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TECHNICAL EVOLUTION AND RELIABILITY OF TROLLEYBUS’S TRACTION TRANSMISSION

Based on the analysis of the indicators of functionality and structure of the trolleybus’s traction transmission (77), some characteristic differences have
been established for the classification of 4 generations of drive axles (DA) structures of known world manufacturers. The calculation models and
methods for increasing the probability of a fail-safe transmission’s and DA system work, consisting of aggregates, modules, mechanisms, parts and
connections, are analyzed. A method is proposed and example is given of predicting the parametric reliability of a planetary wheel gear (PWG) in DA
system by two criteria: fatigue strength and vibration resistance of "criteria element" — thin-walled epicycle of "weak link" — PWG.
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I. 0. OBOPChKHH, C. C. TYTHPA, B. I1. AT/ITHCbKHH, A. M. YAHYIH
TEXHIYHA EBOJIIOLISI TA HAJIAHICTD TSTOBOI TPAHCMICII TPOJIEMBYCA

Ha mincraBi aHanizy HOKa3HUKIB (QyHKIIOHAIBHOCTI 1 CTPYyKTypu TaroBoi TpancMicii (77) TponeiibyciB BCTaHOBICHO XapaKTEPHI BiAMIHHOCTI AT
kiacu¢ikamii 4-X MOKOJIIHb KOHCTPYKLIi TsAroBux MocTiB (7M) BimoMuX CBiTOBHX BUPOOHHKIB. IIpoaHaizoBaHO po3paxyHKOBI MOJENi Ta METOIM
ITiIBHIIEHHS HIMOBIpHOCTI 6e3BinMoBHOI poboTu cucteM 771 TM, o CKIagaloThCs 3 arperaTiB, MOYIiB, MEXaHi3MiB, JeTaleil, 3'e1HaHb. 3anpornoHo-
BaHO METOJMKY Ta HABCICHO IPUKJIAJ IPOrHO3YBaHHS IapaMETPUYHOI HANIHOCTI IIIAHETApHOTO KOICHOTO peaykropa (/7KP) 3a [BoMa KpUTepisMu:
BTOMHOI MIIIHOCTI Ta BiOpOCTIiiKOCTI "KpUTepiaabHOro eneMeHTy" — TOHKOCTIHHOTO MUKy y ckiai "ciaabkoi nanku" — [TKP.

KurouoBi cioBa: kiacugikarlis TpaHcMiciil, MOZeINi HaAiiHOCTI, TATOBUIA MiCT, IUITAaHETAPHUI KOJICHUII pEIyKTOp, SMILMKII, YTOMHA MiLIHICTb,
BiOpauiiiHa CTifKiCTb.

I'. A. OFOPCKHH, C. C. T'YTBIPA, B. II. ATTTHHCKHH, A. H. YAHYHH .
TEXHUYECKASA 9BOJIIOOUSA U HAAEXKHOCTD TAI'OBOU TPAHCMHUCCHUH TPOJIVIEUBYCA

Ha ocHoBaHMM aHanu3a 1okasaTerneil (yHKIHOHAIBHOCTH U CTPYKTYpBI TAroBo# TpancMuccuu (77) TpoiuieiidycoB yCTaHOBIICHBI XapaKTEPHBIC OTIIN-
yust Ui Kiaccudukanun 4-X MOKOJCHHI KOHCTPYKIMH TSAroBeIX MOcTOB (7M) M3BECTHBIX MHPOBBIX Ipou3BouTencii. [IpoaHaTn3npoBaHbl MOJEITH
pacueTa 1 METOJbI MOBBIIICHUS BEPOATHOCTH Oe30TKa3HON paboTsl cucteM 7T u TM, COCTOAIINX M3 arperatos, MOAYyJIEH, MEXaHU3MOB, AeTalei, co-
emuHeHnid. IlpeanoxkeHa MeToqMka M NMPHUBEICH NPUMEP NPOTHO3MPOBAHMS MapaMETPUUECKOW HAJEKHOCTH IUIAHETAPHOTO KOJECHOTO PelyKTopa
(/IKP) 110 IByM KPHUTEPHSIM: YCTAIOCTHOI MPOYHOCTU ¥ BUOPOCTOMKOCTH "KPUTEPHAIBHOTO 3JEMEHTa" — TOHKOCTEHHOTO SMHIHKIA B COCTaBe "cria-

6oro 3BeHa" — [TKP.

Kuawuessble ciioBa: KJ'IB.CCI/IQ)PIKaLIPIH TpaHCMPICCI/If/‘I, MOICIN HAIAC)KHOCTH, TSTOBBIN MOCT, HJIaHeTapHLII‘;I KOJICCHBIN PEAYKTOP, DIHUIHUKII, YCTa-

JIOCTHasA NPOYHOCTb, BH6paHI/IOHHaﬂ yCTOfI'{I/IBOCTB.

