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(67)  The invention is concerned with a method for
detecting a switching point of a switchable solenoid valve
(15), wherein in a closing phase of the valve (15) an elec-
tric current (1) is driven through the solenoid (18) of the
valve (15) for generating a closing movement of (a valve
disk or a closing element of) the valve (15) against a force
of a spring (28) until a switching point is reached (time
point) at which the valve (15) finally reaches a closed
state, wherein during the closing phase (37) a controller
(17’) controls a current strength value of the electric cur-

rent (1) by switching on a voltage source (U), if the value
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upper threshold value (40). For detecting the switching
point a switching frequency (F) at which the controller
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if the switching frequency (F) fulfills a predefined closed
state criterion (46), a signal is generated, wherein the
signal signals that the valve (15) reached the switching
point.
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Description

[0001] The invention is concerned with a method for
detecting a switching point of a switchable solenoid valve.
The switching point is the time point at which the valve
reaches a closing state during a closing phase. The in-
vention is also directed to an electronic circuit for con-
trolling a switchable solenoid valve. The invention also
comprises a pump for an injection system of a motor ve-
hicle and a motor vehicle comprising the injection system.
[0002] One of the most used actuators for controlling
the flow of a fluid is the solenoid valve. There are two
main types of solenoid valves, the proportional valve and
the digital valve. As an example, in diesel and gasoline
common rail fuel injection systems, the rail pressure can
be controlled by a digital inlet valve (DIV).

[0003] The DIV is a solenoid valve which closes the
inlet valve when it is energized, i.e. when an electric cur-
rent is driven through the solenoid of the valve for closing
the valve against a force of a spring. During a current-
less state, the valve will open and be keptin open position
by the DIV spring until the solenoid is energized again.
The current profile for the DIV is a peak current and a
hold current control. The peak current provides an actu-
ation energy for moving the valve from the open position
into the closed position. The hold current generates the
magnetic field for keeping the valve in the closed position.
[0004] US 2012/0167993 A1 describes a method for
reducing a noise generated when closing the inlet valve
of a fuel pressure system. The duration of the peak cur-
rent for providing the actuation energy is varied. Howev-
er, this method implies that it is known, how far the ac-
celeration or in general the actuation energy may be re-
duced without causing a failure of the actuation.

[0005] US 8245693 B2 describes a method for reduc-
ing the noise in the closing state of an inlet valve of a
high pressure injection system by reducing the amplitude
of the peak current and at the same time letting the peak
current flow for a longer time such that the velocity of the
accelerated valve is reduced. This slows the pump down.
[0006] The switchtime ofthe valveis a vitalinformation
for the precise fuel metering of a DIV. The pump delivery
is varied by changing the closing position or switch point
of the valve relative to the pump top dead center (TDC).
This is illustrated in Fig. 4. Fig. 4 provides two diagrams.
One diagram shows the movement of the piston of the
valve, i.e. the piston lift PL over time t. The other diagram
shows the current profile of a current | that is applied to
the solenoid current. The piston may be driven by a crank
such that instead of measuring time t, the crank angle
may be used to describe the position of the piston. The
piston moves between the top dead center TDC and the
bottom dead center BDC. The example shown in Fig. 4
provides two full piston movements from TDC to TDC
within a 360° turn of the crank. In other words, one pump
cycle or actuation cycle or stroke (STRK) is performed
within 180° crank angle (180° CRK). Within one actuation
cycle, the pump performs a suction phase SUC, a reflux-
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ing phase RFLX and a pumping phase PMP. For switch-
ing from the refluxing phase to the pumping phase, the
valve is actuated by driving the electric current | through
the solenoid of the valve, wherein the actuation is
achieved by the peak current IP and (after the valve has
reached the switching point SP, at which the valve reach-
es the closed state) the electric current | may be reduced
to a hold current IH. For opening the valve again, the
current | is switched off, such that a spring may open the
valve, once the pressure of the fuel inside the pump is
low enough.

