Linear Products

Automotive Fuel Injector Control
Using Power+ Control with Power+ Arrays Devices

The automotive industry is faced with
increasingly strict environmental regulations which require that automotive
module designs include real-time monitoring and off-line fault isolation. These
requirements demand that protection and
fault diagnostics be present in the module
to help monitor emission levels and
maintain system reliability. One area that
is very sensitive to these requirements is
the automotive powertrain. With today’s
highly specialized fuel systems, fuel
injector drive is of key interest.
Texas Instruments has introduced four
new devices, the TPIC46L01/02 and
TPIC44L01/02, that are well-suited for
fuel injector control applications. The
6-channel TPIC46L01/02 and the
4-channel TPIC44L01/02 are low-side
pre-FET drivers capable of serial or
parallel interface. These predrivers,
which can control either TI’s Power+
Arrays or discrete power FET’s, allow

the system designer the flexibility to
select the power stage that best fits the
particular system load requirements.
A typical engine control unit (ECU) is
shown in Figure 1. The ECU receives
sensor and control inputs from the engine
and drives medium-current loads that
require protection and fault diagnostics.
In a typical engine control module, loads
such as relays, lamps, and solenoid-controlled valves may be driven by TI’s
TPIC2603, 6-channel low-side power
driver. The TPIC0107 or TPIC0108,
H-bridge driver can control the throttle
and idle speed. The fuel injector drive is
accomplished by the TPIC46L01 or
TPIC46L02, 6-channel pre-FET driver,
in conjunction with the TPIC2601,
6-channel Power+ Array. This application is discussed in greater detail below.
The configuration of the TPIC44L01 or
TPIC44L02, 4-channel pre-FET drivers,
in conjunction with the TPIC2401,

Parallel input interface to
provide real-time control of
outputs
Fault diagnostics to increase
fault isolation capability
4-channel Power+ Array will be
discussed at the end of this application
brief.

Application Overview
The TPIC46L01/02 offers serial interface
to the microcontroller to transfer control
data to the driver and output fault data
back to the controller. The pre-FET driver
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may be cascaded to minimize interconnects to the microcontroller, hence reducing costs. When using this configuration,
serial data is input to the device and is
transferred out the serial data output
(SDO) terminal following the fault data.

fault indicators via a fault interrupt to the
microcontroller. Load fault protection is
provided by disabling the gate output for
the TPIC46L01 or transitioning to a low
duty
cycle pulse-width-modulated
(PWM) state for the TPIC46L02.

For the power drive, TI offers the
TPIC2601, a 6-channel common-source
power DMOS array with gate protection.
Coupled with the TPIC46L01/02, it provides power and protection capabilities
for switching medium-current loads. The
TPIC46L01/02 and TPIC2601 combination provides effective switching of the
fuel injectors by means of a parallel load
interface, fault detection and protection,
and an efficient power output stage. Fault
isolation features included in the
TPIC46L01/02 are shorted and openload detection, and over and under-battery voltage shutdown; all are real-time

To enable parallel data transfer, data is
transferred directly from the parallel
interface inputs (IN0–IN5) to each respective gate output asynchronously. The
channel is turned ON with a logic high
and OFF with a logic low. The parallel
input port and serial control data are
OR’ed in the output control register to
allow either interface to control the gate
outputs. While the serial interface is not
required for parallel control, it is still
available to transfer fault data back to the
microcontroller.

