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PazpabortaH ycoBepllieHCTBOBAaHHBIN MTPO(UIb 3Ke-
JIE3HOAOPOKHOTO KoJieca ¢ KOHTPrpeOHeM, 4To obe-
CIIEUYMBAET JOIOJTHUTEIbHBIN KOHTAKT B TOPU30OHTANIb-
HOM TIJIOCKOCTH TIPY MOTIEPEUHBIX KOJICOaHMSIX KOJIEeC-
HOI mMapbl OTHOCUTEJILHO PEILCOBOTO MyTH, T00ABIISIET
SKUIMAXy YCTOMYMBOCTU Y YBEJIUYMBAET CUJIBI COMIPO-
TUBJIEHUSI KOJIeC MPOTUB CXOAa C PEIbCOB IPHU IPO-
XOXIEHUW KPUBOJUHEWHBIX YYACTKOB MYTH, a TaKXKe
Mpu yIpyroM OTKJIOHEHWU PeSIbCOB B pe3yJibTaTe CU-
JIOBOTO B3aMMOJICHICTBUS.

Hayuynas nosusna. [lonyuyuna naibHeilee pa3Bu-
THE METOAMKAa CO3IaHMs padodero IMpoduiIst Kojec
IJIS CIIeIIMAIbHOTO TOABIDKHOTO COCTaBa, KOTOpas
YUIUTHIBaCT KOHTPTPeOCHDb Ha TIOBEPXHOCTU KaUeHMUS.
BnepBrie moy4eHBl 3aKOHOMEPHOCTHU CHJIOBOTO B3a-
UMOJIEUCTBUS KOJECHOM Maphl ¢ KOJIECaMU C KOHTpP-
rpebHeM 1 OOKOBOI rpaHU rOJIOBKM pebca. BriepBoie
MoJIyueHa 3aBUCUMOCTD, XapaKTepU3yolasi BAUSHUE
MOTEePEeYHBIX CUJI MIPU BIUCHIBAHUM dKUMaXa B KpPU-
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BIIJIMB AHTUBJIOKYBAJILHOI CUCTEMU HA OCHOBHI
IMAPAMETPU TPAHCMICII TPAHCIIOPTHOI'O 3ACOBY

Purpose. The objective of the paper is to study antilock brake systems (ABS) effect upon the basic parameters of
hydrostatic mechanical transmission (HMT) in the process of emergency braking.

Methodology. The research has involved current methods of solving differential equations of mathematical model
of transport vehicle braking process as well as the comparing methods to analyze braking process involving ABS and
emergency braking at the expense of braking system in terms of kinematic disconnection of engine from a driving

wheel with HMT of various schematic designs.

Findings. As a result of the complex theoretical research, the effect of ABS upon operating pressure differential
within hydrostatic drive, angular velocity of hydraulic pump shaft, range of values of angular velocity and driving and
driven clutch shafts, braking efficiency of a transport vehicle, and transport vehicle deviation from the specified trajec-

tory have been determined.

Originality. It is the first time when quantitative assessment of ABS effect upon HMT kinematic and power param-
eters has been performed; it allows increasing technical level of transmissions even at the wheeled vehicle design stage
at the expense of timely considering of possible overload occurring while operating in the process of ABS braking.

Practical value. The proposed methods and applied mathematical models have made it possible to develop the
approach to determine and take into account possible HMT overloads arising in terms of wheel transport vehicle with

ABS braking even within the design period.

Keywords: /ydrostatic and mechanical transmission, transmission, wheel transport vehicle, braking process, control-

lability, braking efficiency
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Introduction. ABS system is widely used both in pas-
senger and lorry motor transport, however its iteration
into tractor is quite a complex task as running character-
istics of lorry and passenger motor transport differ con-
siderably from tractor ones because of different sizes of
wheels of front and rare axes of the latter and giant tire
sizes.

