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(54) Driving circuit for a magnetic valve
(67)  The invention relates to a driving circuit for a

magnetic valve comprising a comparator with variable
hysteresis (30). The comparator with variable hysteresis
(30) additional to a measuring input terminal (CMP_IN
(+)) and a control input terminal (CMP_IN(-)) has an out-
put terminal (CMP_OUT) and comprises: an operational
amplifier (31) having an non-inverting input terminal (+),
an inverting input terminal (-) and an output terminal
(CMP_OQOUT), a serial connection comprising a third re-
sistor (34), a second resistor (33), a first resistor (32) and
a control voltage source delivering a variable threshold

value (V ), the serial connection being connected in par-
allel to a supply voltage (Vsy) Whereby a partial serial
connection comprising the second resistor (33), the first
resistor (32) and the control voltage source being con-
nected in parallel to a further switching element (35) and
the point of connection between the second (33) and first
(32) resistor being a voltage tap (V;,), whereby the in-
verting input terminal (-) of the operational amplifier (31)
being connected with the voltage tap (V,,) and the output
terminal (CMP_OUT) of the operational amplifier (31) be-
ing connected with the control input terminal of the further
switching element (35).
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Description

[0001] The invention addresses the problem of mag-
netic valve current control particularly of high pressure
fuel pump valve current control.

[0002] A high pressure fuel pump valve is an electro-
mechanical device used for fuel pressure regulation by
opening and closing the valve pin. The pin is actuated
by an electromagnet. It is fully opened by an electric cur-
rent passing through its coil and closed when the current
is shut off. Therefore the valve behaves as an ON-OFF
device. The requirements for the valve control circuitry
are the following:

- inorder to ensure valve pin opening a minimum cur-
rent has to pass through the coil,

- topreventcoil saturation the current has to be limited
to a maximum value, depending on the coil param-
eters,

- once the valve opening is done itis desirable to keep
the coil current to a minimum to reduce the power
dissipation but without affecting the state of the pin,

- valve opening and closing timing is critical so tran-
sitory states should be minimized.

[0003] In order to achieve the above targets the strat-
egy of choice is to use peak and hold current control as
is shown in fig. 1:

- fast valve opening is done by driving an initial high
current I, through the coil. Coil current I gap starts
rising and once the pin has opened and the coil cur-
rent I oap has reached the desired high level I, it
is kept in this state for an amount of time needed for
the stabilization of the mechanical system (Peak
phase),

- oncethesystemis stable the currentl oapislowered
to a lower level I, which is high enough that the pin
is still opened butlow enough to minimize the power
dissipation (Hold phase) ,

- the valve is closed by shutting off the current.

[0004] To minimize the dissipation in the valve’s elec-
tronic driver a driving scheme is employed generally con-
sisting of:

- one or more power drivers for the load (usually MOS
transistors or smart switches that switch on or off the
valve),

- driver(s) / level adapter(s) for the power driver(s),

- afeedback loop for current regulation comprised of:

- a coil current sensing element like a shunt resistor
or the resistance Rpg,, of a saturated MOS transis-

tor,

- an optional voltage amplifier for current sensed volt-
age,

- comparator (s) for the coil current (usually with hys-
teresis),
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- alogic for driving the power driver, frequency syn-
chronization etc. driven by the above comparator(s),

- amicrocontroller for current level setting, timing and
synchronization.

[0005] Generally the closed loop works as following:
when the driver is turned on the coil current increases
and this causes an increased voltage drop across the
current sensing element. This voltage drop (optionally
amplified) is compared against a high threshold and if it
is higher the driver is switched off by the logic driven by
the comparator. This will cause a current decrease in the
load causing a decreased sensed voltage at the compa-
rator. When the voltage falls under a low threshold the
comparator will turn the driver on again through the logic.
To establish a high and a low threshold usually a com-
parator with a hysteresis is used.

[0006] Since according to the above description a two-
level-controller is used, the current in each phase is not
constant but rippled due to switching. As a result elec-
tromagnetic emissions are generated by the high current
switching process and the ripple amplitude might affect
the valve’s pin state. Therefore additional design require-
ments have to be fulfilled that are limitation of switching
frequency and limitation of the ripple current.

