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SYNTHESIS, CALCULATION OF FUNCTIONAL PROPERTIES, RELIABILITY ASSESSMENT
OF PLANETARY TRANSMISSIONS AND THEIR DIAGNOSTICS DURING OPERATION

Developed models and computer methods cover the stages of synthesis, kinematic, quasi-static and dynamic calculations, prediction and monitoring
the dependability of planetary transmissions. Method for constructing no isomorphic structures using canonical matrixes was developed, as well as a
modular analytical method for obtaining a family of gearboxes based on a unified reliable core module. Under kinematic and quasi-static calculations,
the transmission is represented by a kinematic diagram formed in an automated mode. Its equations are made by means of a structure-distributive ma-
trix. The concept of a regular mechanical system provides a correct dynamic calculation of the transmission as a multibody system with variable states.
In calculating transmission dependability, the principle of dependent behaviour of components in a loaded mechanical system is used. Variation in op-
eration conditions is taken into account. The complex logic of limiting states is reproduced in a hierarchical system: constructional elements, parts,
units, transmission. Monitoring the transmission dependability in operation is based on diagnostic models that link the vibration level and the degree of
components damages. Diagnostic system analyses the vibroimpulses produced by gears. Some presented methods are used in state standards and at en-
terprises of Belarus.
Keywords: planetary transmissions, design models, reliability prediction, vibration diagnostics, vibration pulse, llifetime monitoring.

B. b. AJIBI'HH, C. O. 'ABPHJ/IOB, M. M. IIlIHH, H. M. MAKCHMYEHKO .
CHUHTE3, PO3PAXYHOK ®YHKIIOHAJIBHUX BJJACTUBOCTEH, OINIHKA HANIMHOCTI
IINTAHETAPHUX IMEPEJAY I IX JTTATHOCTHUKA B TPOLHECI EKCILTYATAIIIL

Po3pobinieni Mozerni Ta KOMITTOTEpHI METOAN OXOIUTIOIOTH €Talli CHHTE3y, KIHeMaTHYHi, KBa3iCTaTHYHI 1 TMHAMIYHI PO3PaXyHKH, IPOTHO3YBAHHSI i MO-
HITOPHHI HaJIHHOCTI IIaHeTapHUX nepenad. Po3pobieHo MeTox modynoBH i30MOPGHUX CTPYKTYP 3 BUKOPHCTAHHAM KaHOHIYHMX MaTPHIb, a TAKOXK
MOJYJIbHUH aHAIITHYHUI METOJl OTPUMaHHS CiMeiicTBa KOpOOOK Iepeaad Ha OCHOBI €IMHOTO HaJiitHOro 0a3oBoro MoayJst. [Ipu KiHeMaTHYHUX i KBa-
3iCTATHYHMX PO3paxXyHKaX TPAHCMIcCis TpeCTaBNeHa KiHeMAaTHIHOIO CXEMOIO, TI0 c)OpPMOBaHA B ABTOMATHYHOMY PEXKHMi. [i piBHSHHS BUPOGITIOTECS
3a JIONOMOTOI0 CTPYKTYPHO-PO3M0inbu0il MaTpuli. [ToHATTS peryaspHoi MeXaHiqHOI cuCTeMHM 3a0e3nedye KOPEeKTHUI IMHAMIYHUH PO3paxyHOK TpaH-
cMicii sik OaraTopiBHEBOI CUCTEMH 31 3MIHHUME cTaHaMH. [Ipy po3paxyHKy HamifHOCTI TPaHCMICii BUKOPHCTOBYETHCS MPUHIMI 3aJI€)KHOT TTOBEAIHKN
KOMIIOHCHTIB y HaBaHTa)KCHOI MEXaHIYHOI CHCTEMi 1 BpPaxOBYEThCS 3MiHA YMOB eKcILTyaTanii. KoMmekcHa jorika rpaHIYHHX CTaHIB BiITBOPIOETHCS
B iepapxiuHiil CUCTeMi: KOHCTPYKTHBHI €IEMEHTH, JIeTali, By3JIH, TpaHCMicis. MOHITOPHUHT 3aJIMIIKOBOTO pecypcy mepeaadi B poOOTI 3aCHOBaHHMH Ha
JIarHOCTUYHUX MOJEISX, SIKi MOB'SA3yIOTh piBeHb BiOpALi i CTYIiHP MOIIKOMKEHHsS] KOMITIOHEHTIB. JliarHOCTHYHA cHCcTeMa aHalli3ye BiOpOiMIyJbCiB,
SIKI € IPOSIBOM B BiOpallil MeXaHi3My yIapHHX MPOIECiB, 0 BUHUKAIOTH MPH MepecnpsiKeHi 3y0iB. Ps npeacraBieHUX METO/IiB BUKOPUCTOBYETHCS B
Jiep’KaBHHX CTaHAapTax i Ha mianpueMcTBax bimopyci.
Ku11040Bi cj10Ba: maHeTapHi TPAHCMICIT, PO3PaXyHKOBI MOJIEIi, IIPOrHO3YBaHHSI HAAIHOCTI, BIOpPOAIarHOCTHKA, BIOPOIMITYIIBC, MOHITOPUHT PECypCy.

