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METHOD AND CIRCUITRY TO DETECT AND PREVENT SHORTING IN
FUEL INJECTOR DRIVE CIRCUITRY

TECHNICAL FIELD

This invention relates to circuitry and methodsdugeoperate fuel injectors i.e. the
actuators thereof. It has specific but not excleigigplication to operation of solenoid
actuators of fuel injectors. It specifically relat® circuitry and methodology to detect

shorting conditions in fuel injector systems suslirefuel injector drive circuitry.

BACKGROUND OF THE INVENTION

Circuitry (such adC’s) has been designed which is adapted to divg. Diesel) fuel
injectors; to be precise fuel injector actuatorshsas solenoid actuators. This usually
comprises associated circuitry which is controlbgdan ECU, and is located between the
ECU and the fuel injectors; typically this circyitcomprises of injector High and Low
Side drives for drive functionality. So in other mds, circuitry is typically provided to
actuate fuel injectors controlled by an ECU andhsdive circuitry typically provides
Low and High Side drive functionality to injectoctaators such as solenoids. The

circuitry is typically embodied on ahSIC (application-specific integrated circuit) chip

The High Side Drive function of such circuitry prdgs the requisite voltage to the
injector according to the current operational itifgt activation profile as dictated by the
ECU. This involves ramping up to a current or voitdevel and thereafter may include

current chopping based on requisite current level.

The Low Side Drive functionality is provided to muon the connection to the low side
terminal of an injector. Effectively Low Side drivarrangements circuitry allow e.g.

selection of which injector in an injector bankmofiltiple injectors is driven to be driven.

The High Side Drive has the capability of a minimton time” of 1usec and minimum
“off time” of 3.7usec. So its fastest drive frequens 212KHz although in actual Diesel

injector drive applications, it only needs drivedquency below 50KHz.
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So this high frequency drive capability of the oi high side drive (enable signal)
referred to as (BNK[x]_HS_EN signal) can undecginstances be also a glitch, hazard
and weakness in its architecture. In certain cistamces of operation, the High Side
Drive output FET will eventually be damaged by thigh frequency switching under

short conditions e.g. at very high shorted loadeur

It is an object of the invention to overcome thesablems.

SUMMARY OF THE INVENTION

In one aspect is provided drive circuitry for alfugector actuator, said drive circuitry
including a High Side Drive portion and a Low Si@eive Portion, and including
determination means to determine a short conditiaid determination means adapted to
perform a frequency analysis of a voltage(s) omléage signal at, or from, one or more
points in the High Side Drive, and to determina faulty short conditions exists based on

said analysis.

Said voltagemay be the voltage at the high side connection termiaatlie fuel injector

actuator.

Said voltagemay bethe voltage of the High Side Drive Enable Signal.

Said determination meanmay be adapted to perform the frequency analysis of a
voltage(s) by being adapted to compare the freguehthe voltage with a stored value,

and output a signal indicative of a faulty shomdition dependent on said comparison.

Said determination meammay bes adapted to determine that a short condition kst
said voltage frequency is higher than said stewdde, or higher than the stored value

plus a tolerance threshold..
Said stored value and/or tolerance threstmhy be variable and/or programmable.
Said stored value and/or tolerance threshuolgy bevariable and/or programmable and

set according to operating conditions of the imedr type of fuel injector and/or fuel

injector actuator.
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The stored frequency valuray bethe operational switching frequency measured at an

earlier time-point..

The dive circuitry may beadapted to stop the high side drive switching ifaalt

condition is determined.

In a further aspect is providednaethod of determining a short condition in drive
circuitry for a fuel injector actuator, said driwegrcuitry including a High Side Drive
portion and a Low Side Drive Portion, comprisingrfprming a frequency analysis of a
voltage(s) or a voltage signal at, or from, omenwre points in the High Side Drive;

and, determining if a faulty short conditions exisased on said analysis.

Said voltagemay be the voltage at the high side connection termioattie fuel injector

actuator.

Said voltagemay be the voltage of the High Side Drive Enable Signal.

The methodmay comprie a) comparing the frequency of the voltage with @rest

value, and determining a short condition dependargaid comparison.

Step a)may comprise determining if said frequency is highemtlsaid stored value, or

higher than the stored value plus a tolerance tiotds

said stored value and/or tolerance threshwoldy be variable and/or programmable.