[0007] As the load itself is in the current loop it has a
significantinfluence over the tworestrictions above either
by influencing the current ripple or the switching frequen-
cy, depending on the unrestricted one. Additionally, the
coil inductance has a significant variation with coil cur-
rent, pin position and coil temperature. Increased coil cur-
rent decreases the inductance thus posing a problem
either for the peak or hold modes: switching frequency
increases in peak mode or ripple increases in hold mode.
[0008] Tackling the above problems can be done in
several ways:

- limiting the ripple amplitude. This will reduce the
electromagnetic emissions but if the limits are the
same for the peak and hold modes this will increase
the switching frequency due to load inductance de-
crease at high currents, shifting upwards the emis-
sion spectrum,

- limiting the switching frequency. This will restrain the
emission spectrum (no longer load dependent) but
at some point will increase the ripple due to the load
inductance change effect.

[0009] Based on the above description several imple-
mentations exist, briefly presented below:

US 5,748,431 - Solenoid driver circuit. The patent
discloses a peak and hold driver with current feed-
back and linearly adjustable current thresholds and
hysteresis via PWM from uC. The hysteresis value
is tied to the threshold value by a linear relation,
which cannot independently be changed. The circuit
is using two coil current comparators and additional
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logic for generating the hysteresis.

US 4,764,840 - Dual limit solenoid driver circuit. The
patent discloses a peak and hold driver with current
feedback and fixed current thresholds and hystere-
sis. The hysteresis is different for the peak and for
the hold and the peak time duration is fixed by hard-
ware.

US 5,784,245 - Solenoid driver and method for de-
termining solenoid operational status. The patent
discloses a peak and hold driver with current feed-
back and fixed current thresholds and hysteresis ad-
ditionally having the capability of solenoid status de-
tection.

US 4,949,215 - Driver for high speed solenoid actu-
ator. The patent discloses a peak and hold driver
with current feedback and adjustable current thresh-
olds and hysteresis with emphasis on fast transition
times of the actuator pin.

US 4,605,983 - Drive circuits. The patent discloses
a peak and hold driver with current feedback having
current feedback amplifier and fixed current thresh-
olds and hysteresis. The hysteresis is different for
the peak and for the hold.

[0010] Itis anobject of the invention to allow adjustable
current ripple amplitude control during operation thus
tackling the electromagnetic emission level without in-
creasing system complexity.

[0011] A driving circuit for a magnetic valve according
to this invention comprises a coil of the valve and serially
connected therewith at least one switching element, the
control input of the at least one switching element being
connected with the output terminal of a comparator with
variable hysteresis a measuring input terminal of which
being arranged to be supplied with a signal being repre-
sentative for a current through the coil, and a control input
terminal of which being arranged to be supplied with a
variable threshold value. The comparator with variable
hysteresis additional to the measuring input terminal and
the controlinputterminal has an output terminal and com-
prises an operational amplifier having an non-inverting
input terminal, an inverting input terminal and an output
terminal, the comparator further comprises a serial con-
nection comprising a first resistor, a second resistor, a
third resistor and a control voltage source, the serial con-
nection being connected in parallel to a supply voltage
whereby a partial serial connection comprising the sec-
ond resistor, the third resistor and the control voltage
source being connected in parallel to a further switching
element and the point of connection between the second
and third resistor being a voltage tap, whereby the invert-
ing input terminal of the operational amplifier being con-
nected with the voltage tap and the output terminal of the
operational amplifier being connected with the control
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input terminal of the further switching element.

