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DESIGN SPECIFICS OF A BUILT-IN DIAGNOSTIC SYSTEM FOR HYDRAULIC MACHINES

The basis for obtaining information about the object of diagnosis is technical diagnostic tools, which involve measuring operations of various
parameters, the totality of which is the basis of the diagnostic process. Diagnostic tools are divided into external, portable (mobile) and built-in. Built-
in technical diagnostic tools are considered. The built-in diagnostic system (BDS) is an autonomous complex for automatic checking of the degree of
operability and serviceability of units and the hydraulic drive as a whole, which allows, within limited limits, to localize some faults based on the
results of monitoring diagnostic and functional parameters in operational or special test modes, and the diagnostic results can be presented to the
operator or accumulated for further processing. Compared to other built-in diagnostic tools, BDSs are the most complex and relatively new devices.
They are in the process of development, prototyping, and experimental research. A set of diagnostic equipment was designed, namely: designing a unit
of measuring instrumentation; designing a load device for diagnosing pumps and taking load characteristics directly at the facility. The designed set of
diagnostic devices is used as an integrated diagnostic system (due to built-in sensors), as well as a separate diagnostic complex due to the ability to
connect external sensors. The values of the diagnostic parameters measured by this complex can be recorded on an internal memory card or transferred
via wireless Bluetooth to a PC or Android device (smartphone, tablet) for further processing. A study was also carried out to assess the strength of the
hydrotester body using a computational and analytical method (using the finite element method in the Ansys Static Structural environment), which is
equivalent to full-scale testing in terms of boundary conditions and achievable results. Based on the calculation results, it is possible to assert that the
choice of material and structural dimensions of the designed device were chosen rationally.
Keywords: technical diagnostics, hydraulic tester, measuring instrumentation unit, load device, pressure, flow rate, fluid temperature.
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OCOBJUBOCTI ITIPOEKTYBAHHS BBYJIOBAHOI CUCTEMHU JIATHOCTYBAHHSI
T'TAPABJIIYHUX MAIINH

