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Automotive 12- and 24-V Battery Input Protection
Reference Design
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Description

Automotive battery power supply lines are prone to
transients while running the system. Typical
protections required are overvoltage, overload, reverse
polarity, and jump start. During the life of a car, the
alternator may be replaced with a nhon-OEM part. The
after-market alternator may have different or no load
dump protection, which could lead to damaging the
electronic control unit (ECU). This Tl Design provides
protection to handle these potential unsuppressed load
dump pulses (12 V and 24 V) with hardware control.
Class A operation may be attained during
unsuppressed load dump pulses.
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TIDA-01167 Design Folder
LM5060-Q1 Product Folder
TPS7A1650 Product Folder
LM2903-Q1 Product Folder

i l " 'I ASK Our E2E Experts

TI E2E™

Community

Vin Ve

M
W

»
m
z
w
m
o
C
3
By
s
s
o
<

\4
AAA
VWV

LM5060-Q1

Vour

GND [ o GND

Copyright © 2016, Texas Instruments Incorporated

a

important disclaimers and information.

Features

< Overvoltage Protection
Overload Protection

e Transient Suppression

* Reverse Polarity Protection

Configurable Options to Support Class A Operation
During Unsuppressed Load Dump Pulses

e Scalable to Multiple Battery Topologies
(12V, 24V, 48YV)

* Improves System Efficiency With Very Low
Quiescent Current

e Compliance to ISO 7637-2, ISO 16750-2

Applications

* Electronic Control Units

e Body Control Module

» Battery ORing Applications
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1 System Description

Automotive 12-, 24-, and 48-V battery power supply lines are prone to transients while running the system.
Typical protections required for such a system are overvoltage, overload, reverse polarity, and jump start.
Electronic circuits powered by direct battery lines need to be protected from such transients. An improper
protection circuit could lead to damaging the components. Typically, DC-DC converters and system basis chips
are directly operated on battery supply lines. Robust components and controllers are required to place on the
battery power supply lines to suppress the transients. Typical protection requirements for 12- and 24-V batteries
are considered for the TIDA-01167 reference design.

1.1 Key System Specifications

Table 1. Key System Specifications

PARAMETER SPECIFICATION MIN TYP MAX UNIT
Vinput DC input voltage 0 — 700 \Y
Output current Q1, Q2 configurable — 2.50 — A
. 12V — 527.00 — ps
Gate voltage (turnon time)
24 V — 570.00 — ps
. 12V — 118.00 — ps
Gate voltage (turnoff time)
24V — 233.00 — ps
) 12 V, Jumper J5 closed — 3.18 — mA
Operating current
24V, Jumper J5 closed — 3.40 — mA
. 12 V, Jumper J5 open — 53.00 — HA
Quiescent current
24 V, Jumper J5 open — 102.00 — HA

@ Based on requirement specification maximum operating voltage of the design can be changed.
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2 System Overview

2.1 Block Diagram
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Figure 1. Block Diagram

2.2 Highlighted Products

221 LM5060-Q1

The LM5060 high-side protection controller provides intelligent control of a high-side N-channel MOSFET
during normal on/off transitions and fault conditions. In-rush current is controlled by the nearly constant
rise time of the output voltage. A Power Good output indicates when the output voltage reaches the input
voltage and the MOSFET is fully on. Input UVLO (with hysteresis) is provided as well as programmable
input overvoltage protection (OVP). An enable input provides remote on or off control. The programmable
UVLO input can be used as second enable input for safety redundancy. A single capacitor programs the
initial start-up Vg fault detection delay time, the transition Vg fault detection delay time, and the

continuous overcurrent Vg fault detection delay time. When a detected fault condition persists longer than

the allowed fault delay time, the MOSFET is latched off until either the enable input or the UVLO input is
toggled low and then high.
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Key features include:
* Available in automotive grade, AEC Q-100

« Wide operating input voltage range: 5.5 to 65 V
* Less than 15-pA quiescent current in disabled mode

» Controlled output rise time for safe connection of capacitive loads
» Charge pump gate driver for external N-channel MOSFET

» Adjustable undervoltage lockout (UVLO) with hysteresis

* Programmable fault detection delay time
e Adjustable input OVP
» Immediate restart after overvoltage shutdown

Copyright © 2016, Texas Instruments Incorporated

Figure 2. LM5060-Q1 Functional Block Diagram
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2.3 System Design Theory

