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ION CURRENT DETECTION APPARATUS
FOR AN INTERNAL COMBUSTION ENGINE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an ion current detection
apparatus for detecting the combustion condition of an
internal combustion engine by detecting ionization, by way
of an ion current, of combustion gas resulting from com-
bustion in an internal combustion engine.

2. Description of Related Art

FIG. 10 is a circuit diagram of a conventional apparatus
comprising an ion current detection apparatus 300 for the
ignition apparatus 200 of an internal combustion engine. The
ignition apparatus 200 comprises a motor vehicle battery or
other electrical power supply 201, an ignition coil 202,
ignition control circuit 203, and a spark plug 204. The
ignition control circuit 203 comprises a switching circuit
210, a resistor 211, and a control circuit unit 212 for
controlling the switching circuit 210.

The switching circuit 210 comprises npn power transis-
tors 215 and 216 in a compound connection, zener diode
217, and resistors 218 and 219.

The ion current detection apparatus 300 comprises an ion
current detection circuit unit 301 for detecting an ion
current, a capacitor 302, and a zener diode 303.

Referring to the ignition apparatus 200, current is sup-
plied from the electrical power supply 201 to one end of the
primary coil La of the ignition coil 202; the other end of the
primary coil La is grounded through the ignition control
circuit 203. One end of the secondary coil Lb of the ignition
coil 202 is grounded through the spark plug 204, and the
other end is connected to the ion current detection apparatus
300, that is, to the cathode of the zener diode 303 and to one
side of the capacitor 302. The anode of the zener diode 303
is grounded, and the other side of the capacitor 302 is
connected to the ion current detection circuit unit 301. It
should be noted that the anode of the zener diode 303 is
shown grounded in FIG. 10, but can be alternatively con-
nected to the ion current detection circuit unit 301.

The cathode of zener diode 217 is connected to the
collector of power transistor 216, and the anode is connected
to the base of power transistor 216, to protect power
transistors 215 and 216 from counterelectromotive force
from the primary coil La of the ignition coil 202. The
junction between the resistor 211 and emitter of power
transistor 215, and the grounded side of the resistor 211, are
connected to the control circuit unit 212. A control signal
from the engine control unit (not shown in the figure) is
input to the control circuit unit 212 for controlling the
ignition timing based on various engine operation informa-
tion. The control circuit unit 212 controls the switching
operation of the power transistors 215 and 216 based on the
supplied control signal.

‘When the power transistors 215 and 216 are switched on
by a control signal from the engine control unit (ECU below)
in this configuration, a current of up to between ten and
twenty amperes flows to the primary coil La of the ignition
coil 202. A counterelectromotive force then occurs between
the primary coil La and the power transistors 215 and 216
when the current supply from the primary coil La is sud-
denly cut off as a result of the power transistors 215 and 216
switching off in response to a control signal from the ECU
after supplying current to the primary coil La for a specified
time. The zener diode 217, however, normally limits the
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power supply between the collector and base of the power
transistor 216 to approximately 300—400 V.

When a counterelectromotive force occurs at the primary
coil La of the ignition coil 202, a voltage proportional to the
winding ratio between the primary coil La and secondary
coil Ib occurs at the secondary coil Lb. For example,
because the number of windings in the secondary coil Lb is
approximately 100 times the number of windings in the
primary coil La, a voltage of approximately 30 kV occurs at
the secondary coil Lb. The secondary coil Lb is connected
such that a negative voltage occurs on the spark plug 204
side of the coil, and a positive voltage occurs on the side on
which the capacitor 302 and zener diode 303 are connected.
If the voltage stored by the capacitor 302 is less than or equal
to the zener voltage of the zener diode 303 when the spark
plug 204 sparks, a current of several ten milliamperes to a
hundred and several ten milliamperes flows to the capacitor
302; if said stored voltage exceeds the zener voltage, the
current flows from the cathode to the anode of zener diode
303.

As thus described, the counterelectromotive force of the
primary coil La of the ignition coil 202 rapidly attenuates,
the voltage at both ends of the secondary coil Lb also
simultaneously drops rapidly, and the voltage at both ends of
the secondary coil Lb drops ultimately to zero after ignition.
The voltage stored in the capacitor 302 is then added to the
potential of the secondary coil Lb, becomes approximately
equal to the zener voltage of the zener diode 303 during the
ignition operation, and a voltage equal to the zener voltage
of the zener diode 303 is applied to the spark plug 204.

When a voltage comparable to the stored charge of the
capacitor 302 is applied to the spark plug 204 inside a
cylinder containing ionized combustion gases immediately
after ignition, an ion current flows. Because capacitor 302
supplies this ion current, a current matching the ion current
also flows to the ion current detection circuit unit 301
connected to the capacitor 302. This current is detected, and
the signal contained in the ion current is processed.