OcHoBoro oTpuMaHHS iH(opMarii mpo 00'€KT AIaTHOCTYBaHHS € 3aCO0HM TEXHIYHOTO MiaTHOCTYBAHHS, IIPU IbOMY IIepen0adacThCs MPOBEACHHS
orneparii BUMIpIOBaHHs Pi3HUX NapaMeTpiB, CYKYIHICTh KX € OCHOBOIO MPOLIECY JiarHOCTYBaHHS. 3aCO0M JiarHOCTYBaHHS MOUISIOTH Ha 30BHIILHI,
nepeHocHi (mepecyBHi) Ta BOymoBaHi. PosrsiHyTo BOygoBaHi 3aco0HM TeXHIUHOro miarHocTyBaHHS. BOymoBana cuctema miarnoctyBanus (BCI) e
AQBTOHOMHHM KOMILICKCOM JUIsl aBTOMAaTHYHOI IEPEBIPKU CTYIICHS MPALE3AaTHOCTI Ta CIIPABHOCTI arperaTiB i IiApONPUBOLY B LIIOMY, IO JO3BOJIE, B
OOMEKEHHX MEXaX, JIOKalTi3yBaTH JesKi HECIPABHOCTI 3a pe3yJbTaTaMd KOHTPOJIO [IarHOCTHYHHX 1 (YHKIIOHAJBHHX MapaMeTpiB B
eKCIUTyaTaliifHuX abo CHelialbHUX TECTOBMX PEXHMMaX, NMPUYOMY pe3yJbTaTH AIarHOCTYBAaHHS MOXYTh OYyTH IIpeJCTaBIICHI omepatopy abo
HaKOMHMYYIOThCS Ul MoAanbinoi oOpoOku. [lo BipHOIIEHHIO N0 iHIIMX BOymoBaHHMX 3aco0iB miarHoctyBaHHS BCJl € HaiOinmbll CKIQAHHUMHU Ta
HOPIBHSHO HOBMMHU NpUCTposMu. BoHM mepeOyBaroTh y cTajil po3poOKH, MaKeTyBaHHS Ta CKCIEPUMEHTaIbHUX JOCITIIKeHb. Byno mpoeneHo
MPOEKTYBAHHA KOMIUIEKCY JIIarHOCTHYHOrO OONaJHAHHA, a caMe: IHPOEKTYBaHHSA OJIOKy BHMIDIOBAJIBHUX TPHIAJiB; IPOEKTYBAHHS
HABaHTAXyBAJIbHOTO IPUCTPOIO IS JIarHOCTHKU HACOCIB i 3HATTS HABAHTAKYBAIBHOI XapaKTEPUCTHKH Ge3rnocepenHbo Ha 00'exti. ClpoeKTOBaHMiT
KOMIUICKT J[iaTHOCTHYHHUX IPUCTPOIB BUKOPHCTOBYETHCS B AKOCTI BOYOBAHOI CHCTEMH J[iarHOCTYBaHH! (32 PaXyHOK BOYJIOBaHHUX JATHHKIB), a TAKOXK
SIK OKPEMHH JiarHOCTHYHMI KOMIUICKC 3a PaxyHOK MOXIIMBOCTI MiJKJIIOYCHHS 30BHINIHIX AaT4MKiB. BUMIpIOBaHI MM KOMIUIEKCOM 3HAuCHHS
JIarHOCTUYHMX IIapaMeTpiB MOXKYThb OyTH 3ammcaHi Ha BHYTPINIHIO KapTy mam'ati abo mepemani depe3 OesmporoBmii Bluetooth-3B'si30x Ha
nepconanbHuil komm'torep PC abo Android-npuctpiii (cMapTdoH, miaHmer) s nogaibmoi 06podku. Takox Oyino MPOBENSHO JOCHTIIKEHHS OLIHKA
MILHOCTI KOPITyCY TigpoTecTepa po3paxyHKOBO-aHAIITHYHUM CII0co00M (i3 3aCTOCYBaHHIM METOAY KiHIIEBHX €IEMEHTIB B cepeoBuiax Ansys Static
Structural), 1110 € exBiBaJICHTHUM HATYpPHHM BHIIPOOYBAHHSM IIO0 KPAflOBHX YMOB Ta TOCSDKHHX PE3YJIbTATIB. 3a Pe3yIbTATOM PO3PAXYHKY MOXIIHBO
CTBEpXKYBaTH, 1110 BUOIp MaTepiaiy i KOHCTPYKTHBHI PO3MipH CIIPOEKTOBAHOIO MpHIIaay Oyiii 00paHi pauioHaIbHO.

KurouoBi cioBa: TexHiUHE MiarHOCTYBaHHs, TeCTEp TigpaBIiYHUN, OJIOK BUMIDIOBATBPHUX MPHIAAIB, HABAHTAXKYyBAIBHUH MPHUCTPiH, THUCK,
BHUTpaTa, TEMIepaTypa pobo4oi pifuHH.

Introduction. The use of technical diagnostics
provides a direction for changing not only the technical
condition of the hydraulic drive of machines, but also their
maintenance and repair system during operation, since
technical diagnostics is a prerequisite for the transition to
advanced methods of maintenance and repair of hydraulic
drives according to their technical condition.

A diagnostic system should be developed at the
design stage of hydraulic drives, because only then can the
required level of controllability and manufacturability be
ensured. When developing diagnostic systems for
hydraulic drives, the following main tasks are solved
tasks: development of diagnostic algorithms; forecasting
changes in their technical condition during operation;
selection of diagnostic methods; development of
diagnostic tools [1].

The basis for obtaining information about the object
of diagnostics is technical diagnostic tools, which involve
measuring operations of various parameters, the totality of

which is the basis of the diagnostic process [2].

