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Abstract A\)

A principle of best engine valve timing is proposed based on the re |r t of best
engine valve timing. A novel variable valve timing sy tem\is «desig rdlng to the
principle. The construction of the mathematical mode he syst nd its dynamic
simulation are also presented. The adjust performan ste d e oil pressure are
studied in the paper. Simulation and experimentalt sho h e system can achieve
fully variable valve timing adjustment by regulating electrOmagrietic valve closing time
according to the engine speed, and the syster@tlsﬂes t rificiple of best engine valve
timing proposed in the paper.

Keywords: variable valve timing, th@ple o@alve timing, mathematical model,

simulation, oil pressure QQ) %

1. Introduction

VVT technology can injprpve th \speed stability, the low speed stability, the
emissions, the powere a@ onomic’Qa e engine [1], so VVT technology has been
recognized by the s man automobile enterprises have paid attention to it. Many
automobile enter research institutions have carried out research on it,
achieving a g of results 8]. So far, there is a lot of commercial VVT technology.
Toyota’s VV MW’ s Ford’s VCT, Delphi’s VCP, Nissan’s CVVT, Hyundai’s
VVT, Kia’s CVVT and €0%en are the typical representative. The principle of these VVT
systems is the cams fbhase modulation that the adjustment of valve timing through the
change of the rek&phase of the cam shaft and crankshaft. This method can realizes
continuously, adjustbef the valve timing in a certain angle range. Compared with traditional
valve system\%an greatly improve the performance of the engine. Due to the fatal flaw that
the cam pr is immutable, the valve duration angle of these VVT systems can not be
changed\ltcan only achieve the adjusting effect that the valve advance angle is good, but the
va angle is bad, or the valve lag angle is good, but the valve advance angle is bad. It
makes>the engine can not get the best valve timing in each condition but the condition was
considered in the design of cam profile. It also leads to the limited effect of engine
performance and the energy-saving.

The system such as Honda’s VTEC (Variable Valve Timing and Valve Life Electronic
Control System), Porsche’s Vario-Cam and Audi’s AVS, which adopts multi cam to adjust
valve timing and lift can only achieve the best adjustment of valve timing and lift control in
several engine speeds or load [9], but can’t achieve the best valve timing in all working
conditions.

The Fiat’s 3D cam continuously variable valve timing mechanism can achieve continuous
adjustment of valve timing, duration angle and lift in a certain range [1]. Due to the serious
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wear which caused by the point contact between the cam and follower, at the same time, the
complex structure and high cost, the mechanism fails to achieve widespread application.

Due to existing VVT technologies have defects, a principle of best valve timing is
proposed based on the study of optimal engine valve timing requirements. A novel variable
valve timing system is designed according to it. And the system is studied by simulation and
experiment.

2. Analysis of the Best Engine Valve Timing Requirements

The best engine valve timing is that the engine has the most appropriate valve timing
each working condition, to make the power, the economy and the emission perf&p&e
engine has the good performance. Yy

The intake air velocity is very high and the flow inertia is great when the€nging running
high speeds [11]. In this case, increasing the intake valve aﬂ;;ce angl rantee fresh

of
at

gas or combustible mixture gas smoothly and fully into cytinder. easing intake valve
late closed angle can take advantage of the merti |n ake4air o enhance the

charging amount of cylinder in order to improve th perf eanwhlle in order
to exhaust the gas of cylinder as much as possible, t haus dvance angle should be

increased, using the good power stroke that fro inder pressure”is greater than the pressure
of outside cylinder to exhaust in advanc& creasm%e exhaust valve lag angle can
make full use of the inertia of exhaust e effec ke to exhaust more gas out of

efficiency is improved and eng ance i ced

The intake air velocity is Io flow is small when the engine running at low
speeds or idle. In this case, |f the mtake va@)ens prematurely, while the piston is still in
the upward exhaust, the fr will b d from the cylinder, some exhaust gas will go
into the intake mam&ﬂ& of these result in reducing the amount of intake air and

cylinder. The overlap angle of mtake and % alve is greatly increased, so intake
ert