[0007] In orderto have the valve close precisely at the
required position or switching point SP, the electronic
circuit providing the control unit needs to know how long
the valve needs to reach its closed position, i.e. the
switching point SP, once the peak current IP is started
at a current begin B. This duration from current begin B
until the switching point SP, at which the valve is com-
pletely closed for the first time, is the switch time T of the
valve.

[0008] The switchtime T of valves can be different due
to production tolerances, e.g. two valves show a different
switch time T although both are having the same bound-
ary conditions. Moreover, the switch time T can also be
influenced by other boundary conditions, e.g. battery volt-
age and/or engine speed.

[0009] Without knowing the switch time T of the valve,
the pump delivery can deviate from the required fuel de-
livery in a fuel injection system. Although this might still
be compensated by the control unit in a steady operating
point, in dynamic operating points or dynamic boundary
conditions, i.e. extreme conditions, this could lead to a
bad fuel pressure control performance. Moreover, if the
switch time assumed by the control unit is different from
the real switch time T, small fuel quantity delivery and
full load ability could be negatively influenced.

[0010] Besides for the precise fuel delivery, the switch
time T is also an important parameter to be controlled at
the production end-of-line (EOL). A certain minimum and
maximum tolerance rangeis defined atthe EOL to ensure
the quality of DIV's produced. Without knowing the actual
switch time T of the DIVs, it is impossible to maintain the
quality of the valves produced.

[0011] Itisan object of the presentinvention, to provide
means for detecting a switching point of a solenoid valve.
[0012] The objectis solved by the subject matter of the
independent claims. Additional aspects of the invention
are described by the dependent claims, the following de-
scription and the figures.

[0013] The invention provides a method for detecting
a switching point of a switchable solenoid valve, partic-
ularly a digitally solenoid valve. In a closing phase of an
actuation cycle of the valve, an electric current is driven
through the electric coil or solenoid of the valve for gen-
erating a closing movement of the valve. The closing
phase is the phase during which the peak current is ap-
plied as described. The closing phase moves a valve disk
or in general a closing element of the valve from an open
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position to a closed position against a force of a spring
until the switching point is reached, i.e. the time point at
which the valve finally reaches the closed state. In a
valve, the current increase of the peak current can be so
fast that the current has to be limited to such a current
level that can be accepted by the control unit. This is
achieved by a two point current control or bang-bang
closed-loop current control. In other words, during the
closing phase, a control unit or controller controls the
current strength value of the electric current by switching
on a voltage source, if the value is smaller than a lower
threshold value, and switching off the voltage source, if
the value is greater than an upper threshold value.
Switching off the voltage source means that the solenoid
is disconnected from the voltage source such that an
increase of the currentis prevented. However, the current
may continue flowing due to the induction of the electric
circuit, especially the solenoid. To this end, a freewheel-
ing diode may be provided.

[0014] For detecting the switching point, a switching
frequency at which the controller switches the voltage
source on and off is determined and if the switching fre-
quency fulfills a predefined closed state criterion, a signal
is generated, wherein the signal signals that the valve
reached the switching point. In other words, a change of
current control frequency of the controller in the closing
phase is detected. The current strength or the dynamic
change of the current strength or the current level during
closing phase is controlled via the described to point con-
trol method or bang-bang closed current control. It in-
cludes an upper current threshold value and a hysteresis,
which results in the lower threshold value. By observing
the current frequency during the bang-bang current con-
trol, a significant change in control frequency is detected
at the switch point when the valve reaches its closed
position.

[0015] The frequency is mainly influenced by the cur-
rent gradient which is dependent on the circuit induction.
During the closing phase, the valve (i.e. its closing ele-
ment) is accelerated from its open position towards its
closed position. In other words, the closing element or
valve disk moves towards the solenoid, as it is attracted
by the magnetic force of the solenoid. The pole distance
is getting smaller as the valve is approaching the closed
position. This has an influence on the circuit induction. A
change in current gradient is however not only due to the
change in pole distance of the magnetic poles, but also
due to the sudden stop of the movement of the valve,
when the closed position is hit or reached. Before the
valve reaches its closed position, the valve is in a state
of movement. The movement of the valve also has an
impact on the current gradient, i.e. it slows the current
change down. This effect stops, once the closed position
is reached. This can be used as a feedback to detect the
switching point. The necessary degree of relative change
can be defined by the said closed state criterion. The
closed state criterion can be derived by simple experi-
ments.
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[0016] The invention also comprises further aspects
that provide additional technical advantages.

