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Purpose. The engines with variable valve system can achieve better performance for all engine speed compared to those
with fixed valve timing and lift. In this article, a hydraulic variable valve system is proposed according to the requirements of
the engine. Both intake and exhaust valves can all be regulated.

Methodology. We have built a valve movement test platform and tested the hydraulic variable valve system performance
for valve regulation. Using the intake and exhaust valve curves regulated by hydraulic variable valve system, we have predict-
ed the performance of engine by 1D simulation software AVL Boost.

Findings. The test results show that the valve timing and lift can be continuously varied according to the engine speed by
hydraulic variable valve system. The simulation results show that the engine with various valve timing and lift has a certain
improvement of volumetric efficiency, brake power, brake torque, brake specific fuel consumption and residual gas coeffi-
cient compared to base engine at different engine speed. The improvement is obvious especially in low and middle speed.

Originality. The construction and working principle of hydraulic variable valve system is new, and the regulation strategy
of valve is different from others.

Practical value. The hydraulic variable valve system can be applied on engines for better performance and has advantages

of simple structure, easy control and low cost.
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Introduction. The reasonable variable valve system sho-
uld consider intake process and exhaust process at the same
time. In the intake process, too small intake valve opening
advance angle (IVOAA) causes the increase of intake flow
loss due to the lower cylinder pressure at the beginning of in-
take stroke, while too large IVOAA causes exhaust backflow.
The proper IVOAA should be increased with the increase of
engine speed. At high engine speed, a large intake valve clo-
sing retard angle (IVCRA) can make full use of the intake in-
ertia and increase the volumetric efficiency, while at low en-
gine speed, the IVCRA should be small in order to reduce in-
take backflow [1, 2].

In the exhaust process, the exhaust valve opening advan-
ce angle (EVOAA) affects the pumping loss and effective ex-
pansion work. A large EVOAA increases pumping loss,
while a small EVOAA decreases effective expansion work,
the proper EVOAA can make the sum of effective expansion
work loss and pumping loss minimum. The research sug-
gests that the EVOAA should be increased with the increase
of engine speed. The exhaust valve closing retard angle
(EVCRA) increased with the increase of engine speed can
make full use of the exhaust inertia for reducing the residual
gas coefficient [3,4].

Therefore, the intake and exhaust valve timing should be
varied according to the engine speed, the IVOAA, IVCRA,
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EVOAA and EVCRA should be increased with the increase of
engine speed. In addition, the valve lift also should be incre-
ased with the engine speed increasing [5].

Currently, the variable valve technologies are various.
Variable camshaft timing technology used by Variable Valve
Timing (VVT) of Toyota is the most applied technology, the
IVCRA can be changed according to the engine speed, which
helps increase volumetric efficiency, but it cannot change the
opening duration and the lift of valve as per engine demand.
Cam changing has been used by Variable Valve Timing and
Valve Lift Electronic Control System (VTEC) of Honda, Va-
riable Valve Timing &Lift Intelligent (VVTL-I) of Toyota,
Audi valve-lift system (AVS) and Mitsubishi Innovative Val-
ve Timing Electronic Control System (MIVEC), it only has
two cam profiles for different intake valve timing and lift,
which cannot meet the requirements for all engine speed.
Valvetronic combined with Vanos system of BMW to
achieve variation in valve timing and lift can better meet the
demands of engine, but its structure is complex and high
priced. Fiat has developed a 3D cam mechanism that can
change the contact position between the cam and the follow-
er, so as to regulate the valve timing and lift. The mechanism
is easy to cause serious wear and tear because of the point
contact and the manufacturing is complex. This technology
is not used to the car up to now. An electric hydraulic varia-
ble valve system is developed by Lotus, it can easily control
valve open or closed. But every valve should be individually

53




TEOTEXHIYHA I TIPHUYA MEXAHIKA, MAWNHOBYAYBAHHA

controlled and the demand for actuation response rate is too
high, so the system is complex and high cost [6-8].

A hydraulic variable valve system (HVVS) is proposed in
this paper. The valve timing and lift can be continuously va-
ried according to the engine speed by HVVS which has the
advantages of simple structure, easy control and low cost.
The construction and working principle of HVVS, valve re-
gulation testing and engine performance prediction have be-
en discussed in the subsequent paragraphs.