making the work of unstal However if the open time of intake valve is delayed,
that is the intake S ope the piston has a very small downlink speed and the
opening of mt“a is s e mtake velocity will be increased, intake swirl also will
be enhanced, so“the mmé@mll obtain better homogeneity, higher combustion rate, more
sufficient combustion gher cycle efficiency. Thus, the intake valve advance angle
should be decreased he engine running at low speeds or idle. On the other hand, due to
less mixed gas is when the engine running at low speeds or idle, the intake valve lag

angle shoul decreased to reduce the amount of intake air. In order to take full advantage
of the worﬁ S, the exhaust valve advance angle should be decreased when the engine

running speeds or idle. Meanwhile, in order to avoid the mixed gas outflow out of the
cyl exhaust valve and excessive exhaust gas enter intake manifold to affect the
am@f intake air, the exhaust valve lag angle and the overlap angle of intake valve and
exhaust valve should be decreased.

In summary, the valve advance angle, the valve lag angle and the valve duration angle of
the engine's intake and exhaust valves should be increased with the engine speed increasing,
at the same time, it should decreased with the engine speed. This is the principle of best valve
timing, as shown in Figure 1.That is the fatal flaw of VVT system which adopts the camshaft
phase modulation principle.

384 Copyright © 2014 SERSC


http://dict.cnki.net/dict_result.aspx?searchword=%e5%85%85%e9%87%8f&tjType=sentence&style=&t=charging+efficiency
http://dict.cnki.net/dict_result.aspx?searchword=%e5%ba%9f%e6%b0%94&tjType=sentence&style=&t=exhaust+gas
http://dict.cnki.net/dict_result.aspx?searchword=%e5%87%8f%e5%b0%8f&tjType=sentence&style=&t=decreased
http://dict.cnki.net/dict_result.aspx?searchword=%e5%8f%a6%e4%b8%80%e6%96%b9%e9%9d%a2&tjType=sentence&style=&t=on+the+other+hand
http://dict.cnki.net/dict_result.aspx?searchword=%e5%87%8f%e5%b0%8f&tjType=sentence&style=&t=decreased
http://dict.cnki.net/dict_result.aspx?searchword=%e5%87%8f%e5%b0%8f&tjType=sentence&style=&t=decreased
http://www.iciba.com/outflows
http://dict.cnki.net/dict_result.aspx?searchword=%e5%87%8f%e5%b0%8f&tjType=sentence&style=&t=decreased

International Journal of Multimedia and Ubiquitous Engineering
Vol.9, No.7 (2014)

high engine speed N\ T —_—

low engine // exhaust

speed ,/

/H

Figure 1. Schematic Diagram of the Principle of Best Engine Valve Timing

3. Novel Variable Valve Timing System and Mathematical Modeliﬂg»)'
3.1. Novel Variable Valve Timing System

Figure 2 is the schematic diagram of hydraulic VVT sys Ihe sy ists of cam,
cam cylinder, valve cylinder, valve assembly, oil filling and oi system The oil
filling system which consists of oil tank, oil pump, che ov fI alve and pipeline,
provides the 0.2MPa-0.3MPa oil for the WT system consists of
electromagnetic valve, oil tank, check valve and p|p Thexy c system is supplied by
cam. The reciprocating motion of cam plston i n by the rotary of cam. When it is in the
lift, the cam tappet moves right. The oil @ is dI’IV the right, and the oil pressure
generates at the same time. When the fo &ll acts valve piston is greater than the
sum of valve spring’s pre- tlghtenlng f er force between the valve piston and
valve cylinder, the valve opens. is n‘% the valve falls back under the action
of the valve spring. When the frc 0|I acts_on the valve piston less than the sum of valve
spring’s pre-tightening force an he fritti force between the valve piston and valve
cylinder, the valve seats. Th e and me of oil into the valve cylinder are controlled
by controlling the on-offAj of the elécthomagnetic valve in the system. The control signal
of electromagnetic v N pends the cam angle signal. The set pressure value of outlet
check valve is 0

valve spring

electromagnetic valve
outlet check valve

oil tank

Figure 2. Schematic Diagram of Variable Valve Timing System

The work process of hydraulic VVT system: When the starting point of cam lift comes, the
electromagnetic valve switches on. The oil that has been pumped out from the cam cylinder
flows to the oil tank through the oil pump line. When cam comes to the angle of the valve
needs to open, the electromagnetic valve closes. Then all of the oil that has been pumped out
from the cam cylinder goes into the valve cylinder. When the force of oil acts on the valve
piston is greater than the sum of valve spring’s pre-tightening force and the friction force
between the valve piston and valve cylinder, the valve opens and the opening of valve
gradually increases until the end of cam lift. While cam in return, the valve falls back under
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the action of the valve spring. The oil flows back to the cam cylinder. The pressure of oil
decreases at the same time. When the force of oil acts on the valve piston less than the sum of
valve spring’s pre-tightening force and the friction force between the valve piston and valve
cylinder, the valve seats. If the oil pressure of system under the set value, the oil filling
system would supply oil to keep the pressure.