Equipping of wheeled tractors with ABS results in
braking efficiency increase, both stability and control-
lability improvement, growth in average motion velocity
as well as traffic safety increase.

To compare with mechanical transmissions, wheel
tractors with HMT have additional facility of service
braking: transfer of the control member of HMT hy-
draulic unit (joystick) into the position corresponding to
zero velocity of tractor movement ensures slow decrease
of a vehicle motion until its complete stop. However,
currently the problem of ABS and HMT interaction has
not been researched yet. ABS effect upon the change of
HMT kinematic and power parameters has not been
studied at all.

Analysis of the recent research and unsolved aspects of
the problem. Efforts to improve ABS as one of the most
efficient means to increase safety of self-propelled vehi-
cles have been carried out within many decades; though
even modern ABSs leave much to be desired. Papers [1,
2] concern both experimental and theoretical studies of
braking process of transportation means equipped with
various ABSs, the development of algorithms of their
functioning as well as the structure of both separate ABS
components and the whole system.

It is known [3] that the feature of ABS developed by
“Knorr-Bremse” company for Fendt 900 tractors is as
follows: owing to high inertia of tractor wheels, if condi-
tions to lock any wheel emergence, then ABS control
unit sends signal to brake release not only for corre-
sponding pressure modulator; it also connects with the
system of tractor control which can steer the wheel ef-
fecting on it through Vario gear if modulator cannot
perform its functions independently. Both front wheels
are controlled together even if there are different sur-
faces under each wheel; rare wheels are controlled sepa-
rately.

Currently ABS samples have been also developed for
all Case IH Puma tractors irrespective of transmission
and maximum velocity. If stepless transmission and
maximum tractor velocity of 60 km/h are available, then
ABS is series configuration; it is optional for other trans-
mission variants. The developed “Case IH” ABS sys-
tems is based on the components also used for Iveco lor-
ries belonging to the same corporate group. The system
runs on compressed air. Converter transforms pneumat-
ic signals into impulses for hydraulic braking system the
tractor is equipped with.

Despite the fact that HMTs have been widely used
for process and technological, forestry engineering,
construction and road machines, for wheel and crawler
tractors as well as for mine diesel locomotives [4—6], in-
formation concerning ABS effect upon the changes in
HMT kinematic and power parameters is not available
in scientific sources.
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Presentation of the main research. It is impossible to
solve the problems concerning studies of braking pro-
cess without application of adequate mathematical
model. To develop generalized mathematical spatial
multimass nonlinear model of wheeled tractor braking
process, the newest tractor with Fendt 936 Vario stepless
HMT (one of the most powerful tractor of “Fendt”
company) was selected as the prototype. The model is
performed in the form of separate units; it involves five
groups of equations: description of the internal combus-
tion engine characteristics and equation of crankshaft
movement; description of operating processes within
HMT; mathematical description of wheels and bearing
surface interaction; mathematical description of braking
system; description of the movement of both unsprung
and spring masses taking into account the effect of sus-
pension and tire stiffness [7].

The spatial model [7] was used as the basis of study-
ing ABS effect on changes in kinematic parameters and
power parameters of prospective tractor HMTdesigns.

Unfortunately, there is no free access to the data con-
cerning the way of pressure modulation in ABS; struc-
ture of pressure modulators is unknown either. The
sources [2, 8] show that pulse-width modulation belong-
ing to the ways with controlled pressure fluctuation is the
optimal one from the viewpoint of regulation quality and
adaptive properties. It was taken as the basis while de-
scribing ABS operating processes; prospective pressure
modulator was taken as the actuating element [8].

Conditions of generating pulsating signal of rectan-
gle pulse-width modulation while modeling braking
process are as follows

KX
C,=Cy+K,[| o, - dt, (1)
0

Ty

where C, is constant value of duty ratio corresponding to
maximum pressure in braking drive; K, is sensitivity co-
efficient; &; is angular wheel deceleration (i = r is the
right side, i =/ is the left side, j = 1 is the front axle, j = 2
is the rare axle); K,; is coefficient of trial actions,
K,; >(1=S;); S; is relative skidding corresponding to
maximum coefficient of adhesion; X is longitudinal
deceleration of a self-propelled vehicle; r,; is dynamic
radius of a wheel; t is deceleration time.