Normal Operation of a Fuel Injector
Microcontroller inputs are provided to
the predriver via the parallel input terminals as shown in Figure 2. To turn an output on, the appropriate parallel input is
transitioned from low to high. Trace 1 of
Figure 3 shows an example waveform for
the IN0 input. Trace 2 shows the corresponding gate drive output GATE0. The
waveform in trace 3 illustrates that the
power
transistor
drain
current
(DRAIN0), i.e. injector current, rises at a
rate determined by the injector inductance and the battery voltage. It continues
to rise until the maximum value is
reached, a result of the injector resistance.
Once the injector is turned off, the magnetic field collapses inducing a voltage at
DRAIN0 node of the power transistor.
This voltage (trace 4) then rises until it is
clamped at approximately 55 V.
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Figure 2. Circuit Schematic of the TPIC46L02 Pre-FET Driver and the TPIC2601 Power+ Array
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The predriver monitors the drain voltage
of the FET to detect fault conditions and
the inductive transient. The drain inputs
are used in an internal clamp, or “snub”,
circuit to pull up the gate. This snub circuit turns the output on to dissipate the
energy stored in the injector and prevent
the drain voltage from exceeding the
maximum VDS of the power transistor.
Once the gate voltage has fallen, a delay
of approximately 125 µs is observed
before the gate turns off completely.
Trace 2 of Figure 3 shows the gate pull-up
due to the inductive transient.

Fault Isolation
The TPIC46L01/02 offers fault isolation
to meet emission control requirements
placed on today’s engine control systems.
The real-time monitoring comes in the
form of a fault interrupt line (FLT). After
the FLT goes low, the microcontroller can
check the serial diagnostic data to isolate
the channel at fault. As can be seen in
Figure 4, the output controlled by IN4
(trace 4) is shorted and the output
controlled by IN0 is open. During normal
operation, CS is held high to disable the
serial interface and to allow the device to
monitor the fault status of the load. The
fault register status is locked on the
falling edge of CS and diagnostic data is

transferred out of SDO on the falling
edges of SCLK.
For the TPIC46L01, a fault is captured
when it occurs and is available on the
SDO port whenever CS transitions low to
enable the serial interface. As can be seen
in Figure 5, the FLT goes low when the
fault occurs and then remains low. When
the fault occurs, the gate output turns off
after 60 µs and remains off until the input
is turned off and back on.
For the TPIC46L02 to capture a fault
condition and have the fault data
available at the SDO port, the CS must go
low while the fault exists. The fault
interrupt (FLT) will remain active (see
Figure 6) until cleared by CS. When a
shorted-load fault occurs, the gate drive
output goes into a low duty cycle PWM
mode and will remain there as long as the
output is enabled and the fault condition
is present. The FLT is refreshed when CS
transitions low after the fault has been
cleared.
A total of eight bits of fault status data are
provided including bits for over-batteryvoltage, under-battery-voltage, and
shorted-load or open-load faults. As CS
goes low, the first bit of fault status data
(over-battery) is immediately available.
The second bit of fault status data is

transferred on the first high-to-low
transition of SCLK with the remaining
data transferred on the falling edges of the
following six clocks. The CS input must
be transitioned high after the eighth clock
to load control data into the output buffer
and re-enable fault reporting.
When using either the serial or parallel
port for control, care must be taken to
ensure that eight bits of data are clocked
into the SDI port if CS transitions low.
Less than eight bits of data may result in
unknown data being transferred into the
output control register as CS transitions
high. To illustrate the fault status in trace
4 of Figure 4, there are two bytes of fault
data shown, one indicating a short present
at DRAIN4 and the other indicating an
open at DRAIN0. As CS goes low, the bit
representations are: left to right starting
with the most significant bit to the least
significant bit, over-battery (MSB),
under-battery, and FLT5 to FLT0 (LSB).
Operation of a Shorted Injector
Among the faults monitored is that of a
shorted injector. This fault is isolated
only when the output transistor is on.
Trace 4 of Figure 7 illustrates the drain of
the output transistor controlled by IN0
shorted to VBAT. IN0 (trace 1) transitions
high as the output is commanded to turn