Diagnostic tools are divided into external, portable
(mobile) and built-in. A built-in technical diagnostic tool
is a diagnostic tool made in a common design with the
object of diagnosis [3].

A technical diagnostics system is a set of means and
object of diagnostics and, if necessary, performers
prepared for diagnostics or performing it in accordance
with the rules established by the relevant documentation

[4].

Problem statement in a general way. A significant
number of vehicles (land, air, water, underground) and
technological facilities are equipped with hydraulic drives.
The operability of the hydraulic drive largely determines
the reliability of the machine as a whole, so assessing the
technical condition of hydraulic systems becomes an
important task in the facility diagnostics system [5, 6].
Diagnostics of hydraulic drives can largely solve the
problem of diagnosing the object as a whole.
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In order to prevent failures and accidents, reduce the
time and costs associated with fault detection, there is a
need to design and operate built-in diagnostic tools for
‘hydro’ facilities.

The first step towards obtaining individualised
information about the hydraulic drive being diagnosed is
the use of combinations of instruments connected to the
sensors installed in the drive [7] or on-board monitoring
systems for mobile machines [8].

The built-in diagnostic system (BDS) is an
autonomous complex for automatic checking of the degree
of operability and serviceability of units and the hydraulic
drive as a whole, which allows, within limited limits, to
localise some faults based on the results of monitoring
diagnostic and functional parameters in operational or
special test modes, and the diagnostic results can be
presented to the operator or accumulated for further
processing.

The traditional method of on-board diagnostics is to
build an algorithm based on the deviation AY(t) of the
measured value Y(t) from its set value Yq(t). However, this
method allows to establish only the values of the
controlled parameter outside the permissible limits and
does not specify the cause of the system malfunction. It is
possible to create a diagnostic system with elements of
artificial intelligence [9, 10]. Such a system on the basis of
logical analysis of the values of the controlled parameters
identifies the faulty element of the hydraulic drive,
indicates the way to eliminate the fault and warns about
the pre-emergency situation. This reduces the time-
consuming processes of installing measuring equipment
during adjustment work and finding and locating faulty
hydraulic drive elements, and ensures a significant
reduction in labour costs for maintenance and repair by
eliminating a significant proportion of sudden failures and
by having the driver (operator) participate in the
elimination of minor faults of the diagnosed object.

Fig. 1 shows a generalised structure diagram of an
embedded microprocessor-based diagnostic system. It
includes the following functional units: a primary
converter unit, a signal normalisation unit, an on-board
microprocessor, a control unit and information display
facilities. Analogue and digital signals of pressure, flow
rate, degree of purification and level of working fluid,
temperature of pump body parts, crankshaft speed of the
engine (pumps), some auxiliary signals from low-voltage
electrical equipment, etc. can be used as the main input
information [11].

Promising functions of built-in diagnostic systems
for hydraulic drives include:

-searching for faults or their causes with
recommendations to the operator for their elimination and
further actions;

- checking the degree of operability of individual
subsystems of the diagnosed object in a dialogue mode;

- control of diagnosed systems in case of emergency
and pre-emergency situations;

- forecasting the resource life of individual units.

It should also be noted that the feasibility of
equipping a built-in diagnostic system is determined by
the type of mobile machine or process equipment, their

mode of operation, the complexity of the drives being
diagnosed, and the responsibility and cost of the
operations they perform.

Compared to other built-in diagnostic tools, BDSs
are the most complex and relatively new devices. They are
in the process of development, prototyping and
experimental research.