B. b. AJIBI'HH, C. A. T”ABPHJIOB, H. H. HIIIHH, H. H. MAKCUMYEHKO
CHUHTE3, PACUET @ YHKIIMOHAJIBHBIX CBOUCTB, OIIEHKA HAJIEXKHOCTH
IINTAHETAPHBIX ITEPEJIAY 1 UX IUATHOCTHUKA B ITPOLHECCE 3KCILTYATAIIUN

Pa3paboTaHHble MOAENH H KOMIIBIOTEPHBIE METOJBI OXBATHIBAIOT JTAIbl CUHTE3a, KHHEMATHICCKHE, KBA3HCTATUUCCKUE U AUHAMUYECKHE PacueThl,
MPOTHO3MPOBAHHE M MOHUTOPUHI HAJEKHOCTH IUIAHETapHEIX Hepenad. Pa3paboTaH MeToN MOCTPOCHHS M30MOP(HBIX CTPYKTYpP € HCIOIb30BaHHEM
KaHOHMYECKUX MATpHIL, a TAK)KE MOJYJIbHbIN aHATMTUYCCKUH METOJ| MOJTy4ECHHS CEMeHicTBa KOPOOOK Mepejad Ha OCHOBE SAMHOTO HaJeKHOTro 06a30BO-
ro moxay:rs. [Ipn KHHEMaTHYECKHX M KBa3HCTATHYECKHMX pacyeTax TPAHCMUCCHS MPEACTaBICHa KHHEMAaTHYECKOH CXeMoit, c(hOpMHUPOBAHHON B aBTOMa-
THYecKoM pexkuMme. Ee ypaBHEHHS MPOU3BOAATCS C IIOMOIIBIO CTPYKTYPHO-PAcHIpeNeNUTenbHON MaTpHuIbl. [IoHATHE perynspHOil MeXaHHIEeCKOH CH-
CTeMBI 00eCTIeunBaeT KOPPEKTHBIH AMHAMIYECKHI pacueT TPAHCMHCCUH KaK MHOTOYPOBHEBOI CHCTEMBI ¢ IIEPEeMEHHBIME cOCTOsHUSAMU. [1pu pacuere
HaJIeKHOCTH TPAHCMHCCHH HCIONB3YETCs INPHHIMUI 3aBUCHMOTO MOBEJICHHs KOMIIOHEHTOB B HAarpy)K€HHOM MEXaHHUYECKOH CHCTeMe M y4UThIBaeTCs
H3MEHEHUE YCIOBHH dKCIuTyaTanuH. KoMIekcHas JIOruKa NpeielbHBIX COCTOSHHI BOCIPOM3BOAUTCS B MEPAPXUUECKON CHCTEME: KOHCTPYKTHBHbIC
JIIEMEHTBI, JIeTalH, y3Jbl, TPAHCMHCCUS. MOHUTOPHHI OCTaTOYHOIO pecypca Hepefadd B paboTe OCHOBAH HAa AUATHOCTUYCCKHX MOJCISX, KOTOpHIE
CBSI3BIBAIOT YPOBEHb BUOPAIMH U CTEHICHb [IOBPEXK/ICHISI KOMIIOHEHTOB. /lHarHOCTHYECKas CHCTEMa aHATH3UPYET BUOPOHMITYIIBCHI, KOTOPHIE SBISIOT-
sl IPOSIBIICHUEM B BUOPALMU MEXaHM3Ma YJIaPHbIX MPOLECCOB, BO3HUKAIOIINX IPU NEPECONPsHKEHUH 3yObeB. Ps| MpeacTaBIeHHBIX METOIOB HCIOIb-
3yeTcsl B TOCY/IapCTBEHHBIX CTaHAapTaX M Ha npeanpustHax benapycn.