2.3.1 Automotive Conducted Transients

In automotive environment batteries are connected to various electronic control units, loads, and sensor
and load systems. Due to several parameters, conducted transients are seen on power lines for electronic
control units. A short overview of such electrical transients are shown in Figure 3.

us 1SO7637-2 Pulse 3b
U7 .............................................................................. e
1SO16750-2: 4.6.4
Test A/B
T 1SO7637:2 Pulse 2
U5 R . Jump Start
Ub
ua.
U3. ..................
Reverse Polarity
S .1S07637-2 Pulse 1
UL iSoresTaPulsea|
Figure 3. Overview of Transients
Table 2 provides the description, behavior, and impact of automotive power line electrical transients.
Table 2. List of Automotive Electrical Transients Standards
STANDARD OR SPECIFICATION INSTITUTE OR COMPANY
ISO 7637-2 Road vehicles: Electrical disturbances from conduction and coupling
1SO 16750-2 Roa_d vehicles: Environmental conditions and testing for electrical and electronic
equipment
LV124 Group of original equipment manufacturers (OEMS, such as Audi®, BMW®,
Porsche®, VW®, and so on)
SAEJ1113-11 USA Standard by the Society of Auto Engineers
JASO A-1 Japanese automobile standard
TIDUC41A—November 2016—Revised July 2017 Automotive 12- and 24-V Battery Input Protection Reference Design 5
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Specification of these standards are not limited to this list; auto manufacturers have their own internal
standards. Although changes are typically only in a few parameters of different tests or limits, the essence
of the requirements are the same.

ISO 7637 is titled Road vehicles — Electrical disturbances from conduction and coupling, and part 2 is
specifically "Electrical transient conduction along supply lines only". The standard defines a test
procedure, including the description of test pulses, to test the susceptibility of an electrical subsystem to
transients, which could potentially be harmful to its operation. Each pulse is modeled to simulate a
transient that could be created by a real event in the car. This design mainly focus for reverse polarity
protection and ORing applications, which is predominantly placed next to battery.

ISO 16750 is titled Road vehicles — Environmental conditions and testing for electrical and electronic
equipment, and part 2 is specifically "Electrical loads." An easy way to think of this standard is that it
essentially defines a series of "supply voltage quality” events—variations of the battery supply voltage
under various conditions. For the most part, these conditions are not harmful to the electrical subsystem,
but can affect its state of operation. The tests in this standard are designed to see how the subsystem
behaves before, during, and after these events.

23.11 ISO 7637-2 Pulse 1

This test is a simulation of transients due to supply disconnection from inductive loads. It is applicable to
DUTs which, as used in the vehicle, remain connected directly in parallel with an inductive load.

DS

1.

4

DUT
—| 2 3§ or
1

Control Unit
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Figure 4. 1SO 7637-2 Pulse 1

Key features include:

* Ignition switch and main relay or relevant

* Inductive load (relays, solenoids or motors, and so on)
» Load resistance (effective load on the power supply)

e Control unit or DUT (exposed to transients)

* Battery
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Pulse 1 occurs when switch(1) is open. The pulse itself, simulating an inductive kick in a parallel system,
is a high voltage, negative-going transient. The waveform and its parameters are given in Figure 5 and

Table 3:
U t,
f3
UA P—
L I [ > — N ———— ;
S
09Us—1T—xJ | | J
f[‘
f4q
t

Figure 5. ISO 7637-2 Pulse 1 Waveform

Table 3. ISO 7637-2 Pulse 1 Parameters

PARAMETER 12-V SYSTEM 24-V SYSTEM

Us —75t0 -100 V —450 to —600 V
R 10Q 50 Q

ty 2ms 1ms

0 0

b (1—0.5 )P‘S (3—1 5 )“5
t, @ 05t05s

t, 200 ms
t, @ <100 ps

@ t1 must be chosen such that the DUT is correctly initialized before the application of the next pulse.
@ {3 is the smallest possible time necessary between the disconnection of the supply source and the application of the pulse.

Pulse specification and parameters might vary based on OEM and vehicle configuration.
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23.1.2

ISO 7637-2 Pulse 2a

Pulse 2a simulates transients due to sudden interruption of currents in a device connected in parallel with

DUT due to inductance of the wiring harness.