1. Customer requirements and functional proper-
ties of traction transmissions. Customers, designers and
operating companies are extremely interested in objective
information about the characteristics and quality of the se-
rial models of trolley and electric buses available in the
world market, because of their high cost, significant peri-
ods of use and depreciation, and intensive operating con-
ditions. This information, in addition to economic indica-
tors, should contain indicators of technical excellence of
the vehicle for a reasonable choice of a certain model
when ordering, scheduling maintenance intervals, and de-
termining effective directions to extend the periods of re-
liable operation. As is known because of the intense com-
petition between manufacturing firms, much of this in-
formation, in particular regarding operational reliability, is
a technical and commercial secret. The purpose of this
study is to form a nomenclature of physically informative
indicators of the technical perfection of trolleybuses and
an information base for determining the trends of models
of known world manufacturers, research of the directions
of the technical evolution of trolley’s traction transmis-
sions (77) and their system reliability indicators, to justifi-
cation further researches.

Certain trends in the technical evolution of trolley-
buses and electric buses determine the corresponding re-
quirements of consumers for the structure of 77, its de-
sign, characteristics and parameters systematically associ-
ated with the relevant indicators of energy efficiency, er-
gonomics and operational reliability [1, 2].

By the method of energy transformation and power
transmission, most of traction transmissions in modern
trolleybuses are electromechanical, consisting of traction
electrical motor (TEM), as well as lever, friction and gear
mechanisms. Characterized by the following advantages
in comparison with mechanical or hydro-mechanical
transmissions:

e Free choice of wheel formula and simplicity of
circuit layout for various types of electric transport, in par-
ticular for trolleybuses with lowered floor level.

e High traction and dynamic characteristics provid-
ing for multi-body trolleybuses uses with increased pas-
senger capacity.

e Smooth adjustment of track force, relative sim-
plicity of automation of control systems and active safety
of vehicle.

e High energy efficiency due to minimal energy
losses in the process of transformation, transmission to the
driving wheels and electro-dynamic energy recovery dur-
ing braking.

e Greater reliability and regulatory durability due
to less complex design (no clutch and gearbox).

e Lower costs for manufacturing, operation and
maintenance.

At the same time, the electromechanical transmission
has a disadvantage in comparison with the electrical one — a
larger mass of the constituent units, modules and mechanisms,
which requires additional measures for vibration isolation.
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The main sources of mechanical vibrations in trol-
leybuses are rotary parts and movable joints of transmis-
sion. The totality of mechanical oscillations of the electro-
mechanical TT forms a structural noise which, under reso-
nant regimes or with significant disturbing forces, can lead
to damages the "weak links" not only during the warranty
period, but also during the normal inter repair cycle. The
structural component of noise is caused by forced oscilla-
tions under the influence of perturbing engine forces, gears,
technical condition of the road surface, suspension etc.

The following types of oscillatory processes are dis-
tinguished in the simulation of 77 vibration activity:

* Transient (when the trolleybus is moved from its
place and during electrodynamics braking under the influ-
ence of linear overloads);

» Low-frequency stationary in the range up to 20 Hz
(when driving on a rise with a slope of 4...8 % at maxi-
mum traction effort);

» Mid-frequency and high-frequency stationary, due
to the process of multi-pair engagement of the row and
planetary gear teeth and the movements of the "floating
suspension" of the central wheel couplings PWG in the
presence of manufacture and installation errors.

The specified set of requirements for the 77, the
need to adapt to low floor models of passenger transport,
certain trends in specific indicators of TEM power, mass
of trolleybus and ergonomics [1, 2] led to a number of
evolutionary changes in the structure and design of drive
axles (DA), namely:

e Module of DA, used in trolleybus from about
1958 model year (hereinafter DA the 1% generation), has a
structure borrowed from buses and trucks (the beam, two
semi-axles, main gearing, mechanical center differential,
two planetary wheel gears — PWG) (fig. 1, a).

e Since 1995, DA received a lower beam, in-line
bevel gear (/IBG instead of PWG) and the corresponding
name — portal DA (hereinafter DA the 2™ generation).
Purpose — for transmissions with a group drive of the driv-
ing trolley's wheels from the TEM through the cardan’s
mechanism, conical transmission with a circular tooth, the
inter axle conical differential, the semi-axes connected
with the /BG (transmission cylindrical helical gear with
branching, the slow gear is directly connected to the driv-
ing wheel, fig. 1, b).

e In 2005 the use of portal DA based on motor-
wheels with aggregated asynchronous 7EM, [BG and
PWG (without cardan’s mechanisms, semi-axles, final
drive and mechanical axis differential (hereinafter DA the
3t generation). Purpose — for electromechanical transmis-
sions with individual drive of each traction wheel (aggre-
gated motor-wheels — AM-W), in which TEM are connect-
ed with a two-stage /BG and a single-stage PWG (trans-
missions of cylindrical, helical, fixed ring are located in
the hubs of the AM-W the carrier is connected with a driv-
ing wheel, fig. 2).

e In 2014 the production of portal DA based on in-
tegrated motor-wheels (IM-W) with synchronous TEM on
permanent magnets with water cooling and disk brake
with hydraulic drive (without cardan’s mechanisms, semi-
axes and gears (hereinafter D4 the 4™ generation, fig. 3).