The ion current is known to react to minute changes in the
temperature and pressure inside the cylinder, and a device
for detecting whether normal combustion is occurring by
comparing the absolute value of this ion current has been
disclosed in Japanese Patent Laid-Open Publication
H7-217519 (1995-217519) filed by an inventor of the
present invention. A circuit for extracting an oscillation
wave component superimposed on this ion current as a
means of detecting knocking caused by abnormal pressure
inside the cylinder is also disclosed in Japanese Patent
Laid-Open Publication H9-15101 (1997-15101), also filed
by an inventor of the present invention.

With a conventional ion current detection apparatus,
however, a voltage limiting element, such as a zener diode
303 for limiting the voltage of the capacitor 302 supplying
the ion current, is required for each capacitor 302, and a
significant power loss occurs due to the several ten milli-
ampere to a hundred and several ten milliampere current and
the approximately 100400 V limit voltage flowing during
ignition. The zener diode 303 or other voltage limiting
element must be built with a heat radiation design sufficient
to withstand such a power loss, thus contributing to
increased cost.

SUMMARY OF THE INVENTION

An object of the present invention is therefore to eliminate
a zener diode voltage limiting element used in an ion current
detection apparatus disposed in an ignition apparatus of an
internal combustion engine.
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More specifically, the present invention uses a voltage
limiting element disposed in an ignition control circuit as a
voltage limiting element of an ion current detection appa-
ratus. This is possible because ion current detection occurs
during the period in which the power transistor of the
ignition control circuit is off. As a result, voltage limiting of
the counterelectromotive force in the primary coil, and
voltage limiting for the capacitor in the ion current detection
apparatus, do not occur simultaneously even though a com-
mon voltage limiting element is used for both operations.

To achieve the above object, an ion current detection
apparatus for detecting an ion current occurring during
combustion in an internal combustion engine, where the
internal combustion engine comprises an ignition coil for
generating a high voltage charge on the secondary coil
thereof by means of a voltage applied to the primary coil
thereof, and a spark plug for igniting fuel inside an engine
cylinder as a result of the high voltage generated in the
ignition coil, includes a voltage limiting device for limiting
the counterelectromotive force of the primary coil to the
switching elements used for controlling current supply to the
primary coil; a capacitor for applying an ion current detec-
tion voltage to a spark plug via secondary coil; an ion current
detection means for detecting an ion current based on a
voltage applied from the capacitor to the spark plug; and a
connecting means for connecting the capacitor to the voltage
limiting device; wherein the voltage limiting device is also
used for capacitor voltage limiting.

The capacitor in the present invention is preferably
charged by current flowing during sparking of the spark
plug, and discharges the stored voltage charge to the spark
plug immediately after ignition, and the voltage limiting
means limits the voltage supplied to the capacitor during
capacitor charging.

The connecting means of the present invention can com-
prise a first diode for connecting the primary coil and
switching element in a forward direction, and a second diode
for connecting said capacitor and voltage limiting means in
a forward direction.

Further preferably, the voltage limiting means of the
present invention is a zener diode.

Other objects and attainments together with a fuller
understanding of the invention will become apparent and
appreciated by referring to the following description and
claims taken in conjunction with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a circuit diagram of an ion current detection
apparatus for an internal combustion engine according to a
first embodiment of the present invention.

FIG. 2 is a circuit diagram of an exemplary control circuit
unit 9 in FIG. 1.

FIG. 3 is a circuit diagram of an exemplary ion current
detection circuit unit 21 in FIG. 1.

FIG. 4 is a circuit diagram of a further exemplary ion
current detection circuit unit 21 in FIG. 1.

FIG. 5 is a circuit diagram of a yet further exemplary ion
current detection circuit unit 21 in FIG. 1.

FIG. 6 is a circuit diagram of a yet further exemplary ion
current detection circuit unit 21 in FIG. 1.

FIG. 7 is a circuit diagram of a further exemplary switch-
ing circuit unit 7 in FIG. 1.

FIG. 8 is a circuit diagram of a yet further exemplary
switching circuit unit 7 in FIG. 1.
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FIG. 9 is a circuit diagram of an ion current detection
apparatus for an internal combustion engine according to an
alternative embodiment of the present invention.

