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@ A circuit for the piloting of inductive loads, particularly for operating the electro-injectors of a diesel-cycle internal
combustion engine.

The circuit comprises: Fi6. 1 ﬂ:_ﬁa’"f’;—"—‘sw,
-an input (1) for connection to a low-tension supply (Vs), TR e~
- a storage coil {L1) for storing energy delivered by the supply . '
{Vs), and NI S S
- electronic switching devices (SW1, SW2, SWj) for controlling v, i L - .
the connection between the input (1), the storage coil (L1) and l\_:_ SRS ,—l—j —
each of the loads (Lj) in a predetermined manner to achieve a \ fLbi 3
rapid transfer of current to each of the loads selectively, " }
- a capacitor (C) situated in parallel with the branch circuits ( =T
containing the loads (L1) and connected to the coil (L1) and the bz
electronic switching devices (SW4, SW2, SWi), and fEc I Suy sy - swi
- an electronic control unit (ECU) for piloting the electronic - ¥ —:—5 e
switching devices (SWi, SWs, SW;) according to a first _ |

operative mode in which, to transfer current to one of the loads
(L), the switching devices cause in succession, after the
connection of the storage coil (L1) to the supply (VB):

the connection of the storage coil (L1) to the capacitor {C) so as
to form a resonant circuit, and then

the discharge of the resonant circuit (L1, C} into the load (Li).
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Description

A circuit for the piloting of inductive loads, particularly for operating the electro-injectors of a diesel-cycle
internal combustion engine

The present invention relates to a circuit for the
piloting of inductive loads, and particularly for the
control of the electro-injectors of a diesel-cycle
internal combustion engine.

More specifically, the subject of the invention is a
circuit comprising:
an input for connection to a low-tension supply,

a storage coil for storing energy delivered by the
supply, and

electronic switching means for controlling the
connection between the input, the storage coil and
the loads in a predetermined manner o achieve a
rapid transfer of current to each of the loads
selectively.

A circuit of this type is described in Halian patent
application No. 67953-A/85. This known circuit
comprises a plurality of branch circuits, in each of
which a capacitor is connected in parallel with an
inductive load and forms a resonant circuit with the
load. The rapid transfer of current to each of the
loads is achieved by first storing energy delivered by
the supply to the storage coil and then connecting
the storage coil to the resonant circuit including the
ioad fo be activated.

Solenoids for operating the electro-injectors for
diesel engines represent non-linear inductive loads
of relatively small inductance. Consequently, with
the known circuit described above, it is only possible
to transfer sufficient energy o such loads if

capacitors of good quality and high capacitance, -

which are therefore bulky and expensive, are used in
parallel with the loads.

An object of the present invention is to produce a
circuit for controlling inductive loads of the type
defined above, which enables a large amount of
energy to be transferred rapidly to the load selected
from time to time, without requiring the use of a
plurality of large and expensive capacitors.

According to the invention, this object is achieved

by means of a circuit of the type specified above,
whose main characteristic lies in the fact that it also
includes:
a capacitor arranged in parailel with the branch
circuits containing the loads, and connected to the
storage coil and the electronic switching means, and
an electronic contro! unit for piloting the electronic
switching means in a first operative mode in which,
to transfer current fo one of the loads, the switching
means, after having connected the storage coil to
the supply, connect the coil to the capacitor so as to
form a resonant circuit and then discharge the
resonant circuit into the load.

In the circuit according to the invention, as in the
known circuit, a capacitor may be connected in
parallel with each load to enable the current to be
cancelled out rapidly when the load is deactivated. In
the prior-art circuit described above, this capacitor
is represented by the same large-capacitance
capacitor used for the transfer of current to the load.
In the circuit according to the invention, any
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guenching capacitor connected in paraliel with each
load has a much smaller capacitance than that of the
capacitor used for transferring current to the load
selected from time fo fime.

When the circuit according to the invention is
used for piloting the injectors of a diesel engine, the
supply is typically constituted by the battery of the
motor vehicle. In some circumstances, this battery is
unable to deliver a sufficiently high current for the
piloting circuit to be able to energise the electro-in-
jectors in the desired manner. This may occur, for
example, when the battery is not sufficiently charged
or when, for various reasons, the impedance *felt”
by the battery is unusually high. in such a situation,
the prior-art circuit described above is unable to
pilot the electro-injectors in a satisfactory manner.