KiioueBble cJ10Ba: IUTAHETAPHBIC TPAHCMECCHY, PACUYCTHBIE MOJENH, IPOTHO3HPOBAHUE HAIEKHOCTH, BUOPOIMArHOCTHKA, BHOPOHMITYIIEC,
MOHHTOPHHT pecypca.

1. Introduction. One of the modern trends in the second direction in the synthesis of planetary transmis-

synthesis of planetary transmissions is based on a com-
plete computer search for possible structure variants [1].
The problem of transmission structure uniqueness (or
isomorphism) significantly complicates the synthesis pro-
cedure, since many externally different variants of solu-
tions describing the same structure (diagram) are involved
in the process. In a number of works, this problem is
solved with the use of graphs to describe the structure of
planetary transmissions [2—4]. However, all these works
suppose the construction of possible variants, and then the
recognition of isomorphic solutions. In the paper, this
problem is solved by means of forming the unique (non-
isomorphic) structures in the process of constructing. The

sions is the use of basic modules, for example, the mecha-
nisms of Ravigneaux, Simpson and Lepelletier [5]. Under
this direction, the article presents a method for synthesiz-
ing multistage transmissions based on the modified Simp-
son mechanism.

In the field of kinematic, quasi-static and dynamic
calculations of mechanical systems, well-known software
packages that have wide universality are used [6—8]. This
entails the cumbersomeness and complexity of their appli-
cation to special objects, similar to the transmission, for
which the initial and main form of representation is the kin-
ematic diagram (scheme). In a number of packages for the
design of drives, the representation of the transmission is
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limited to reducers [9, 10]. Complex kinematic and other dia-
grams that combine gears of various types are not modeled.
Special calculations for such facilities are not foreseen. Thus,
there are no convenient tools for operations with basic repre-
sentations of the transmission in the form of kinematic and
dynamic diagrams (schemes). The development of such
tools is one of the tasks considered in the article.

In predicting the reliability of systems, structural
methods dominate. It is assumed [11, 12], that the predic-
tion of system reliability is based on reliability data of
components. However, the problem consists in how to ob-
tain mentioned data. The same mechanical component, for
example, a bearing or a gear, has different lifetime in dif-
ferent units and machines. Hiahnel et al. [13] mark dissoci-
ation of structural and engineering approaches. The first
one is named as "system without physics", and the second
one as "physical without system". Next problem of the
correct reliability calculation consists in random character
of initial data for operation conditions of machines and
characteristics of load-carrying abilities of components.
This aspect is treated as uncertainty of the initial infor-
mation. The Monte Carlo method is used for passing cas-
ually chosen physical variables through fault tree of sys-
tem with complex failure logic and for determining possi-
ble consequences [13]. However, the description and tak-
ing into account the dependences for components in this
reliability calculation is not considered in an explicit form.
In [14], degradation of dependent components is exam-
ined. It is pointed out that the degradation of one compo-
nent may influence the degradation of the other compo-
nent, as they are operated under the same environment and
can be functionally related. Dependencies among the deg-
radation processes of the components should be taken into
account during the dynamic reliability assessment and
prognostics process. The approach used by Lin and Zio
[14] is based only on mathematical modelling without in-
volving physical (mechanical) models of degradation and
reproducing the common factors causing degradation pro-
cesses. The simplest case, in which the dependent behav-
iour of components is taken into account in a frame of the
mechanical model, is the consideration of the reliability of
a mechanical chain as a system consisting of several iden-
tical links under the action of breaking load [15]. But this
way is not admissible for the transmission containing
many diverse components. Therefore, one of the problems
considered below is the calculation of transmission relia-
bility as a system of various loaded components.