Said stored value and/or tolerance threshotdy be variable and/or programmable and
set according to operating conditions of the imjedr type of fuel injector and/or fuel

injector actuator.

The stored frequency valuray bethe operational switching frequency measured at an

earlier time-point.

The methodmay includestopping the high side drive switching if a fazdidition is

determined
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is now described by way ofngxle with reference to the

accompanying drawings in which:

- Figure 1 shows circuitry of a high side and lodesdrive circuitry use to operate a
fuel injector solenoid or other actuator;

- Figure 2 shows a schematic figure the high sidauitiy of figure 1 with a
protection/analytical circuit;

- Figure 3 shows normal operation plots of the ctrgwf figure 1;

- Figure 4 shows a plot of various parameters incgteti load conditions;

- Figure 5 shows one example of the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 shows circuitry of a high side and lodesdrive circuitry use to operate a fuel
injector solenoid or other actuator. The circuiggnerally consists of a high side drive
circuitry 2 and low side drive circuitry 1. A coroi®n (voltage O_PH_HC1) from the
high side circuitry is to one terminal of a loaatsuas a fuel injector solenoid represented
by coil and resistor 4 and the connection to tve $ide (voltage O_PL_HC1) is to the

other terminal of the load.

The low side circuitry predominantly operates ttesewhich fuel injector in a bank is
operational and the low side is predominantly catgd by the input voltage GD_PL
HC1 controlling FET 5. The low side includes metmdetect and e.g. provide feedback
of the current by measuring the voltages BANKA_CURIRand BANKA _CURR_ LO

across resistor R1.

The high side provides the voltage levels and wawefaccording to the requisite

activation profile. The voltage to the high sidentmal is predominantly controlled via

MOSFET 6 connected to supply voltage V1. Poweht date drive for MOSFET 6 is

supplied via PROTECTED_T30 terminal. The gate & MOSFET 6 is connected to a
portion of circuitry and is controlled by the higtde drive enable signal BNKA_HS_EN.

So in other words the high side circuitry includegortion connected to the high side
output Drive signal (BNK[x]_HS_EN).
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On the right hand side of the figure is a portiérthe High Side circuitry 7 connected to
the high side terminal of the actuator (solenoid] His include two transistors as shown
and includes a connection which outputs an exteigalal (BNK[x]_HS_DS) from the
circuitry external to ASIC, where [x] denotes thenk/injector A, so BNKA HS DS. So
the High Side drive also includes circuitry portibavhich is used e.g. for monitoring and
which provides a voltage (signal) BNKA HS DS. Tha&relso an output connection to

the solenoid high side as shown which gives anudBpNKA _INJ_HI.

Figure 2 shows block diagrams representing the siigg circuitry of Figure 1. It shows a
protection/analytical circuit C2MIO 10 (not shownFkigure 1). The circuit 10 has inputs
representative of voltages BNKA INJ HI and BNKA_H3S, described above with
reference to Figure 1, from appropriate pointshi@ HS drive circuit of Figure 1 along
lines 101 and 102 respectively. Each of this isneated to a comparators 103 and 104
respectively where the input voltage is compareth weference values f and Vg
respectively. The outputs are then fed into logicuitry along with inputs from
BNKA_HS_EN and BNK[x] RECIRC_ENwhich includeAND gates 105 and 106 for
BNKA INJ HI and BNKA_HS_DS derived inputs respeeli. The output of 105 and
106 indicate possible short conditions. These dstate fed into fault timers and 107 and
108 respectively and the outputs 109 and 110 fiteeneindicate positively shorting

conditions.

Figure 1 also shows a shorted load fault conditepresented by arrow A i.e. it shows a
Shorted Load is a fault event where the terminai®foutput is shorted to the terminal of
LS output e.g. O_PH_HC1 (High Side Drive outpuili®rted to O_PL_HC1 (Low Side
Drive output) as shown. In Figure 1 (the High Sibdéve output and Low Side Drive
output shorted), the output load is bypassed with a shorted wire harness (lower

impedance) and the wire harness has how beconmitpat load.