FIG. 10 is a circuit diagram of an ion current detection
apparatus for an internal combustion engine according to the
related art.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The preferred embodiments of the present invention are
described below with reference to the accompanying figures.
Embodiment 1

FIG. 1 is a circuit diagram of an ion current detection
apparatus for an internal combustion engine according to a
first embodiment of the present invention. As shown in FIG.
1, an ion current detection apparatus 20 is connected to an
independently powered ignition apparatus 1. The ignition
apparatus 1 comprises an automotive battery or other power
source 2, an ignition coil 3, diode 4, ignition control circuit
5, and a spark plug 6 mounted in a cylinder. The ignition
control circuit 5 comprises a switching circuit unit 7, resistor
8, and a control circuit unit 9 for controlling the switching
circuit unit 7.

The switching circuit unit 7 comprises npn power tran-
sistors 11 and 12 in a compound connection, zener diode 13,
and resistors 14 and 15.

The ion current detection apparatus 20 comprises an ion
current detection circuit unit 21 for detecting an ion current,
a capacitor 22, and a diode 23.

Referring to the ignition apparatus 1, current is supplied
from the power source 2 to one end of the primary coil L1
of the ignition coil 3; the other end of the primary coil L1 is
grounded through the diode 4 and ignition control circuit 5.
One end of the secondary coil L2 of the ignition coil 3 is
grounded through the spark plug 6, and the other end is
connected to the ion current detection apparatus 20, that is,
to one side of the capacitor 22 and to the anode of diode 23.
The cathode of diode 23 is connected to the interconnect
between the cathode of diode 4 and the cathode of zener
diode 13 and the collectors of power transistors 11 and 12.
The other side of capacitor 22 is connected to the ion current
detection circuit unit 21.

Note that in this ignition control circuit 5 the collectors of
power transistors 11 and 12 are interconnected, and this
interconnect is connected to the cathodes of diode 4 and 23.
The emitter of power transistor 12 is connected to the base
of power transistor 11, and the emitter of power transistor 11
is grounded via resistor 8. The base of power transistor 12
is connected to an output a of the control circuit unit 9.
Resistor 14 is connected between the base and emitter of
power transistor 11, and resistor 15 is connected between the
base and emitter of power transistor 12.

The cathode of zener diode 13 is connected to the col-
lector of power transistor 12, and the anode is connected to
the base of power transistor 12, to protect the power tran-
sistors 11 and 12 from the counterelectromotive force of the
primary coil L1 of the ignition coil 3. The interconnect
between resistor 8 and the-emitter of power transistor 11 is
connected to input b of the control circuit unit 9, and the
ground side of resistor 8 is connected to input ¢ of the control
circuit unit 9. A control signal from an engine control unit
(not shown in the figures) is supplied to input d of the control
circuit unit 9. The engine control unit controls the ignition
timing based on information about current engine operation.
As a result, the control circuit unit 9 controls switching the
power transistors 11 and 12 on and off based on the control
signal supplied from the engine control unit.
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FIG. 2 is a circuit diagram of an exemplary control circuit
unit 9. As shown in FIG. 2, the control circuit unit 9
comprises a switching control circuit 31, and a current
limiting circuit 32.

The switching control circuit 31 comprises a comparator
33, reference voltage generator 34, and drive circuit 35, and
is used for controlling the on/off switching operation of the
power transistors 11 and 12 according to a control signal
input from the engine control unit (ECU below).

The current limiting circuit 32 comprises an operational
amplifier (op-amp) 36, reference voltage generator 37, and
npn transistor 38. The current limiting circuit 32 is used for
limiting the emitter current of the power transistor 11
according to a voltage converted from the emitter current of
the power transistor 11 by resistor 8.

One input to comparator 33 of switching control circuit 31
is input d of the control circuit unit 9, and is therefore
connected to the ECU. Between the other input to the
comparator 33 and the ground is connected the reference
voltage generator 34. The output of comparator 33 is con-
nected to the input of the drive circuit 35. The output of the
drive circuit 35 is output a of the control circuit unit 9, is
therefore connected to the base of power transistor 12.

One input to the op-amp 36 of current limiting circuit 32
is input b of control circuit unit 9, and is therefore connected
to the interconnect between resistor 8 and the emitter of
power transistor 11. The reference voltage generator 37 is
connected between the other input to the op-amp 36 and
input ¢ of the control circuit unit 9. The output of op-amp 36
is connected to the base of npn transistor 38; the collector of
npn transistor 38 is connected to output a of control circuit
unit 9, and the emitter of npn transistor 38 is connected to
input ¢ of control circuit unit 9.

The control signal from the ECU is wave shaped based on
a reference voltage input from the reference voltage gen-
erator 34 by means of comparator 33. The drive circuit 35
supplies the current required to switch power transistors 11
and 12 on to the base of the power transistor 12 according
to the wave-shaped signal. The emitter current of the power
transistor 11 is converted to a voltage by resistor 8. The
op-amp 36 then compares this converted voltage against the
reference voltage supplied from the reference voltage gen-
erator 37. If the emitter current of the power transistor 11
exceeds a specific value, npn transistor 38 becomes on, thus
passing the base current supplied from the drive circuit 35 to
power transistor 12 to the ground and limiting the emitter
current of the power transistor 11.