A further object of the present invention is fo
produce a circuit of the type specified above which
is able to ensure the correct functioning of the
electro-injectors even when the supply is unable to
deliver a current of sufficiently high intensity.

This object is achieved according to the invention
by means of a circuit of the type specified above,
characterised in that it also includes sensor means
for supplying electrical signals indicative of the
current delivered by the supply, and in that the
electronic control unit is connected to the sensor
means and is arranged to pilot the electronic
switching means in the first operative mode and in a
second operative mode when the current delivered
by the supply is greater than and less than a
predetermined level, respectively, the control unit
being able, in the second operative mode, to cause
the connection of the capacitor to the supply
through voltage-boosting means, so as to charge
the capacitor to a predetermined voltage level which
is greater than the supply voltage, and then
the discharge of the energy stored in the capacitor
o the load selected from time to time.

Further characteristics and advantages of the
present invention will become clear from the detailed
description which follows with reference to the
appended drawings,provided by way of non-limiting
example, in which:

Figure 1 is an electrical diagram of a circuit
according to the invention, and

Figure 2 is a graph which shows the ideal trace of
the excitation current of the solenoid for operating
an electro-injector for diesel engines as a function of
time, and

Figures 3 to 5 are three sets of graphs which
illustrate states of the devices of the circuit
according to the invention and signals developed in
the circuit in three different operating conditions.

With reference to Figure 1, a circuit according to
the invention for the piloting of a plurality of inductive
loads L comprises an input terminal 1 connected in
use to a low-tension, direct-voltage supply Vs, such
as a battery. In particular, the inductive loads Li may
represent the solenoids for operating the electro-in-
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jectors of a diesel engine for a motor vehicle. In this
case, the supply Ve is constituted by the battery of
the motor vehicle.

A storage coill, indicated L1, can be connected to
the input terminal 1 through a controlied electronic
switch, generally indicated SW1, which is open at
rest. The switch SW¢ has been shown as an
interrupter with which a diode D4 is connected in
parallel. This switch may be be constituted, for
example, by an integrated MOSFET-type transistor,
and in that case the diode D1 is constituted by its
parasitic diode.

A diode whose anode is connected to earth and
whose cathode is connected between the storage
coil L.y and the controlied switch SW1 is indicated R1.

A further controlled switch SWa, similar to SWj is
connected between L1 and earth in the manner
illustrated. )

L1 is connected to a first terminal of a capaciter C
whose other terminal is connected to earth. A
plurality of branch circuits is connected in paralle!
with C and each includes an inductive load Li in
series with which a controlled electronic switch SW;
of a similar type to SW1 and SWaz is connected. A
respective capacitor C; may be connected in parallel
with each load L for quenching it, that is, for rapidly
cancelling out the current in the corresponding load
Li when the latter is deactivated.

A resistor and a capagcitor, indicated Rc and C, are
connected in parallel with each other between the
earth and a junction N to which are connected the
cathodes of diodes D, each of which has its anode
connected between a load L; and the associated
controlled switch SWi. The diodes D¢ together form
an OR-type circuit.

A further controlled switch SW4, similar to the
above, is connected between the junction N and the
input 1.

An electronic control unit produced in known
manner is indicated ECU and comprises, for
example, a microprocessor unit and input/output
interface circuits. The unit ECU has a series of inputs
connected to the earth of the circuit described
above, to the positive pole of the supply Ve, and to a
sensor S which is adapted to provide electrical
signals indicative of the current flowing in the
storage coil L1 during operation. The sensor S may
be constituted, for example, by a Hall-effect sensor.
As an alternative to this solution, the non-earth
terminal of the capacitor C may be connected to the
unit ECU for detecting the current flowing in L1: the
voltage established across the terminals of C at
particular stages of operation is related to the
intensity of the current flowing in Li.

A further alternative solution for the detection of
the current flowing in L1 could be constituted, for
example, by a shunt resistor connected in series
with Ly and connected to the ECU.

The unit ECU has a plurality of outputs connected
in order to the control inputs of the switches SWj,
SWsy, SW3 and SW..