Construction and working principle of HVVS. As
shown in Fig. 1, the hydraulic variable valve system is com-
posed of a cam mechanism, a valve assembly, a regulator, a
seating sunbber and hydraulic components. The limit device
inside regulator can control the left dead center of regulator
plunger movement. The plunger is also at rightmost of cylin-
der by the regulator spring preload when the cam tappet is on
the cam base circle. When the cam tappet is driven upwardly
by cam, the oil pressure is increased and the oil will only
flow into regulator cylinder until the regulator plunger is
against by the limit device since the regulator spring force is
less than the valve spring preload. As camshaft continues to
rotate, the oil pressure rises to overcome the valve spring pre-
load and pressured oil begins to flow into valve cylinder,
then the valve is opened and until reached to maximum lift.
When the cam tappet is driven downwardly, the valve is
moved back to valve seat firstly and has a smooth seating by
the seating sunbber, then the regulator plunger is moved to
the initial position. In this process, the advance angle, retard
angle and lift of valve are all reduced. Obviously, the valve
timing and lift can be continuously varied by regulating the
left dead center of regulator plunger. In addition, more intake
valves can be regulated in a HVVS by parallel connection
with the hydraulic circuit, and the same as exhaust valves, so
an engine only needs a double HVVS for all intake and ex-
haust valves, which makes structure simple.

regulator I

Ed

oil cylinder seating
of cam snubber valve
camshaft
A
oil supply oil cylinder

of valve

Fig. 1. Schematic diagram of hydraulic variable valve
timing and lift system

Test of HVVS. Fig. 2 shows the test platform of HV-VS.
The camshaft is driven by an inverter motor which can sim-
ulate the rotation of engine. The test of HVVS were based on
the different engine speed and regulating quantity. The test
platform has angular displacement sensor, pressure sensor
and displacement sensor which can mea-sure cam phase,
system oil pressure and valve lift, all of the signals were ac-
quired and transferred to the computer. The following will
be the discussion of the HVVS test results.

As shown in Fig. 3, the lift and opening duration of valve
without regulating are smaller than cam tappet because of the
oil compressibility. The oil pressure curve shows the system
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has certain pressure fluctuations, when the oil pressure is lo-
wer than the initial pressure, oil source will automatically fill
oil, the valve cannot sit down, and it will seriously affect the
normal work of HVVS. As a result, the oil compressibility
and pressure fluctuations must be considered in the design of
HVVS.
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Fig. 2. Schematic diagram of HVVS test platform
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Fig. 3. The curves of cam tappet lift, valve lift and oil pres-
sure at 2000rpm without regulating

Cl, C2 and C3 are the corresponding valve lift cur-ves
with the regulating quantity gradually increased, as shown
in Fig, 4. It can be seen that the advance angle, retard angle
and lift of valve were gradually reduced. In addition, the
regulating ratio of advance angle to retard angle can be ad-
justed by changing the cam profile.

Fig. 5 shows that under the same regulation quantity the
higher the speed, the higher the valve lift, and the same to the
valve duration, which is due to greater kinetic energy. Howe-
ver, this trend is in accordance with the requirements of the
engine for high speed, the increment can also be controlled
by regulator. In addition, the valve at all different speed did
not appear obvious rebound phenomenon after seating, whi-
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ch indicates that the snubber assembly can effectively control
the valve seating velocity.
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Fig. 4. The valve lift curves of different regulating quantity
at 2000rpm
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Fig. 5. The Valve lift curves with different speed under the
same regulating quantity

As shown in Fig. 6, the regulated valve lift curves for dif-
ferent speed are variable, so the continuously variable of
valve advance angle, retard angle and lift according to the
engine speed can be achieved by HVVS.
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Fig. 6. The regulated valve lift curves for different speed

Through the above analysis, it can be seen that the conti-
nuously variable of valve advance angle, retard angle and lift
according to the engine speed can be achieved by HVVS. The
effect of rotational speed on valve lift curve is controllable.
The snubber assembly can achieve stable valve seating. The-
refore, under the consideration of the oil compressibility and
pressure wave, the valve timing and lift can meet the requi-
rements of engine at different speed by reasonably cam de-
sign and regulation.
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Performance prediction of engine with HVVS. Us-
ing the detailed specification simulation of base engine was
done in 1D Simulation software AVL Boost to obtain the
performance of engine at various valve timing and lift regu-
lated by FVVS. The specification of the engine is shown in
Table 1 and the simulation model is shown in Fig.7.