The working process of the transmission is usually
accompanied by oscillations and vibrations. Therefore, vi-
broacoustic plays an important role. Most of the diagnos-
tic methods developed and standard tools are effective in
diagnosing machine units operating in quasi-stationary
conditions. These are various gearboxes of the technologi-
cal equipment and aircrafts, test and running-in stands,
fans, turbines, compressors, pumps, etc. Typical publica-
tions on that subject, containing approaches and tools for
diagnosing gear systems, are [16—18]. Transmission sys-
tems of cars and tractors operate under conditions of vary-
ing speeds and loads. Under such conditions, the nature of
vibrations (amplitude and frequency composition) is con-
stantly changing. The well-known equipment and tech-
niques are not suitable for vibration monitoring of the
technical state of the transmission components. Approach-

es that combine computing models of working processes
and sensors data that provide information on the progress
of these processes in a particular product are most effec-
tive for predicting individual reliability.

The paper objective is to present the complex of
models and methods for designing and monitoring the op-
eration of vehicles planetary transmissions developed at
Joint Institute of Mechanical Engineering of NASB taking
into account methodology of Industry 4.0 (i4.0).

Paper includes: questions of synthesis of planetary
transmissions (Section 2), their kinematic, quasi-static and
dynamic calculations (Section 3), predicting dependability
(Section 4), monitoring dependability in operation (Sec-
tion 5), and Conclusions (Section 6).

2. Synthesis of planetary transmission.

2.1 Synthesis of non-isomorphic structures. Known
approaches suggest the construction of all possible variants of
structures, and then the selection of non-isomorphic ones.
The proposed approach is based on the construction of obvi-
ously non-isomorphic structures. The structure is described
by a canonical matrix, formed under the special rules, which
makes it possible to avoid isomorphism.

The mechanism (U}, j = 1...Np) having three parts (links)
(Vi, i =k, I, m) and two degree of freedom (W =2) is a basic
element of transmission structure, where Np is a general
number of three-part transmission mechanisms. Part V; can
enter into £ mechanisms. The number £ is parameter named
as part degree (degl’). All variants of distribution degl/; for
parts are created beforehand. This is not a problem.

The structure is shaped by means of parts junction by
the resolved modes. When structures are constructed, the
incidence matrixes are used as well as a set of rules which
allow receiving only original (non-isomorphic) structures.
Principal rule is "use for each mechanism parts with the
smallest numbers". An additional rule is "use of all vari-
ous variants of selecting parts taking into account their en-
trance in certain number of mechanisms". Besides, condi-
tions of existence and workability for the mechanism are
checked. These are: 1) integrity, and 2) lack of interlock-
ing. Incidence matrixes generated by such a way are
named "canonical matrixes". A detailed description of the
procedure is given in [19].

The procedure can be implemented 'manually’. This
is its peculiarity. Computer version is also implemented.
Fig. 1 shows fragments of computer synthesis for struc-
tures with W =3 and Np = 4. Variants of the degl; distri-
bution by links are on the left, and a fragment of variants
of constructing canonical matrices for distribution 2 (vari-
ant 1) and 3 (variants 2 and 3) are on the right.

2.2 Synthesis of transmissions based on modified
Simpson mechanism. The developed synthesis procedure
refers to transmissions consisting of two modules: the
main gearbox (MG) and an additional (range) reducer
(AR). The MG contains a basic mechanism (BM) in the
form of a modified Simpson mechanism, and the attached
mechanism (AM). Simpson mechanism has a high load-
bearing capacity due to the distribution of the input power
flow among several parallel branches and the summation
of these flows on the output shaft. MG, containing such a
mechanism, can be placed not only at the output, but also at
the input to the transmission, ensuring a sufficiently uni-
form loading for the planetary gear sets of MG and AR.
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Fig. 1 — Fragments of computer synthesis: degl; distribution (/eff) and canonical matrices (right)

The block diagram of the transmission is shown in
Fig. 2. In the first execution case (input element 7, output
element 8), the MG has three drive-down gears. In the
second execution case (input element 8, output element 7),
MG has three overdrive gears. To form the MG, the AM
having W = 2 is added to the links 33 and 9 of the BM.
The characteristic result of the synthesis of the transmis-
sion is shown in Fig. 3, and the gear ratios are shown in
Table 1.

