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Description
Technical Field

[0001] The presentinvention relates to a valve control
strategy and controller. More particularly, the present in-
vention relates to a method and a device for controlling
a solenoid valve, particularly for injecting fuel into an in-
ternal combustion engine.

Background to the Invention

[0002] In electronically-controlled fuel injection sys-
tems, actuator controlled valves (e.g. solenoid valves)
are used to control the flow of fuel within the injector, and
hence, timing, pressure and quantity of fuel injected into
the engine cylinders.

[0003] For single-valve injection systems, such as
Electronic Unit Injectors (EUIs) and Electronic Unit
Pumps (EUPs) a single solenoid valve - known as the
"Spill Valve" - is used to control the point at which fuel
pressure within the injector volume begins to increase.
If the valve is open, fuel will be allowed to "spill" to low
pressure (the fuel tank). Alternatively, if the valve is
closed, the mass of fuel within the injector will undergo
pressurisation due to the advancing cam-driven plunger
reducing the injector volume. Injection of fuel into the
engine’s cylinder occurs once the fuel pressure within
the injector becomes greater than the spring pressure
which holds the injector needle closed against its seat,
resulting in "injector needle lift". Fuel injection will con-
tinue until the Spill Valve re-opens, spilling fuel to low
pressure, resulting in the spring forcing the injector nee-
dle to return to its closed position. In this situation, the
fuel pressure necessary to lift the needle at the start of
injection (known as Nozzle Opening Pressure, or NOP)
is related to the force within the needle spring (i.e., spring
NOP).

[0004] In the case of twin-valve injection systems, a
secondary solenoid valve is used to regulate the control
pressure applied to the back of the injector needle and,
hence, NOP can exceed the needle spring pressure (i.e.,
variable NOP). This solenoid valve is known as the "Nee-
dle Control Valve". Itis a "three-way" valve, in that it ex-
poses the port, the pressure of which is to be controlled,
to either a high control pressure (when de-energised) or
a drain pressure (when energised).

[0005] Similar actuator controlled valves are used in
Common Rail fuel injection systems too.

[0006] Thisinvention refers to the control of both single
and twin valve injection systems.

[0007] Valve movement is facilitated by means of an
actuator which comprises an electromagnetic stator (a
series of coil windings wound around a stator core),
through which a current is passed to activate an arma-
ture. A valve pin is directly attached to the armature, and
subsequent movement of the armature/valve assembly
is used to control flow of fuel within the injector. The valve
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pin is held in the open position by a return spring, there-
fore any electromagnetic force induced by the solenoid
coil is working against the spring to close the valve.
[0008] The control of the solenoid valve is divided into
two general categories, a so called "pull-in" phase and a
"hold phase".

[0009] During the pull-in phase, the armature of the
solenoid-controlled valve is caused to close by the ap-
plication of a first current level through the solenoid coil.
During the hold phase a second, lower current level is
supplied to the solenoid coil to keep the valve closed.
[0010] The driving current provided during the pull-in
phase is supplied by a capacitor. The capacitor and as-
sociated circuitry provide a further voltage supply means
(in addition to the battery) and are hereinafter collectively
referred to as the "Boost circuit".

[0011] The driving current provided during the hold
phase is supplied by applying the standard battery volt-
age across the solenoid coil in order to provide the sec-
ond current level. A so-called "chopping circuit" controls
the application of the battery voltage so that the required
drive current supplied to the actuator throughout the in-
jection is between defined upper and lower hold thresh-
olds.

[0012] Asthe battery voltage decreases, the chopping
circuit may constantly apply the battery voltage to the
solenoid coil during the entire hold phase of injection in
order to maintain the driving current to the solenoid be-
tween the desired threshold levels.

[0013] When the battery level falls too far however the
chopping circuit will not be able to compensate and the
driving current applied to the actuator may fall below a
lower threshold thereby resulting in compromised valve
performance. In such cases, a series of additional voltage
pulses from the Boost circuit may be applied to the so-
lenoid coil in order to maintain the current above a min-
imum current level. During such periods the battery volt-
age will be applied consistently while the Boost circuitry
is activated to produce the additional voltage pulses
(Boost voltage pulses) to maintain the current at the de-
sired level.

[0014] The frequency of the additional Boost voltage
pulses may be controlled by electronic hardware or al-
ternatively by a software module running as part of the
Boost circuitry. In existing systems, the activation of ad-
ditional boost voltage pulses is determined with respect
to the battery voltage as measured by the vehicle’s en-
gine control unit (ECU). In other words, once the battery
voltage, as measured by the ECU, drops below a cali-
brated threshold value, additional boost pulses are acti-
vated.

[0015] The solenoid coil resistance changes depend-
ing on the operating conditions of the engine. For exam-
ple, when the engine is cold the solenoid coil resistance
will be lower than when the engine is hot. During periods
of low solenoid coil resistance, coil current levels will be
higher at low voltages compared to periods of higher so-
lenoid coil resistance. The requirement for an additional
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series of Boost voltage pulses will therefore reduce dur-
ing such periods.

[0016] It is noted that exposing the solenoid coils to
unduly high current levels, for example due to the con-
stant application of battery voltage during periods when
the Boost circuitry is switched on, may result in damage
to the coil. However, as noted above the determining
factor that governs whether the Boost circuitry is activat-
ed to provide additional voltage pulses is the voltage
across the battery as measured by the ECU. In other
words, existing systems do not take account of the op-
erating conditions of the engine and the resistance of the
solenoid coils when determining when to provide addi-
tional voltage pulses.

[0017] It should also be noted that battery voltage is
often at its lowest when attempting to start the engine in
very cold conditions, because, typically, the engine lubri-
cation oil viscosity is much higher and the engine is there-
fore that much harder to turn over taking a greater drain
on the battery. Additionally the battery may struggle to
perform as well at the lower temperatures.