In order to pilot the electro-injectors of a diesel
engine, the unit ECU may be provided with further
electrical input signals, such as, for example, the
rate of revolution of the engine, etc.
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Before describing the operation of the circuit
shown in Figure 1, some considerations concerning
the ideal trace of the current Iy in the solenoid for
operating an electro-injector for a diesel engine will
be put forward. This ideal behaviour is shown in
Figure 2 as a function of time t. The ideal curve
illustrated has a rising slope a followed by a stage b
of substantially constant high-current intensity Imax,
followed by a transition ¢ towards a holding current
level In. This current is maintained for a certain period
of time (section d of the curve) and is then followed
by the "quenching” of the current (stage e) with
possible inversion and definitive cancelling out of the
current (stage f).

For optimal and exact control of the injection it is
necessary that the actuation time of individual
injectors be precisely controllable. For this purpose,
therefore, it is necessary that the times during which
the current rises and subsequently falls are ex-
tremely short, and less than the minimum injection
time by at least one order of magnitude.

With reference to Figures 1, 3 and 4, we shall now
see how the circuit according to the invention is able
to make the current rise rapidly in a particular load
each time that load is to be activated.

Figure 3 shows the states of SW4, SW2 and of the
switch SW; associated with the load L; to be
energised, and the traces of the current iy in the
storage coil, of the voltage V¢ across the capacitor C
and of the current Iy in the load.

In order to make a current pass into the load L,
the unit ECU causes the switches SWy and SWoa to
close at a time to. All the other switches remain
open. In this condition, an increasing current flows in
the storage coil L1, as shown in Figure 3.

At a subsequent time 11, SW4i and SWjy are
opened, whilst the switch SW; associated with the
load to be energised is closed. In this condition, the
storage inductor L1 is disconnected from the supply
but is connected to the capacitor C with which it
forms a resonant circuit. This resonant circuit is
discharged to the load Li associated with the switch
SW; which is closed. The current I decays in the
manner illustrated, whilst the voltage across the
capacitor C(i) increases and then decreases untit it
reaches zero at a time t2. The current in the selected
load therefore increases from the time ty until it
reaches a maximum value at the time t2, and then
starts to decay, as shown in Figure 3. In order to
extend the period for which the current persists at
high-intensity levels in the load, the unit ECU may be
arranged to cause successive openings and clos-
ings of SWy after the time t2, with resultant
"chopping” of the current ILi, as shown by the broken
line in Figure 3.

The rapid transfer of energy from the supply to the
generic load L; by means of storage in L4 and the
consequent discharge of the resonant circuit Lic
can be achieved, provided that the supply Vs is able
to deliver a current of sufficient intensity.

According to the invention, the control unit ECU
may be arranged to detect the intensity of the
current which can be delivered by the supply. This
may be achieved by the acquisition of the signals
provided by the sensor S, or by the reading of the
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voltage across C when SW4 and SW3 are open, or
even by the reading of the voltage across a shunt
resistor arranged in series with the storage coil L.
When the current delivered by the supply is less than
a predetermined value, the unit ECU can also
determine (and possibly signal for diagnostic pur-
poses) whether the inadequacy of the current is due
to alow charge level of the supply or o an anomaly in
the circuitry connected to the supply, by reading the
voltage Vg of the supply.

In any case, when the unit ECU detects that the
current which can be delivered by the supply is less
than a predetermined threshold, it puts into oper-
ation a second procedure for the transfer of current
to the load L; selected from time to time. In this
procedure, which will now be described with
reference to Figures 1 and 4, the unit ECU causes
successive simultaneous closures of SW1 and SWo,
as indicated at the times to, t2 and t4 in Figure 4. The
switches SW3 and SW;, however, are kept open.

Upon each closure of SW4 and SW5, the current in
the storage coil L; increases until, as at the times t1,
i3 and ts, the switches are opened. Upon each
opening of SWy and SW», the voltage across the
capagcitor C is increased. The diode Rz prevents the
discharge of C during the stage of storage in L4. The
diode P2 also serves to protect SWz2 when the
capacitor C is subsequently discharged.

The voltage across C therefore rises in steps and
can be brought to a level greater than that of the
supply, until a level Vs is reached (Figure 4) which is
sufficient to cause the rapid passage of a high
current to the selected load. This injection of current
takes place at the time tg in Figure 4 (which, at the
limit, may be made to coincide with ts) when the
switch SW, associated with the selected load is
closed while all the other switches are open.