If oay >0, then
C; = const. (2)

If o, =0, X #0, then duty ratio is determined from
the expression

Cij =—Kc't+C6ij, 3)

where K. is constant coefficient setting the rate of pres-

sure decrease in case of complete wheels locking; C, ;y is
the value of C; at the moment of switching to condition
(3) from (1) or (2).

Insufficient K,; value can decrease the efficiency of
trial action resulting in decrease of braking efficiency

due to slow setting for X = X,,,,; in turn, excessive val-
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ue will result in considerable wheel overbraking. K, val-
ue is used to determine sensitivity of the system to vary-
ing wheel dynamic state. In terms of minor K, values
ABS reaction to dynamic change state will be slow; in
case of excessive value of this coefficient it is possible to
observe decreased stability of regulation process due to
overregulation as a result of increased reaction of the
system to dynamic state change [2].

Increase in braking efficiency, controllability and
stability of a self-propelled machine with pneumatic
braking drive and ABS with pulse-width modulation is
possible at the expense of improvement of conditions to
generate pulsating signal: value of K,,; trial action and K,
sensitivity coefficients should be changeable and depend
upon traffic conditions and wheels load. Paper [9] con-
cerns this very problem; the paper proposes to deter-
mine the value of K, sensitivity coefficient from the fol-
lowing expression

1
K, = — . .
~0.1653- X2 -0.4808- X +20.6929

“4)

The value of K, trial action coefficient is determined
from the expression

K,;=K,—aS;+b-X, (5)

where K, is the initial value of trial action coefficient at
the moment of braking beginning; a, b are constant co-
efficients being determined according to the methodol-
ogy described in paper [2].

Expressions (1—5) were used to explain ABS operat-
ing processes of a tractor with HMT.

According to the result of complex static analysis of
HMT, two prospective tractor designs have been ob-
tained: the first one is with input differential (Fig. 1-2,
maximum coefficient of efficiency is 0.823) and the sec-
ond one with output differential (Fig. 3—4, maximum
coefficient of efficiency is 0.883). Both HMT schemes
were designed so that maximum velocity being imple-
mented within traction range in terms of motion resis-
tance coefficient being 0.5 would be 10 km/h.

These are the schemes shown in Fig. 1—4 which were
the basis to determine ABS effect on changes in kine-

Fig. 1. 3-D HMT image with input differential and trans-
mission links specified with power motion directions
(tractor motion velocity is 0.1 km/h):

1 is internal combustion engine; 2 is planetary gear set; 3 is
HD; 4 is a wheel
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Fig. 2. 3-D HMT image with input differential and trans-
mission links specified with power motion directions
(tractor motion velocity is 10 km/h)

Fig. 3. 3-D HMT image with output differential and
transmission links specified with power motion direc-
tions (tractor motion velocity is 0.1 km/h)

Fig. 4. 3-D HMT image with output differential and
transmission links specified with power motion direc-
tions (tractor motion velocity is 10 km/h)

matic parameters and power parameters of HMT. Stud-
ies were carried out in terms of emergency braking of
wheel tractors in terms of kinematic engine tearway from
driving wheels. Emergency braking has been considered
as it helps keeping probability of ABS switching on.

Motion velocity of modern tractors with HMT is
60 km/h; that is why additional range is introduced into
HMT prospective designs; supplementary range is
transportation, switching to which allows implementing
maximum velocity of 60 km/h when motion resistance
coefficient is /= 0.05.

Let us analyze dynamics of braking process of a trac-
tor according two HMT plans from Fig. 1—4 within the
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road with dry asphalt and snow in terms of curvilinear
motion and operation within transportation range (driv-
ing back axle, braking at the velocity of 60 km/h, tractor
movement with ballast of 6 t mass, motion resistance
coefficient is 0.05) with the use of mathematical model
and approaches given in paper [10].