[0012] Furthermore according to a preferred embodi-
ment of the invention the variable threshold value of the
control voltage source is the output voltage of a low pass
filter arranged to be supplied by a PWM-signal. The
PWM-signal can be supplied by a microprocessor.
[0013] The present invention will be understood more
fully from the detailed description given hereinbelow and
from the accompanying drawings of the preferred em-
bodiments of the invention but are for the purpose of ex-
planation and understanding only. In the drawings

Fig.1  shows the time dependence of some essential
signals in a closed loop driving circuit,

Fig.2 shows a detailed driver circuit for a magnetic
valve,

Fig.3 shows the time dependence of some essential
signals in a closed loop driving circuit showing
the dependence of the hysteresis from the peak
and hold levels,

Fig.4  shows a detailed circuit of an inventive variable
hysteresis comparator,

Fig.5 shows the effect of the linear dependency of the
hysteresis on the switching levels.

[0014] Infigure 2 the load 70 which represents the coil

of a valve is driven by a switching element realized by a
PMOS transistor 60 which is connected between a bat-
tery voltage Vgat and the load 70 and at the same time
by a switching element realized by a NMOS transistor 62
which is connected between the load 70 and via a shunt
resistor 22 with ground potential having the battery volt-
age Vgat as supply. Both transistors 60, 62 are enabled
by a Low level on a NEN output of a microcontroller 10.
The NEN output of microcontroller 10 is connected via
an inverter 43 with the gate of NMOS transistor 62 and
with an input of a first OR gate 41. The other input of the
first OR gate 41 is connected with the output of a second
OR gate 40 a first input of this second OR gate 40 is
connected with a NON_HS output of microprocessor 10.
A second input of the second OR gate 40 is connected
with the output of a variable hysteresis comparator 30
which has a hysteresis. The non-inverting input of com-
parator 30 is connected via a (optional) shunt amplifier
21 with a connection of shunt resistor 22, the inverting
input of comparator 30 being connected via a low-pass-
filter 20 with a PWM-output of microprocessor 10. The
output of the second OR gate 41 is connected via a high-
side-driver 42 with the gate of PMOS transistor 60.

[0015] The Low level on the NEN output will make the
output of the first OR gate 41 output become Low if the
other input coming from the second OR gate 40 is also
Low. Low output at the fist OR gate 41 is buffered by
high-side-driver 42 so the gate of PMOS ftransistor 60



5 EP 2 662 554 A1 6

will be Low, therefore closing the PMOS transistor 60. At
the same time a Low on the NEN output is applied at the
input of low-side-inverter buffer 43, its output becoming
High and closing the NMOS transistor 62 by driving its
gate in a High level. Thus a current path is established:
VpaT - transistor 60 - load 70 - transistor 62 - Ry, 1 22 -
GND.

[0016] The coil current || oap thus passes through this
path, starts rising and causes a voltage drop on shunt
resistor 22, proportional to the coil current I gaop. Further
on the voltage drop might pass through the shunt ampli-
fier 21 (amplification factor x10) or can pass on unampli-
fied, yielding a voltage Vqg,s.- The amplifier is needed
when the voltage drop on 22 is comparable in magnitude
to the offset error of the comparator 30, thus reducing
the offset’s influence.

[0017] The voltage Vs is then passed at the non-
inverting input (+) of the variable hysteresis comparator
30. The inverting input (-) of the comparator 30 is fed with
a control voltage V, from the PWM output of the micro-
controller 10 via a low pass filter 20. Its cutoff frequency
must be low enough that the switching ripple of the PWM
signalis filtered out at the control voltage V i, at the output
of the filter 20.

[0018] The control voltage V , is used to set the com-
parator threshold and at the same time to control the
hysteresis of the comparator 30. The output V5ot OF
the comparator 30 is then fed to the first OR gate 40: a
Low at output V¢, o together with a Low at output
NON_HS will cause a Low on the output of the second
OR gate 40 thus turning ON PMOS transistor 60 while a
High level onone of the output Vo, 0f the comparator
30 orthe NON_HS output will turn offthe PMOS transistor
60. when the PMOS transistor 60 is turned off the current
flowing through it is interrupted but since the coil 70 is
still energized it will cause a drop in the potential of the
cathode of a freewheeling diode 61 thatlow that the diode
starts directly conducting. The current path for the coil
current | oap is Now diode 61 -load 70 - NMOS transistor
62 - Rgpunt 22 - and through GND back to diode 61 (long
dashed current path in fig. 2). In this phase | gpp falls
towards OA.