Note that FLT0 occurs in the second byte of data

Figure 3. Drain Voltage and Current

Figure 4. Open / Short-Fault Conditions
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Over/Under-Battery Voltage
Detection and Shutdown
The predriver monitors the battery
voltage to protect the load and power
transistor from over-battery conditions.
The over-battery voltage detection
threshold is set at 34 V. The under-battery
voltage threshold is set at 4.8 V to protect
the output transistor and load from
thermal stress. In both cases, the device
disables all gate outputs as long as the
battery fault condition is present. Shorted
and open-load fault reporting is disabled
until the battery voltage error has been
corrected to ensure erroneous faults are
not reported (see trace 4, Figure 8).
Figure 5. Fault is Captured

on. After the output is turned on, a delay
of 60 µs is allowed for the output to
stabilize. At this time, the drain voltage is
compared to the fault reference threshold.
If the drain voltage is greater than the
reference of 1.25 V, then an over-current
or shorted-load condition exists. The FLT
(trace 3) is transitioned low to notify the
microcontroller of the error.
The TPIC46L01 and TPIC46L02 handle
shorted-load fault conditions differently.
The TPIC46L01 flags the microcontroller that a fault condition exists and the
gate output is automatically shut off until
the microcontroller turns it back on. This
reduces the on-time to approximately
60 µs, keeping the power dissipation
within limits and preserving the output
transistor. When the TPIC46L02 experiences a shorted-load condition, it transitions to a low duty cycle PWM state to
automatically re-check the fault condition and protect the FET from over-heating. An example is shown in trace 4 of
Figure 7. This mode continues until the
error has been corrected or until the
microcontroller turns the output off.

The drain inputs for unused channels
must be pulled high to prevent false
reporting of open load condition. An
open load is checked by placing a 60 µA
current source on the drains of each of the
FET’s. If the load impedance is high, the
current source will be sufficient to pull
the drain of the transistor below the
1.25 V reference threshold of the
detection circuit. A deglitch time of 60 µs
is provided to allow the drain to stabilize
before the test is enabled. If an open-load
fault is present, then a fault flag is issued
to the microcontroller until the fault has
been corrected.

Operation of an Open Injector
The test for an open load is performed
only when the output transistor is off.
Under normal condition, the drain is
pulled high by the load (see Figure 2).
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Figure 6. Fault Clears

Fault Detection Threshold Reference
As mentioned previously, approximately
60 µs after a gate transition (i.e. the
stabilization time), the drain voltage is
compared to an internal reference of
1.25 V during the on/off time to check for
a shorted /open output. In Figure 2, pin 2
of the TPIC46L01/02 is the voltage
compare enable (VCOMPEN). This pin is
grounded to select the internal 1.25 V
reference. The pin is pulled high to select
the external reference voltage compare
(VCOMP) at pin 3. An external voltage can
be used at this pin to set the fault threshold
reference to a different value.

Figure 7. Shorted Drain

Some designs may require a different
current detection level to better match a
particular power transistor’s on-resistance or meet other system requirements.

System Power
Dissipation
A key design consideration when selecting the power output stage for this
particular application is power dissipation. The total power dissipation of the
transistor array is the sum of the power in
the on-state, plus the power resulting
from the transient as the inductor is
turned off, multiplied by the number of
transistors in the array. To illustrate,
values from Figure 3 waveforms and the
TPIC2601 datasheet will be used. For
simplicity, three worst case assumptions
will be made. The first is that the drain
current decays linearly when it is turned
off. The second is that the maximum
operating ambient temperature is 125°C.
The third and final assumption is that a
heat sink will provide a system thermal
resistance, case to ambient, less than or
equal to 5°C/ W. The power dissipation
parameters are given as follows:
f = frequency = 100 Hz
Ton = on-time = 50% or 5 ms
Td = decay time = 125 µs
ID = drain current = 0.8 A, same
as peak injector current, IP

