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Abstract

The paper presents experimental electrohydraulic valve drive for internal combustion engine. The design is
a single-acting hydraulic actuator with spring return controlled by servovalve. Such solution should give free control
of valve lift, valve open and valve close time. In the article the principles of the operation of the drive are described.
The paper focuses on exploring the dynamic of experimental electrohydraulic engine valve actuation system working
in open-loop. For investigations the mathematical and simulation models were elaborated. The values of unknown
coefficients of the models were intercepted on two test stands. First of them served to servovalve research. Second was
built on the basis of the prototype drive and let on the research of the dynamics of the all drive. Chosen results of these
investigations are placed in the article. The drive was explored for different oil supply pressures, control signals and
spring mounting lifts. Experimental dates let to verified dynamic mathematical model. Comparisons of valve lift
proceedings obtained from experiments and simulations are presented in the article. Verified model let to execute the
analysis of the features of such drive and point necessary modifications for the correct realization of the process of the
gas exchange in internal combustion engine.
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1. Introduction

Flexible valve actuation systems can improve the fuel economy, emission and torque of internal
combustion engine. Continuous regulation of lift and angles of the opening and the closing intake
and exhaust valves can be achieved for example with electromagnetic, electropneumatic or
electrohydraulic valve drive systems.

In this paper electrohydraulic single-acting valve drive was analyzed. In this solution opening
of valve is forced by the pressure lead to the actuator. The return movement of the valve causes the
spring force. Direction of valve movement is controlled by servovalve.

2. Structure and operations of electrohydraulic single-acting valve drive

The system outlined below is capable of actuating a single engine valve. The schema of laboratory
electrohydraulic valve drive is shown in Fig. 2. The basic elements of such system are: single-
acting actuator with one-side piston rod and servovalve — Fig. 1. The piston rod is connected with
engine valve. Controlling the lead of working agent is realized by servovalve. The servovalve consists
of two major elements — Fig. 1:

- torque motor cooperating (5, 6) with the system nozzle — flapper (3, 4),
- spool (1).

These elements are connected by mechanical feedback in the spring form (2).

From the schematic it can be seen that in the neutral position (the lack of electric signal) the
armature of torque motor (5), and thanks to it, nozzle flapper are put in the middle position. The
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pressure of oil constantly flowing through nozzles is the same, which effects the spool put in the
middle position. Electric steering signal causes the creation of magnetic moment by coils that are
why the armature is magnetised to appropriate pole of torque motor. Magnetic moment is
proportional to the current intensities flowing through windings.
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Fig. 1. Schema of Rexroth’s servovalve type 4WS2EM10: 1- spool 2 — feedback spring, 3 — nozzle, 4 — flapper,
5 —armature, 6 — coil, S —inlet port, A — port A, B — port B, T — return port

Fig. 2. The working phases of electrohydraulic valve drive

As a result of armature’s movement, flapper deflects from its original middle position covering
one of the nozzle and at the same time revealing the second one (Fig. 2b). The consequence of it is
the increase of oil pressure in front of covered nozzle and oil pressure decrease in front of uncovered
nozzle. Owing to this situation, the pressures working on spool’s head area are not the same. The
difference in pressure causes the fact that the resultant of forces working on the spool is different
from zero, which forces spool’s movement (Fig. 2b). It is given on flapper and armature by feedback
spring (2). The movement of spool finishes in the position, in which moment of force on armature
deriving from feedback spring (2) and the magnetic moment are equalized. Flapper will take then
the position, in which resultant of forces working on the spool equals zero. Feedback spring causes
that the movement of spool is proportional to steering signal. As a result of moving the spool there
is a connection the supply port with actuator and the piston move down. Opposite electric steering
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signal causes analogical situation with the difference that the spool moves in opposite direction.
The result of such moving is connection actuator with the tank (Fig. 2c). Then the return spring
moves the piston up. Since the piston is in direct contact with the engine valve its displacement is
equal to the displacement of the engine valve.