From the working process of the system, the electromagnetic valve closing time affects the
time of hydraulic oil flows into the valve cylinder, the volume and the time of hydraulic oil
flows from it. The electromagnetic valve closes earlier, the time of hydraulic oil flows into
the valve cylinder earlier, more hydraulic oil flows into the valve cylinder, and the time of
hydraulic oil outflows from valve cylinder later, the valve advance angle, the valve(lag angle
and the valve duration angle larger. On the contrary, they are smaller. Theref eMalve
advance angle, the valve lag angle and the valve duration angle of valve can b sted by
regulating electromagnetic valve closing time according to the engine speed( F rmore, the
system satisfies the principle of best engine valve timing p& edinth

3.2. Mathematical Modeling 'Q

The mathematical model of system is establis ased%ystructure and working
principle of hydraulic VVT system. Its perfg@nces wilé‘,b nalyzed by mathematical

modeling and simulating.
1) The displacement equation of cam pi

The cam piston is follower of cam.}gb plac %aﬁiliated with the cam profile. The
displacement equation of cam pis n%Jn e depi ollows:

éB
3><[1—cos7[>< 1.0 0°,31 °]
X, (0) = 140 1
1 (0) @ @ 300,3100] (1)

2) The continuou\&rI quation.of cam cylinder
In consideration ﬁ pres@low, the continuous flow equation of cam cylinder is:

0

dx
Ald_tl_ dt -Q, 3 —Q, =0 (2)
3) The continuous flo ation of valve cylinder
The cam cylinder alve cylinder is connected with a slender tube. The continuous
volume flow equati ydraulic from the cam cylinder flow into the valve cylinder is [11]:
4
P, ¥P,)
= 3
Q, 8. (3)
The ¢ ous flow equation of valve cylinder can be divided into two cases, and they are
exp@ follows.
a) When the force of oil acts on the valve piston less than the sum of valve spring’s pre-

tightening force and the friction force between the valve piston and valve cylinder, the valve
can not move, the oil in the valve cylinder is compressed. In this case, the continuous flow
equation of valve cylinder is:

V, dp

g =0 (4)

44 dt
b) when the force of oil acts on the valve piston is greater than the sum of valve spring’s

pre-tightening force and the friction force between the valve piston and valve cylinder, the
valve moves. In this case, the continuous flow equation of valve cylinder is:
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dXZ VZ + XZAZ de
— =0
A at 48 dt Q. (%)

4) The continuous flow equation of inlet check valve
Flow equation across the inlet check valve is expressed as:

2><(p3—p1) <
Q, = C,A, — P1 < Ps (6)
0 P: > Ps

5) The continuous flow equation of electromagnetic valve
Flow equation across the electromagnetic valve is expressed as:

2 % —0.2
Cd Acz (pl )

Q. = P electromagnetic valve open Cf E

0

6) The equilibrium equation of the ve electromagneNa ec s
The valve assembly can be simplifie

action of hydraulic force. The equilibrium equatlon Ive piston is:
d’x, dx,
Azpz_m d2 Y dt _Fz_kzxz 8)

In this equation 2 is the equivalent @&y of al\@ mbly, can be expressed as:
1 \
m, =m,+m, + 3 m

7) The relationship betwee&A crank-?\ and engine speed at electromagnetic valve
close time

a=f(n) @ (9)
4. The Simu@%\mde A%imulatlon Results
The system simul&%ﬁy the dynamic graphical simulation software MATLAB/

SIMULINK. Accordin ation (1) ~ (9), the simulation model is established. Figure 3 is
the simulation mode he simulation parameters are shown in Table 1.