[0018] Itis therefore an object of the present invention
to provide a method and control device for activating and
controlling a solenoid controlled valve that substantially
overcomes or mitigates the above mentioned problems.
[0019] According to a first aspect of the present inven-
tion, there is provided a controller for controlling the op-
eration of a valve in an engine system, the valve being
in communication with a battery and a further voltage
supply means and comprising an actuator, the controller
comprising inputs for receiving data representing the volt-
age across the battery and further voltage supply means
and the current through the actuator; a processor pro-
grammed to determine a control function for controlling
the operation of the valve; and outputs for outputting the
control function as determined by the processor to control
the operation of the valve wherein the processor is ar-
ranged to determine the resistance of the actuator from
the data representing the voltage across the further volt-
age supply means and the current through the actuator
and to determine the control function for controlling the
operation of the valve in dependence on the voltage
across the battery and the resistance of the actuator.
[0020] The present invention provides a controller for
controlling valve operation in which a number of valve
system parameters, e.g. voltage across the further volt-
age supply means that provides the Boost voltages and
also the current through the actuator (i.e. the current
through the solenoid coil), are measured and then used
to determine a control function for controlling the valve
operation. By measuring the voltage and current values
within the valve circuitry it is possible for the controller to
detect changes in the operational characteristics of the
system. The processor can then determine a control
function for controlling the voltages applied by the battery
and further voltage supply means in accordance with the
measured current and voltage values.

[0021] The control function may control the valve op-
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eration either via a software based control system or via
changes to a hardware control circuit.

[0022] Conveniently, in the case of a software solution,
the control function comprises a voltage pulse logic struc-
ture that relates to the voltage levels to be applied across
the actuator. The voltage pulse logic structure may com-
prise logic structures that relate to the operation of the
further voltage supply means and logic structures that
relate to the operation of the battery.

[0023] In the case of a hardware implementation, the
battery and further voltage supply means will be control-
led by the switching of control switches (power switches)
within the power circuit for the engine control. Conven-
iently, in this case, the control function comprises a con-
trol sequence for controlling the switching of the control
switches within the engine’s power circuit.

[0024] Conveniently the controller will sub-divide the
operation of the valve into two phases, a so-called pull-
in phase and a hold phase, and will determine the control
function appropriately. During the pull-in phase a voltage
pulse from the further voltage supply means is applied
across the solenoid coil within the actuator in order to
cause the valve to move from a first state (e.g. valve
open) to a second state (e.g. valve closed). It is noted
that the valve will be held open by the action of a return
spring within the valve and so, in order to achieve rapid
valve closure, an initial voltage pulse above the normal
battery voltage is required. This "Boost voltage" (first volt-
age potential) is applied by the capacitor. Once the valve
has been closed the valve enters the hold phase in which
the battery voltage (second voltage potential) that is ap-
plied across the actuator (solenoid coil) is sufficient to
hold the valve closed.

[0025] Inthe event of low battery voltage the controller
is preferably arranged to apply at least one further pulse
from the further voltage supply means across the actu-
ator. This further pulse is preferably at a voltage potential
greater than the battery voltage and more preferably at
the first voltage potential.

[0026] In the event that the controller applies further
pulses during the hold phase, the controller is preferably
arranged to apply the second voltage potential (the bat-
tery voltage) across the actuator in between the further
pulses. This has the advantage of reducing the power
that is drawn from the boost capacitor.

[0027] Inthe case of the hardware implementation de-
tailed above, the drive circuit may comprise a high side
switch to gate the battery voltage or the further voltage
supply means and a boost switch to control the further
pulses. The control function may in this case be arranged
to send control pulses to the boost switch and to contin-
uously drive the high side switch until the end of the hold
phase.

[0028] Conveniently, the controller further comprises
(i) atwo dimensional function map that relates the voltage
across the further voltage supply means and the current
flowing through the actuator to the resistance of the ac-
tuator and (ii) a one dimensional map that relates the
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resistance of the actuator to the battery voltage at which
further voltage pulses from the further voltage supply
means are required, i.e. an activation voltage.

[0029] In use therefore, the controller uses the voltage
across the further voltage supply means and actuator
current measurements received atits inputs to determine
the resistance of the actuator from the first function map.
Once the resistance of the actuator has been determined
the second function map can be used to derive the acti-
vation voltage that signals that further capacitor voltage
pulses are required to control the valve operation. The
battery voltage can then be monitored and as soon as
this falls below the activation voltage one or more further
pulses at the voltage of the further voltage supply means
(Boost voltage pulses) can be applied to the actuator.
[0030] Conveniently, the first and second function
mode maps can be populated with data derived during
one or more test phases, i.e. during manufacturing or
testing / calibration of the engine system.

[0031] Preferably, the controller measures the voltage
across the capacitor prior to initiation of the pull-in phase,
i.e. when the capacitor is fully charged. The current flow-
ing through the solenoid coil of the actuator can conven-
iently be measured during the pull-in phase so that the
controller may initiate extra Boost pulses as needed dur-
ing the hold phase.

[0032] Minor voltage fluctuations around the activation
voltage may cause rapid on/off enabling of the additional
Boost pulses. To avoid this the controller preferably ap-
plies a hysteresis band about the activation voltage such
that the battery voltage must rise above the activation
voltage + the hysteresis band before the additional Boost
pulses are discontinued.

[0033] Itis noted that the current level through the coil
of solenoid valves in fuel injection systems is often meas-
ured at around 60% of the interval between the start of
the pull-in phase and pull-in peak current (typically
200-400 microseconds after the start of the pull-in phase)
for diagnostic purposes (e.g. to determine if there are
any short circuits). Conveniently, the current value meas-
ured at this time can be passed to the controller for use
in determining the resistance of the solenoid coil within
the actuator.