The nature of motion of wheel tractors is interesting
as while braking at velocity as a rule, starting from
15 km/h, not only jump-like changes in working liquid
pressure within HD is observed. Sharp increase in val-
ues of angular velocities of HMT links followed by over-
loading of both HD and planetary gear set and a clutch
is also available. Moreover, curvilinear motion model-
ing makes it possible to analyze both braking efficiency
and controllability of tractors.

The table lists results of theoretical studies. Fig. 5
shows one of the graphic dependences demonstrating
pulsing changes in HMT parameters.

Symbols in the Table and Fig. 5 include: Vis velocity
of a tractor; AP is working pressure difference within
HD; e, and e, are parameters to control HD; angular
velocity of a shaft of hydraulic pump ®;, hydraulic mo-
tor shaft m,, satellite gears o,; difference between values
of angular velocities of a drive clutch shaft and driven
clutch shaft Aw; 7 is braking period; S, is braking dis-
tance; Amax is maximum deviation from the guided
path.

AW, paglc,
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Fig. 5 Results of braking modeling with ABS (HMT
scheme with input differential)

Analysis of the results testifies that if braking process
involves ABS (when values of parameters experience
change then HMD control corresponds to changes of
real velocity of motion of a tractor automatically) in-
crease in braking efficiency up to 0.43 % , working pres-
sure difference within HMD up to 26.74 %, angular ve-
locity of a shaft of hydraulic pump up to 10.0 %, de-
crease in deviation from guided path down to 64.13 %,
difference between values of drive clutch shaft and driv-
en clutch shaft down to 59.32 % are observed in com-
parison with emergency braking at the expense of brak-

Table

The results of analysis concerning braking process of wheel tractors

m A

poo M| APl MPa | 01 130/5 | [03lays 730/5 | [0, 130/ | |A® |y, rad /5

HMD with input differential

Braking process with ABS

Road surface is dry asphalt

3.70

32.64

0.55

| 474 | 2600 |

190.80

| 324.60

119.00

Road surface is snow

8.60

72.63

0.94

| 460 | 22190 |

190.80

| 32460

118.00

Braking process without ABS

Road surface is dry asphalt

3.65

32.65

1.24

| 3 | w60 |

190.80

| 324.60

110.00

Road surface is snow

8.61

72.94

2.61

| 367 | 20700 |

190.80

| 32460

111.00

HMD with output differential

Braking process with ABS

Road surface is dry asphalt

3.66

32.35

0.55

| 19 [ 15400 |

130.40

| 33140

108.70

Road surface is snow

8.51

71.03

0.99

| 1 [ 4230 |

130.40

| 33140

116.30

Braking process without ABS

Road surface is dry asphalt

3.63

32.36

1.25

|y [ 14000 |

130.40

| 33140

74.00

Road surface is snow

8.49

71.10

2.76

| [ 14090 |

130.40

| 33140

73.00
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ing system in the context of kinematic tearway of engine
from drive wheels.

Conclusions and recommendations for further re-
search. The paper has innovatively performed quantita-
tive evaluation of ABS effect on kinematic parameters
and power parameters of HMD; that makes it possible
to improve technical level of transmissions even at the
design stage. That can be done at the expense of pre-
liminary consideration of overloading being a result of
ABS use during braking process.

It has been determined that use of ABS in the con-
text of wheel tractors with HMD provides improvement
of their braking efficiency, i. e. braking distance shorten-
ing; improvement of trajectory controllability, i.e. de-
crease in deviation from guided path as well as load de-
crease in terms of transmission components if values of
changes in parameters of HMD control correspond to
changes in real velocity of motion of a tractor automati-
cally.