ADC - analogue-to-digital

TSD - tracking and storage
device

RAM - random access memory
device

ot |

EPROM - erasable programmable
read-enly memory
CP - central processor

Display

rator [ S Eac

Control unit

Fig. 1. Structure diagram of the BDS of hydraulic drives

Research Methodology. Quantitative evaluation of
diagnostic parameters can be carried out taking into
account the provisions of information theory. However, at
the first stages, it is advisable to select them on qualitative
grounds. One of the criteria may be the attempt to bring
the list of faults detected by the built-in diagnostic system
as close as possible to the list specified in the classifier of
characteristic faults of hydraulic systems of the object
being diagnosed. For designed hydraulic drives, such a list
can be compiled on the basis of a principle scheme, taking
into account the experience of operating similar
facilities [12]. Preference should be given to the key
parameters that determine the safety of the object to be
diagnosed (for example, the pressure in the steering or
braking circuits of a mobile machine) and parameters that
characterise faults that lead to significant technical and
economic losses.

Taking into account the possible options for
organising the BDS operation algorithm, the parameters of
hydraulic drives can be divided into subgroups according
to the following features:

- parameters that determine the safety of the facility;

- parameters for daily inspection (pre-operational
inspection);

- parameters for continuous tolerance control;

- auxiliary parameters and control points.

Auxiliary parameters are used to organise the fault
finding process. The rationale for using or the significance
of an auxiliary parameter can be assessed by the number
of elementary algorithms in which it is involved, i.e. the
number of faults (and their degree of responsibility) for
which this parameter is required to be detected; its
exclusion leads to a deterioration in the recognition of
many faults.

When selecting the monitored parameters and sensor
installation locations, the possibility of measuring the
parameter and the design features of the elements of the
hydraulic drive being diagnosed should be taken into
account.

Based on the above analysis of the design process of
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an embedded microprocessor-based hydraulic drive
diagnostic system, a number of key parameters can be
identified that are required in its development:

- number of control points (input signals) and their
location at the facility;

- type of input signals;

- nomenclature of sensors;

- level of signals produced by the sensors;

- measurement range for different channels;

- measurement accuracy (of sensors);

- indication discreteness;

- permissible values of measured values;

- microprocessor set, taking into account which the
design is carried out;

- memory capacity of RAM and EPROM,;

- means of communication with the operator.

These data are part of the terms of reference for the
development of the BDS and should be taken into account
in the process of formation and refinement.

1. Designing a built-in diagnostic system. It is
advisable to design a set of diagnostic equipment for the
main range of parameters of modern hydraulic systems of
hydrofied equipment [13, 14].

Initial data for design:

1.the measured flow rate range is from 10 to
200 I/min;

2. pressure measurement range — from 0 to 400 bar;

3. measuring range of working fluid temperature —
from 5 to 90°C;

4. measuring range of output shaft rotational speed —
from 10 to 10000 min™.

Based on the initial data, the design consists of two
main stages:

- design of the measuring instrumentation unit;

- designing a load device for diagnosing pumps and
taking load characteristics directly at the facility.

The hydraulic tester is a handy portable device
(Fig. 2) and is designed to diagnose the condition of
hydraulic systems by the following parameters [15, 16]:

- fluid flow rate;

- fluid pressure;

- fluid temperature;

- speed of the drive shaft or hydraulic motor shaft.

Set of diagnostic devices SDD
o
= o

Benssuen

Pl ez
Temgecaes
Ronatonal spasd

i = Ld

Fig. 2. Set of diagnostic devices

SDD - this device allows you to diagnose hydraulic
equipment, as well as display and store the values of
the main parameters of hydraulic systems:

- Flow rate (1 chammel)

- Pressure (3 channels)

- Temperature (1 channel)

@ =)@

- Rotational speed (1 chamnnel)

The main spheres of application are service and
analysis of hydraulic systems.

The tester is based on the ATmega2560
microcontroller. A 3.2" TFT-HX8357 monitor with a
resolution of 480x320 pixels is used as a human-machine
interface.

The HET-200 has six input channels (three analogue
channels — pressure P, Py, P, and three digital channels —
flow rate Q, temperature t, rotation speed n) and can
display, record and process signals from sensors
connected to the device [16].

For operational measurement of the main parameters
of the hydraulic system, a single connector with three
channels (Q, P, t) is used, to which a block of measuring
instruments is connected for simultaneous measurement of
the flow, pressure and temperature of the working fluid.