[0034] Conveniently, the control function is arranged
to maintain the current through the actuator between up-
per and lower hold thresholds during the hold phase.
[0035] Conveniently, the actuator comprises a sole-
noid coil and the first and second function maps relate
to the resistance through the coil of the solenoid.
[0036] Conveniently, the further voltage supply means
comprises a capacitor.

[0037] The invention extends to an engine control unit
for a vehicle and a vehicle comprising a controller ac-
cording to the first aspect of the present invention.
[0038] Vehicle electrical systems that use solenoids to
control fuel injection equipment often experience signif-
icant drops in the normal operating voltage of the battery
during certain engine conditions, e.g. during engine start-
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ing wherein the nominal battery voltage can drop briefly
by up to 50% of its normal value.

[0039] Existing systems accommodate these reduc-
tions in the battery voltage by designing the coils within
the solenoid to operate down to 50% of normal battery
voltage. In general this means that the operating current
must be twice what would be required for a coil designed
to operate at nominal system voltage (It is noted that
ampere turns is the factor which determines the magnetic
force of the solenoid. In order to obtain the same ampere
turns at half nominal voltage, the number of turns is re-
duced by a factor of 2 (this reduces the coil resistance
by a factor of 4 since the wire CSA (cross-sectional area)
doubles) and the current increases by a factor of 2. This
assumes that the coil resistance limits the current ac-
cording to Ohm’s Law | = V/R).

[0040] Designing the solenoid in this way also means
that the solenoid drivers, cable harness and connectors
must be rated for twice the current that would otherwise
be required for a coil designed to operate at normal volt-
age. This imposes undesirable system cost penalties for
what is a very transitory condition amounting to less than
1 % of operating life.

[0041] Vehicle systems that comprise Boost circuitry
as described above may exploit the systems ability to
supply Boost pulses in order to allow the solenoid coils
to be designed for operation at normal system voltage
and to maintain the current at voltages lower than normal
system voltage. By using the Boost circuitry during peri-
ods of low battery voltage, the operating current of the
injector solenoid can be reduced to about half that of
existing systems.

[0042] According to a second aspect of the present
invention, there is therefore provided a vehicle injection
system comprising a controller, at least one solenoid
valve, the operation of the at least one valve being con-
trolled by the controller, a battery having a normal oper-
ating voltage of Vgo7 and a further voltage supply means,
wherein

(i) the controller comprises a processor programmed
to determine a control function for controlling the op-
eration of the at least one solenoid valve, the control
function being arranged, in a pull-in phase, to apply
a pulse from the further voltage supply means at a
first voltage potential across the atleast one solenoid
valve so that the valve is caused to move from a first
state to a second state and is arranged, in a hold
phase, to apply a second voltage potential or series
of pulses at a second voltage potential from the bat-
tery across the at least one solenoid valve;

(ii) during the hold phase the control function as de-
termined by the processor is arranged to apply at
least one further pulse at a voltage potential greater
than the second voltage potential, and;

(iii) each at least one solenoid valve comprises a coil
of n turns, the number of turns n being determined
by the normal operating voltage Vgt of the battery.
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[0043] Conveniently, the controller is the controller ac-
cording to the first aspect of the present invention.
[0044] According to a third aspect of the present in-
vention, there is provided a method of controlling the op-
eration of a valve in an engine system, the valve being
in communication with a battery and a further voltage
supply means and comprising an actuator, the method
comprising: receiving data representing the voltage
across the battery and the voltage across the further volt-
age supply means; receiving data representing the cur-
rent through the actuator; determining a control function
for controlling the operation of the valve in dependence
on the voltage across the further voltage supply means
and the current through the actuator, and; outputting the
control function to the battery and further voltage supply
means.

[0045] According to a fourth aspect of the present in-
vention there is provided a carrier medium for carrying a
computer readable code for controlling a processor, com-
puter, controller or engine control unit to carry out the
method of the second aspect of the invention.

Brief Description of the Drawings

[0046] In order that the invention may be more readily
understood, reference will now be made, by way of ex-
ample, to the accompanying drawings in which:

Figure 1 is a schematic of the solenoid valve coil and
associated control system;

Figure 2 shows control logic and current waveforms
applied to the solenoid coil of the valve of Figure 1
during normal operating conditions;

Figure 3 shows control logic and current waveforms
applied to the solenoid coil of the valve of Figure 1
during periods of low battery voltage;

Figure 4 shows control logic and current waveforms
applied to the solenoid coil of the solenoid of Figure
1 during periods when additional boost voltage puls-
es are applied to the solenoid;

Figure 5 shows the control logic and current wave-
forms of Figure 2 in more detail;

Figure 6 shows the variation in the measured current
waveform at two different engine conditions;

Figure 7 is a diagram showing how Coil Resistance
is calculated from a 2-D map of Coil Current versus

Capacitor Voltage;

Figure 8 is a graph depicting how Redrive Activation
Voltage varies as a function of Coil Resistance;

Figure 9 is a functional diagram showing solenoid
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coil resistance calculation;

Figure 10 is a functional diagram showing the logic
involved in determining whether additional boost
voltage pulses should be activated;

Figure 11 shows a circuit schematic for a typical fuel
injector drive system comprising Boost circuitry, and;

Figure 12 shows a modified circuit schematic that
incorporates additional logic to enable the Boost cir-
cuitry to apply additional Boost pulses during the hold
phase of the system.