Results of the research may be recommended to be
used by enterprises engaged in the design and manufac-
turing of HM Ds as well as organizations whose activities
are connected with operation of wheel tractors with
HMDs.
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Mera. JlochigKeHHsI BIUIMBY aHTMOJIOKYBaJbHOI
cuctemu (ABC) Ha OCHOBHI TapamMeTpH TiIpoo0’eM-
Ho-MexaHiuHo1 TpaHceMmicii (TOMT) y nipouieci ekctpe-
HOTO raJIbMyBaHHSI TPAaHCIIOPTHOTI'O 3aCO0Y.

Metomuka. [Ipu mpoBeneHHi JOCTiIXKEHHSI BUKO-
PUCTaHi CydyacHi MEeTOAM pillleHHs AudepeHLiabHUX
PIBHSIHb MaTeMaTUYHOI MOJIEi MPOLeCy ralbMyBaHHS
TPAHCTIOPTHOTO 3aco0y, a TaKOX METOAU MOPiBHIHb
IUIs1 aHaUTi3y mpoliecy raaieMyBaHHs 3 ABC Ta exctpe-
HOTO TaJIbMyBaHHS 3a PaXyHOK TaJbMiBHOI CHCTeMU
MpY KiHeMaTUYHOMY Bill’€ THaHHI JBUTYHA Bill BEIy4nX
KoJic TpaHcnopTHoro 3acody 3 TOMT pizHoMaHITHO-
IO CXeMHOT'O BUKOHAHHSI.

Pe3syabraTu. Y pe3ynbTaTi IpOBEAEHOTO KOMILIEKCY
TEOPETUYHMX AOCTiMKeHb BcTaHoBIIeHO BB ABC Ha
rnepernaj podb04Yoro TUCKY B TiIpoo0’eMHili mepenaui,
KyTOBY IIBUIKiCTb Basly TiipoHacoca, po30ixKHiCTb MixX
3HAYEHHSIMU KYTOBMX IIIBUIKOCTE BEAydyoro il Beae-
HOTO BaJliB 3UeTUIEHHS, TaJIbMiBHY €(beKTUBHICTb TPaH-
CIOPTHOTO 3aco0y, BiIXUJIEHHS TPAHCIOPTHOTO 3aCO-
Oy BiZ 3a1aHOT TPAEKTOPII.

HaykoBa HOBHM3HA. Yriepille BUKOHAHO KiJIbKiCHY
ouiHky BBy ABC Ha KiHeMaTW4Hi i CUJIOBi mapa-
MmeTpu 'OMT, 110 Hajmae MOXIMBICTBL Ille Ha cTamil
MPOEKTYBAHHS KOJICHUX TPAHCHOPTHHUX 3acCO0iB Mii-
BUIIUATHU TEXHIYHUM piBEeHb TPaHCMICili 32 paXyHOK 3a-
BUACHOTO BpaxyBaHHsI MOKJIMBOIO TepeHaBaHTaXKEH-
H$I, SIKe BUHUKAE TPU BUKOPUCTAHHI y Mpoleci rajib-
myBaHHsI ABC.

IIpakTuyna 3Hauumicts. Ha ocHOBI 3amponoHoBa-
HUX METO/IB i BUKOPUCTAHUX MaTeMaTUYHUX Moeei
po3pobJieHOo MiAXid, 1110 A€ 3MOTY Ha CTajii MPOeKTy-
BaHHsI BU3HAYATH i ypaXyBaTy MOKJIMBI ITepeHaBaHTa-
xxenHs1 FOMT, ki BUHUKAIOTh MpU TaTbMyBaHHI KO-
JicHux TpakTopiB 3 ABC.

Karouosi caosa: 2idpoob’emHo-mexaniuna mpaucmi-
cisl, mpaHcnopmHuuil 3acid, npouec 2arbMy8aHHs, Keposa-
Hicmb, eanvMieHa egheKkMuUGHiCMb

Hens. Uccnenosanue BAUSHUS aHTUOJIOKHUPOBOY-
Hoit cucteMbl (ABC) Ha 0OCHOBHBIE TTapaMeTPhl TUIPO-
00beMHO-MexaHnvyeckoit TpaHcmuccuu (IF'OMT) B
TpOIIECCe IKCTPEHHOTO TOPMOXKEHHUsI TPAHCIIOPTHOTO
CpeIcTBa.