[0019] The enabling of the NEN output (= LOW level)
is done when the valve has to be opened and hence the
coil energized. At this moment the coil current I gap is
0A as well as the voltage drop Vgepee at shunt resistor
22 is 0V while the output V4, of low pass filter 20 is at
the desired peak phase level (Vq,) which is shown in
fig. 3. Thus the output Vo, s Of comparator 30 is Low
as well as the NON_HS output of microprocessor 10
causing both transistors 60 and 62 to be closed. The coil
current | oap startsrising, its rise time roughly depending
on load parameters (modeled as L and R|) and battery
voltage V1. Atsome point the valve pinis opened which
is seen as an | gp slope change due to different L. The
coil current I gpp further rises until the high level of the
peak phase ka_H is reached. At this point the measuring
voltage Vense has reached the high threshold Vg, of
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comparator 30 set by the signal V, and the output
Vetri_out Of comparator 30 becomes High. As described
above, this causes the PMOS transistor 60 to turn off and
the load 70 to be discharged via diode 61 freewheeling
path causing a drop of the coil current | 5p down to the
low level ka_L of peak phase. At this point the voltage
Vsense Nas reachedthe low threshold V¢, of comparator
and the output V., of comparator 30 becomes Low,
switching on again PMOS transistor 60 and causing the
coil current I opp to increase. Thus a free running oscil-
latory closed loop is formed where the coil current || 5pop
oscillates between I, ; and I, | as can be seen in fig.
3. The oscillation frequency is determined by the above
mentioned | oap thresholds, Vga1 and load characteris-
tics (L. and R) .

[0020] Once the mechanical system of the valve is sta-
bilized, the peak phase ends and the microcontroller 10
changes the duty cycle at the PWM output causing a
voltage drop at the output V, of low pass filter 20 down
to a value Vi, 4- The new value V.4 changes the hys-
teresis thresholds of the comparator 30 causing new cur-
rentthresholds I,y yand 4 (by the same mechanism
as described for the peak phase) . The coil current lLoAD
oscillates in the hold phase between the above men-
tioned thresholds, determining a new oscillation frequen-
cy together with Vgat and the new load parameters (L
andR)) .

[0021] By means of the characteristics of comparator
30 which will be further detailed, there is a linear relation
between the variable threshold value V4, of the control
voltage source and comparator hysteresis: the lower the
value V, of the control voltage source the lower the
hysteresis and vice versa. Thus a high value V, of the
control voltage source, corresponding to the high current
threshold I, 1 of the peak phase, will cause a high cur-
rent hysteresis while a lower value V4, of the control
voltage source, corresponding to the high current thresh-
old I, ,4_pn of the hold phase, will cause a lower propor-
tional current hysteresis. This can be seen in fig. 3: Al
= lpx_H - lpk_v is higher than Al,g = lpg_p - g and at
the same time the oscillation frequency of the coil current
I_oap is changed. In the same figure a different shape of
the value V,, of the control voltage source (dashed line)
will cause a different profile of the coil current | oap
(dashed line), supporting the same argument.

[0022] This characteristic of the comparator namely
decreased hysteresis with decreased threshold value
V. Of the control voltage source is useful as the
inductance L of the load 70 changes: the higher the coil
current || gap the lower the inductance L, . The target is
to keep the oscillation frequency under control when the
high current Ipx_p of the peak phase will cause a
decrease of the inductance L, of the load 70:

- hold phase - low current => high inductance L and
lower current hysteresis,

- peakphase - high current => small inductance L =>
increased oscillation frequency, butdue to increased
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current hysteresis the frequency is lowered thus
compensating for smaller inductance L, .

[0023] According to fig. 4 the variable hysteresis com-
parator 30 is comprised of a classical push pull compa-
rator 31 and a positive voltage feedback path: resistors
32, 33 and 34 and NMOS transistor 35. The value V 4,
of the control voltage source is applied at the inverting
input CMP_IN(-), the coil current feedback measuring
voltage Vgqse is applied at the non-inverting input CMP_
IN(+) and the output of the comparator 30 is taken from
the output CMP_OUT of the comparator 31.