To measure the pressure at different points of the
hydraulic system, there are two analogue channels (P, and
P,) with separate connectors for connecting pressure
sensors. For these sensors, the HET-200 screen can
display the measured actual, maximum, minimum
pressure values, as well as the difference between the
values of channels P, and P, (P,—P,). The maximum and
minimum values (P1min, Pimaxs Pamin» P2max) €an be reset at
any time by pressing the button. The measuring range of
the connected sensors is selected in the configuration.

To measure the speed of the drive shaft or hydraulic
motor shaft, a separate connector with a digital input (n) is
provided, to which a tachometer is connected.

The HET-200 has a built-in real-time clock, which is
convenient for processing measurement results. The
current date and time are displayed at the top of the
screen. Correction of the current date and time is possible
in the setup mode.

The measured values can be recorded on the internal
memory card or transferred via Bluetooth-wirelessly to a
PC or Android-device (smartphone, tablet) for further
processing.

The basic set of the hydraulic tester includes:

- hydraulic tester — 1 pc;

- measuring instrumentation unit (to be designed) —
1 pc;

- DB9 (COM) connection cable — 1 pc;

- miniUSB-USB (5V) charging cable — 1 pc;

- USB power supply (5V, 2A) - 1 pc.

The design of the measuring instrumentation unit is
shown in Fig. 3.

Fig. 3. Design of the measuring instrumentation unit:
1 - body; 2 — turbine; 3 — guide bushing; 4 — inductive turbine
speed sensor; 5 — pressure sensor; 6 — temperature sensor
installation location; 7 — fittings

The display device has the view shown in Fig. 4.
The general view of the diagnostic equipment set is
shown in Fig. 5.
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Tr3-200

Fig. 4. Device for indicating and recording hydraulic system
parameters

Configuration of the diagnostic device and
connection to the input channels

@ i Optical tachometer

Pressure sensor No.2 r
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A unit of measuring instruments:
- pressure sensor;
- flow sensor;

- temperature sensor

Electronic unit

Fig. 5. The diagnostic equipment set

2. Assessment of the strength of the hydrotester
body. The aim of the study is to evaluate the strength of
the hydrotester body by a computational and analytical
method (using the finite element method in the Ansys
Static Structural environment), which is equivalent to full-
scale testing in terms of boundary conditions and
achievable results [17, 18].

The object of research is the body of the measuring
instrumentation unit used in the design hydrotester. Test
conditions — simulation of full-scale tests by computer
calculation using the finite element method in the ANSYS
Workbench 2023 R2 environment.

Design model - a solid STEP-model that
corresponds exactly to the full-scale sample in terms of
dimensions, MCC-characteristics that form the model
assembly, as well as materials of their manufacture
(tensile strength, yield strength, Poisson's ratio, etc.):
Structural Steel (typical characteristics for Steel 3),
deformable aluminium alloy of B96 grade — Table 1.

Table 1 — Physical and mechanical properties of the material
deformable aluminium alloy grade B96 in the Ansys
environment

Density 2850 kg/m®
Modulus of Elasticity 7400 kg/mm?
Poisson's ratio 0.36
Young's modulus 76 GPa
Yield strength 550-570 MPa
Tensile strength 480 MPa

At the stage of tensile-compressive elasticity,
aluminium alloys have higher relative elongations than
steels (Fig. 6).

The body is made of aluminium alloy B96. The
appearance of the design model in the ANSYS
Workbench software environment is shown in Fig. 7.
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Fig. 6. Tensile-compression diagram of aluminium alloys

At the next stage, the model under study was divided
into finite elements (Fig. 8). The total number of finite

elements is 21476, which contain 13353 nodes of the
tetrahedron type (tetrahedral mesh).