Detailed Description

[0047] Turning to Figure 1, a solenoid coil, drive circuit
and control system is shown in functional form. The so-
lenoid coil 1 can be energised by passing a current there-
through in order to induce motion in the valve armature
(not shown).

[0048] The solenoid coil 1 is electrically connected to
a battery 2 and a capacitor 3 which are operated to pro-
vide the requisite electrical current through the solenoid
coil 1 to control valve motion. A suitable control means,
depicted in this example as the electronic control unit
(ECU) 4 of the engine system, controls the operation of
the battery 2 and capacitor 3.

[0049] In use, the ECU 4 sends control signals to the
Boost FET 5, High Side Drive (HSD) FET 6, and Low
Side Drive (LSD) FET 7 in order to close or open the
electrical circuit depicted in Figure 1. Closing of the LSD
FET 7, along with the HSD FET 6 will expose the solenoid
coil 1 to battery voltage 2. If in addition to these two FET
switches the Boost FET 5 is closed, then the coil is ex-
posed to the boost capacitor 3 which applies a 50V Boost
voltage (compared to the normal battery voltage level of
around 14V) across the solenoid coil. Charging of the
boost capacitor 3 is performed by the battery 2 via the
"Boost Circuit" (not shown). It is noted that the Boost
Circuit additionally comprises a DC/DC converter (for
charging the capacitor). The DC/DC converter should op-
erate down to at least 50% of the normal battery voltage.
So, foranominal 12volt system operating at up to 14volts,
it is capable of operating at 6volts.

[0050] Prior to the valve closing, the solenoid valve is
held open by the action of a return spring (not shown)
within the valve. In order to trigger valve motion against
the action of the return spring, an initial "pull in" phase is
initiated. This is achieved when the ECU 4 sends a series
of control signals 8a, 8b, 8c to all FET switches 5, 6, 7,
indicating 'on’, which results in 50V being applied across
the solenoid coil 1, and subsequent current flow through
the coil via electrical connection 9. In other words, during
the pull in phase, the capacitor applies a Boost voltage
3 across the solenoid coil 1.

[0051] Once the valve has closed, the ECU 4 instructs
the HSD FET 6, and LSD FET 7 (by sending control sig-
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nals 8b and 8c) to apply a voltage (or series of voltage
pulses) across the solenoid coil 1 via electrical connec-
tion 9. Therefore, once the valve has been closed, the
battery 2 applies a battery voltage across the solenoid
coil 1.

[0052] The ECU 4 is capable of measuring (depicted
as signal 10 in Figure 1) the voltage across the capacitor
3 terminals. The ECU 4 is also capable of measuring the
battery voltage (depicted as signal 11 in Figure 1) and
also the current flowing through the solenoid 1 (depicted
as signal 12 in Figure 1).

[0053] Turning now to Figures 2 to 4, the control logic
followed by the ECU 4 and the resultant current wave-
forms applied through the solenoid coil 1 are now dis-
cussed.

[0054] Figure 2 shows a control logic trace 31 repre-
senting the control signals (8a and 8b) sent from the ECU
4tothe Boost FET 5and HSD FET 6. Note that the control
logic trace also represents the voltage level applied
across the solenoid coil 1 resulting from operation of the
FET switches. Figure 2 further shows a current waveform
trace 33 that represents the current flowing through the
solenoid coil 1 as a result of the voltages applied by the
capacitor 3 and battery 2.

[0055] In the present example, the capacitor 3 is ca-
pable of providing a Boost voltage potential of 50V across
the solenoid coil 1. The battery voltage (VgaT - typically
14V) is lower than the Boost voltage.

[0056] The pullin phase of operation is initiated by the
ECU 4 sending a control signal 8a and 8b to the Boost
FET 5 and HSD FET 6 to apply a Boost voltage to the
solenoid coil 1. The control logic 33 therefore comprises
a Boost command 35.

[0057] As the Boost voltage is applied, the current
through the coil 1 rises to an initial peak value 37. The
Boost command lasts until the ECU detects that the coil
current has reached the upper peak threshold (typically
10Amp), or, until a specified "Pull-in time" (defined in soft-
ware, typically 750 microseconds) has elapsed - which-
ever of the two comes first. Once the Boost command/
voltage stops the current through the actuator begins to
fall (indicated as 39 on Figure 2). This corresponds to
the end of the pullin phase and the start of the hold phase.
[0058] For the valve to operate correctly the driving
current through the actuator coil 1 during the hold phase
of operation should be between upper and lower hold
thresholds (41 and 43 respectively). In order to maintain
the driving current between the defined thresholds (41,
43) the ECU 4 applies a series of battery voltage pulses
(Vgar) to the actuator by sending a series of commands
(45a, 45b, 45c, 45d...45n) to the HSD FET 6. Please
note, during the entire drive phase (pull-in phase and
hold phase), the control signal 8c from the ECU 4 to the
LSD FET 7 is 'on’ in order to close the circuit.

[0059] The start of each command (45) corresponds
to the driving current reaching the lower hold threshold
43. The end of each command (45) corresponds to the
driving current reaching the upper hold threshold 41.
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[0060] The ECU 4 continues to apply voltage pulses
of Vgt until injection through the valve (and, therefore,
the hold phase) is due to end.

[0061] The solenoid valve will operate in accordance
with the control logic shown in Figure 2 during periods
when the battery is running at the standard battery volt-
age.

[0062] If the ECU 4 detects (via measurement signal
11) that the battery voltage is lower than the standard
value then the valve 1 may be operated in accordance
with the control logic depicted in Figure 3.

[0063] InFigure 3, the Boost command 35 takes place
as described in relation to Figure 2. A command 47 is
then sent to the HSD FET 6 to apply the battery voltage
across the solenoid coil 1 as before. However, in this
case the battery voltage has dropped from its nominal
operating level and as a consequence the current falls
below the lower threshold value 43.