The first operating mode of the circuit of Figure 1,
described with reference to Figure 3, is preferable
since it is more convenient from an energy point of
view. However, this operating mode is only possible
if the supply is able to deliver sufficent current. When
this does not occur, the circuit according to the
invention nevertheless enables a rapid injection of
current to the loads to be achieved by the charging
and subsequent discharging of the capacitor C, as
described with reference to Figure 4. The charging
of C obviously takes a certain time, which depends
on the intensity of the current which can be delivered
by the supply. The unit ECU is correpsondingly
programmed to start the charging of C correspond-
ingly in advance of the time (ts in Figure 4) at which
the passage of current to the selected load must be
triggered.

In practice, the circuit of Figure 1 requires a single
large-capacitance capacitor (the capacitor C) which
is used for the injection of the current to the loads L
in a predetermined sequential order actuated by the
unit ECU by means of corresponding sequential
piloting of the switches SWi.

Capacitors C; of considerably smaller capacitance
are consequently sufficient to achieve any final
inversion of the current in the loads.

Two ways in which the circuit of Figure 1 can
cause a current to pass rapidly into a generic load to
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achieve the portions a and b of the ideal curve of
Figure 2 have been described above. This current
can be made to flow at the desired holding level
(section d of the ideal curve shown in Figure 2) by
the opening of the switch SW4 or the switch SW;
associated with the load. in order subsequently to
cancel out the current L (stage 2) SWi is opened. In
this condition, a voltage is developed across the
load which rises to high values in a short time. A
clamping circuit is provided for limiting the value of
this voltage and is constituted by the capacitor C¢ to
which the resistor R¢ can be connected. It should be
noted that this is a single circuit connected to all the
loads Li by means of the diodes D. which are
connecied so as to form an OR circuit.

Together with the switch SWs, the "clamping”
circuit described above also enables the partial
recovery of the reactive energy of the load which is
excited from time to time, enabling this energy to be
recycled towards the supply Ve. This energy re-
covery, which will now be described, takes place
essentially each time a switch SW; is opened after
the injection of current to the associated load L. This
can occur essentially in three circumstances, that is,
when the current in the load L is changed from the
maximum level to the holding level (section ¢ of the
ideal curve of Figure 2), when the current in the load
is quenched (section e of Figure 2) and, although to
a lesser extent, during the stages when the current
in the load is being chopped, such as, for example,
those described with reference to Figure 3.

Figure 5 shows examples of the traces of the
current li in a load and of the voltage V. across the
clamping capacitor, and the corresponding stages
of the switch SW; associated with the load in
question and of the switch SW3. With reference to
this Figure, when, at a time o, SW3 is closed as a
result of a command provided by the unit ECU and
the switch SW; associated with the energised load is
closed, the current l; decays, whilst the voitage
across the clamping capacitor rises. When the
current Iy is reached in the load (a condition which
can be detected by the unit ECU, for example. by
means of a further Hall-effect sensor associated with
Li) at the time t1, the unit ECU causes the switch SW;
which was previously been opened, to close again
and opens SWa. In these conditions, the clamping
capacitor remains charged at the voltage to which it
has previously been brought.

When, at the time t2, the unit ECU subsequently
opens SW;, the current in the load decays rapidly,
whilst the voltage V. across the clamping capacitor
rises rapidly, as shown in Figure 5, until the unit ECU
closes SW3 at the time i3 and the voltage Ve
consequently decreases rapidly.

During the stages when the current in the load
which is energised from time to time is decaying, the
closure of SW3 enables part of the reactive energy
stored in the load to be returned to the supply, by
virtue of the concomitant action of the clamping
circuit.

This characteristic may be of considerable inter-
est for applications of the circuit according to the
invention in the automotive field, particularly in motor
cars provided with batteries and/or with relatively
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low power-recharging systems.

As far as Rc is concerned, this is only necessary
(to dissipate the energy stored in Cg) if the circuit
according to the invention is not arranged to recover
the reactive energy. In this case, resistors, each
connected in parallel with a diode D., may be
provided in place of Re.