Figure 8. Over / Under-Battery Fault Conditions

VCL = clamp voltage = 60 V
RθJC = thermal resistance junction to
case = 4°C/W
RθCS = thermal resistance case to
heat sink = 0.5°C/W
RθSA = thermal resistance heatsink to
ambient = 4.5°C/W
VBAT = battery voltage = 14 V
LIJ = injector inductance = 8.5 mH
RIJ = injector resistance = 16.4 Ω, hot
TJmax = maximum junction
temperature allowed = 150°C
TA = maximum ambient operating
temperature = 125°C, assumed
TC = case temperature
TS = heat sink/temperature
Pon = power during on-time
Pd = power during current decay
or switch off-time
PT = Pon + Pd = total power
Thermal Considerations for the
Output FET Array
After defining the power parameters, the
maximum allowed power that can be dissipated by the power array depends on (1)
the ambient temperature at which it operates and (2) the thermal resistance from
the FET junctions to that ambient. The
result is as follows:
Equation 1: (TJmax – TA) / (RθJC +
RθCS + RθSA) = W

Solution 1: (150°C – 125°C)/
(4°C/ W + 0.5°C/ W +
4.5°C/ W) = 2.78 W*
*Total power for the package

Power Dissipation for a Single
Transistor
The on and off-time power that is dissipated in the transistor is a function of the
drain current ID (trace 3) in Figure 3,
rDS(on), and the snub voltage. The ontime power is the sum of the power during
the ramp up (0 – 2 ms) = 2 ms and the
power at the maximum value (2 ms –
5 ms) = 3 ms.
Equation 2: Ponramp = 1/3 ID2 *
rDS(on) * Tonramp * f
(during ramp up time period)
Solution 2: Ponramp = 1/3 (0.8)2 * 0.4 *
0.002 * 100 = 0.017 W
Equation 3: Ponmax = ID2 * rDS(on) *
Tonmax * f (during
maximum value time)
Solution 3: Ponmax = (0.8)2 * 0.4 *
0.003 * 100 = 0.077 W
Equation 4: Pon = Ponramp + Ponmax
Solution 4: Pon = 0.017 W + 0.077 W
= 0.094 W
The off-time power is the power during
current decay which can be seen in
Figure 3 when observing the IN0
(trace1),
the
DRAIN0
current
5

The power dissipated with all six FETs
conducting is 6 * 0.394 W = 2.364 W.
From Solution 1, it was determined that
the total power capacity for the package
is 2.78 W; therefore, all six power
transistors can turn on simultaneously
and operate below the maximum
allowable junction temperature of 150°C.

ID (trace 3), and the DRAIN0 voltage
(trace 4) waveforms. The gate is held on
for approximately 125 µs which clamps
the drain voltage at 60 V while the current
decays to zero. As stated previously,
assuming linear decay as the worst case
scenario, the power can be calculated if
the information obtained from the drain
current and voltage waveforms of Figure
3 is known. By integrating current over
time and multiplying by the voltage, this
will give the equivalent:

TPIC44L01/02 and TPIC2401
Effective fuel injector drive can also be
accomplished with the TPIC44L01/02
and TPIC2401. As mentioned earlier, the
TPIC44L01/02 are 4-channel low-side
pre-FET drivers capable of serial or
parallel interface and the TPIC2401 is a
4-channel common-source power DMOS
array with gate protection. There are
slight differences between the 4-and
6-channel chipsets.

Equation 5: Pd = VCL * ID / 2 * Td * f
Solution 5: Pd = 60 * ( 0.8 / 2 ) *
0.000125 * 100 = 0.3 W
If the information in Figure 3 were not yet
available, i.e. the TPIC46L01/02 and
TPIC2601 had not already been
incorporated into the system, the
calculation could be made from the data
in the above table.