[0017] The described method is a core element that
can be used for several different applications. One ap-
plication is the measurement of the described switch
time. To this end, switching point data can be generated
to describe the switching point as a time duration that is
measured starting from a predefined starting point and
ending at the switching point. The starting point may be
the described current begin B or e.g. the TDC or the BDC
of the piston lift. As was already explained, alternatively
or additionally to defining a time duration, a relative
change of a rotation angle or crank angle of a crank that
drives the piston of the valve can be measured. Again,
the relative change of rotation angle is measured starting
from the predefined starting point and ending at the
switching point. The switching point data thus describe
the switch time T of the valve.

[0018] The switching point data can be saved in an
electronic circuit of the controller or control unit of the
valve for controlling future closing phases on the basis
of the switching point data. In other words, the switching
point data can be used to calibrate the electronic circuit
of the valve.

[0019] The switching pointdata can be determined dur-
ing an End-of-line calibration procedure after producing
the valve. As was already described, this allows to indi-
vidually calibrate each valve. Additionally or alternatively,
the switching point data may be determined during a self-
calibration procedure after the valve has been used for
atleast a predefined amount of time. As a valve changes
its mechanical and/or magnetic and/or electric behavior
during its lifetime, this allows for adapting the switching
point data during operation of the valve. The described
predetermined amount of time can be more than one
week, especially more than one year.

[0020] The closed state criterion that is used to detect
the switching point may comprise that the switching fre-
quency that results during the closing phase is above a
predefined frequency threshold. In other words, an ab-
solute value can be provided and the switching frequency
is compared to this absolute value. Additionally or alter-
natively a relative or absolute change of the switching
frequency compared to a switching frequency of a pre-
ceding actuation cycle may be detected and the closed
state criterion may comprise that this relative or absolute
change is greater than a predefined change threshold
value. In other words, a step or jump of the switching
frequency is detected with regard to a preceding actua-
tion cycle. Determining the relative change provides the
advantage that the method does not have to be adapted
to a value of the switching frequency that is applied by
the controller in the case that the valve is not closed yet.
[0021] Formeasuring the switching frequency, one as-
pect of the invention comprises sensing a current
strength signal of the electric current and determining a
time difference between at least two predefined charac-
teristic points of the signal. For example, a time difference
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between peaks of the signal can be measured or deter-
mined. This can be repeated for each measurement.
[0022] As was already explained, the method is espe-
cially useful for calibrating a high-pressure pump of a fuel
injection system of a motor vehicle. Correspondingly, as
the valve an inlet valve of the high-pressure pump of the
injection system of the motor vehicle is controlled. "High-
pressure" especially means that the pump generates a
pressure greater than 100 bar.

[0023] For performing the inventive method, the inven-
tion also provides an electronic circuit for controlling a
switchable solenoid valve. The electronic circuit is de-
signed to perform an embodiment of the inventive meth-
od as described. The electronic circuit may comprise a
microcontroller or a microprocessor for performing the
steps of the method. The electronic circuit may provide
said controller.

[0024] The invention also comprises a pump for a fuel
injection system of a motor vehicle, wherein the pump
comprises the described switchable solenoid valve, par-
ticularly a digital inlet valve, and an embodiment of the
inventive electronic circuit.

[0025] Finally, the invention is concerned with a motor
vehicle comprising an internal combustion engine with
an injection system. The vehicle provides an injection
system that comprises an embodiment of the inventive
pump with the described electronic circuit.