The purpose is for electric transmissions with an individu-
al drive, in particular an electric bus for transporting pas-
sengers inside airports, the beam of DA the 4% generation in-
cludes a beam with two /M-W located on it.

IS}

Fig. 1 — Transmission scheme and the 3D model of DA, pro-
duced by the firm Raba, Hungary, and the firm ZF, Germany:
a — the 1% generations; b — the 2" generations;

1 — TEM; 2 — cardan’s mechanism;

3 — main gear; 4 — mechanical differential;

5 —IBG; 6 — PWG; 7— driving wheel

2. Classification and analysis of the 77 structures.
The named 77 is convenient to distinguish according to a
number of classification features (table 1).
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a

Fig. 2 — The 3" generation type 4 VE-130, produced by the firm ZF, Germany:
a — scheme of the AM-W; b — the 3D model of DA; 1 — PWG; 2 — IBG; 3 — asynchronous TEM; 4 — driving wheel

Fig. 3 — The 3D model of DA the 4" generation with IM-W type ZAwheel SM 530, produced by the firm ZIEHL-ABEGG, Germany

Table 1 — Classification features of 7T

Features, Trolleybus’s and electric bus floor level
examples not lowered (>480 mm) ‘ lowered (320...350 mm)
1. The motion energy electromechanical electrical
2. Drive scheme . . individual individual
(wheel formula) group (4x2; 6x4) group (4x2; 6x4) (4%2; 6x4) (4%2; 4%4; 6x4)
3. Cpnstltuents of trapsm1s510ns: TEM, cardan’s mecha- | TEM, cardan’s mecha- traction traction integrated
engines, modules, units, mecha- . . aggregate motor-wheels motor-wheels
nisms nisms, nisms, (AM-W) (IM-W)
module of D4 module of DA i ’
. . module of DA module of DA
with not lowered beam | with not lowered beam . .
with lower beam with lower beam
4. Type and construction of TEM| asynchronous synchronous on per-
permanent permanent or 3-phase, manent magnets, inte-
current alternating current aggregated grated
with gears in the drive wheel
5. Presence and location of the
. . . central offset - -
main gear and differential
6. Presence and types planetary PWG or single-stage PWG and B
of split gears wheel gears (PWG) in-line bevel gear (IBG) two-stage IBG
7. Type of differential mechanical and mechanical and
kinematic connection electromechanical electromechanical electric electric
(with two DA) (with two DA)
8. Examples of schemes and . . . .
constructions Fig. 1,a Fig. 1,b Fig. 2 Fig. 3
?ﬁolsz??ples of use in produced ZiU-682 GM. Skoda 14Tr, Neopéz;nq]lz;lieét;;)}l;nleg 6216, Voo 7700
UMZ-T1, DAC-217E, ZK6125BEVGS, XT60, "New .Flﬁzyer In- Citea SLF-120
BKM-32100D, Boedan T701.15 dustries Electri
Tkarus 415.80 T, EAOLFR ogdan I ectre
Hess SwissTrolley 4

So the electromechanical 77 of modern trolleybuses
with a group or individual drive scheme can consist of a
TEM of direct or alternating current, cardan’s mecha-

nisms, as well as one or two DA with no lowered or low-
ered (portal) beam. In transmissions with a group drive
scheme, the DA module can consist of a main transmis-
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sion of a conical or hypoid, a conical differential, semi-
axes of the same or different lengths and split gears.

For DA the 1% generation with a non-lowered beam,
the central location of the main gear and the inter-axle
mechanical differential with the axle shafts having the
same length, which ensures the symmetry of the dynamic
load of the transmission along the sides of the trolleybus,
are characteristic. All this is placed in the hull, forms a
beam of DA (fig. 1, a). The use of compact multi-threaded
gears (MTG) makes it possible to reduce the dimensions
and mass of the main gear and semi-axles by 1,5...2 times.
The DA half-axes can have different lengths, which makes
it possible to take out the cardan’s shaft away from the
middle of the passenger compartment, place the 7TEM on
the rear cantilever part of the trolleybus body as close as
possible to the DA, allows for partial lowering of the floor
in the cabin, simultaneously simplifies the transmission
design and improves its reliability (fig. 1, b).

In schemes with electrical differential coupling, the
torque from the TEM built into the motor-wheel is transmit-
ted to the corresponding drive wheel through the /BG and
the PWG (fig. 2, a, b). The coordination (differential kine-
matic connection) between the pair of drive wheels on each
axis of the trolleybus provides an electronic control system.
If there are two DA in the transmission, the differential con-
nection between the moving wheels is electromechanical,
that is, between the wheels of each DA the speed matching
provides a mechanical differential, and between the TEM of
the various bridges is the electronic synchronization unit.

