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Abstract: In four stroke internal combustion engines, the valves control the gas inlet and outlet events. Electromechanical valve (EMV)
systems perform the required valve timing independently of the crankshaft position. With this feature, EMV systems have a great
potential for increasing engine performance, ensuring optimum fuel consumption and minimizing emissions. The intent of this study was
to improve an EMV system, which has 12V supply potential, and to investigate dynamic performance at different lifting valve operations
and then to determine the support limits of an internal combustion engine. At the end of the development of the EMV system, the
transition time for 6mm valve lift was measured as 3.9 ms. Accordingly, it is evaluated that a four-stroke internal combustion engine can

be supported up to 5128 rpm.
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1. Introduction

Conventional engine technology uses mechanically driven
camshafts, to perform the opening and closing phase of intake
and exhaust valves. The opening and closing profiles of such
valves is strongly coupled to crankshaft position. Therefore, the
valve train is not a flexible device and it is not possible to adjust
or adapt in real time the valve features according to the engine
conditions. Consequently definition, the standard valve system
put a limit on the performance of internal combustion engines.
The intake system on an engine, typically consists of an air filter,
a throttle, individual fuel injectors, intake manifold, intake ports,
intake valves. During the induction process, pressure losses ocur
as the mixture or as the air passes through of these components.
For this reason, the pressure dropping of an intake manifold
decreases the volumetric efficiency of an engine.

For the internal combustion engine with the aim of improving
performance, reducing fuel consumption and exhaust emissions,
the variable valve timing is one of the effective and essential
means. Variable valve systems that operate mechanically have
eliminated most of above mentioned limitations. VVT technology
uses the camshafts to open or close the valves like conventional
engines valve train. Furthermore, mechanically operating variable
valve systems are unable to change all operating parameters of
valves at the same time and at infinite intervals.

Variable valve timing and lifting can dramatically change an
engine's performance characteristics that tork, power and specific
fuel consumption. VVT is one of the effective and essential
means for the internal combustion engine with the aim of
improving performance [1], [3]-[6].

The development of an effective variable valve system strongly
relies on innovative valve actuators. There are several valve
devices that electromechanical valve (EMV) actuators,
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electro-hydraulic[7]-[10], hydraulic, pneumatic[11], [12] and
motor-driven systems[13], [14] have been proposed to implement
variable valve timing (VVT).

The variable valve timing without camshaft is also called camless
valvetrain or electromechanical valve (EMV) system. For this
system, the camshaft mechanism is replaced by an electric or
hydraulic or pneumatic system and the fully controls of the
duration and valve stroke with possibly infinite variable valve
timing is able to be achieved.

Electromechanical valve (EMS) systems are generally based on
mechanism design [15]-[19], design influencing factors [20],
[21], noise reduction [22], modeling and simulation [1], [3], [23]-
[26], control and optimization [27]-[29] and engine applications
[30]-[32].

Studies have shown that significant benefits in terms of fuel
consumption, emissions, and torque production can be obtained
through the adoption of Variable Valve Actuation (VVA)
operations [33]-[39], in particular cylinder deactivation[40] and
Variable Valve Timing (VVT) over all engine operating
conditions.

The aim of this study was to improve an EMV system and to
investigate dynamic performance at different lifting valve
operations and then to determine the support limits of an internal
combustion engine, and also to investigate the switchability
capacity of the new EMV system in return to the opening and
closing movement of a standard valve [41].

In this study, the previously produced system will be named as
EMV1 and later developed system will be named as EMV2.

2. Electromechanical Valve (EMV) System

Electromechanical valve (EMV) systems are designed to operate
the valves independently of the crankshaft. The system basically
consists of an electronic control unit, two coils, two springs, a
core and a valve. In Figure 1, the elements composing an
electromechanical valve system are shown schematically.
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Figure 1. EMV system parts

The signals required for the control of the system are provided by
the electronic control unit. The valve is opened and closed by
transmitting the current from one of the coils and cutting off the
current from the other one depending on the control signal sent
by the electronic control unit (module). The electromagnetic force
formed moves the core within the distance between two coils.
The valve located at the end of the core fulfills the task of
opening and closing by following the movement of the core. The
system spring in the mechanism applies force in the direction of
opening the valve and the valve spring applies force in the
direction of closing the valve. When no signal is applied to the
system, the moving core is kept in the middle position under the
effect of the spring forces, and the valve is kept in the semi-open
position.