[0026] In the following an exemplary implementation
of the invention is described. The figures show:

Fig. 1  aschematicillustration ofan embodimentofthe
inventive motor vehicle;

Fig. 2  a diagram illustrating a current strength signal
of an electric current of a solenoid of a pump of
the motor vehicle of Fig. 1;

Fig. 3  a diagram illustrating a switching frequency of
a controller of a valve of the pump; and

Fig. 4 a diagram illustrating the switch time of the
valve.

[0027] The embodiment explained in the following is a

preferred embodiment of the invention. However, in the
embodiment, the described components of the embodi-
ment each represent individual features of the invention
which are to be considered independently of each other
and which each develop the invention alsoindependently
of each other and thereby are also to be regarded as a
component of the invention in individual manner or in
another than the shown combination. Furthermore, the
described embodiment can also be supplemented by fur-
ther features of the invention already described.

[0028] In the figures elements that provide the same
function are marked with identical reference signs.
[0029] Fig. 1 shows a motor vehicle 10 that can be,
e.g., apassenger vehicle or a freight vehicle. The vehicle
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may comprise an internal combustion engine 11 that may
be operated on the basis of fuel 12 from a fuel tank 13.
The fuel 12 may be pumped from the fuel tank 13 to the
combustion engine 11 by a pump 14. The pump 14 may
comprise a switchable solenoid valve 15, e.g. a digital
inlet valve, DIV, with a closing element or valve disk 16
and an electric coil or solenoid 18. An electric current |
for the solenoid 18 may be controlled by an electronic
circuit 17 that provides a control unit or controller 17’ for
switching the current I. The operation of the valve 15 can
be coordinated with the rotation of a crank 20 by meas-
uring a crank angle 21 and switching current | according
to crank angle 21. Crank angle 21 may be measured
using a sensor 21’. Crank 20 moves a piston 21 for a
pumping movement 23 for pumping the fuel 12 from a
low pressure side 24 to a high-pressure side 25 where
the fuel is injected by a fuel injection system. Outlet valve
26 may be a passive valve, e.g. a check valve, wherein
the inlet valve is provided by the solenoid valve 15 with
its valve disk 16. For closing the valve 15, current | is
driven through solenoid 18 such that a pin 27 that holds
the valve disk 16 is attracted against a spring force of a
spring 28 towards a pole piece 29 and an armature such
that valve disk 16 is moved from an open position 31 to
a closed position 32. Current | may be provided by a
voltage source U.

[0030] Switching off voltage source U results in an ex-
ponential decrease of current |. Once the spring force of
the spring 28 is stronger than the magnetic field of sole-
noid 18, the valve 16 is moved back from closed position
32 to open position 31. This completes a full actuation
cycle or pump cycle.

[0031] Fig. 2 shows a current strength signal 33 of cur-
rent | over time t or over crank angle 21 (CRK). During a
pump cycle or actuation cycle 34 during an closing phase
35 a peak current 36 is provided that delivers an overall
actuation energy for moving valve disk 16 from the open
position 31 to the closed position 32. Once valve disk 16
is in closed position 32, a hold phase 37 follows with a
hold current 38. After holding phase 37 an opening phase
O may follow in which current | is allowed to fall to zero
such that spring 28 may open valve 16 again.

[0032] Controller 17’ controls current | during closing
phase 35 using a bang-bang control method by switching
on the voltage source U, if the value of current | is smaller
than a lower threshold value 39, and switching off voltage
source U, if the value of current | is greater than an upper
threshold value 40.

[0033] Electronic circuit 17 may measure a time differ-
ence 41 between e.g. two consecutive peaks 42 of the
signal 33. The inverse value of time difference 41 yields
a switching frequency F, i.e. the frequency or rate at
which controller 17’ switches current |. The switching fre-
quency F is dependent on the induction value of the mag-
netic system of solenoid 18 and the magnetic materials
and their position within pump 15. It is also dependent
on the fact whether elements of the magnetic circuit of
the valve 16 are in motion or not. In other words, the
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position and motion of valve disk 16 and pin 27 influences
switching frequency F.