Modules of DA the 1%, 2" and 3™ generations contain
gears with a total gear ratio u =5,11...10,67, which is re-
alized by the central hypoid (u = 3,09) or conic (u = 2,72)
transmissions and PWG or IBG (u = 3,33... 3,46). Due to
the insufficient balance between torque, mass and volume
of TEM for each AM-W in TB of the 3™ generation, two
gear boxes (IBG and PWG) provide a transmission ratio of
the transmission at the level of 20...23 and the necessary
compactness of the whole structure.

Transmissions based on DA of the 4™ generation with
the /M-W (fig. 3) do not require cardan’s mechanisms,
semi-axles and multistage gears, provides the following
advantages compared to the DA of the 3™ generation: in-
creased energy efficiency due to a larger 5...7 % of the
value of the efficiency n=0,9...0,92, the possibility of en-

ergy recovery for charging the batteries during electro-
dynamic braking; greater vibration resistance and a lower
mass of the DA in general. The IM-W design can be used
in two options — like a rotary or non-rotating motor-wheel,
the corresponding wheels can be single-track (equipped
with wide tires) or dual-track. For the well-known serial
models of DA the 4" generation, the nominal noise level is
set at 65 dBA. To date, only the high known cost (10
thousand euro) and lack of data on the regulatory resource
of DA the 4™ generation limit their widespread use in elec-
tric wheel passenger transport.

Results of the analysis of the 77 structures (see table
1) confirm steady demand for the PWG, which are applied
as in DA the 1% generation (trolleybuses since the 1955
model year) and also in the modern DA the 3" generation
(since the 2005™ model year).

3. Circuit operation reliability of the 77 system.
The generally accepted concept of reliability — means the
property of the object to keep all the parameters of the
working process in time within the established limits,
which ensures the performance of the required functions
under the regulatory operating conditions. Failure is an
event consisting in a complete or partial loss of the ability
to perform specified functions. There are operating fail-
ures in which the required finctions become practically
impossible (for example, gear tooth failures in the DA sys-
tem) and parametric, in which the parameters of the object
fall outside the permissible limits (for example, the PWG
vibration and noise level).

Basis for reliable assessment of function reliability
of vehicles are always results of expensive production
tests and the long-lived operation. As is well known be-
cause of the intense competition between manufacturing
firms, much of this information, in particular regarding op-
erational reliability, is a technical and commercial secret.

Function reliability of vehicles at the design stage is
convenient to analyze as reliability of complex systems
consisting of subsystems (electrical, mechanical, pneumat-
ic and hydraulic) and their individual elements (TEM, fre-
quency control unit, speed sensors, cardan’s mechanisms,
gear transmissions, bearings, etc.) [3—7]. Depending on
the degree of complexity, each of these subsystems can al-
so be considered as a system with its own elements. If re-
liability levels of the system's elements and also their
communications among themselves are known, then
methods of circuit and logical reliability are applied to
prediction of reliability of systems. Such approach is justi-
fied for the electromechanical systems consisting of sepa-
rate devices, units and modules. As failures of such ele-
ments are, as a rule, independent, results of their separate
tests, statistical data on operational reliability and also cal-
culated estimates can be used for prediction of reliability
of systems [3, 4]. At the same time mechanical systems
present in the form of the block diagram with sequentially
and parallel connections of elements. Sequentially connect-
ed consider such elements, the failure of any of which leads
to failure of all system. Parallel to connected consider an el-
ement which fails does not lead to failure of all system.

The TT can be represented as a recoverable sequen-
tially or combined system (partially reservation) consist-
ing of n consecutive or series-parallel connected elements
(parts, mobile and fixed connections, etc.) which failures
it is customary to evaluate as independent at failures of
operation and at parametrical failures. For passenger
transport, the main types of parametrical failures are con-
sidered to be: reduction in energy efficiency, increased vi-
bration and noise, breakages and damages of transmission
elements. For a preliminary comparison of the circuits
considered (table 2), the probabilities of failure-free op-
eration of all the elements of the 77 system are assumed to
be the same, for example P, =0,95(; =1,..., /) . In 7T with

two independent DA it is assumed that constant reservation
ensures that the trolleybus is operating at a reduced speed.
If the "a" part of the elements is not duplicated in the "77T
system", and the other part "b" is duplicated, the probability
of fail-free operation is determined by such formulas:
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a
Py =P-B P=]]P:
j=1

b
r=TTa-2).
j=1

where O, — the probability of failure of the element /.

The results of the calculations allow us to roughly
compare the known "77T systems", according to the system
reliability indicator Py (table 2).

The highest value of system indicator of fail-safe op-
eration Pg; = 0,931 distinguish full electric transmission
with a wheel formula 4x4 thanks to fewer sources of fail-
ure and structural reservation by the two DA the 4" gen-
eration (see table 2).