3. Experimental Setup

For the purpose of determining the dynamic characteristics of the
EMV system, the picture of the Experimental setup is presented
in Figure 2. To create the experimental setup, the EMV system
with 12V operating voltage was connected to the cylinder head of
a single-cylinder engine. The power electronic circuit was
installed to control the system. The Pulse-Width Modulator
(PWM) was produced to ensure the control of the EMV system
by a computer. A computer interface program was created to
provide an easy data entry to the system by the PWM. Thus, the
desired PWM signal data can be easily transferred to the
computer and the preferred control signals can be sent to the
EMV system via the interface module and the PWM.

MOSFET integrators were used in driving solenoids that took on
the opening and closing task in the EMV system. In order to
reveal the dynamic working parameters of the system, it is
needed to measure the coil current, control signals, and valve
movements. For this purpose, hall sensors were used. Here, two
hall sensors were used to measure each coil current and one hall
sensor was used to sense the valve movement and the current and
position information was obtained with these sensors.

ART USB5935 data logger and control module was used to
collect and record the current, position and control information
obtained from the sensors.

(1. System spring, 2. Closing solenoid, 3. Core, 4. Opening solenoid,
6. Valve spring, 7. Valve Joint, 8,9. Current sensors, 10. Data Logger,
11. Motion sensor (hall), 12. Mosfet driver circuit, 13. Mosfet heatsink)

Figure 2. EMV system

4, Mathematical Model

The EMV system consists of the combination of three main
subsystems: electrical, magnetic, and mechanical. The movement
occurs as a result of the interaction of these three components.
Here, while the electrical subsystem determines the current
dynamics passing through the coil, the mechanical subsystem is
responsible for the moving core dynamic. The interaction of the
electrical and mechanical parts forms the magnetic part. The
movement is performed by the magnetic force that is generated
by the coil current and directly affects the core. The block
diagram of the EMV system is presented in Figure 3. From the
magnitudes in the figure, E is the voltage applied to the solenoids
(V), | is the current (A) passing through the coils, Fm is the
electromagnetic force (N), x and v are the valve position (m) and
valve speed (m/s), respectively.

I Fm

Magnetic Machamic L

E
—+ Electric
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Figure 3. EMV system block diagram
4.1. Electromagnetic Subsystem

The electromagnetic correlation can be established with
Kirchhoff’s law and it is given in Equation 1. Here, e is the input
voltage (V), r is the coil resistance (ohm), N is the number of
turns and ¢ is the magnetic flux (Wb/m2).

o d(N9) L
e(t) _rl(t)+—dt 1

The electromagnetic force between the moving core and the
constant pole can be calculated with equations 2 and 3 [19].

F _ZB/A @
m 2',,[
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In the equations, Fm stands for the electromagnetic force (N), p
for the air gap permeability (47107), A for the effective cross-
sectional area (m?), N for the number of turns, | for the current
(A) passing through the coil, z for the number of air gaps, x for
the distance of the moving core to the full-open position, xn for
the total movement distance (m) and Bn stands for the magnetic
flux intensity (Wb/m?).

4.2.  Mechanical Subsystem

The moving parts in electromechanical valve systems are a
system consisting of the valve, core, and springs and this system
is called the simple mass-spring system. The valve movement
time is called the transition time from the open position to the
closed position or from the closed position to the open position
and it is approximately related to the natural frequency of the
mass-spring system and can be calculated with Equation 4.

T = m (4)
k

t

Here, t stands for the transition time from the open position to
the closed position or from the closed position to the open
position, m for the total moving mass, and k for the spring
constant. Equation 5 was used in the calculation of the moving
mass. Here, the system spring and the valve spring used can be
accepted to be of the same characteristics while considering the
masses of the valve, core and springs.

Moving mass = valve + core +

[1/3 (valve spring + system spring)] (5)
In the EMV system, the spring force applied by the springs to the
moving mass is given with Equation 6. Here, k stands for the
spring constant (N/m). The electromagnetic force should be large
enough to overcome the force applied by the springs. There are
also in-cylinder pressure forces.

X
Flay = 2|<(?h —x) ®)

Equation 7 is used in the dynamic of the mechanical system.