Application of two stage servovalve causes the movement of engine valve is generated by the
input voltage ranges +10 V and current not exceed 100 mA. In such solution small electric power
is enough to move the valve.

3. Model of valve drive

The mathematical model of servovalve is recount in [4]. In accordance with [4] the rotary
motion equation of the armature can be expressed as:

JZF““%E““[ks"erZ' 2 Iy -k, o=k ik X, (1)

where:

J; - representative inertia of armature,

@ -armature turning angle,

c,, - viscosity friction coefficient of armature,

ks - feedback spring stiffness,

Is - the distance between the rotation axis of the armature and axis of the slider,
x - hydrodynamic coefficient,

dg - nozzle diameter,

I - the distance between the rotation axis of the armature and axis of the flapper,
k, - coefficient of pressure differential,

i - torque motor current,

ki - current gain coefficient,

X - spool displacement.

At the foundation of not large armature dislocations the current equation can be expressed as:

di .
L ™ +R-i=U, 2
where:
L - inductance of the solenoid,
R - resistance of the solenoid.

The motion equation of the spool can be expressed as [4]:

d?x dx _(dx 0,72
M+t -&gn(EjJ{ks +f.ﬂ-ds -ApJ.x —(k,-A —k;-1,)-0, 3)
where:
ms - mass of spool,
Cs - viscosity friction coefficient of spool,
Fis - stiction force,
& - hydrodynamic resistance coefficient,
Ap - pressure drop on servovalve orifice,
ds - spool diameter,

7-d?

A= 1 S - spool end area.
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3.1. Model of the hydraulic distributor
Described with the equation (3) the movement of the spool changes the area of orifices in

controlling ports through the working liquid flow (Fig. 2). The value of the flowrate can be described
with the dependence obtained from the Bernoulli’s equation:

2 2
Q:Cq.\g.s.@ch.\g.ﬂ.ds.xr.m:KQ.xr.m, ®

where:
cq - flow coefficient dependent on Reynolds number,
S=rx-dg X, - cross-sectional area of orifice,

Xy - real orifice open,
Ko :Cq-\/z-ﬂ-ds - flow coefficient dependent on orifices geometry, Reynolds number and
2

working fluid density,
Ap - pressure drop on orifices.

Flowrate equation for system hydraulic distributor — the actuator, according to Fig. 3 is:
QS:QT+Qh+QI+Qc| (4)
where:
Qs = Kgs * X5 -/ Ps — P, - inlet flowrate,
Qr =Kgr - X1 -/ Pa— P - return flowrate,

where:

ps - inlet pressure,

pa - pressure in the actuator,
pr - return pressure,

X—Xgg for X=Xy . -
Xig = - inlet real orifice open, where Xgs - spool overlap,

0 for X < X
0 for x> Xor .
Xpr = - return real orifice open, where Xg7 - spool overlap,
X+Xor  for X< Xor
d
AY for y<y,m«
Q,=¢ dt - flowrate for actuator absorbency,
0 for y>Y,ma
where:

A - hydraulic amplifier piston working area,
y - engine valve displacement,
Yp - piston displacement,

Q =k,-p, - leak flowrate, where: k, - leak coefficient,
Q.= \E/—dﬂ - flowrate associated with oil compressibility,
where:

E. - oil bulk modulus,
V - volume of actuator chamber.
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Fig. 3. Schema of hydraulic part of valve drive

The motion equation of the engine valve can be expressed as:

d2y dy . (dy
m-F+C-E+ F, -S|gn[a tkey=A-pp+tm-g-k-y,—F, for y<y,n,
d2y dy . (dy

m, -F+CV -E+ Fu -su;n(a +k-y=m-g-k-y,—F, for y>Yoma,
where:
m - the sum of masses of: piston, engine valve and element connected with it,
m, - mass of engine valve and element connected with it,
y - engine valve displacement,
Yo - spring mounting lift,

C, C, - viscosity friction coefficients,

Fi, Fyw - stiction forces,

k - stiffness of the spring,

A - area of piston,

pa - actuator pressure,

F, = A, - p,(t) - gas force acting on engine valve head,
where:

A, - area of engine valve head,

ps(t) - gas pressure in engine cyl

4. Investigation objects

inder.