During a shorted load, current will flow from V1 kege through MOSFET 6 and
through shorted wire harness (between O_PH_HCI1CarkRl. HC1) and to MOSFET 5
and lastly to R1 current sense resistor that is'ected to Ground and this current will
rise very fast (as BNKA_HS _EN goes High) and swpasthe maximum current
threshold (3.2A set in the circuitry) and then descaery fast (as BNKA_HS_EN goes

Low) and surpasses the minimum current thresho8A($et in the circuitry).
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The output current, (e.g. during normal operatial) flow from V1 voltage through
MOSFET 6 and through output load (coil and resistabetween O_PH_HC1 and
O_PL_HC1) and to MOSFET 5 and lastly to R1 cursamtse resistor that is connected to
Ground. This will be measured by the circuitry in C2MIO (throughrrent feedback
(BANKA_CURR_HI) in this case) i.e., Voltages measiiat BANKA CURR_HI will

represent the output current magnitude.

During Shorted Load, O_PH_HC1 will repeatedly stvifon and off) by High Side Drive
BNKA HS EN based on the output current feedbackoutjn voltage at
BANKA CURR_HI when BNKA HS DS could not detect thi&horted Load fault;
when it could not detect this fault as it thinksittlit is operating in normal condition
(current choppin@nd the outputs 109 and 110 do not register faBitighe circuitry will
not be able to guarantee 100% detection of Shdrted fault as its shortest available
overcurrent fault filter time is only 5.3psec. thie High Side Drive On time is less than
5.3usec during shorted load, this means the voliagee the fault threshold will also be
shorter than 5.3usec and causes the overcurrefiamsom in C2MIO (not being able to

detect this fault and turn off the outputs.

The High Side Drive output FET 6 will eventually damaged by the high frequency
switching at very high shorted load current. An rapke of real application in a

powertrain project is shown in Figure 2.

Output current (see 21 in figure 3) will flow frowl voltage through MOSFET 6 and
through output load (coil and resistance betweeRHD HC1 and O_PL_HC1) and to
MOSFET 5 and lastly to R1 current sense resisttrithconnected to Ground.

Gate O_PH_HC1 = Gate of MOSFET 6. O_PH_HC1 = Hiigle ®rive Output terminal.
Figure 3 shows normal operation plot with switchiregquency at about 500Hz with
showing the plot of output (SV) current 21 Gate @_HCL1 voltage 22 (gate of
MOSFET 6) and O_PH_HC1 voltage 23

Figure 4 shows a plot of various parameters inoatetl load conditions and shows plot
31 which is the shorted output (SV) current, ptsBows the BNKA HS EN voltage,

plot 33 shows the short current and 34 shows dftage at gate O_PL_HC1. Plot 31 is
Shorted Output Voltage. Plot 33 is Shorted Outpwtéht. During Shorted Load,
electrical current will flow from V1 voltage throbngMOSFET 6 and through shorted wire
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harness (between O_PH_HC1 and O_PL_HC1) and to MOSFand lastly to R1

current sense resistor that is connected to Ground.

BNKA HS EN “On time” is very short at 4usec (<5.8asfault time) and very high
frequency 143KHz. So the prior art system of figdreannot detect this fault and will

continue to switch.

Invention

The problem of hardware damaged during Shorted koaditions is solved by having a
High Frequency Switching Detection Module 120 (éngthe ASIC) as shown in Figure
5. The module is able to monitor the High Side Bruoltages/signals e.g. internally in
ASIC for example (BNK[x]_HS_EN) in this case (sw injector A, BNKA_HS_EN) ,
also known as the high side drive enable signaah also monitor the external signal
(BNK[x]_HS_DS) from the circuitry external to ASIGp BNKA_HS_DS for injector A.

In the figure these two signals are ORed by OR d2fl and the signal(s) fed into the
High Frequency Switching Detection Module 120 Heit one of the signals high
frequency switching can be detected). In an altemaschematic, the system can be
regarded as either BNK_HS EN and /or the BNK[x]_BS signals going into the
module 120. Module 120 determines the frequencythd input signal (either
BNK_HS EN and /or the BNK[x]_ HS_ DS signals) and games with pre-stored
frequency threshold(s). If the frequency is higtiem the threshold then a shorted load
condition is flagged.

So e.g. when abnormal high frequency switching bappon High Side Drive signal
BNK[x]_HS _EN or High Side Drive output Drain Feedka(BNK[x]_HS DS), this
module 120 will measure the switching frequency ahdll compare it with the normal

operation switching frequency measured earlier.