2
dL(t)erthyay+Fh+Fs ()
Here, Fyay stands for the spring force (N), Fm for the
electromagnetic force (N), Fs for the friction force (N), and Fs
stands for the cylinder pressure force (N).

F,=m

5. Results and Evaluation

In this section, the analyses of the first produced EMV1 system
and the later developed EMV2 systems are given comparatively.

5.1. Static Characteristics

In order to determine the static characteristics of the EMV1
system, the electromagnetic force values that can be produced
depending on the change in the static air gap used in the solenoid
design are presented in Figure 4. According to this, it was
evaluated that the electromagnetic force values to be obtained at
10A current value had a capacity to overcome the original valve
spring force used in the design and it would be possible to work
with large spring forces at higher currents.
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Figure 4. The change of the force to be produced depending on the
change in static air gap

According to this, the newly designed solenoid was produced
2 mm narrower and 6 mm shorter, and no change was made in the
number of turns.

The force-distance change graph obtained within the scope of
increasing the attraction force and reducing the moving mass
following the production of the EMV?2 is given in Figure 5. The
EMV?2 graph is presented together with the EMV1 graph to make
a sufficient comparison.
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Figure 5. Measured Force — Distance change; 1=10 A for EMV1,
1=13,33A for EMV2

After the improvement of the winding technique, the resistance of
the coil produced was obtained to be 0.9 ohm. A decrease by 25%
was provided by comparing this case to 1.2 ohm resistance of the
EMV1. Thus, the current drawn under 12V voltage increased
from the value of 10A to the value of 13.33A with an increase by
33.33% and more force production was ensured. According to
this, the maximum force obtained from the solenoid of the newly
designed and produced EMV2 was measured to be 260.85N.
Upon comparing this value with the 76 N force, the maximum
force value of the EMV1, it was observed that an increase was
provided at the rate of 3,30 on average; upon being compared
with the potential rate of improvement 3.28 times on average
which was determined in the evaluation of the EMV1 system, it
was observed that the targeted value was come up with the
increase in the current provided in the coil current, and as a result,
it was observed that the evaluations of the production and
estimation of the design study were a quite successful study and
evaluations. The comparison of the EMV2 system with the
EMV1 and with other studies is given in Table I. In the EMV2
force — distance change graph, it is evaluated that the decrease of
the force from 4 mm distance arises from the design, and a 2-2,5
mm distance is not used enough particularly in the beginning part
and the values in the part following this part can be further
increased in the case that the improvement study is maintained.
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Table 1. The comparison of the EMV?2 coil

. Voltage Current
Operation Force (N
P V) ) ™)
EMV1 12 10 76
EMV2 12 13,33 260,9
[31] 42 75 69,6
[23] 42 15 600
[21] 180 5 1300

5.2. Dynamics of The EMV1 and EMV2 Systems

Performance measurements were performed in the 2-7 mm valve
operation range to determine the dynamic characteristics of the
EMV system. To perform the measurements, on the one hand, the
necessary control signals were sent to the pulse-width modulation
(PWM) unit via computer, on the other hand, the data obtained
from the sensors were recorded with the data logger system. A
screen shot of these data is given in Figure 6 and the signal
graphs obtained from the digital data records and used in the
evaluations are given in Figure 7. According to this, if the
obtained signals are counted from the top to the bottom, they will
be the opening coil current, closing coil current, valve position,
coil opening PWM signal and coil closing PWM signal,
respectively.
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Figure 6. The screen shot of the data logger system
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Figure 7. Experimental results of the dynamic characteristics

To determine the dynamic working limits, tests were performed
in the valve operating ranges of 6 mm, 7.5 mm, and 8 mm for
EMV2. In Figure 8, the operating performances of the EMV1 and
EMV2 systems in various operating ranges are presented.
According to this, it was measured to be 5 ms and 9.5 ms,

respectively, for the operating ranges of 2 mm and 7 mm in the
EMV1 system. The half-period times of 3.9 ms, 4.3 ms, and 4.4
ms, respectively, were obtained in the operating ranges of 6 mm,
7.5 mm and 8 mm in the EMV2 system. Upon comparing these
values with the EMV1 values, it is observed that the decrease in
time at the rate of 54%, 57% and 58% is provided, respectively.
The graphical solution of the improvement potentials of both
systems is presented in Figure 9. It is observed that the increment
of the spring coefficients used is needed for lower operating
times. The comparison of the EMV1, EMV2 systems and certain
magnitudes given in other sources is presented in Table II.
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Figure 8. Dynamic performances of EMV1(K=10N/mm) and EMV2
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Figure 9. The comparison of the dynamic performances of the
EMV1(K=10N/mm), and EMV2 (K=20N/mm)