(5)

For the purpose of intercept the values of unknown coefficients of the model one built two test
stands. First of them was necessary to obtain no loaded flow rate characteristics. These characteris-
tics let to determine values of inlet and return spool overlaps. The schema and the photo of the test

stand are shown in Fig. 4.

Second test stand was built to research dynamic of complete drive. The schema and photo of this
test stand are shown in Fig. 5. The test stand consist of: proportional valve (servovalve), hydraulic
actuator, engine valve, spring, supply pump, safety valves, filter, cooler, hydropneumatic accumulator
and input signal generator. The hydraulic pump provides the high pressure fluid up to 10 MPa. The
hydropneumatic accumulator filled with nitrogen is used to reduce the supply pressure fluctuation.
The generator realizes open loop control, by delivering rectangular voltage signal. The displacement

of the engine valve was measured

with utilization of the optical distance sensor.
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Fig. 4. The test stand for servovalve researches: 1 - tank, 2 - supply pump, 3 — filter, 4 - safety valves, 5 — pressure
and flowrate sensors, 6 - hydropneumatic accumulator, 7 — servovalve, 8 — acquisition system, 9 — generator

Fig. 5. Functional schema of electrohydraulic valve drive: 1 - tank, 2 - supply pump, 3 — filter, 4 - safety valves,
5 — pressure sensors, 6 - hydropneumatic accumulator, 7 — cooler, 8 — servovalve, 9 — actuator, 10 — engine
valve, 11 — valve spring, 12 — position sensor, 13 — acquisition system, 14 — generator

5. Experimental tests results

The flowrate characteristics were obtained for pressures range 2-6 MPa. On their base one
counted values of flow coefficients and spool overlap. Chosen characteristics obtained on this stage

of investigations are presented in Fig. 6.
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Fig. 6. Flowrate characteristics of servovalve: a) the outflow from the actuator b) the inflow to the actuator

Dynamic of the drive was research on the test stand shown in Fig. 5. The investigations were led

for pressures of the power supply within 6-10 MPa. One changed also spring mounting lift. The best
dynamic parameters of hydraulic engine valve drive were obtained for highest pressures. Exemplary
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valve lift proceedings, his speeds and accelerations, for supply pressure 10 MPa, are presented in
Fig. 7. One examined two ways of closing of the engine valve. The first, through leaving of the
return orifice opening equal the spool overlap — Fig. 7a. The second, through maximal opening of
return orifice — Fig. 7b. In this ways obtained different speeds of closing of the valve and especially
different valve seating velocities. Such control of drive is considering as one of ways of valve braking.
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Fig. 7. Valve displacement, velocity and acceleration: a) return orifice opening equal the spool overlap, b) full opening
of return orifice

6. The verification of the model

The mathematical model of hydraulic single-acting valve drive described above, allowed
creating a simulation model in Simulink. This model was experimentally verified. The
comparative assessments were made for different pressure supply and spring mounting lifts. The
verification example is illustrated in Fig. 8. Below presented graphs show good accordance
simulation and experimental test dates.
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Fig. 8. Valve displacement, velocity and acceleration — test dates obtained from simulation and experiment: a) return
orifice opening equal the spool overlap b) full opening of return orifice
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7. Conclusion

Results of verifying researches of the model of electrohydraulic single-acting valve drive show
that it gives the solid basis for further works on such drive development. Following tests will be
aimed at elaboration an appropriate control system of the drive. Such control system connected with
small mechanical changes should give required valve displacement, especially concerning valve
seating velocity. Verified model let to execute the analysis of the features of presented engine valve
drive and point necessary modifications for the correct realization of the process of the gas exchange
in internal combustion engine.

Ministry of Science and Higher Education supports the work as a research project number
NN509292835.
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