Transmission has a unified planetary gear sets of the
BM. Gear ratios are close to a geometric progression. The
gear ratios of the transmission mechanisms are as follows:
Up1 = Up2 = UD3 = _3.144; Ups = —3.973; U300 = 2.080;
ua00 = 1.478; usoo = 1.319. Here up; is the gear ratio of the
i-th planetary gear set; u; is the gear ratio of the j-th gear,
where 300, 400 and 500 are gears entering the kinematic
chains that provide the reverse, first and second overdrive
gears in the MG.

e
450 20 MG
1 2"
4 52 IJ T AM |
- I 2 3|33 ‘ﬁ‘
= .
13 320
44 8
L E % e
' 657 ' 66/'
AR BM
L J 30'1_- 420
\ a0 If1
sso-prl_T 520
ifks10t
Fig. 2 — Transmission block diagram Fig. 3 — One of the synthesized transmission
Table 1 — Transmission gear ratios
Clutch / brake of BG
Clutch / brake of AR
10 20 30 14 320 330 310
64 11.53 8.700 6.554 4.973 3.825 2.942 —9.597
50 2318 1.749 1.318 1.000 0.769 0.592 —1.930

3. Transmission kinematic, quasi-static and dy-
namic calculations.

3.1 Kinematic and quasi-static calculations based on
symbolical representation devices and structurally-
distributive matrix. Transmission devices, which have the
same mathematical structure and differ only in parame-

ters, can be represented in a generalized (symbolic) form
(Fig. 4). To describe the structure and distribution of the
internal torques in devices, a structurally-distributive ma-
trix (SDM) is introduced. Each mentioned device is pre-
sented at such a matrix in the form of a column, as it is
shown in the Table 2.

, €tC

Fig. 4 — Symbolic representation of typical transmission devices: gears (leff) and differentials (right)
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Table 2 — Devices representation and distribution of internal torques among parts of devices

Basic par‘c Differential D Train P Shaft § Frame R Clutch F Brake T
of devices @ ig} 1° 2 1 1°_| I_OZ I
3 I
1() 1 1 1 1 1 1
2 () —u —u -1 (u=1) 0 (u=0) -1 0
3 (k) —(1-u) — — — — —

The meanings of non-zero elements of " column
(4,= Aj) describe the distribution of torques in the kine-
matic unit (4, = M,/M,). After describing the structure of
the transmission using SDM, the equations for its kine-
matic and quasi-static calculations are automatically
formed. As a result, the speed of the links, the torque in
the devices and the efficiency for each transmission gear
are determined [19]. In the latter case, the kinematic gear

ratio u, is replaced by the power gear ratio u; = u;ng, for

each device, where x is equal +1 or —1, depending on a di-
rection of power in the device.

3.2 Concept of regular mechanical system. Dynamic
computing. A mechanical system with elementary me-
chanical components (the concentrated masses and the
massless joining links) is essential idealization which im-
poses certain restrictions on possible combinations of
joints (connections) for mentioned items.

The concept of regular mechanical system (RMS) con-
siders that mechanical system consists of the concentrated
masses (inertial components) and massless (non-inertial) de-
vices-connectors: shafts, clutches, brakes, gears, motionless
links, and other devices imposing kinematic connections for
masses (Fig. 5). Masses can be in contact interaction. For con-
necting device, the direct contact (not through inertial compo-
nent) is prohibited. This is a principle of regularity, which is
used for the representation of a real object. Its violation leads to
wrong schematizations and errors in calculations or impossibil-
ity of mathematical model realization by the computer [19].

Clutches and brakes are the typical devices having
variables states (Fig. 6). For getting all-purpose mathemati-
cal model for their dynamics, a method of internal torques
is used. This one is based on logical variables A, named in-
dicators states, which describe states of clutches/brakes.

Concentrated masses (inertial components)

Massless (non-inertial) devices

Fig. 5 — General representation of RMS

F J,

4 : M
M, "“

Fig. 6 — States of a friction clutch: slipping (/eft) and locking
(right)

The equations corresponding to the clutches are as
follows:
iy =[M; (=AM g =AM,/ Ty )

@, =[(1-Ap )M ~ApMyy —M, 11 J, 2

where Ar= 0 under locking, and A= 1 under slippage (un-
locking) of the clutch;

My is the known function describing a friction torque
during slipping friction clutch parts.

In order to use all-purpose equations a special proce-
dure should be developed for finding the internal torques
(like Mi>) which acting in rigid devices. Besides, conditions
of change for friction clutches states should be described
during the solving the differential equations. In a case under
review the internal torque can be calculated by formula

My, =(LM + /M) 1 (Jy+J,). €)

Generally, it is necessary to consider spasmodic
change of a friction torque at transition from slippage to
friction clutch locking and inversely.