@‘ - durdt b ) ) e < _ofx ]
Ll B s
O ”
1 } Scope
Q X | [maTLAB
Function du/dt
MATLAB JT
Function h
du/dt 2
[ maTLAB F Y PATLAR | MaTLAB MATLAH
| Function frdtion Function Function

Figure 3. Simulation Block Diagram of System
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Table 1. Simulation Parameters of the Simulation Model

A(mm?®) | A (mm*) | Vo (mm®) | Vo, (mm®)

201 100 2200 400
A(mm®/Pa) | d(mm) I[(mm) | u(mm?/s)
0.7 8 800 30

Cq A01(mm2) p(Kg/mS) m, (Kg) V’

0.6 13 870 0.008 | Y,
Ay’

C Fo(N) | Kp(N/mm) 4 A

0.15 120 40‘(\\\3 &13«;{)

Y
Figure 4 presents the simulation results of valve timihg at d‘%u engine speed. Figure 4
shows the valve advance angle, the valve lag ar%nd the valve @Uration angle can be varied
according to different engine speeds. Figure @1 the s@tlon results of valve timing at
3000r/min and different electromagnetl Iosmzh The figure told that the valve
advance angle, the valve lag angle andgl!J aIv angle can be adjusted at a certain
told valve timing adjustment affects the

engine speed. Figure 4 and figu
valve lift. The electromagneti e IS close r, the valve lift is greater. This result is
required in the engine Worklng The Iarge; e Ilft is required at high engine speed, and

small valve lift is requwed oW engi

0 50 100 150 200 250 300 350
crank angle(degree)

Figure 4. Simulation Results of Valve Timing at Different Engine Speed
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10 |

valve lifttmm’

17/

0 50 100 150 200 o 300
crank angle(degre

Figure 5. Simulation Results of lefe ust‘r@ 000r/min

5.1 Experiment Apparatus Q ; %
Test apparatus is shown in Figure &nx ser: r S|mulates the engine to provide
r,

power for the cam shaft. The di gine to be simulated by the servo driver
adjusts the rotating speed of Sg% r. Servo electromagnetic valve and the motor
of oil pump are controlled by Programmabl gic Controller (PLC). The signals of No.1
phase sensor are processed LC an d to control the on-off of the electromagnetic
valve. Human Machine | e (HM ed to input the rotating speed of servo motor and
human-computer int ion of oth rmation of system.No.2 phase sensor is used to
measure the phase % shaf ‘%al -time oil pressure of cam cylinder and valve cylinder
is measured igh freq pressure sensor. Laser displacement sensor is used
measured the me d%« ment of valve. All signals are collected and recorded by the

5. Experiment and Results

data acquisition system, a e processed and analyzed by computer.

data acquisition
@ system - i

i
high &equency.FJ
pressure senso

% _i ala s of] ].BSET

l I'ihvﬂ!rnvﬂul displacement

SEensor

Il

E

valve

outlet check valv

relief valvel electromagnetic valve

oil pump

outlet dheck valve

Figure 6. Test Apparatus Diagram
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5.2. Experimental Results

The opening and closing of electromagnetic valve belongs to process control. In order to
make the experimental results consistent with the simulation results, the on-off time of
electromagnetic valve in the experiment is slightly ahead of simulation parameter. Figure 7
shows the experimental results at valve timing adjustment test of different engine speed.
Figure 8 shows the experimental results of electromagnetic valve different on-off time at
3000r/min.From two figures, it’s known that there is some difference between the
experimental results and simulation results, but the difference is very small. So, it can be said
that the experimental results consistent with the simulation results. The result proves the
validity of mathematical model. The errors between the experimental results and‘ﬁqé)aflon
results are caused by leakage of experimental system and error of hydraulic oil p?@; r

12 1 simulation
------- expriment \
10 , o x)

valve lift{mm’
o

e

oo

50 )a 0 200 250 300 350
¢ angle(degree)

Figure 7. Vf! a& f E@nt and Simulation at Different Engine Speed

simulation

valve liﬂ(n@
(=] [n]

0 50 100 150 200 250 300
crank angle(degree)

Figure 8. Valve Lift of Electromagnetic Valve Different on-off time at 3000r/min
Figure 9-- Figure 12 show the comparison of oil pressure of valve cylinder between

experimental results and simulation results at different engine speeds. The Figures show that,
with the increase of engine speed, the pressure of valve cylinder increases, and the pressure
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fluctuation is intensified. There is a situation that the instantaneous pressure of valve cylinder
nearly closes to the pressure of oil filling system during the process of valve open at
6000r/min. If the engine speed over6000r/min, it will appear the phenomenon that the valve is
out of control.