Fig. 7. 3D-model of the body in the ANSY'S Workbench
environment

Fig. 8. Breakdown of the model under study into finite elements

Obviously, the model requires the wuse of
displacement constraints, otherwise it will not be statically
balanced. Let's set the constraints according to the actual
anchoring of the body (Fig. 9) — rigid anchoring at the
lower edge of the body (Fixed support).

Let's analyse the design model under the conditions
of the working fluid under maximum pressure. In
accordance with the operating pressure range of the
diagnostic hydraulic equipment, we take the maximum
pressure P« to be 40 MPa. We distribute the pressure
over all internal surfaces where the working fluid is
located (Fig. 10). The pressure load is applied in stages.

Linear pressure increase to the maximum (40 MPa)
inls.
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Fig. 10. Scheme of loading with pressure P, =40 MPa

To familiarise yourself with the results of the
calculation, it is advisable to familiarise yourself with the
Mises maximum stress criteria, which is based on the
Mises-Hencky theory, also known as the theory of shape
change energy. In elasticity theory, an infinitesimal
volume of material at any point on or inside a solid can be
rotated so that only normal stresses remain and all shear
stresses are zero. The three remaining normal stresses are
called principal stresses: 6; — maximum, o, — average,
63— minimum. In this case, the following condition is
met: 6; > 6, > o3.

For principal stresses 61, 65, 63, the Mises stress is
expressed as follows:

Oyonmises = t[(01 — 62)2 + (0, — 63)2"‘(0'1 - 63)2]/2 }1/2-

The theory states that a ductile material begins to fail
at the point where the Mises stress becomes equal to the
ultimate stress. In most cases, the yield strength is used as
the ultimate stress Gjimit, SO the condition Gygnmises = Olimit
must be met. Since our problem does not involve plastic
deformations, the research is carried out within the
framework of Hooke's law. With a linear relationship
between strain and material isotropy, stresses and strains
are related by Hooke's law as follows (excluding
temperature effects):

1 1

€ = E (cx — Vo, — voz),yxy = E‘txy;
1 1

g = Fi (—vox + oy — voz),yxz = Erxz;
1 1

g = z (—vox —voy — (rz),yyZ = E‘Eyz,

where &, ¢&,,8, —
modulus; G — shear module; vy, Vxz Vyz

linear deformations; E — Young's
shear

deformations in the relevant planes; v — Poisson's ratio
(shown in Table 1).

The distribution of equivalent stresses (fourth theory
of strength) in a part is shown in Fig. 11.

The colour palette corresponding to the numerical
stress values in Pa is shown. The maximum equivalent
stresses in the part were 6, = 192 MPa.

The distribution of total deformations in the part is
shown in Fig. 12.

2 00404}
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Fig. 12. Total strain distribution palette
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The maximum deformation is 0.02 mm in the area of
the threaded connection of the fittings.

The value of the minimum safety factor (Fig. 13) at
the yield strength is ny,;, = 1.5289, which is sufficient.

Fig. 13. Safety factor distribution palette

Based on the results of the calculation, it is possible
to assert that the choice of material and structural
dimensions was correct.

Conclusions. According to the above structural
diagram of the built-in microprocessor diagnostic system,
a set of diagnostic devices was developed that can be used
as a built-in diagnostic system (due to built-in sensors), as
well as a separate diagnostic complex due to the
possibility of connecting external sensors.

To solve the problems of operational measurement
of the main parameters of hydraulic systems, a set of
diagnostic equipment was developed for the main range of
parameters of modern hydraulic systems, namely the flow
range from 10 to 200 I/min, the pressure range from 0 to
400 bar, the temperature range from 5 to 90°C.

A study was also carried out to assess the strength of
the hydrotester body using a computational and analytical
method (using the finite element method in the Ansys
Static Structural environment), which is equivalent to full-
scale testing in terms of boundary conditions and
achievable results. The calculation results confirm the
correct choice of material and structural dimensions,
which is also confirmed by hydrostatic testing of the
prototype.
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