Generalization of these situations for computing
leads to the formulation of following principle: if a new
condition of contacting inertial parts (for example, slip-
page or locking of friction clutch/brake) becomes possible
then this condition should be necessarily presented at next
step of computing process [19].

In general case the RMS can be stiff-elastic object
that contains rigid and elastic devices. As typical example,
RMS with rigid and elastic devices is presented in Fig. 7.
Dynamic diagrams related to this RMS are shown in
Fig. 8. During computing stiff-elastic object, it is neces-
sary to solve a system of differential equations, and this is
accompanied by solution of a system of algebraic equa-
tions to determine the internal torques in rigid devices.

To avoid solving algebraic equations, the dynamical
system can be normalized by replacing rigid devices with
elastic ones having elasticities E;>0 (see Fig. 8, for
brakes external links like £»> may be rigid). In the normal-
ized system, masses and elastic links alternate. To deter-
mine the internal torques of closed clutches/brakes, a sim-
ple formula (3) is used instead of solving the system of al-
gebraic equations. This approach simplifies forming
mathematical models but increases a number of differen-
tial equations.

4. Transmission dependability assessment. The
general approach reproduces the probabilistic nature of
components properties and effects of their dependent be-
haviour in a system. This approach [19] has universal
character and it can be applied to any technically compli-
cated item, like a transmission.
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Fig. 7 — Stiff-elastic RMS

Load modes are various for different machine parts.
But all load modes are determined by the operation condi-
tions. Therefore, the operation conditions are described by
probabilistic manner in a form of the relative durations for
the commonly accepted typical conditions (Fig. 9, lef?).
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Fig. 9 — Representation of operation conditions (/eff) and life-
time-strength curves of a component (right)

To rate the loaded systems in the general case, the
calculation can be performed under the scheme "operation
conditions — lifetime". For this purpose, lifetime-strength
curves are introduced (see Fig. 9, right). These curves are
preliminary calculated for every component by methods of
mechanics.

The limiting state of a complex item is usually de-
termined by a complicated way, based on combination of
limiting states of its components. To describe and calcu-
late such states, the scheme of limiting states (SLS) can be
used. It describes the limiting states of a complex item
much easier than the known tools (Failure tree and Relia-
bility block diagram). In addition, SLS is convenient for
use in statistical modelling procedures, where it is pre-
sented in the form of simple records. The SLS consists of
a hierarchical structural scheme and records describing
limiting states for every scheme object (except lowest ob-
ject). The objects of the lower and intermediate levels are
endowed with the type: the first type, the second type, and
so on. Objects whose limiting states have the same signif-
icance for an object of a higher level are classed as the
same type. The object type corresponds to its position
(first, second, etc.) in the schematic record, which de-
scribes the criterion of the limiting state.

The record (X1, X2, X3, etc.) means that the limiting
state of the machine (assembly, unit ...) occurs if the lim-
iting states are reached with its X1 parts of the first type
(here X1 is the number standing in the first position), its
X2 parts of the second type (here X2 is the number stand-
ing in the second position), etc. The unit, assembly, ma-
chine can have some the SLS. For example, a mechanical

Fig. 8 — Stiff-elastic (leff) and normalized (right) diagrams

gearbox (Fig. 10) has the following SLS: (1,0,0,0)
(053’0’0) (09091’2)'

Mechanical
gearbox
| I \ |
I [ I [ \1\
. Gear of Shaft Gear Bearing
Housing cons- of of
tant output output
mesh shaft shaft
Type1l Type 2 Typel Type 3 Type 4

Fig. 10 — SLS of the mechanical gearbox

In the general case, there is a multilevel SLS that re-
produces the following levels: 1 = the machine (for exam-
ple, a car); 2 = aggregates and systems (e.g. transmission,
carrier system); 3 = units and subsystems (e.g. gearbox,
drive axle); 4 = parts (e.g. gear), typical component parts
(e.g. ball bearing), joints (e.g. splined connection); 5 =
constructional elements (e.g. gear teeth); 6 = the simplest
components (e.g. local area of the surface layer of the gear
teeth).Mechanics methods are used for calculations of lim-
iting states at levels 6, 5, and 4 (in some cases), and struc-
tural ones are used at levels (from 4 or 5 to 1).