[0064] As aresult ofthe lower battery voltage, the ECU
4 keeps the battery voltage applied during the entire hold
phase of injection in order to keep the driving current
between the upper and lower threshold values (41,43).
[0065] If the battery voltage drops further (i.e. below
the battery voltage depicted in Figure 3) then, even with
a constantly applied battery voltage, the hold phase cur-
rent may drop below the lower threshold value 43.
[0066] Itis noted that if the driving current drops below
the lower hold threshold 43 then valve (and thus injector
performance) will be severely compromised. Therefore,
in order to meet the current requirements during periods
of lower battery voltage the ECU 4 may apply a series of
additional Boost voltage pulses from the capacitor 3 to
the solenoid coil 1 in order raise the driving current during
the hold phase back above the lower hold threshold 43.
[0067] This scenario is depicted in Figure 4. In Figure
4 the command logic comprises aninitial Boost command
35 as in Figures 2 and 3. However, following the end of
the Boost command there are now a series of further
Boost pulses (49a, 49b...49n). It is noted that in between
the further Boost pulses (49a, 49b...49n) the command
logic applies the battery voltage to the actuator (com-
mand 51).

[0068] The frequency of the further Boost pulses (49a,
49b...49n) is controlled by the ECU 4. In current systems,
activation of the control scenario of Figure 4 (hereinafter
referred to as "Boost re-drive") is initiated by the ECU 4
detecting, via measurement signal 11, that the voltage
across the battery 2 has dropped below a threshold level.
[0069] When the Boostre-drive strategy is initiated the
battery voltage is applied constantly during the hold
phase (as noted above in relation to Figure 4), while the
capacitor 3 is used to maintain the driving current above
the minimum current requirement (lower threshold 43).
It is noted that the capacitor will only partially discharge
when providing voltage pulses during the Boost re-drive
strategy).

[0070] It is noted however that during periods of low
solenoid coil 1 resistance (for example when the engine
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is cold), the coil current levels will be higher at low volt-
ages than when the engine is warm. During low coil re-
sistance periods therefore the need for the Boost Re-
drive strategy is reduced. It is noted that exposing the
actuator coils to unduly high current levels (due to the
constant application of the battery voltage during the
Boost Re-drive strategy) may result in damage to the
solenoid coils 1.

[0071] The presentinvention provides a method of de-
termining (and an associated device for determining) the
activation threshold of the Boost re-drive strategy as a
function of the resistance of the solenoid coils.

[0072] Figure 5 shows a more detailed version of the
control strategy and current waveform of Figure 4 where
like numerals denote like features.

[0073] The pull-in (53) and hold (55) phases of oper-
ation of the pulse control logic are shown in Figure 5. The
left hand foot of the Boost command 35 represents the
start of pulse logic.

[0074] It is noted that in existing controller systems,
two samples of the current through the actuator coil 7 are
taken during the pull-in phase 53 of all valve actuator
drive pulses. The first current sample time 57 is approx-
imately 20 microseconds after the start of the Boost com-
mand 35 in the present example. The second current
sample time 59 is measured after approximately 60% of
the interval between the start of the Boost command 35
and the peak current 37. Itis noted that for a needle valve
this is approximately 220 microseconds after the start of
the Boost command 35 and for a spill valve it is approx-
imately 390 microseconds after the start of the Boost
command.

[0075] The reason for measuring the first and second
current samples (57, 59) is to allow diagnostic tests to
be performed on the injector to allow the presence of
certain faults to be determined. However, as described
below these current samples can be used to determine
an approximation of the actuator coil resistance.

[0076] As aresult of the varying coil resistance effects
described above the rise time of the current waveform
33 during the pull-in phase 53 will be faster at lower tem-
peratures which will result in a higher than normal current
sample being recorded at any given sample time.
[0077] Therefore, the current measured at the second
current sample time 59 will be higher for lower coil tem-
peratures. This effect is illustrated in Figure 6 in which
two current traces, 33, and 33y, are shown. 33, corre-
sponds to a low temperature, low coil resistance trace
and 33y corresponds to a high temperature, high coil
resistance trace.

[0078] As can be seen in the Figure there is a differ-
ence in the measured current (represented by the current
delta 61) at the second sample time 59.

[0079] The current measured at the second sample
time 59 may also be affected by changes in the voltage
that appears across the fully charged capacitor (i.e. the
voltage that appears across the capacitor at the time in-
dicated as 63 in Figure 4). For example, if the capacitor
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voltage is less than the expected 50volts then the meas-
ured current at time 59 will be lower than expected for a
given temperature.

[0080] In other words the coil resistance will be indi-
cated by the current at the second current sample time
59 and the voltage that appears across the capacitor at
time 63.

[0081] By measuring both of these variables under dif-
ferent conditions a 2D map of measured current versus
capacitor voltage can be built up. For each point on this
2D map the coil resistance can be measured during a
calibration phase.

[0082] In use therefore the ECU 4 can measure the
current across the coil 1 (via measurement signal 12)
and the voltage that appears across the capacitor 3 prior
to capacitor discharge (via measurement signal 10) and
can then look up the coil resistance from the 2D map.
[0083] The coil resistance can be linked to the Boost
re-drive activation voltage threshold via a further (1D)
map. If the coil resistance is low then the activation volt-
age threshold will be high and vice versa.

[0084] The 1D map may be calibrated during a test
bench phase (in a similar manner to the 2D map calibra-
tion).

[0085] Once the activation threshold has been deter-

mined from the 1 D map, the ECU 4 can then compare
the current battery voltage (via measurement signal 11)
with the activation voltage threshold. If the battery voltage
drops below the calculated Boost re-drive voltage thresh-
old then the Boost re-drive strategy can be switched on
and the ECU may operate the solenoid valve 1 in the
manner shown in Figures 4 and 5.