Table 2 — Circuit-logical models of the 77 system function’s reliability

Wheel formula, . " . " .

generation of DA Block diagram of the "transmission system Calculation formulas Py,
4x2, Py =P -P,-P,-P,-P?
L ERNEESET) w =R BB R 075e
and the 2" generations ; Py =B P -P-P,-F
6x4, ( 2)2
DA the 1% PST=P7'1_1_P1'P2'P3'P4'PS
and the 2" generations 0,883

2
P =0 '[1_(1_})1 By Py Py Fy )2}
4x2, _p .p2.p2. p2
DA the 3" generation Pop =Py B -F5 - Fg 0,70
2 2 2

6%4, . PST=P7~[1—(1—PS~PI -Ps - Py )Z:| 0,864
DA the 3" generation
4x2, o
DA the 4' generation Por =F-Fy 0,857
4x4 (8 H9 H?9| ( 2)2

’ - THr oo Pg =P+ 1-{1-R-R
DA the 4™ generation 7] (8 -9 H9| st =17 |: 319 0,931

Note. The following designations are accepted: 1 — TEM; 2 — cardan’s mechanisms; 3 — main gear; 4 — mechanical differential;
5 - PWG,; 6 — IBG; 7 — BS; 8 — electric differential; 9 — IM-W.

A few smaller values (by 5...8 %) correspond to elec-
tromechanical transmissions with the wheel formula
6x4 and two DA the 1" and the 3™ generations with PWG.

Improving the circuit reliability of products by the
method of redundancy is effectively used in practice in the
design and operation of radio electronic products in which
backup elements are small in size and easily switchable.

Specificity of complex electromechanical systems
necessitates the analysis and accounting of functional rela-
tionships that determine the change in time of output pa-
rameters of the product, as well as the behavior of a com-
plex system, taking into account the probabilistic relation-
ships of its main elements [3].

Analysis of the circuit-logical models of "77T sys-
tems" function’s reliability showed that when designing
the 7T of trolleybuses and electric buses the following so-
lutions are used:

o Structured redundancy by introducing additional
elements that ensure the preservation of the system's oper-
ability when one or several elements that are turned on in
parallel are failed.

e Parametric redundancy ensuring the preservation
of the operability of the system or its elements by facilitat-
ing operating modes, reducing operating loads and stress-
es by assigning surplus stocks by criteria of strength, ri-
gidity, vibration resistance, durability, etc.

o Structural and parametric redundancy at the
same time as reducing the number of failure sources.

4. Parametric reliability of the PWG. With regard
to the problem of the 77 reliability the parametric reliability
of individual subsystems and their "weak links" (units,
modules, parts and connections) is the main object of scien-
tific research determining the operability of the system as a
whole. At the same time, the parameters that characterize
the qualitative characteristics of 77 should systematically
reflect not only the functional purpose of the facility, but al-
so the evolutionary changes in the requirements of consum-
ers and manufacturers for the safety, environmental friend-
liness and comfort of passengers transporting.

For such systems most simply is the application of
the principle of redundancy, which is that the resource of
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the product is set much lower than the average service life
to failure. Presence of reserves of strength, rigidity, wear
resistance, vibration resistance, heat resistance, etc. based
on the main "criteria elements" of the system, established
by the operation data, provides a margin of reliability,
since the state domain of the product is removed from the
limit values of the parameter. Redundancy allows contin-
uously increasing the reliability of the system to the re-
quired level by increasing the efficiency of individual el-
ements. For example, the reliability of gear pairs at factor
of safety equal 2, fixed by both criterions — the tooth
bending fatigue strength and pitting fatigue strength,
which acceptable according to the manufacturing terms of
General Motors, is 98 %. The reliability of bearings cho-
sen fixed by criterion of pitting fatigue strength according-
ly with ISO recommendations is 90 %.

The principle of redundancy is a basic for methodol-
ogy developed for vehicle’s automotive transmission
[6, 7]. The gear pairs face width is calculated considering
bending or surface wear only and considering both bend-
ing and surface fatigue. For the shafts the diameter mini-
mum is calculated considering fatigue failure with maxi-
mum shear stress theory and to make the safe design of
shaft system (i.e. with reliability greater than value 98 %)
the factor of safety value should be greater than value 1,6
and similarly for bearings system the length of roller bear-
ing is calculated considering contact stress between two
cylinders and to design the bearing system safely the fac-
tor of safety should be greater than 1,4. As all these com-
ponents are connected in series and to make the safe de-
sign of entire system the factor of safety should be kept
more than value 2,5 for all gear pairs, shafts and bearings.

Despite the scientific validity, simplicity and attrac-
tiveness, in practice the application of the principle of re-
dundancy in modern engineering sometimes leads to an
unjustified overstatement of the dimensions and mass of
the of the system’s components (units, modules, mecha-
nisms, links, elements). The main way for prediction of
function and parametric reliability of mechanical system
at projection — account probability distributions of an ex-
ternal loading and a carrying capacity of each element.
The fundamental difference of projection of mechanical
system from projection of electrical and electronic sys-
tems consists in what at projection of mechanical system
the majority of elements (except for the reference and uni-
fied details, modules, units) projected and make targeted
for this system. Such feature sharply changes possibilities
of prediction of non-failure operation of mechanical (elec-
tromechanical) system causes need of the particular se-
quence of their projection.