—2{—rre

Key features include:

» Ignition switch and main relay or relevant

—1+
[

DUT
or
Control Unit

3
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Figure 6. ISO 7637-2 Pulse 2a Simulation Picture

* Inductance (wiring harness)

e Control Unit or DUT (exposed to transients)

» Load resistance (effective load on the power supply)

* Load switch
* Battery

The pulse itself, simulating an inductive kick from the wiring harness, is a high-voltage, positive-going
transient. The waveform and its parameters are given in Figure 7 and Table 4:

U

F

Figure 7. ISO 7637-2 Pulse 2a Waveform
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Table 4. Pulse 2a Parameters
PARAMETER 12-V SYSTEM 24-V SYSTEM
Us 37t0 50 V
R; 20
ty 0.05 ms
0

t (170.5 )“S

t, @ 0.2to5s

@ The repetition time t; can be short, depending on the switching. The use of a short repetition time reduces the test time.

Pulse specification and parameters might vary based on OEM and vehicle configuration.

2.3.1.3 ISO 7637-2 Pulses 3a and 3b

These test pulses are a simulation of transients, which occur as a result of the switching processes. The
characteristics of these transients are influenced by distributed capacitance and inductance of the wiring
harness.
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Figure 8. ISO 7637-2 Pulse 3a and 3b Simulation Picture

Key features include:

« Wiring harness with distributed inductance and capacitance
» Ignition switch and main relay or relevant

e Control Unit or DUT (exposed to transients)

» Inductive load (relays, solenoids or motors, and so on)

* Battery

Pulse 3a is seen in control unit or DUT when supply is turned ON or load is switched before the control
unit. A burst of negative arching transients are seen due to relay on and off.
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Figure 9. ISO 7637-2 Pulse 3a Waveform
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Table 5. ISO 7637-2 Pulse 3a Parameters
PARAMETER 12-V SYSTEM 24-V SYSTEM
UR 112 to 150 V 150 to 200 V
R; 50 Q

ty

(o.1+8-1)us

5ns+15ns

100 ps

10 ms

90 ms

Pulse 3a is seen in control unit or DUT when load is switched after the control unit. A burst of positive
arching transients are seen due to relay on and off.

U

Us

ts

Figure 10. ISO 7637-2 Pulse 3b Waveform

Table 6. ISO 7637-2 Pulse 3b Parameters

ts

PARAMETER 12-V SYSTEM 24-V SYSTEM
Ug 75 to 100 V 150 to 200 V
R; 50 Q
5 (0.1 +04 )p.S
t, 5ns+15ns
ty 100 ps
t, 10 ms
90 ms

Pulse specification and parameters might vary based on OEM and vehicle configuration.
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2.3.1.4 1SO 16750-2 4.6.4 Load Dump

This test is a simulation of load dump transient, occurring in the event of a discharged battery being
disconnected while the alternator is generating charging current and with other loads remaining on the
alternator circuit at this moment. Load dump may occur on account of a battery being disconnected as a
result of cable corrosion, poor connection or of intentional disconnection with the engine running. This
pulse was actually moved from ISO 7637 to ISO 16750.

The actual load dump event is extremely high energy and high voltage, which would be very difficult (and
expensive) to protect against on every subsystem in the vehicle. Instead, every OEM installs a clamping
circuit to the alternator, which limits the voltage to a more manageable level for the subsystem. This
clamped voltage varies from OEM to OEM, but is typically in the range of 30 to 40 V.

DUT
+
== 2 G 3 or
Control Unit

Copyright © 2016, Texas Instruments Incorporated

Figure 11. ISO 16750-2 Test A Simulation Picture

Key features include:

» Battery connection (loose contact or disconnection)
» Alternator with internal clamping

e Control unit or DUT (exposed to transients)

* Battery

Figure 12. ISO16750-2 Test A Waveform (Without Centralized Load Dump)
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Table 7. 1ISO16750-2 4.6.4.2.1 Test A Parameters
TYPE OF SYSTEM
PARAMETER
Uy=12V Uy=24V
Us (V) 79 < Ug <101 151 < Ug < 202
R; (Q) 05<R <4 1<R <8
ty (Ms) 40 < t, < 400 100 < t, < 350
t, (ms) 10 (—g )

Pulse specification and parameters might vary based on OEM and vehicle configuration.

2.3.1.5 1SO 16750-2 4.7 Reverse Voltage

This test checks the ability of a control unit to withstand against the connection of a reversed battery when
using an auxiliary starting device. During the service or while repairing the car, there is a possible risk of
mis wire or wrong connections of system wiring harness to battery. In such case electronic control units
needs to have protection for reverse battery voltage.

