply

Fig. 5. Windows for setting parameters of
Cylinder Friction blocks

Conclusions
1. Thus, using the blocks of the Simulink
package, a simulation model of the interaction
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of the excavator working equipment mechanical
system with its fluid power drive was built.

2. With the help of this model, it is possible
to obtain values characterizing transient pro-
cesses, including changes in the value of the
generalized coordinates of the particular points
of the working equipment, the rate of their
change, and the effort in the hydraulic cylinder.
A visual representation of the manipulator
movement can be obtained using the built-in
SimScape visualization function.

3. The resulting model makes it possible to
solve the problems of analysis and synthesis of
the excavator operation control systems, which
will be studied in the following articles.
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MopeatoBaHHs 00’€MHOIO TiAPONIPHBOJIA €KCKA-
BATOPHOI0 00JIaTHAHHS

Anomayin. I'iopasniunuii npusio cyuacuux o0yoigenn-
HUX | OOPOIICHIX MAuiun OOCUMb CKAAOHUU, [ MOOe-
JIIOBAHHSL 8CHO20 NPUBOOA 8 NOBHOMY 00Cs3i nompe-
oye snaunux 3ycunvb i eumpam yacy. OOHax niogu-
WjeHHsA AKOCMI NPOeKmy8aHHs 8 pa3i O0OHOUACHO20
CKOPOYEHHA MEePMIHI8 1 BUMPAam MONCIUGE MINbKU 3d
VYMOBU BUKOPUCHAHHA CYYACHUX MEXHONI02IU, KOM-
n'tomepHoi mexHiku ma npopamHo2o 3abe3neyeHHs.
Haseni mooeni pobouux npoyecie iopagiivnux cuc-
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mem 6 cepedosuwyi  Pi3uUHO2O0  MOOENOBANHS
SimHydraulics, € komnonysannsm brox-cxem 3i cma-
HOGpmMHUX enemenmie OibniomeKxu (3010MHUKOGULL
PO3NOOLIBHUK, 2I0POHACOC, 2IOPOYUNIHOP, 3aN00INCHI
ma 360pomui Kianauu, 2iopozamxu mowo). Oonax 6
HUX He 6U3HAYEHO 6NJUE 3MIHHUX Y YACl 306HIUHIX
cun, sKi € peakyicio nio Yac nepexioHux npoyecie y
bacamonankosux mexauiunui cucmemax. Mema
pobomu — po3pobnenns imimayiunoi mooeni 00'em-
HO20 2i0ponpusooa MexauiyHoi cucmemu (pobouozo
obnaonanna exckasamopa) 6 naxkemi MATLAB &
SimHydraulics o1 docniddcenna Ounamixu nepexio-
HUX npoyecie 6a2amoaanKosux MEXaHiuHux 00'ekmis.

Y ecmammi nasedeno npuxiad pospobnenus Gizuunoi

imimayiunoi mooeni 06'emnoeo eioponpusoda pobo-
Yyoeo  001aOHaHHA  eKcKaeamopa 8  naxemi
SimHydraulics. Buxopucmogyiouu peanbHi mexniyHi
Xapaxmepucmukuy  2i0poanapamypu  ekckaeamopa
Bopexc 2201, nepesipena npayezoamuicme po3poo-
JIeHOT MOOeni Mma 8U3HAYEHO CUNLOBI XAPAKMEPUCTNUKU
BUKOHABYUX MeXanizmie. Bukopucmogyiouu npoaua-
ni308ani 6 cmammi O10KU, MOJ’CHA noOyoysamu imi-
mayiuny Mooeib 83aeMoO0ii MexaHiunoi cucmemu
Ppobouo2o 0b1adHanHA eKcKasamopa 3 1020 00'em-

HUM 2I0ponpusooom. 3a 00noMo2010 3anponoHO8aAHOT

MoOeni MONCHA OMPUMYBAMU 3HAYEHHS, WO XAPAaK-
mepusyoms nepexioni npoyecu, 30Kpema 3MiHu 3Ha-
UEHHS Y3a2aNbHEHUX KOOPOUHAmM XAapakmepHux mo-
YOK pobOU020 0ONAOHAHHS, WEUOKOCMI IXHbOI 3Mi-
Hu, 3ycunns ciopoyuninopa. Haoune ysenenns uooo
DPYXY MAHINYAamopa MOdXCHA OMPUMamu 3a 0OnoMo-
2o 8Oyooeanoi Qymxyii  eizyanizayii  SimScape.
Ompumana mooenb 0036015€ BUPIULYBAMU 3A60AHHSL
aHanizy ma cummesy cucmem KepysauHs poOOmoio
excKasamopa.

Knrouogi cnosa: inimayitina mooens, poboue 001a0-
HAaHHs eKxcKagamopa, mexauiuni cucmemu, SimScape,
SimHydraulics, SimMechanics.

SApukko Onexkcanap BoroaumMupoBuy, K.T.H., 011
kad). OymiBEJIbHUX 1 JOPOKHIX MAIIIHH,

ten. +38 097-655-08-60, yaryzko@gmail.com,
XapKiBChKUIT HalllOHAJIbHUHA aBTOMOOIITBHO-
JIOPOXKHIH yHiBepcuTeT, By SlpociaBa Mynporo,
25, m. Xapkis, 61002, Ykpaina.

Modeling a fluid power drive of the excavator
equipment

Abstract. Problem. The hydraulic drive of modern
construction and road machines is quite complex,

and it takes a lot of time and effort to model the en-
tire drive in full. However, improving the quality of
design with reducing terms and costs becomes possi-
ble only with the use of modern technologies, com-
puter hardware and software. The existing models of
hydraulic system working processes in the physical
modeling environment SimHydraulics are presented
by block diagram layouts from standard library ele-
ments (slide valve, hydraulic pump, hydraulic cylin-
der, safety and reverse valves, hydraulic locks, etc.).
However, they do not consider the influence of time-
varying external forces, which are a reaction during
transient processes in multi-link mechanical systems.
Goal. The aim of the work is to develop a simulation
model of the fluid power drive of the excavator work-
ing equipment mechanical system in the MATLAB &
SimHydraulics package for studying the dynamics of
transient processes of multilink mechanical objects.
Methodology. The article describes an example of
developing a physical simulation model of the exca-
vator working equipment fluid power drive in the
SimHydraulics package. Using the real technical
characteristics of the hydraulic equipment of the
Borex 2201 excavator, the performance of the devel-
oped model was checked and the power characteris-
tics of the actuators were determined. Originality.
Using the blocks described in the article, a simula-
tion model of the interaction of the excavator work-
ing equipment mechanical system with its fluid power
drive can be created. Practical value. The model
proposed makes it possible to obtain values charac-
terizing transient processes, including changes in the
value of the generalized coordinates of the character-
istic points in the working equipment, the rate of
their change, and the effort in the hydraulic cylinder.
A visual representation of the manipulator movement
can be obtained using the SimScape built-in visuali-
zation function. The resulting model allows solving
problems of analysis and synthesis of excavator op-
eration control systems.

Key words: simulation model, excavator working
equipment, mechanical  systems, SimScape,
SimHydraulics, SimMechanics.
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