The main feature of design of electromechanical 77
structures for the given conditions of an arrangement and
interface of all components in restricted space and also
preferred application of the reference and unified details
and modules, leads to the fact that many elements of sys-
tem have the dimensions exceeding durability, necessary
by criteria of strength, rigidity, stability of oscillations, i.e.
are obviously reliable. At the same time in a design there
are details and modules which dimensions cannot be in-
creased owing to external restrictions. As a rule, such el-

ements limit reliability of all system and in the reliability
theory are known as "weak links" or "criteria elements".

Urban passenger electric transport refers to a group
of machines operating up to the limit state in intermittent
mode, while the period of use significantly exceeds the
waiting period. In this case, failures of "weak links" asso-
ciated with fatigue strength and metal wear are modeled
using the universal Weibull distribution characterized by
the following functions:

probability of failure-free operation

P(t)y=e" ', 2)

density of distribution

m m— _4m
f=—t ™/t s 3)
0

failure rate
t m o,
aey =L 2 et @)
P(t) t,
where m > 0 — form parameter;
ty > 0 — scale parameter.

The possibilities and universality of Weibull distri-
bution are as follows:
e with m <1 function A(¢) and f(¢) operating time to

failure, decreasing;
e with m =1 function A(¢) = const, which corresponds

to the exponential distribution;
e with m =2 function A(¢) linear, which corresponds to
Rayleigh distribution;
e with m = 3,3 the distribution approaches to normal.
The task of increasing the level of reliability of typi-
cal components of vehicles is formalized at the stage of
selecting the main indicators of reliability and rationing
their values by the designer or directly by the customer. At
the same time, some reliability indicators, as a rule, come
into conflict with other quality indicators, as result the fi-
nal decision is a compromise. The probability of fail-free
operation P(¢) is first of all rated, indicating the re-

source L , during which this probability is realized. The T
system is included in the class of products, the reliability
of which is due to a complex of increased requirements
for safety, ergonomics, comfort, regularity and economy
of passenger transportation.

To assess the reliability of the transmission elements,
a Gamma-percentage, medium (up to the first failure) and
full resource (up to the limit state) is used, as well as the
normalized value of the availability factor for basic com-
ponents [3—6]. In this case, the uptime of several elements
of the system may not correspond to the Weibull distribu-
tion, it is important that the failures of such elements do
not dominate the others. Studies of the reliability of plane-
tary gears as part of the helicopter’s main transmission
have shown that the resource Weibull distribution densi-
ties of the system as a whole in terms of parameters ap-
proaches the resource allocation function of the "weak
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link" [8]. The load capacity of the PWG with internal
gearing can be limited both by the fatigue strength of the
teeth and by the performance of the planet bearings, de-
pending on the values of the characteristic parameter
n-Ny (where n — rotation frequency, Ny — equivalent

number of loading cycles). In trolleybuses during electro
dynamic braking the 77 operates in the driven mode from
20 to 40% of the time and, as a result, the teeth are loaded
from different sides [9]. For the TT within the PWG a lim-
itation in the outer diameter and, as a consequence, a thin-
walled construction of the ring is characteristic. Structures
of the PWG with braked rings are used in the trolleybus’s
models of not imported and foreign production, containing
n, =3...5 planets (table 3).

The increase in the number of planets reduces the vi-
bration activity of the PWG modules and the DA subsys-
tem as a whole, while the complexity of balancing load
balancing between planets and the standard values of op-
erational reliability and durability increases.

The probability of fail-free operation of PWG can be
determined in accordance with the formula (1) as a simple
product of the probabilities of fail-free operation of sys-
tem’s main elements. When the probabilistic relationships
between the system elements are correlated, the applica-
tion of the formula (1) leads to a significant underestima-
tion of the actual reliability of the system. For such cases
the application of following dependence, the accuracy of
which is confirmed by the practice of calculating highly
reliable systems, is justified [3]:

-1

; (&)

K

Pewg =[Z%—(K—1)

t=1"1

where B, — probability of fail-free operation according to

the ¢-criterion;

K — number of criterions.

Statistical information on faults and failures of prod-
ucts received from operating enterprises, as a rule, does
not have the necessary volume for use in forecasting relia-
bility indicators. More complete information on the state
of the TT system and the laws of the distribution of the life
of individual elements can be obtained from repair com-
panies. In this case, the repair and maintenance periods set
by the manufacturer have a significant impact on the reli-
ability. As a rule, the accumulation of a sufficient amount
of information occurs during a period when the vehicle,
individual units, mechanisms and modules are morally ob-
solete and no longer produced. Fundamental information
on the function of the state of electromechanical systems
in time, represented in the form of analytical, empirical or
imitation models of failures, is obtained on the basis of
physical-mechanical studies [10—14]. The combination of
modern methods of analyzing the statistical data of repair
enterprises and physical and mechanical methods of re-
search makes it possible to significantly increase the ob-
jectivity and reliability of the results of forecasting the
TT average resource.