[0086] It is noted that the current and voltage meas-
urements taken by the ECU 4 may be passed through
first-order filters to reduce noise.

[0087] It is further noted that a hysteresis band may
be established around the activation voltage threshold in
order to avoid rapid on/off enabling of the Boost re-drive
strategy due to minor voltage fluctuations which may oc-
cur.

[0088] If the battery voltage rises above the activation
voltage threshold (+ the hysteresis band if there is one)
the Boost re-drive strategy can be stopped by the ECU 4.
[0089] Figure 7 shows an example of the 2D map used
to determine the coil resistance. The current measure-
ment at the second sample time 59 is on the x-axis and
the voltage across the capacitor at the time 63 is on the
y-axis. For each map point the resistance across the so-
lenoid coil 7 is shown. These resistance values can be
determined during a test bench phase and the map can
later be used by the ECU 4.

[0090] Figure 8 shows an example of the 1 D map used
to determine the activation voltage threshold in depend-
ence on the value of the coil resistance determined from
Figure 7.

[0091] Figures 9 and 10 are block diagram represen-
tations of the data flow within the ECU software. Software
variables enter the module at the left via the in-ports, and
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flow from left to right along the signal lines (black lines
with arrows). The variable name is listed below the in-
port. Software constants are represented as boxes with
the constant name within the box. All other mathematical
functions (addition, multiplication, look-up tables, and so
on) are represented as blocks, with the required inputs
entering on the left, and the result of the mathematical
procedure exiting on the right. This usually results in a
new software variable name which is written beneath the
new variable signal line, or below the exit port at the far
right of the module.

[0092] Figure 9 shows the logic steps involved in the
calculation of the coil resistance. On the left, the coil cur-
rent sample (control signal 12 in Figure 1), comes in
through in-port 1, and the boost capacitor voltage signal
(control signal 10 in Figure 1), comes in through in-port
2. Both signals are then passed to respective first-order
filters to remove signal noise, which must be 'tuned’ as
part of the calibration process. This is done using the
constants on the left, which control the sensitivity of the
first-order filters. The filtered signals are then passed to
a 2-D calibrated look-up table, labelled REQ-002, where
the two input variables of voltage and current are con-
verted into an estimate of coil resistance. Lastly, an upper
and lower limit is placed on the coil resistance value as
a safe-guard to the rest of the software in case unusual
numbers for the coil resistance emerge from the 2-D map
(for example, 25 ohm instead of 2.5 ohm is accidentally
entered during the calibration process). The resistance
estimate is then passed to the Boost Re-drive activation
control module (described in relation to Figure 10).
[0093] Figure 10 shows the calculation of the Boost
Re-drive activation voltage threshold and logic to deter-
mine the state of the Boost Re-drive strategy. The cal-
culated value for the coil resistance (calculated in Figure
9 above) enters through in-port 1 on the far left, and is
mapped against the calibrated values for the Boost Re-
Drive Activation Voltage level. This voltage level (LVC_
Scv_redrive_on_batt) is summed with the constant hys-
terisis band level at REQ-101 to determine the voltage
at which Boost Re-drive is de-activated. Both these volt-
age levels, along with the recorded battery voltage (found
via signal 11 in Figure 1), are passed to the hysteresis
logic block at REQ-102. The role of this block is to hold
the current activation state (either TRUE or FALSE) until
an activation or de-activation condition is met. For exam-
ple, the Boost Re-drive state will remain FALSE (off) until
the battery voltage level 11 falls below the activation
threshold. This will in-turn be held TRUE until the de-
activation condition is met (i.e., the battery voltage rises
back above the de-activation threshold, setin REQ-101).
This is done to prevent rapid on/off switching due to minor
battery voltage fluctuations about the Boost Re-drive ac-
tivation voltage. Lastly, there exists a software switch
whereby the whole of the Boost Re-drive system can be
disabled (permanently set to FALSE) regardless of the
output of the combined software modules (REQ-103).
The state of the Boost Re-drive system is output on the
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far right via out-port 1.

[0094] The embodiments of the present invention de-
scribed above are illustrated with the ECU 4 receiving
the various data measurements and performing the var-
ious calculations. However, it will be appreciated by the
skilled person that the same principles could be under-
taken by a dedicated control unit.

[0095] The embodiments described above in relation
to Figures 1, 9 and 10 relate to a Boost redrive control
scenario that is controlled by software running on the
vehicle’'s ECU. Figures 11 and 12 show circuit schemat-
ics for a hardware implementation of an injector system
that uses Boost pulses.

[0096] Figure 11 shows a circuit schematic for a typical
fuel injector drive system comprising a low-side switch
Q1 connected between load- and ground through a cur-
rent sense resistor R1, a high-side switch Q2 connected
between load+ and the cathode of series diode D1, and
a boost switch Q3 connected between cathode of D1 and
a boost capacitor (not shown in Figure 11) which is ca-
pable of supplying Boost voltage pulses at Vboost. The
anode of D1 is connected to the battery supply Vbat. A
recirculation diode D2 is connected between ground and
load+. A third diode D3 is connected between load- and
Vboost. A variation of this circuit may have the boost
switch connected in parallel with the high-side switch. In
this case the boost switch Q3 is connected between
load+ and the Vboost.

[0097] As noted above, a typical control logic and cur-
rent waveform is shown in Figure 2 where the battery
voltage is higher than the voltage necessary to provide
the upper hold threshold driving current (I_hold_max).
The actuator coil resistance has been carefully chosen
so that the lower hold threshold current (I_hold_min) is
always available at or above nominal battery voltage (e.g.
14V) even when the coil is at maximum operating tem-
perature (it is noted that the resistance of the copper coil
within the solenoid increases with temperature at a rate
of about 40% for 100 degC rise).