The life cycle forecasting is based on the Monte Car-
lo method that has the following features. The relative du-
rations of operation conditions and the load-carrying abil-
ity of elements are considered as the random variables.
They are randomly selected in the process of statistical
modelling and describe the concrete item and its operation
condition. Every simulation cycle is supplemented by the
SLS analysis and lifetime determination for objects of
higher levels. When reproducing processes and states re-
lated to mechanical levels, factors and effects leading to
dependent behaviours of the mechanical components are
realized, for example, the general loading levels of com-
ponents in the particular transmission device.

5. Diagnostics of planetary transmission in opera-
tion. The main feature of the developed diagnostic method
is using conceptual modelling the oscillating process for
the gear drive and the propagation of vibrations in the
transmission. It is advisable to applicate together integral
diagnostic models and predictive ones based on damage
accumulation. Such a "two-coordinate" approach ensures
a higher veracity of the individual lifetime forecast. The
method is demonstrated with the example for a reducer of
a motor-wheel of a mining dump truck [20].

Bicnux Hayionanvnoeo mexuiunozo yunisepcumemy "XII11".
Cepis: Mawunosznaecmeo ma CAIIP, Ne25 (1301) 2018



ISSN 2079-0775

5.1 System for vibrodiagnostics of the RMW. The re-
ducer of a motor-wheel (RMW) with installed sensors is
shown in Fig. 11.

Fig. 11 - RMW with sensors

Two different types of sensors are used to diagnose
RMW. The first sensor S1 is an accelerometer that senses
the vibration of the housing. The second sensor S2 trans-
mits data on the speed of the gearbox shaft. The main pro-
cesses for the emergence, trans-formation and processing
of signals in the RMC and its monitoring system are
shown in Fig. 12.

The signal S1 is the result of the propagation of a
shock pulse along the mechanical transmission paths. It
manifests itself in the vibration spectrum of the motor-
wheel housing.

Vibrodiagnostics problems associated with the non-
uniformity of rotation of the gears, solved by using the
developed algorithms for processing the vibration signal

and the signal of the rev counter recorded in real time. As
a result, the temporal realization of the vibration signal is
converted into a realization by the angle of the shaft rota-
tion for the diagnosed gear. Analysis of this implementa-
tion using the method of synchronous accumulation and
ordinal analysis, adapted to the solution of a particular
task, allows us to estimate the vibration parameters of
each reducer gear (Fig. 13). The spectra clearly show
peaks at frequencies of 21, 42, 63, 84 Hz, multiples of the
tooth frequency of the sun gear that has 21 teeth. A similar
view has a spectrum for satellites that have 47 teeth.
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Fig. 12 — Processes in the RMW monitoring system
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Fig. 13 — Harmonic spectra of vibrations generated by the sun gear (left, 21 teeth) and satellites (right, 47 teeth)
of the RMW planetary row

5.2 Indicators of the technical state of the gears. The
mean square value and the mean amplitude of the first
seven harmonics for the tooth frequency are adopted as
indicators of the technical state of the gears. The operation
of the system (see Fig. 12, block A1) includes: 1) analysis
of the parameters for vibroimpulses synchronized with the
angle of rotation of the diagnosed tooth gear; 2) identifica-
tion of vibroimpulse harmonic components, which multi-
ple of the tooth frequency, locate in the region of reso-
nance frequencies of the mechanism and excite the most

intense oscillations in the system; 3) determination of the
technical state of gears under variable load-speed regimes
through analysing the changing the parameters of vi-
broimpulses.

5.3 Integral assessment of the state. The diagnostic
system periodically interrogates the sensors, processes the
diagnostic information, evaluates the technical state of the
reducer, comparing the received root mean square (RMS)
values of vibration acceleration with the maximum per-
missible values for each of the states of the reducer. The
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system constantly informs the driver by means of an ap-
propriate light signal on the instrument panel in the cab of
the truck.

The system constantly informs the driver by means
of an appropriate light signal on the instrument panel in
the cab of the truck:

— green = vibration parameters of the reducer (VPR)
are within the permissible values. There are not re-
strictions for operation;

—yellow = VPR periodically go beyond the allowed
values. In this case, the operation of the machine contin-
ues, the specialists carry out an in-depth analysis of the
vibrations of the RMW with the determination of the de-
fective element and the forecast of its residual life (blocks
A2 and A3);

—red = VPR are outside the allowed values. An
emergency failure of the reducer (and machine) is possi-
ble. The machine must be sent for repair.