Table 1
Engine specification
Engine specification

No Parameter Description
1 No of cylinders 4
2 Capacity (L) 1.604
3 Bore (mm) 82
4 Stroke 76
5 Compression ration 10.5
6 Rated Torque 151 N'm @ 5000 rpm
7 Rated Power 86 Kw @ 6000 rpm
8 IVO(degree of CA) 365 @ 1mm lift
9 IVC(degree of CA) 570 @ 1mm lift
10 Intake valve lift 9.5 mm
11 EVO(degree of CA) 154 @ 1mm lift
12 EVC(degree of CA) 356 @ 1mm lift
13 Exhaust valve lift 8 mm
14 Number of valves 8 Intake / 8 Exhaust
15 Camshaft type DOHC

Fig.7. Simulation model for engine performance

The optimization of HVVS has been done on the test plat-
form according to the requirements of different engine speed
based on the engine simulation. Fig. 8 shows the intake valve
and exhaust valve lift test curves regulated by optimized HV-
VS, the detailed parameters are shown in Table 2. It can be
seen that with the increase of engine speed, the advance an-
gle, retard angle and lift of intake valve were increased, and
the same to exhaust valve. When the engine speed is below
4000rpm, the advance angle, retard angle and lift of valves are
all less than base engine with fixed valve timing and lift.

Fig. 9 shows the effect of HVVS to improve the volumet-
ric efficiency of engine. It is clear that overall volumetric ef-
ficiency is increased throughout the speed range, especially
at the low and middle speed. Because the engine can reduce
backflow loss at low and medium speed due to the regulating
of intake valve by HVVS. There is an average improvement
of 10.97% in the volumetric efficiency of engine with maxi-
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mum improvement of 24.25% at 1000rpm of engine compared
to base engine.
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—x— 1000 rpm Intake Valve —— 1000 rpm Exhaust Valve
—6—2000 rpm Intake Valve —— 2000 rpm Exhaust Valve
—2— 3000 rpm Intake Valve —4— 3000 rpm Exhaust Valve
—— 4000 rpm Intake Valve —— 4000 rpm Exhaust Valve
—=— 5000 rpm Intake Valve —— 5000 rpm Exhaust Valve
—=— 6000 rpm Intake Valve —=— 6000 rpm Exhaust Valve

12

Valve Lift (mm)

Crank Angle (Deg)

Fig. 8. Valve lift curves of HVVS and base engine

Table 2
Valve lift curves detailed parameters
of HVVS and base Engine
Intake Valve Exhaust Valve
VO vC Lift EVO EVC Lift
(Deg) | (Deg) | (mm) | (Deg) | (Deg) | (mm)
@ 1mm | @ lmm @ 1mm | @ lmm
lift lift lift lift
Base 365 570 9.5 154 357 8
1000rpm | 373 540 8 176 346 6.4
2000rpm | 370 547 8.6 173 348 6.6
3000rpm | 368 553 9 168 352 7
4000rpm | 366 560 9.45 162 356 7.5
5000rpm | 365 566 9.9 155 360 8
6000rpm | 363 574 10.3 146 364 8.6
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Fig. 9. Volumetric efficiency versus engine speed of HVVS
and base engine

Fig. 10 and 11 shows that the engine regulated by HVVS
has an overall uplifted performance of brake power and bra-
ke torque throughout the speed range compared to base engi-
ne. The improvement of performance here is due to the in-
crease of volumetric efficiency.
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There is an average improvement of 12.58% in the brake

power and brake torque of engine with maximum improve-

ment of 27.35% at 1000rpm of engine compared to base en-
gine.
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Fig. 10. Brake Power versus engine speed of HVVS and
base engine
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Fig. 11. Brake Torque versus engine speed of HVVS and
base engine