Table 3 — Examples of technical characteristics of DA
within the PWG’s typical structure

Model of DA
Models of DA with
with PWG AM-W
Characteristics produced by firm produced by
RABA, Hungary: firm ZF,
Germany
118.77 318.78 AVE-130
Average resource, km 600 000 | 600 000 700 000
Warranty mileage, km 240 000 | 280 000 320 000
Standard noise level, dB 84 82 72
DA weight, kg 645 650 2x500
Maximum power of TEM, 230 230 %125
kW
Maximum torque at the 4270 4270 11000
inlet, Nm
Transmission ratio of
the DA gears 10,699 10,673 22,66
Transmission ratio of
the PWG 3,461 3,33 5,818
Type of the PWG straight- | straight- heli
.. elical,
transmission, toothed, | toothed, 4 planets
number of planets 3 planets | 5 planets

According to the statistics of the failures of planetary
gear boxes in the turbocharged aggregates the failure of
rings with internal teeth is more than 20 % [3]. Similar
statistics are typical for the PWG in trolleybus’s transmis-
sion [8, 10, 11]. So for the period of 12 months, the
maintenance and repair service of trolleybus in depot
"Odessa urban electric trans" recorded 62 PWG failures
[10, 11]. Observation was conducted over 90 samples, of
which the standard sizes RABA 118/70 — 26 units, RABA
118/71 — 12 units, RABA 118/72 — 28 units, RABA 118/73
— 20 units, RABA 118/77 — 4 units. Ring (module 3,25
mm, number of teeth z, =64) made of forgings 35CrNi

steel, the hardness of the working surfaces of the teeth af-
ter improvement is 269...302 HB; the sun gear (z, =26)

is made of forgings steel 40CrNiMoN, after hardening and
nitrating by a thickness of 0,1...0,9 mm, the hardness of
the working surfaces of the teeth is 50...56 HRC, the core
— 269..302 HB; planets (z, =19) are made of forgings

steel 20CrNiMo, after improvement, cementation and
hardening the hardness on the surface of the teeth is
56...63 HRC, the core — 300...400 HB.

The compactness of the coaxial PWG design ex-
cludes a superficial monitoring of the technical condition
of most parts and joints during operation, hence the sud-
den failure of the transmission through the breakage of the
teeth (BT) and the rim (BR) of the ring, disk of the planets
and carrier. After the dismantling and during the repair,
other damages were also detected, namely: plastic defor-
mations (PD) of the teeth of the planets, and the ring sus-
pension clutch; abrasive wear (4W) of sun gear, planets,
planet axes, ring, toothed ring suspension gear clutch; fa-
tigue cracks (FC) of teeth, ring rim, planet disc, carrier;
fatigue micro-cracks (MC) of the working surfaces of the
teeth and of the raceways of the bearings of the planets
(fig. 4, table 4).
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Fig. 4 — Transmission scheme of DA the 1% generation:
1 — sun gear; 2 — planet; 3 — ring; 4 — carrier;
5 — planet bearings; 6 — gear suspension clutch

Table 4 — Failure statistics of PWG based on observation data of
maintenance and repair service of the trolleybus depot

Weak links:

criteria elements PD | BT
Sun gear:
teeth — - 2 - 2
Planets:
teeth 8 - 7 - 4
disk - - - 3 -
axes — — — — 1
Ring:
teeth - 2 2 8 -
rim — - — 12 —
Planet carrier:
the jumpers between
axes of bearings - — - 2 —
Satellite bearings:
raceways — — — — 1
Ring suspension
clutch:
teeth
Total failures: 62,
among of their with fa-
tigue nature — 53 %

Criteria
FC, BR

AW MC

13 | 2 14 25 8

The calculated averaged value of the dimensionless
indicator A,¢=t/t for the exponential distribution at
A(t) = const corresponds to the time between failures of
=280 hours, with the being
A, = (2,0..2,4)-10™ h'. Appropriate probability of fail-
free operation is Ppyg =0,78 [10, 11].

failure rate

When the planets rotate, cyclic normal stresses pre-
dominate in the rim of the stopped ring (radial — o,, from
bending teeth and circumference — o;, from bending and
stretching the rim). If the thickness of the rim & is much
higher than the height of the teeth 4, the stresses o; not
great, but cyclic flexural stresses o, can lead to the nuclea-
tion of fatigue micro-cracks in the fillets. With compara-
ble values of 6 and 4, as a result of the joint action of the
stresses o, and o;, the fatigue crack accelerates rapidly in

the radial direction, which leads to the destruction of the
gear ring [15-17].

Based on the results of full-scale tests with tensome-
try of torque on the axis of the trolleybus MAZ-1037, a
family of probabilistic fatigue curves for internal gear
teeth was formed in accordance with the linear model of
stacking of fatigue damages by Palmgren-Miner and the
statistical theory of the similarity of fatigue failure of
Serensen-Kogayev, ring for the example of PWG RABA
118 by the criterion of fatigue resistance of a thin-walled
rim (table 5) [17].