[0098] In normal operation the low side switch Q1 is
turned on for the duration of the pull-in and hold phases
(collectively referred to as the INJ_EN pulse). The boost
switch Q3 is only turned on during the pull-in current
phase (set by the one-shot timer U6) and then remains
off during the hold phase. The boost voltage is used to
obtain a fast current rise and reduce the pull-in time. The
high side switch Q2 gates the boost voltage (when Q3 is
on) or battery voltage (when Q3 is off).

[0099] The injector current is sensed by R1 and am-
plified by the op-amp U1. The hold current is maintained
between the levels |_hold_min and |_hold_max by
switching the high-side switch Q2 on and off when the
current sense comparator U5 thresholds are reached.
This is a well known technique known as pulse width
modulation (PWM). The comparator threshold levels in
this example are selected by an analog multiplexer U7
that selects |_ peak_minimax or |_ hold_minimax current
thresholds under control of the one-shot peak timer U6
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and the state of the comparator PWM output. The AND
gate U3C gates the PWM signal with the INJ_EN pulse
so that Q1 and Q2 are both turned off when INJ_EN is
low to give fast injector de-energisation.

[0100] As noted above, Figure 4 shows the control log-
ic and current waveform when the battery voltage falls
below that necessary to maintain the lower hold threshold
driving current and the additional boost voltage pulses
are being used to augment battery voltage (redrive
mode).

[0101] The boost voltage drives the current up to the
upper hold threshold driving current where the boost
switch Q3 is be turned off. The high-side switch Q2 is
turned on continuously during the hold phase so that the
recirculation current now flows through the battery in-
stead of through the recirculation diode D2. Comparison
of the voltage waveforms in Figures 2 and 4 illustrates
the difference in operation.

[0102] This method of operation requires the compa-
rator PWM output to be redirected from the high-side
switch to the boost switch and, at the same time, the high-
side switch must be turned full on. Figure 12 shows a
modified circuit schematic that incorporates additional
logic to enable the redrive function during the hold phase.
The additional components are shown inside the box 70.
The AND gate U3B ensures that when the redrive control
strategy is active, the high-side switch is turned off during
the time the current decays from peak to hold butis turned
on (via OR gate U4B) during the hold phase. The OR
gate U4A together with the AND gate U3A steers the
PWM to the Boost switch during the hold phase in redrive
mode.

[0103] Various strategies may be employed to detect
when redrive is required depending on battery voltage
and coil resistance (which varies with temperature).
Clearly, although one solution has been portrayed, there
are many other variations possible using a combination
of software and hardware. Although an injector current
waveform has been shown with no peak current chop-
ping, the redrive principle is also applicable to injector
waveforms with peak current chopping.

[0104] A perceived disadvantage of this method is that
the power rating of the DC/DC boost converter (which is
used to provide the high voltage source in conjunction
with the Boost capacitor) might have to be increased to
handle the additional boost pulses during the hold phase.
In practice this is not the case for the following reasons:

1. The DC/DC boost converter is rated for full engine
speed whereas redrive normally occurs at cranking
where the speed of the engine is very low and there-
fore the pull-in power is relatively low.

2. The starting phase of the engine is relatively short
and the DC/DC converter has an inherent short term
overload capability owing to its thermal inertia. As
soon as the engine has started, the battery charging
system (alternator) quickly restores the battery volt-
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age to its normal voltage range (about 13.5 - 14V on
a 12V system) and redrive will be disabled.

3. During redrive mode, the flow of power from the
battery into the injector is maintained at an enhanced
level and this minimises the amount of power re-
quired from the Boost circuit. This is a result of using
boost voltage to drive the max hold current to a higher
level than Vbat/R (which would be the case if the
current was purely defined by Ohm’s Law) and al-
lowing battery power to flow during the time that the
hold current is decaying (i.e. recirculating through
the battery).

[0105] As a further improvement, the upper hold
threshold current (I_hold_max) may be raised during re-
drive mode in order to limit the chopping frequency, since
the current rate of rise is very fast on boost voltage. This
causes a slight increase in ripple current but this is not
critical during the engine starting procedure. In a normal
installation, as soon as the engine has started, the alter-
nator will recharge the battery and quickly reach about
13.5 -14V (on a 12V system) at which point redrive will
be disabled.

[0106] It will be understood that the embodiments de-
scribed above are given by way of example only and are
not intended to limit the invention, the scope of which is
defined in the appended claims. It will also be understood
thatthe embodiments described may be used individually
or in combination.

Claims

1. A controller for controlling the operation of a valve in
an engine system, the valve being in communication
with a battery and a further voltage supply means
and comprising an actuator, the controller compris-
ing inputs for receiving data representing the voltage
across the battery and further voltage supply means
and the current through the actuator; a processor
programmed to determine a control function for con-
trolling the operation of the valve; and outputs for
outputting the control function as determined by the
processor to control the operation of the valve where-
in the processor is arranged to determine the resist-
ance of the actuator from the data representing the
voltage across the further voltage supply means and
the current through the actuator and to determine
the control function for controlling the operation of
the valve in dependence on the voltage across the
battery and the resistance of the actuator.

2. A controller as claimed in Claim 1, wherein the con-
trol function is derived from a control voltage pulse
structure to be applied to the actuator and the outputs
are arranged to output the control function as deter-
mined by the processor to the battery and further
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voltage supply means.

A controller as claimed in Claim 2, wherein the con-
trol voltage pulse structure comprises voltage com-
ponents from the battery and the further voltage sup-
ply means.