Actions, marked in Fig. 12 as blocks A2 and A3, are
carried out by the service department with the help of spe-
cial software.

They include the following operations:

—transfer of stored data files from the on-board sys-
tem memory to a stationary computer;

— obtaining harmonic spectra of vibrations of each
gear of the reducer by means of synchronous accumula-
tion algorithms and ordinal analysis (see Fig. 6);

—analysis of spectra and identification of gears gen-
erating high levels of vibration;

— for the teeth of gears with high vibration levels, the
operating load and contact stresses are determined using
the parameters of the vibroimpulses. Then, taking into ac-
count the loading cycles, the residual life is calculated ac-
cording to the developed technique [20].

After that, a decision is made to continue the opera-
tion of the reducer or opening it to eliminate the causes of
increased vibration (adjustment, tightening of connections,
topping up oil, etc.). Based on the results of the opening, a
decision is made to repair or further operate the truck.

5.4 Forecasting the lifetime expense

The method of forecasting the lifetime expense (con-
sumption) of the responsible elements of the drive mecha-
nisms of machines under operation conditions is based on
the determination of the shock pulse in a meshing accord-
ing to the results of vibration monitoring. Then a discrete
spectrum of oscillations of a periodically acting shock
pulse is formed, and, accordingly, a set of harmonic oscil-
lations determining the load in the meshing. From these
data, the actual circumferential force and contact stresses
in the meshing are calculated. The lifetime expense of the
gear is determined for each fixed i-th interval of the run-
ning time AS; by the formula

AO =Y N, 4)

where 6; — contact stress;

qu— the exponent of the fatigue curve under calculat-
ing the gear for the contact endurance;

N; — the number of loading cycles of the gear tooth.

5.5 Application example. Estimating the state of the
gearing "sun gear/satellite" of the second planetary row of
RMW is presented.

When the technical state is evaluated via integral as-
sessment, the change in RMS values of the vibrational ac-
celeration is monitored. The change in this indicator is
shown in Fig. 14. When the dump truck mileage is less
200,000 km, this value remains practically constant. Fur-
ther it increases, at the same time the peak value of vibra-
tion acceleration begins to increase.
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Fig. 14 — Dependence of RMS values of vibration acceleration
of RMW on the mileage of a dump truck

When lifetime expense is calculated using the diag-
nostics current data, it is taken into account that a linear
relationship exists between the amplitude of the shock
pulse and the peak value of the vibration acceleration. The
growth of peak values means an increase in the dynamic
factor Ky, which is used in the calculation of contact
stresses Gy

The calculation performed for the most probable value
of the load-carrying ability of the considered gears gave a
result similar to the integral assessment. Residual life is
equal to zero under the general dump truck mileage equal to
235,000 km (taking into account the descent movement in
the open-cast mine and the transportation mode).

With a mileage of 238,100 km, the operation of the
dump truck was stopped, as the vibration monitoring sys-
tem showed that the vibration level of the reducer reached
the critical range. Reducer disassembly confirmed the re-
sult of the calculation and the data of the monitoring sys-
tem. The reinforced layers of four teeth of sun gear were
almost completely destroyed (Fig. 15).

Fig. 15 — Damaged working surfaces of the sun gear teeth
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6. Conclusions. The presented models and methods 8. MapleSoft. Transmission Modeling and Simulation with MapleSim.

are the basis for calculation and information support of the URL: http://www.maplesoft.com/contact/webforms/whitepapers/
transmissionmodeling_download.aspx (accessed on Feb. 2018).

life cycle of planetary trapsmissions of mobile maChin.es' 9. KissSoft. Gearbox Calculation Package GPK. The Standard for In-
Many of them are of a universal nature and can be applied dustry Gearboxes. URL: http://www.kisssoft.ch/english/ down-

to a wide range of technical objects. A number of practical loads/gpk/Flyer-E.pdf (accessed on Feb. 2018).
examples of the application of methods are presented in the 10. APM. WinMachine. URL: http://apmwm.com/Products (accessed on

. . Feb. 2018).
monograph [21]. Some elaborated methods are included in 11. Bertsche B. Reliability in Automotive and Mechanical Engineering,

state standards and used for development and exploitation Springer. — 2008.
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