By thus switching power transistors 11 and 12 on based on
a control signal from the ECU, a current of several amperes
to more than ten amperes flows to the primary coil L1 of the
ignition coil 3. After current is thus supplied to the primary
coil L1 for a specific time and the power transistors 11 and
12 are then switched off in response to a control signal from
the ECU, the current supply to the primary coil L1 is
suddenly interrupted, causing a counterelectromotive force
to occur at the interconnect between the primary coil L1 and
the collectors of power transistors 11 and 12. Note, however,
that zener diode 13 normally limits the voltage supply
between the collector and base of the power transistor 12 to
approximately 300 to 400 V.

When a counterelectromotive force occurs at the primary
coil L1 of the ignition coil 3, a voltage proportional to the
winding ratio between the primary coil L1 and secondary
coil L2 occurs at the secondary coil L2. For example,
because the number of windings in the secondary coil L2 is
approximately 100 times the number of windings in the
primary coil L1, a voltage of approximately 30 kV occurs at
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the secondary coil L2. The secondary coil L2 is connected
such that a negative voltage occurs on the spark plug 6 side
of the coil, and a positive voltage occurs on the side on
which the capacitor 22 is connected.

If the voltage stored by the capacitor 22 is less than or
equal to the zener voltage of the zener diode 13 (more
precisely, less than or equal to the sum of the zener voltage
and the forward voltage of the diode 23, but the forward
voltage of the diode 23 is ignored herein because it is small
compared to the zener voltage of the zener diode 13) when
the spark plug 6 sparks, a current of several ten milliamperes
to a hundred and several ten milliamperes flows to the
capacitor 22; if said stored voltage exceeds the zener
voltage, the current flows from the cathode to the anode of
zener diode 13.

As a result of this operation, the potential on one end of
the secondary coil L2 of ignition coil 3 is limited to the zener
voltage of the zener diode 13 or less. The electrode potential
on the secondary coil L2 of the spark plug 6 is thus
approximately -30 kV, a voltage of 30 kV is produced
between the electrodes of the spark plug 6, and an electric
spark is produced. This electric spark causes the air and fuel
mixture inside the cylinder to combust, and molecules in the
high temperature environment resulting from combustion
inside the cylinder to ionize. When a voltage is then applied
to this ionized gas, an ion current flows. Minute changes in
this ion current occur with changes in the combustion state
inside the cylinder, and the combustion state and other
information can be detected by detecting this ion current.

After sparking and ignition occur, the counterelectromo-
tive force at the side coil L1 of the ignition coil 3 quickly
attenuates, there is simultaneously a rapid voltage drop at
both ends of the secondary coil L2, and the voltage at both
ends of the secondary coil L2 drops ultimately to zero. The
voltage stored in the capacitor 22 is then added to the
potential of the secondary coil 1.2, becomes approximately
equal to the zener voltage of the zener diode 13 as a result
of the ignition operation, and a voltage equal to the zener
voltage of the zener diode 13 is applied to the spark plug 6.

When a voltage comparable to the stored charge of the
capacitor 22 is applied to the spark plug 6 inside a cylinder
containing ionized combustion gases immediately after
ignition, an ion current flows. Because capacitor 22 supplies
the charge producing this ion current, a current matching the
ion current also flows to the ion current detection circuit unit
21 connected to the capacitor 22. The ion current detection
circuit unit 21 detects this current, and the information
contained in the ion current is processed.

FIG. 3 is a circuit diagram of an exemplary ion current
detection circuit unit 21 in FIG. 1. As shown in FIG. 3, the
ion current detection circuit unit 21 comprises diodes 41 and
42, an ion current-voltage conversion circuit 43 for convert-
ing the detected ion current to a voltage, and a signal
processing circuit 44 for appropriately processing the
voltage-converted signal output by the ion current-voltage
conversion circuit 43. The ion current-voltage conversion
circuit 43 comprises pnp transistors 51 to 53, resistor 54, and
power supply circuit 55.

The pnp transistors 51 to 53 are connected to form a
current mirror circuit. The bases of pnp transistors 51 and 52
are interconnected, and this interconnect is connected to the
emitter of pnp transistor 53. The collector of pnp transistor
53 is grounded. The emitters of pnp transistors 51 and 52 are
also interconnected, and this interconnect is connected to the
power supply circuit 55. The collector of pnp transistor 51
is connected to the base of pnp transistor 53, the cathode of
diode 41, and the anode of diode 42, and the interconnect