valve lift

-
T
-
~
=

16
pressure(experiment)

[=z]
T

(4]
T

valve lif{mm)
FoN
3
g
K
g

sspre( MPa)

3 F

s | Q N
n.-:::.'::).' (\ .\- -‘-“\-

0 1 1 10 1 |A U
0 50 100 L'l

2&» 0 350 400
Figure 9. The PQI@CUFV%%[VG Cylinder at 800r/min

78
17
16

pressure(Pa)

O ‘
@ 0 S0 100 150 200 250 300 350 400

crank angle(degree)
Figure 10. The Pressure Curve of Valve Cylinder at 1500 r/min
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10 7 10
pressure(experiment)

pressure( MPa)

valve ifi{mm)
o o= N W e N M = 0w
1
o o= N W e M -3 0w

% i Yw
0 S0 100 150 200 250 300 3500 4G0 C}
crank angle(degree)
Figure 11. The Pressure Curve of V |nd 0 r/min
12 r \
. 4

o, Vvalve liftf mm)
m

2

1
o o= N W oaAse M 9 0w
pressure( hPa)

%

6 100 150 200 250 300 350 400
crank angle(degree)

Figure e Pressure Curve of Valve Cylinder at 6000 r/min

%

Figure Q-ﬁgge 12 show that although the trend of pressure curves of simulation and
measured p@ e curve in valve cylinder is very consistent, but there is a big error between
them. T re several reasons to cause this situation [12]: Firstly, there are differences

i odel and the actual system, such as the pipes of system are considered to be ideal
in the'simulation model, but the pipes of system are not ideal in the test rig; the pressure of oil
filling system is considered to be constant in the simulation model, but it is fluctuant in actual
system. Secondly, there is error between the theoretical profile of cam and the actual profile
of cam. Thirdly, some parameters are unreasonable, such as elastic modulus of hydraulic oil.

6. Conclusion

1) The best valve timing of engine is that both the advance angle, the lag angle, the
duration angle, overlap angle of intake valve and exhaust valve should increase with the
engine speed, and decrease with the engine speed decreases.
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2) The novel variable valve timing system can adjust the valve timing according to the
operating condition of the engine in accordance with the best valve timing principle of the

paper.

3) The valve cylinder pressure of novel variable valve timing system increases with the
engine speed increases, the oil pressure fluctuation is intensified. The novel variable valve
timing system allows maximum engine speed is 6000r/min.

7. Nomenclature
0 crank angle (degree ) x) .
N :engine speed (r/min)
t-time(second ) 6?’
Al: cross-section area of the cam cylinder piston (mm% @
A, : cross-section area of the valve piston(mm?) x)
Xy -displacement of the cam cylinder piston( me \)
X
N

2 : valve lift. (mm)

: initial volume of cam cylinder(mm? Q

- initial volume of valve cyllnder ;\Q)

Py instantaneous pressure Imder(

P2 :instantaneous pressure.of valve ¢ Imd@/l Pa)
Ps. pressure of supply@@\e (M Pé?
Q2 volume ro draullc : into the valve cylinder( ml/min )

Q. volume @ Hydr

Qs :volume flow of H@d ic flow into the tank by oil unload line( ml/min )
d - diameter of plg%nects the cam cylinder with valve cylinder( mm)

w into the system supplied by supply oil line( ml/min )

¥ length of pi nects the cam cylinder with valve cylinder(mm)
H - hydraftic.oil viscosity(mm?/s)
B ny oil elastic modulus (mm?/Pa)

turning angles as the solenoid valve from open to closed( degree )
“damping coefficient

P density of hydraulic medium(kg/m?)

Cy :discharge coefficient of valve orifice

Au :cross-section area of inlet check valve(mm?)

Ay :cross-section area of electromagnetic valve (mm?)
F

k

2 :valve springs pre-tightening force( N )

2:valve spring stiffness( N/mm)
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M, : equivalent quality of valve assembly( kg)

P quality of the valve piston(kg)
v: quality of valve, valve spring seat and the locking clip(kg)

s :quality of the valve spring. (kg)
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