A controller as claimed in Claim 1, wherein the bat-
tery and further voltage supply means are controlled
by the switching of control switches within an injector
drive circuit, the control function being a control se-
quence for controlling the switching of the control
switches.

A controller as claimed in any preceding claim,
wherein the control function is arranged, in a pull-in
phase, to apply a pulse from the further voltage sup-
ply means at a first voltage potential across the ac-
tuator so that the valve is caused to move from a first
state to a second state and is arranged, in a hold
phase, to apply a second voltage potential or series
of pulses at a second voltage potential from the bat-
tery across the actuator.

A controller as claimed in Claim 5, wherein during
the hold phase the control function as determined
by the processor is arranged to apply at least one
further pulse from the further voltage supply means
atavoltage potential greater than the second voltage
potential.

A controller as claimed in Claim 6, wherein the at
least one further pulse is arranged to be applied
across the actuator at the first voltage potential.

A controller as claimed in Claim 7, wherein, during
the hold phase, the control function as determined
by the controller is arranged to apply the second volt-
age potential across the actuator during periods that
the at least one further pulse is not being applied.

A controller as claimed in any of Claims 6 to 8, where-
in:

(i) the battery and further voltage supply means
are controlled by the switching of control switch-
es within an injector drive circuit, the control
function being a control sequence for controlling
the switching of the control switches;

(i) the injector drive circuit comprises: a high
side switch arranged to gate either the voltage
potential from the battery or the at least one fur-
ther pulse from the further voltage supply means
and a boost switch arranged to control the at
least one further pulse from the further voltage
supply means;

such that, during the hold phase, the control function
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10.

11.

12.

13.

14.

15.

16.

is arranged to send a series of control pulses to the
boost switch and to turn the high side switch on.

A controller as claimed in any of Claims 5 to 9, the
controller further comprising a first function map de-
tailing the resistance of the actuator in dependence
upon the voltage across the further voltage supply
means and the current through the actuator and a
second function map detailing an activation voltage
for applying at least one further pulse at the first volt-
age potential during the hold phase as a function of
the resistance of the actuator and wherein the proc-
essor is arranged to determine whether to apply at
least one further pulse at the first voltage potential
during the hold phase by:

(i) determining the resistance of actuator from
the first function map

(i) determining the activation voltage from the
second map

(iii) applying at least one further pulse during the
hold phase when the battery voltage falls below
the activation voltage.

A controller as claimed in Claim 10, wherein the first
and second function mode maps comprise pre-de-
termined data calibrated during one or more test
phases.

A controller as claimed in Claim 10 or Claim 11,
wherein the controller is arranged to measure the
voltage across the further voltage supply means
when fully charged and is arranged to measure the
current passing through the actuator during the pull-
in phase, the measured voltage and current levels
being used to determine the resistance of the actu-
ator from the first function map.

A controller as claimed in any of Claims 10 to 12,
wherein the processor is arranged to determine a
deactivation voltage by adding a hysteresis voltage
amount to the activation voltage and is arranged to
continue applying at least one further pulse until the
battery voltage rises above the deactivation voltage.

A controller as claimed in any of Claims 5 to 13,
wherein the controller measures the voltage across
the further voltage supply means prior to initiation of
a pull in phase.

A controller as claimed in any of Claims 5 to 14,
wherein the controller is arranged to measure the
current through the actuator at approximately 60%
of the interval between the start of the pull-in phase
and peak pull-in current.

A controller as claimed in Claim 15, wherein the con-
troller is arranged to measure the current through
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the actuator at 200-400 microseconds after start of
a pull in phase.

A controller as claimed in any of Claims 5 to 16,
wherein the control function is arranged to maintain
the current through the actuator between upper and
lower hold thresholds during the hold phase.

A controller as claimed in any preceding claim,
wherein the actuator comprises a solenoid coil.

A controller as claimed in any preceding claim,
wherein the further voltage supply means comprises
a capacitor.

An engine control unit for a vehicle comprising a con-
troller according to any preceding claim.

A vehicle injection system comprising a controller
according to any of Claims 1 to 19.

A vehicle injection system comprising a controller,
at least one solenoid valve, the operation of the at
least one valve being controlled by the controller, a
battery having a normal operating voltage of Vgt
and a further voltage supply means, wherein

(i) the controller comprises a processor pro-
grammed to determine a control function for con-
trolling the operation of the at least one solenoid
valve, the control function being arranged, in a
pull-in phase, to apply a pulse from the further
voltage supply means at a first voltage potential
across the at least one solenoid valve so that
the valve is caused to move from a first state to
a second state and is arranged, in a hold phase,
to apply a second voltage potential or series of
pulses at a second voltage potential from the
battery across the at least one solenoid valve;

(ii) during the hold phase the control function as
determined by the processor is arranged to ap-
ply at least one further pulse at a voltage poten-
tial greater than the second voltage potential,
and;

(iii) each at least one solenoid valve comprises
a coil of n turns, the number of turns n being
determined by the normal operating voltage
Vgat Of the battery.

A vehicle injection system as claimed in Claim 22,
wherein the controller comprises the controller ac-
cording to any of Claims 1 to 19.

A method of controlling the operation of a valve in
an engine system, the valve being in communication
with a battery and a further voltage supply means
and comprising an actuator, the method comprising:
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receiving data representing the voltage across
the battery and the voltage across the further
voltage supply means;

receiving data representing the current through
the actuator;

determining a control function for controlling the
operation of the valve in dependence on the volt-
age across the further voltage supply means and
the current through the actuator, and;
outputting the control function to the battery and
further voltage supply means.

25. A carrier medium for carrying a computer readable

code for controlling a controller or engine control unit
to carry out the method of Claim 24.
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