[0034] Fig. 3 shows, how this can be used to detect
the switching point SP during closing phase 35. During
several consecutive measurements MS of the switching
frequency F (measurement N, N+1, N+2, N+3), the
switching frequency may vary due to the changing posi-
tion of the valve disk 16 and pin 27. Fig. 3 shows that
measurement 43 (N+2) yields a switching frequency F
where a change of the value of the induction of the mag-
netic circle results and a relative change 44 of the switch-
ing frequency F from the preceding measurement 45
(N+1) to measurement N+2 is greater than a predefined
threshold value 46. Threshold value 46 is a closed posi-
tion criterion that is fulfilled in measurement N+2. In other
word, switching point SP is reached.

[0035] Thus the time point or the crank angle at this
parameter value used for generating switching point data
that may describe the switch time T.

[0036] Thus, by measuring the control frequency or
switching frequency before and after the switching point,
a difference can be detected. This is a low-cost strategy
to detect the switch point of a solenoid valve, especially
a digital solenoid valve.

[0037] Overall, the example shows how the invention
provides method for detecting a switching point of a
switchable solenoid valve.

Claims

1. Method for detecting a switching point of a switcha-
ble solenoid valve (15), wherein in a closing phase
of the valve (15) an electric current (l) is driven
through the solenoid (18) of the valve (15) for gen-
erating a closing movement of (a valve disk or a clos-
ing element of) the valve (15) against a force of a
spring (28) until a switching point is reached (time
point) at which the valve (15) finally reaches a closed
state, wherein during the closing phase (37) a con-
troller (17°) controls a current strength value of the
electric current (I) by switching on a voltage source
(U), if the value is smaller than a lower threshold
value (39), and switching off the voltage source (U),
if the value is greater than an upper threshold value
(40), characterized in that for detecting the switch-
ing point a switching frequency (F) at which the con-
troller (17°) switches the voltage source (U) is deter-
mined and if the switching frequency (F) fulfills a pre-
defined closed state criterion (46), a signal is gener-
ated, wherein the signal signals that the valve (15)
reached the switching point.

2. Method according to claim 1, wherein switching point
data are generated that describe the switching point
as a time duration and/or a relative change of a ro-
tation angle of a crank that drives a piston of the
valve (15), wherein the time duration and/or the rel-
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10.

ative change of rotation angle is measured starting
from a predefined starting point and ending at the
switching point.

Method according to claims 2, wherein the switching
point data are saved in an electronic circuit (17) of
the valve (15) for controlling future closing phases
on the basis of the switching point data.

Method according to one of claims 2 or 3, wherein
the switching point data are determined during an
end-of-line calibration procedure after producing the
valve (15) and/or during a self-calibration procedure
afterthe valve has been usedfor atleast a predefined
amount of time.

Method according to any of the preceding claims,
wherein the closed state criterion (46) comprises that
the switching frequency (F) is above a predefined
frequency threshold value and/or that the switching
frequency (F) changes by a relative or absolute
change (44) greater than a predefined change
threshold value (46).

Method according to any of the preceding claims,
wherein the switching frequency (F) is measured by
sensing a current strength signal (33) of the electric
current (I) and determining a time difference (41) be-
tween at least two predefined characteristic points
(42) of the signal (33).

Method according to any of the preceding claims,
wherein as the valve (15) an inlet valve of a high
pressure pump (14) of an injection system of a motor
vehicle (10) is controlled.

Electronic circuit (17) for controlling a switchable so-
lenoid valve (15), wherein the electronic circuit (17)
is designed to perform a method according to any of
the preceding claims.

Pump (14) for an injection system of a motor vehicle
(10), wherein the pump (14) comprises a switchable
solenoid valve (15) and an electronic circuit (17) ac-
cording to claim 8.

Motor vehicle (10) comprising an internal combus-
tion engine (11) with a fuel injection system that pro-
vides a pump (14) according to claim 9.
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