Cascading the TPIC44L01/02
The TPIC44L01/02 uses a 4-bit data
word for serial transfers which allows the
user to cascade two pre-drivers to
communicate with 8-bit words. Cascading of the serial ports requires a minimum
of 4 bits for the control information with
serial word operation valid for any
multiple of 4 bits. This could potentially
double the serial throughput while
sending and receiving data with the
microcontroller. The first stage transfers
its fault data through the second stage

Equation 6: Pd = f * (3 * LIJ * ID2 * VCL)
/ (6 * (VCL – VBAT) + 4 *
RIJ* ID)
Solution 6: Pd = 100 * (3 * 0.0085 * 0.82
* 60) / (6 * (60 – 14) + 4 *
16.4 * 0.8) = 0.298 W
From solutions 4 and 5 above, the total
power for each transistor is:
Equation 7: PT = Pon + Pd
Solution 7: PT = 0.094 + 0.3 = 0.394 W
1
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followed by control data. As with the
6-channel devices, the fault data is available immediately when CS transitions
low to monitor the status of the SDO port.
An example of 8-bit serial word operation
can be seen in Figure 9 when observing
the timing diagrams.
The use of a 4-bit serial word increases
data throughput compared to 8-bit words.
Due to the absence of the
over/under-battery voltage bit reporting,
serial data transfer of both fault data and
control data information is more efficient
and advantageous for 4-channel
switching requirements.
The MSB of fault data is available first
with the following bit representations
from left to right, FLT7 to FLT0 (LSB).
The 4-channel device offers real-time
fault reporting by means of the FLT
interrupt line. The over/under-battery
voltage condition results in all outputs
being turned off and the disabling of fault
reporting for shorted and open-load
conditions. With the 4-channel device,
fault isolation is identical to that of the
6-channel device with the exception of
over- and under-battery voltage fault bits
being removed from the serial fault data.
An additional feature on the 4-channel
devices is an active low reset line
(RESET). The RESET line clears the
fault register, the control register, and the
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Figure 9. 8-Bit Serial Word Operation
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fault interrupt line when transitioned low.
This provides the means to disable the
outputs and clear the device by toggling
a single input.

Conclusions
The 6-channel (TPIC46L01/02 and
TPIC2601) or 4-channel (TPIC44L01/02
and TPIC2401) chipset offer an enhanced
approach to switching medium-load current applications. This dual-chip solution

provides greater flexibility for the designer to select a power stage that better
matches load requirements than may be
available when using an integrated
device.
The
TPIC46L01/02
or
TPIC44L01/02 offers a parallel input interface to perform real-time control of the
external power output stage in addition to
providing fault detection and protection
to prolong transistor life and increase
system reliability.
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IMPORTANT NOTICE
Texas Instruments (TI) reserves the right to make changes to its products or to discontinue any semiconductor
product or service without notice, and advises its customers to obtain the latest version of relevant information
to verify, before placing orders, that the information being relied on is current and complete.
TI warrants performance of its semiconductor products and related software to the specifications applicable at
the time of sale in accordance with TI’s standard warranty. Testing and other quality control techniques are
utilized to the extent TI deems necessary to support this warranty. Specific testing of all parameters of each
device is not necessarily performed, except those mandated by government requirements.
Certain applications using semiconductor products may involve potential risks of death, personal injury, or
severe property or environmental damage (“Critical Applications”).
TI SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTENDED, AUTHORIZED, OR WARRANTED
TO BE SUITABLE FOR USE IN LIFE-SUPPORT APPLICATIONS, DEVICES OR SYSTEMS OR OTHER
CRITICAL APPLICATIONS.
Inclusion of TI products in such applications is understood to be fully at the risk of the customer. Use of TI
products in such applications requires the written approval of an appropriate TI officer. Questions concerning
potential risk applications should be directed to TI through a local SC sales office.
In order to minimize risks associated with the customer’s applications, adequate design and operating
safeguards should be provided by the customer to minimize inherent or procedural hazards.
TI assumes no liability for applications assistance, customer product design, software performance, or
infringement of patents or services described herein. Nor does TI warrant or represent that any license, either
express or implied, is granted under any patent right, copyright, mask work right, or other intellectual property
right of TI covering or relating to any combination, machine, or process in which such semiconductor products
or services might be or are used.

Copyright  1998, Texas Instruments Incorporated