[0024] The first pin CMP_IN(-)is connected with the
inverting input of the comparator 31 via a first resistor 32.
The inverting input of the comparator 31 is also connect-
ed via a second resistor 33 and a third resistor 34 with a
supply voltage Vg,. The connection node between the
second and the third resistors 33, 34 is connected via
the conducting path of a NMOS transistor 35 as a further
switching element with ground potential while the gate
of the transistor 35 is connected with the output of com-
parator 31.

[0025] Assuming a given value V 4, of the control volt-
age source at the first pin CMP_IN(-) and a low level of
the coil current feedback measuring voltage Vg, at
the second pin CMP_IN (+) so that the output CMP_OUT
is Low this will cause transistor 35 to be opened and the
feedback path will be: second and third resistors 33 and
34 connected between the inverting input and the 5V
supply voltage V;,,. The resistor divider first resistor 32
and second and third resistors 33 + 34 will cause the
potential at the inverting input of the comparator 31 to be
higher than the control voltage V, due to pull up to Vg,
thus establishing the high threshold. When CMP_IN (+)
potential starts rising and reaches the high threshold the
output CMP_OUT will become high, closing at the same
time the further switching element 35. The feedback path
will be in this case only resistor 33 between the inverting
input and GND (via low Rpg,, Of the closed transistor
35). Theresistordivider 32 and 33 will cause the potential
at the inverting input to be lower than V, due to pull
down to GND, thus establishing the low threshold. The
output CMP_OUT will become Low again when CMP_
IN (+) willbecome lower than the low threshold. The char-
acteristic of the comparator 30 can be seen in fig. 5b.
Due to the fact that the feedback path of comparator 31
contains different resistors for the two states of the output
CMP_OUT (resistors 33 + 34 when Low and resistor 33
when High) the hysteresis value A = Vi - V| will linearly
increase as the control voltage V, increases, thus
achieving the needed characteristic of the high pressure
fuel pump loop: higher current hysteresis in peak mode
and lower current hysteresis in hold mode according to
fig. 5a.
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Claims

1. Driving circuit for a magnetic valve comprising a coil
(70) of the valve and therewith serially connected at
least one switching element (60),
the controlinput of the at least one switching element
(60) being connected with the outputterminal (CMP_
OUT) of a comparator with variable hysteresis (30)
a measuring input terminal (CMP_IN (+) ) of which
being arranged to be supplied with a signal being
representative for a current (I oap) through the coil
(70), and a control input terminal (CMP_IN(-)) of
which being arranged to be supplied with a variable
threshold value (V). characterised in that
the comparator with variable hysteresis (30) addi-
tional to the measuring input terminal (CMP_IN(+))
and the control input terminal (CMP_IN(-) ) has an
output terminal (CMP_OUT) and comprises:

an operational amplifier (31) having an non-in-
verting input terminal (+),an inverting input ter-
minal (-) and an output terminal (CMP_OUT) ,
a serial connection comprising a third resistor
(34), a second resistor (33) , a first resistor (32)
and a control voltage source delivering a varia-
ble threshold value (V), the serial connection
being connected in parallel to a supply voltage
(Vsy) whereby a partial serial connection com-
prising the second resistor (33), the first resistor
(32) and the control voltage source being con-
nected in parallel to a further switching element
(35) and the point of connection between the
second (33) and first (32) resistor being a volt-
age tap (V) ,

whereby the inverting input terminal (-) of the
operational amplifier (31) being connected with
the voltage tap (V;,) and the output terminal
(CMP_OUT) of the operational amplifier (31) be-
ing connected with the control input terminal of
the further switching element (35).

2. Driving circuit according to claim 1, characterized
in that the variable threshold value (V) of the con-
trol voltage source is the output voltage of a low
pass filter (20) arranged to be supplied by a PWM-
signal .
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