The frequency module essentially compare the freguecomponent of the BNK]x]
HS_DB and/or INJ_HI signal and compares these sathor programmable threshold(s)
of frequency; this gives flexibility to design enger to select the frequency threshold to

be set in the ASIC depending on the product apjdicaneeds and requirements.
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When the ASIC detected that the high side drivetchwnig frequency higher than the

frequency threshold set in ASIC, it shall stop ltigh side drive switching immediately

and latch a high frequency switching fault untit@mmand to clear this fault and re-

enable the high side drive is received by the ASIC.

This solution is robust as it can turn off the ASI€ive hardware almost immediately

when Shorted Load/high frequency switching happeaed latch the high frequency

switching fault till the MicroP (software) startéalretry (re-enable) the output.

The advantage of this solution is that the ASI@hte to turn off its own injector output

based on internal switching signal or external outpignal. This High Frequency

Switching Detection Module shall be independentmfr@ther diagnostics module.

Therefore, any output oscillation or Shorted Loadlff event is 100% detectable and

ensure 100% hardware protection as compared tairexi®vercurrent mechanism in
C2MIO which does not guarantee 100% detectable éand 100% hardware protection.

The High Frequency Switching Detection module cduddintegrated in ASIC as shown

below to detect and confirm the validity of the higequency switching fault.

The table below is an example of high frequencgshold setting choices that could be

made available for design/application engineerd CAssers).

High Frequency fault register
settings [1:0]

Frequency Threshold (KHz)

Comments

00 50
01 75
10 100
11 150

Note: output switching 3
frequency higher than
this selected frequency
threshold will result in a
high frequency fault
detected by ASIC.

—
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CLAIMS

1. Drive circuitry for a fuel injector actuator, said drive circuitry including a High
Side Drive portion and a Low Side Drive portion, and including determination means to
determine a short condition, said determination means adapted to perform a frequency
analysis of a voltage(s) or avoltage signal at, or from, one or more points in the High Side
Drive, and to determine if a faulty short conditions exists based on said analysis, wherein

said voltage is the voltage of the High Side Drive Enable Signal.

2. Drive circuitry as claimed in claim 1 where said voltage is the voltage at the high

side connection terminal for the fuel injector actuator.

3. Drive circuitry as claimed in claims 1 to 2 where said determination means is
adapted to perform the frequency analysis of a voltage(s) by being adapted to compare the
frequency of the voltage with a stored value, and output a signal indicative of a faulty short

condition dependent on said comparison.

4. Drive circuitry as claimed in claim 3 said determination means is adapted to
determine that a short condition exists if said voltage frequency is higher than said stored

value, or higher than the stored value plus a tolerance threshold.

5. Drive circuitry as claimed in claim 4 wherein said stored value and/or tolerance

threshold is variable and/or programmable.

6. Drive circuitry as claimed in claim 5 wherein said stored value and/or tolerance
threshold is variable and/or programmable and set according to operating conditions of the

injector or type of fuel injector and/or fuel injector actuator.

7. Drive circuitry as claimed in claims 4 to 6 where the stored frequency value is the
operational switching frequency measured at an earlier time-point.

8. Drive circuitry as claimed adapted to stop the high side drive switching if a fault

condition is determined.

9. A method of determining a short condition in drive circuitry for a fuel injector

actuator, said drive circuitry including a High Side Drive portion and a Low Side Drive
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Portion, comprising performing a frequency analysis of a voltage(s) or a voltage signal
at, or from, one or more points in the High Side Drive; and, determining if a faulty short
conditions exists based on said analysis, wherein said voltage is the voltage of the High

Side Drive Enable Signal.

10. A method as claimed in claim 9 where said voltage is the voltage at the high side

connection terminal for the fuel injector actuator.

11. A method as claimed in claims 9 to 11 comprising;
a) comparing the frequency of the voltage with a stored value, and determining a short

condition dependent on said comparison.

12. A method as claimed in claim 11 where step a) comprises determining if said
frequency is higher than said stored value, or higher than the stored value plus a tolerance
threshold..

13. A method as claimed in claim 12 wherein said stored value and/or tolerance

threshold is variable and/or programmable.

14. A method as claimed in claim 13 wherein said stored value and/or tolerance
threshold is variable and/or programmable and set according to operating conditions of the

injector or type of fuel injector and/or fuel injector actuator.

15. A method as claimed in claim 12 to 14 where the stored frequency value is the

operational switching frequency measured at an earlier time-point.

16. A method as claimed in claim 15 including stopping the high side drive switching

if a fault condition is determined.