Mertomuka. [Ipu mpoBeneHUM UCCIETOBAHUS HC-
ITOJIb30BaHbl COBPEMEHHBIC METOMIBI pellecHMS Tudde-
PEHIIMATBHBIX YpPaBHEHMII MaTeMaTHMYeCKOW MOIen
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mporecca TOPMOKCHUSI TPAaHCIIOPTHOTO CPEICTBa, a
TaKKe METOIBI CPABHEHUI UTSI aHAJIM3a TIPOIIecca TOp-
MoxeHust ¢ ABC 1 5KCTpeHHOro TOPMOKEHUS 3a CYET
TOJIBKO TOPMO3HOI CHUCTEMBI TP KMHEMATUYECKOM
OTCOEIMHEHUN NBUTaTess OT BEOYIIMX KOJEeC TpaHC-
nopTtHoro cpeactBa ¢ 'OMT pa3zHOOOpa3HOro cxeM-
HOTO MCITOJTHEHUSI.

PesynbTathl. B pesynbprare MpoOBEIEHHOIO KOM-
TUIEKCa TEOPETUUYECKUX KCCIIENTOBaHWI YCTAaHOBIICHO
BiusHue ABC Ha nepernan paboyero naBieHUsI B TM-
IPOOOBEMHOM TIepeade, YIIOBYI0 CKOPOCTh Bajia -
IpOHACOCa, PACXOXICHHE MEXIy 3HAUYCHUSIMU YIJIO-
BBIX CKOPOCTEH BEIyIIIEeTro W BEIOMOTIO BaJOB CIICTIIC-
HUsI, TOPMO3HYIO 3(h(GEKTUBHOCTD TPAHCIIOPTHOTO
CpeICcTBa, OTKIIOHEHHWE TPAHCIIOPTHOIO CPEICTBA OT
3aIaHHOU TPACKTOPHUMU.

Hayunasi nHoBu3Ha. BriepBbie BBINTOJTHEHA KOJUYe-
CcTBeHHas olleHKa BausaHusa ABC Ha KuHeMaTuyeckue
¥ cujioBble mapameTpbl TOMT, uTo MoO3BOJISIET €llIe Ha
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CTaIUM TMPOEKTUPOBAHUST KOJIECHOTO TPAHCIIOPTHOTO
CpeNiCTBA TOBBICUTh TEXHUYECKUI YPOBEHb TPAHCMUC-
Cuil 3a cyeT 3a0J1aroBPpeMEHHOr0 ydeTa BO3MOXKHOM
Meperpy3ku, KOTopasi BO3HUKAET TTPU UCITOIb30BAHUMN
B npoiiecce TopmoxeHust ABC.

IIpakTuyeckas 3HauuMocTbh. Ha ocHoBe mpemio-
JKEHHBIX METOIOB W HCIOJIb30BAaHHBIX MaTeMaTuye-
CKUX MojieJieil pa3paboTaH IMOIX0/, TTO3BOJISIONINIA Ha
CTaIUM TIPOCKTUPOBAHUS OIPENENIsITh U YUYUTHIBATh
Bo3MOXHbIe Tieperpy3ku 'OMT, Bo3HuUKawoUMe Mpu
TOPMOKEHUM KOJIECHBIX TPAHCTIOPTHBIX CPEJICTB C
ABC.

Karouesvie caosa: eudpoobsemno-mexanuueckas
mpancmuccusl, mpaHcnopmuoe cpedcmeo, npoyecc mop-
MOJICeHUsl, YNpAgAseMOCmb, MOPMO3HAs IPpekmus-
HOoCMb
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