Fig. 12 shows the engine has an average reduction of
1.71% in the BSFC with HVVS. The effect of BSFC is due to

the volumetric efficiency improvement and intake loss redu-
ction by intake valve regulating. Moreover, the regulating of
exhaust valve, especially the regulating of the EVOAA makes
effective expansion work loss and pumping loss minimum.
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Fig. 12. BSFC versus engine speed of HVVS and base en-
gine
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Fig. 13 shows the engine has an average reduction of
27.89% in the residual gas coefficient with HVVS since the
regulating of the EVCRA can control the quantity of exhaust
gases that flow back into the combustion chamber in low and
middle speed.

—aA— Base ---x-- Performance with FVVS

Residual gas coefficient
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Fig. 13. Residual gas coefficient versus engine speed of
HVVS and base engine

In a word, the engine with FVVS has a certain improve-
ment of volumetric efficiency, brake power, brake torque,
brake specific fuel consumption and residual gas coefficient
compared to base engine, and the effect is obvious especially
in low and middle speed.

Conclusion. In order to improve engine performance, the
IVOAA, IVCRA, EVOAA, EVCRA and valve lift should be in-
creased with the increase of engine speed. To meet hese re-
quirements, a hydraulic variable valve system HVVS is pro-
posed in this article. The performance of HVVS has been tes-
ted and the results show that the effect of engine speed on va-
lve lift curve is controllable. The valve can achieve a smooth
landing. The IVOAA, IVCRA, EVOAA, EVCRA and valve lift
can be continuously varied according to engine speed. The
intake and exhaust valves of an engine can all be regulated
by HVVS.

The performance of engine with various valve timing
and lift regulated by HVVS has been predicted by 1D Simu-
lation software AVL Boost. The simulation results show an
improvement of volumetric efficiency by an average of
12.58%, brake torque and power by an average improvement
of 12.58%, an average reduction of 1.71% in BSFC and a re-
duction of residual gas coefficient by an average of 27.89%
compared to base engine. And the improvement is obvious
especially in low and middle speed. On the whole it con-
cludes that HVVS can be applied on engines for better per-
formance.
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Mera. [[BUT'yHH 3 CHCTEMOIO YIIPaBIIiHHS KJIallaHaMH Ia-
30pO3MOIITY BOJIO/IIIOTH KPAIO0 MPOYKTHUBHICTIO B TTOPIB-
HSHHI 3 BUTYHAMH, B SIKHX 3a()iKCOBaHI MOMEHTH BiIIKPHT-
TSI T 3aKPUTTS, & TAKOXK BHCOTA ITiIHOMY KiiaraHiB. Y pooo-
Ti 3aIPOIIOHOBAHA T1/IPABIIIYHA CUCTEMA YIIPABIIHHS KJIara-
HaMM Ta30po3MNOJIily, 11O BUIIOBIIHA BHUMOraM [BUTYHA.
Bona no3Bosie peryiroBati 00M/1Ba KJIariaH!: BITyCKHUN Ta
BUITYCKHUH.

Metoauka. CTBOPEHO BHUIIPOOYBAIBHUIA CTECHI PYXY
KJIaTlaHiB 1 IPOTECTOBaHA ePEKTUBHICTD PETyJIALli KiIaraHiB
CHCTEMH YTIPABIIIHHS KJIarlaHamMu Ta3opo3noziny. Ha ocHoBi
rpadikiB MOKAa3HUKIB BITyCKHOTO Ta BHITYCKHOIO KJIAlaHIB,
PEryJIbOBaHUX CHCTEMOIO, 3a JIOTIOMOTOK0 POTPAMHOTO 3a-
Oesneuennst s 1 D-mMoaenmpoBanusi AVL Boost Oynu cripo-
THO30BaHi po00Ui OKa3HUKN ABUTYHA.