Table 11. The EMV2 system and certain magnitudes given in other
sources

Operation

(Design) EMV1

EMV2 | EMV2 | [15] | [17] | [25] | [32]

Half-
opening 8 3.9 4.4 342 | 3.33 4 95
time (ms)

Movement
distance 55 6 8 8 8 8 45
(mm)

Voltage

12 12 12 | 180 | 42 | 100 | 33
M)

Current
(A)

10 13.3 133 5 15 - 10

The engine parameters of which values are given in Table Il are
taken into account to demonstrate the realistic engine support
status of the EMV2 system.

According to this, the change in the EMV2 opening or closing
time required for the duration of the valve’s remaining open was
calculated according to the engine speed. According to this, in the
case of applying this system studied to the engine, it was
evaluated that it could support an internal combustion four-stroke
engine at the speeds specified in Table IV for 6 mm, 6.5 mm, 7.5
mmand 8 mm valve operating ranges.
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Table I11. Characteristics of the internal combustion four-stroke engine

Brand Briggs and Stratton-Vanguard
Number of cylinders 1
Piston stroke 50 mm
Diameter of the cylinder 68 mm
Stroke volume 182 cm®
Maximum speed 3600 1/min
Intake Opening Angel 16° CA BTC
Intake Closing Angel 44° CA ABC
Exhaust Opening Angel 45° CA BBC
Exhaust Closing Angel 15° CA ATC
Valve lift 6 mm

Table 1V. The engine support limits of the EMV2 system

Operating range

45 | 55 6 7 8
(mm)

Engine speed

- 5714 | 5263 | 5128 | 4761 | 4545
(1/min)

To demonstrate the superiorities of the EMV2 system to the
standard valve system, its dynamic performances at various
circuits are graphically presented in Figure 10. According to this,
the EMV2 system can operate up to the engine speed of 5128
1/min at 6 mm valve lift. In the standard valve system, the
opening and closing of the valves are not affected by the circuit
change and display the operation associated with the crankshaft at
each revolution. On the other hand, the opening time of the valve
increases as the engine speed decreases in the EMV2 system.
Upon comparing the valve opening time of the EMV2 system
even at 5128 1/min speed with the standard valve graph, it is
observed that the valve reaches the fully open position earlier and
therefore, it has more opening time.

IS

—*—Standard
—— 5128 1/min
—— 4000 1/min
—o— 3000 1/min
—— 2000 1/min
—— 1000 1/min

Valve lift (mm)

)

0 40 80 120 160 200 240
Crankshaft angle (degree)

Figure 10. Dynamic performances of the standard valve system and the
EMV2 system at various revolutions
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Figure 11. The switchability capacity of the EMV2 system in return to
the opening and closing movement of a standard valve

The switchability capacity of the EMV2 system in the opening
and closing movement of a standard valve is given in Figure 11.

At the time when the opening and closing movement of a
standard valve system takes place, the EMV2 system has multiple

switchability capacities. According to this, at 1000 1/min engine
speed, within the time of an opening and closing of a standard
valve, the EMV2 system can be switched five times in a row.

6. Conclusion

As a result of the determinations and evaluations on the
improvement of the EMV1 system, the EMV2 system was
designed and manufactured. According to this, the limits of
supporting an internal combustion engine were determined.
Furthermore, the dynamic performance at various revolutions and
the fixed engine speed switchability capacities were compared
according to the standard valve system.

It has been evaluated that further studies can be maintained on the
improvement of the EMV systems which are compatible with the
present automotive systems, can support internal combustion
engines under any operating condition and have a low energy
consumption, that the EMV2 system can be improved with strong
magnets and can be turned into a Hybrid EMV system, and that
its effects on the engine performance, exhaust emissions, and fuel
consumption can be investigated.
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Ignition

Abbreviations

rpm
CA

ABC
ATC
BBC
BTC

revolutions per minute

Crankshaft Angle

After Bellow Center crank position
After Top Center

Before Bellow Center

Before Top Center
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