Table 5 — Forecasting results
of Gamma-percentage resource Ly of gear ring

.lndex., Value
dimension
Y, % 50 80 90 95
logZ, - 6,20 6,14 6,07
L, cycles | oo | 1,58-10° | 1,38-10° | 1,17-10°

It has been established that the average probabilistic
limit of endurance of the ring ¢}}) =84,5 MPa exceeds

the values of equivalent stresses, respectively, at starting
6, =81,33 MPa and at ED-braking of the trolleybus

6, =79 MPa, but with higher values of the probability of
non-destruction y>80%, the life of the epicycle rim

turns out to be limited at the level of 2-10° cycles of teeth
loading. The warranty resource for planetary PWG the
type RABA 118 is set at 240 thousands km (approximately

10% cycles of the load of the ring teeth), which corre-
sponds to the calculated probability of non-destruction and
is consistent with the statistically significant wval-
ue Ppye =78% .

The increased deviations from the coaxial alignment
of the coupled teeth in the "planet-ring" gearing, due to
the wear of the gear clutches of the "floating suspension”
of the ring, lead to an expansion of the region of unstable
parametric oscillations, an increase in the level of vibra-
tions and, as a result, the destruction of "weak link" — the
ring. The resonance phenomena of parametric oscillations
are high-frequency and, as a rule, correspond to the
31,..4" eigen frequencies of the 77T system [18]. To ana-
lyze the stability of parametric oscillations of the PWG
ring is suggested a criterion in such form [19]:

n Si
kp = Z(l—gi} (6)

i=1

where §; and Sp; — are the areas of the instability zone

and the base zone for i-th parametric resonance in the
Ains-Strett diagram.

Based on the design of the PWG type RABA 118 the
calculated values of the probability index for the stability
of the parametric oscillations of the ring P, =k -100% ,

which directly affect the manifestation of resonant phe-
nomena, contribute to the accelerated development of fa-
tigue cracks during the movement of the trolleybus
(table 6). In accordance with equation (6), a complex cal-
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culation estimate of the probability P, , of fail-free opera-
tion of the PWG has been obtained, based on two related
criteria L, P, — the fatigue strength and stability of para-
metric oscillations of a "criteria element" — thin-walled
ring (table 7).

Table 6 — Probability of stability Pr, %o,
parametric oscillations of the ring

Type of engagement | straight-toothed | helical
Impact kinematic + 67
! . 98
inaccuracies — 83

Table 7 — Double-criteria evaluation probability
of fail-free operation of the PWG

Indicators, % Value
Y 78
Py 67 | 83 | 98
P 56 | 67 | 77

Comparison of double-criteria estimates of the prob-
ability of fail-free operation of the "criteria element" — the
PWG ring, with statistical estimates based on the data of
the operating and repair enterprise confirms the sufficient
adequacy of the developed multi criteria accuracy
methodology, and also allows one to substantiate the most
effective directions of ensuring the standard level of relia-
bility of analogous components in the 77 design or
modernization.

For example:

e to ensure the normative parametric reliability of
the PWG on the criterion of fatigue strength of the ring it
is recommended to maximally increase the endurance lim-
it of the rim due to the optimal geometry of the fillet teeth,
as well as the use of superficially hardening technologies;

e to reduce the probability of manifestation of par-
ametric resonances in the PWG system, the engagement
and "floating suspension” elements must be manufactured
with greater kinematic accuracy (by 1...2 degrees) com-
pared with similar elements of in-line gears;

e the use of helical gearing with a total overlap fac-
tor €, >3,0 simultaneously provides the redundancy of

the load capability of the PWG and increases the probabil-
ity of its failure-free operation by the vibration resistance
criterion;

e to improve the operation reliability of the 77 sys-
tems "on the state" and to predict the residual life, it is
necessary to ensure the controllability of the design, i.e.
the ability to monitor the technical state of "weak links"
and "criteria elements" using the most effective for today
vibration diagnostics.

5. Conclusions and future research. Stages of
technical evolution of traction transmission of passenger
electric transport are established. The technique of taking
note of parameters of 77 system operation reliability at as-
sessment of technical level of trolleybus’s produced mod-
els is developed. Objective functional effectiveness of the
known designs of PWG and existence of reserves for fur-
ther perfecting of designs of electromechanical transmis-
sion on system indexes of reliability, taking into account

statistics of service data and scientific research, is con-
firmed. Most efficient way of parametrical redundancy of
"weak links" and "criteria elements" of the 77 system,
based on DA the 1" and 3™ generations, is protection of
PWG from harmful effects — shock loads, vibrations, the
resonance phenomena.

The conclusions are based on the published own re-
sults and of other researchers, as well as the experience of
practice of operation, designing and manufacturing.

Important conditions for advanced compliance of the
designed of DA with the level of analogues produced by
the world's leading firms are:

e investigation and optimization while design of
the parametric reliability of "weak links" and "criteria el-
ements" of the 77 by the criteria of fatigue strength and
vibration resistance in accordance with the requirements
of customers and manufacturers;

o the monitoring of the technical state and research on
the parametric reliability of "weak links" and "criteria ele-
ments" in the composition of recoverable 77 systems and
subsystems of trolleybuses with a long guarantee life.
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