PesysnbTaTu. Tecty mokasaim, 10 MOMCHTH BIJIKPUTTS
Ta 3aKPHUTTS KJIAIAHIB MOXKYTh TOCTIHHO 3MIHIOBATHCS CHC-
TEMOIO BIATIOBIZHO 10 00epTiB JABUTIYHA. Pe3ynbrati Mose-
JIIOBaHHS JIBUTYHA 3 PETYJIbOBAHHMH KJIAIIAHAMU JEMOHCT-
PYIOTh TIOJIMIIICHHS MMOKA3HUKIB MOTYKHOCTI HA OJMHUINO
pobodoro o0'eMy JBUTYHA, TIOTY)KHOCTI TaJlbMyBaHHsI, Ta-
JIEMIBHOTO MOMEHTY, IUTOMOT BUTPATH MaJIMBa HA FAJIbMIB-
HOMY CTEHI, Koe(illieHTa 3aJIWIIKOBHX Ta3iB Ha PI3HUX
o0epTax JIBUI'yHa B IOPIBHSHHI 3 BUXIIHUM ABUrYHOM. [1o-
KpamieHHs] 0COOIMBO TIOMITHI Ha HU3BKHX 1 CepeHiX odep-
Tax.

HaykoBa HOBH3HA. 3alpOTIOHOBAHI HOBA KOHCTPYKITis
Ta TMPUHLMI i1 T1IpaBIIyHOT CHCTEMH YIIPABJIiHHSI KJlaraHa-
MH Ta30pO3MO/IiTy, CTpATerist PerymoBaHHs KJIAMaHiB, IO
BIZIPI3HSIOTHCS BiJI BIZIOMUX.

IIpakTHyHAa 3HAYNMICTD. 3arPONIOHOBAHA TiIpaBIivHa
CHCTeMa YNPAaBIIHHS KJIallaHaMU Ta30pO3OJTy MOXKE BHU-
KOPHUCTOBYBATHCS Y IBUTYHAX JUISl IOKPAIIEHHS 1X poO0UnX
XapaKTEPHUCTHK, BIIPI3HSIETHCS TPOCTOTOI0 KOHCTPYKIIT Ta
KOHTPOJTIO, HU3BKOIO COOIBAPTICTIO.
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KurouoBi ciioBa: cucmema pezynosanns kianamis, ga-
3a 2azopo3nodiny, eucoma niouomy Kiandaud, XapaKmepuc-
MUKa 08USYHA

Meunb. [[Burarenu ¢ cucteMol yIpasieHHs KilallaHaMU
razopacrpenenieHus o0nanaoT JTydniel MPON3BOIUTEIHHO-
CTBIO TIO CPaBHEHHIO C JIBUTATEIISIMHU, Y KOTOPBIX 3a(puKCH-
POBaHbl MOMCHTBI OTKPBITHA W 3aKPBITHA, a TAKXKE BBICOTA
norbEMa KianaHoB. B paboTe npemioskena ruipaBimaeckast
CHCTEeMa YIPaBJIeHNUS KTallaHAMK Ta30pacipeieieHus, COOT-
BETCTBYIOIIAst TpeOoBaHMsM jiBuraress. OHa Mo3BoJIseT pe-
TyJUpoBaTh 00a KiianaHa: BITyCKHOM 1 BBIITYCKHOM.

Metonuxa. Co3aH MCHBITaTENbHBIA CTEHA JABHMKEHUS
KJIaIlaHOB M IIPOTECTHPOBaHA 3(P(EKTHBHOCTH PETYIIINH
KJIAallaHOB CHUCTEMBI YIPABJIEHHs KJallaHaMM Ta3zopacnpese-
nenwst. Ha ocHOBe rpamkoB moka3arerneii BITlyCKHOTO M BbI-
ITYCKHOTO KJIAIIAHOB, PETYIIUPYEMBIX CHCTEMOM, C TIOMOIIIBIO
MPOrpaMMHOTO odecriedeHus s 1D-MoaenupoBanus AVL
Boost ObLTH CIIPOrHO3MPOBAHbI PA0OUHE TIOKA3ATEIH [IBHTa-
TeNsL.