Further possible applications of the circuit ac-
cording to the invention are, for example, for
controlling the relays which scan the punched cards
or tapes in Jacquard-type textile machines, for
controlling the electro-injectors of an Otto-cycle
engine, for controlling the printing heads of matrix
printers, etc.

Claims

1. A circuit for the piloting of inductive loads (L},
particularly for operating the electro-injectors of a
diesel-cycle internal combustion engine, compris-
ing:
an input (1) for connection to a low-tension
supply(Vs), '

a storage coil (L1) for storing energy delivered by the
supply (Vs), and '
electronic switching means (SWi, SW2, SW;) for
controlling the connection between the input (1), the
storage coil (Li) and each of the loads (L) in a
predetermined manner to achieve a rapid transfer of
current to each of the loads selectively,
characterised in that it also includes:

a capacitor (C) arranged in parallel with the branch
circuits containing the loads (L1), and connected to
the coil (Ly) and the electronic switching means
{SW4, SW2, SWj), and

an electronic control unit (ECU) for piloting the
electronic switching means (SW1, SW2, SW)) ac-
cording to a first operative mode in which, to transfer
current into one of the loads (L), the switching
means cause in succession, after the connection of
the storage coil (L1) to the supply (Vs):

the connection of the storage coil (L) to the
capacitor (C) so as to form a resonant circuit, and
then

the discharge of the resonant circuit (L1, C) into the
load (Lj).

2. A circuit according to Claim 1, further including
a current-inversion capacitor (Gj) in parallel with
each load (L) for enabling the current in the
corresponding load (L;) to be cancelled out rapidiy,
characterised in that each of the inversion capaci-
tors (Ci) has a smaller capacitance than that of the
said capacitor (C).

3. A circuit according to Claim 1 or Claim
2,characterised in that it also includes sensor means
(8) for providing electrical signals indicative of the
current delivered by the supply (Vs), and in that the
control unit (ECU) is-.connected to the sensor means
(S) and is arranged to pilot the electronic switching
means (SWy, SWa, SWj) in the first operative mode
and in a second operative mode when the current
delivered by the supply is greater than and less than
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a predetermined value, respectively, the unit (ECU)
being adapted to cause the connection of the
capacitor {C) to the supply (Vs) through voltage-
boosting means (L1, Rz} in the second operative
mode, so as to charge the capacitor (C) to a
predetermined voltage level greater than the voltage
of the supply, and then the discharge of the energy
stored in the capacitor (C) into a selected load (L.).

4. A circuit according to Claim 3, characterised in
that the sensor means comprise a shunt resistor in
series with the storage coil (L4).

5. A circuit according to Claim 3, characterised in
that the sensor means comprise a galvanometric-ef-
fect sensor (8), particularly a Hall-effect sensor.

6. A circuit according to Claim 3, characterised in
that the control unit (ECU) is adapted to detect the
voltage across the capacitor (C).

7. A circuit according to any one of the preceding
claims, comprising a plurality of branch circuits in
parallel with each other, each of which includes a
load (L), and in which the electronic switching
means comprise
a first switch (SW+1) between the supply (Vs) and the
storage coil (L4),

a second switch (SW3) in parallel with the branch
circuits, and

a control switch (SW;) in each of the branch circuits,
between the corresponding load (Li) and the supply
{Vs),

characterised in that it also includes clamping circuit
means (Rc; Dc) for limiting and possibly dissipating
the voltage generated by each of the loads (L) when
the associated control switch (SWi) cuts off the
current flowing into the load (Lj).

8. A circuit according to Claim 7, characterised in
that the clamping circuit means comprise a clamping
circuit of the parallel-RC type, and in that the loads
{Ls) are connected to the clamping circuit by means
of an OR circuit (Dq).

9. A circuit according to any one of the preceding
claims, characterised in that it also includes energy-
recovery circuit means (SW3, Rc, C¢) controlled by
the unit (ECU) and adapted to enable part of the
reactive energy stored in the load (R;) to be recycled
towards the supply (Vo) each time a load (L) is
deactivated.

10. A circuit according to Claims 8 and 9,
characterised in that the recover circuit means
include a further electronic switch (SW3) connected
between the clamping circuit (Rc, Cc) and the supply
(Ve) and controlled by the electronic unit (ECU).
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