Pesyabrarhl. TecTsl oka3aay, YT0O MOMEHTBI OTKPBITHS
U 3aKPBITUS KJIAIaHOB MOTYT IOCTOSSHHO U3MEHATHCS CHCTe-
MOH B COOTBETCTBHHM ¢ 00OpOTaMHu JBUTatessi. Pesynbrarsl
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MO/ICTIMPOBAHMS JBUTATENSI C PETYIMPYEMBbIMU KIlaraHaMH
JIEMOHCTPHPYIOT YyJydIlleHHe MOKa3aTele MOIIHOCTH Ha
eMHUITy pabodyero o0ObEMa JBHTATENs, MOIIHOCTH TOPMO-
YKEHNsI, TOPMO3HOT'O MOMEHTa, Y/IeJIbHOTO pacxo/ia TOILINBa
Ha TOPMO3HOM CTeHze, KOod((HUIMEHTa OCTATOYHBIX T'a30B
Ha pa3HbIX 000pOTax JBUTaTENs IO CPABHEHHIO C NCXOHBIM
JIBUTATENeM. YIIydIIeHHs! OCOOCHHO 3aMETHBI Ha HU3KHX H
cpemHux 00opoTax.

Hayuynasi HoBu3Ha. [IpeuioxKeHbl HOBbIE KOHCTPYKLMS
W NIPUHLMI JEHUCTBUS THAPABINYECKON CUCTEMBbI YIIpaBlie-
HUS KJIallaHaAMU Ta30pacIpe/IeNieH s, CTPaTerusi Perysipo-
BaHWs KJIallaHOB, OTJIMYAKOIIHECA OT N3BCCTHBIX.

IpakTnyeckas 3HaunMocTh. [Ipeiokennas ruapa-
BJIMYECKAsl CHCTEMa YIpaBJIeHHs KJIallaHaM¥ rasopacrpe-
JICJICHHST MOYKET MCIIOJIb30BAaThCS B JIBUTATEISIX IS YIIyd-
HIeHHs] UX pabovnX XapaKTEPUCTHK, OTIMYAeTCsl IPOCTO-
TOH KOHCTPYKIMH ¥ KOHTPOJIS, HU3KOW ce0eCTOMMOCTBIO.
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EXPERIMENTAL DETERMINATION OF THE FRICTIONAL
PROPERTIES OF THE FLEXIBLE BODY SLIDING OVER A BLOCK

M.O. Jly6enenb, KaHJ. TeXH. HAYK, AOIL.

JlepxaBHUI BUIINI HaBYAIBbHUHN 3aKia] ,,HarionansHuii rip-
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BJACTHUBOCTEM T'HYYKOI'O TJIA ITPU KOB3AHHI 110 BJIOKY

Purpose. Experimental determination of the dependence of the force and the coefficient of friction of the flexible body on
the normal reaction between bodies while sliding over the fixed block.

Methodology. The frictional properties of the friction pair “flexible body—block™ was determined by means of the test
bench with different forces applied to the ends of the flexible body. Then, according to Euler's Solution, the experimental de-
pendence of the force and the friction coefficient on the normal reaction between the bodies was developed and compared

with the accumulated data of the theory and practice.

Findings. Experimental dependence of the force and the coefficient of friction of the flexible body on the normal reaction
between bodies while sliding over the fixed block was established.

Originality. For the first time, the two-parameter linear dependence of the friction force and inversely proportional de-
pendence of the coefficient of friction of the flexible body on the normal reaction between bodies while sliding over the fixed
block were obtained experimentally. This corresponds to Coulomb's law of friction between two solid bodies, new solution of
Euler’s classical problem of flexible body sliding over the fixed block, and practice data.

Practical value. Research results can be used in mechanical engineering while designing and operating transport vehicles

with a flexible traction body as well as in research and education.

Keywords: law of friction, flexible body, thread, sliding, block, tensile force, frictional properties, friction force, coeffi-

cient of friction, normal reaction

Objectives. The purpose of the article is to define expe-
rimentally dependence of the strength and the coefficient of
friction of the flexible body on the normal reaction between
the bodies sliding over the fixed block.
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Previously, the normal reaction between the flexible bo-
dy and block the has never been defined with the direct me-
thod since according to Euler’s solution it was determined
with the indirect method and depended on the frictional
properties of the flexible body — the coefficient of friction.
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