In automotive systems, the alternator is directly connected to battery without any fuse. Rectifier diodes in
the alternator can withstand the reverse voltage for 60 s. If the diodes in alternator are damaged, then
there is a scope for damage of wires and possible fire inside the system. Once the fuses or alternator are
replaced, the rest of the devices are expected to run with class A. So the control units are expected to
withstand the reverse voltage for at least 60 s + 6 s.

Table 8. 1ISO16750-2 Reverse Voltage Parameters

NOMINAL VOLTAGE TEST VOLTAGE
Uy (V) U (V)
12 14
24 28

Pulse specification and parameters might vary based on OEM and vehicle configuration.
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3

3.1

3.11

3.1.2

3.1.3

Hardware, Testing Requirements, and Test Results
Required Hardware

Undervoltage (Vy <5V)

When the battery voltage is less than 5 V, the LM5060-Q1 is in undervoltage mode, and the gate voltage
will be pulled to ground. Q1 and Q2 will remain in OFF state. In an automotive environment, the UVLO
state is not widely used as it is not included as feature of this design. The UVLO pin connects directly to
the input of LM5060-Q1, so the device is independent of the UVLO threshold. The LM5060-Q1 starts or
stops functioning based on the V,, parameters defined in the datasheet of the device.

In an automotive environment, typical batteries used for supply are 12 V, 24 V, and 48 V. In normal
operation, the LM5060-Q1 will always remains in an ON state. Methods and mechanism to support cold
crank conditions will be explained in Section 3.1.4.

Normal Operation 65V SV,s75V)

If the enable pin is high and input voltage is less than the overvoltage threshold, then the gate of the
LM5060-Q1 will turn on Q1 and Q2. Output voltage follows the input voltage with a voltage drop across
Q1 and Q2 as shown in Figure 13.

Vour =ViN— (R DS(on)_at + R DS(on)_Q2 ) * ILoap )

Vin o Vour

_|
—>| Q1 SENSE —\NNVN———1 Vour
v —

Y GATE

LM5060-Q1

_|

D2 SZ_, >l Q2

_|

Vour  ------ l---------2 |
TIMER
<

GND L g GND
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Figure 13. Normal Behavior

Transient Suppression

Transient suppression is a critical part for automotive input protection. As mentioned in Section 2.3.1,
there are different types of transients that need to be handled at the battery input. There is a need to have
a common topology to support various automotive input protection requirements. Load dump typically
describes input protection. In most automotive cases, the load dump pulse is handled in the alternator.
During the service or repairs, there is a scope and chance to replace the current alternator with a low-cost
solution. Low-cost alternators might have different specification or no load dump protection, which might
leads to damage of electronics.
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V8

Transient pulse
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v

Figure 14. Input Protection Characteristics

Figure 14 represents the behavior of an input protection module during load dump pulses. Output voltage
can be reduced to the voltage levels based on requirements and system design. V1 is the nominal battery
input voltage applied to the system. During normal state, voltage at the output will be constant based on
state of input voltage. As discussed in this case, circuit behavior is same as shown in Figure 13 (output
voltage following the input voltage with Q1 and Q2). Since Q1 and Q2 are turned on, D3 is the TVS diode
that will suppress the transients from input and output. Due to transients as shown in Figure 14, if the
input voltage starts rising, output voltage will follow the input voltage until V5. V5 is the minimum break
down voltage of D3.

V5 = Vgy D3 Min )

When D3 breaks down, input current will start rising and leading D3 to clamp the voltage. As per
Figure 14, the transition between a to b represents the clamping behavior of D3.

(VIN - VCV_DB)
linput = LoD +
(R ps(on)_a1 * Rps(on)_a2 ) 3)
14 Automotive 12- and 24-V Battery Input Protection Reference Design TIDUC41A—November 2016—Revised July 2017
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As the input voltage rises, the input current (l,ypy7) Will further increase. The LM5060-Q1 has overload
detection, which will turn off Q1 and Q2 (and so on). If the input current is above the overcurrent threshold
limit (locp Lms0s0), 9ate voltage will be pulled down with an 80-mA sink current. When the gate voltage is
pulled down, Q1 and Q2 will be turned off. As shown in Figure 15, when Q1 and Q2 are turned off current
will be flowing through D1, D2. Output voltage (Vo) Will vary based on input voltage (Viy), Vey b1s Vv b3
(break down voltages), and load current (I, oap)- - -

Vin o Vour
-------- B> AN
- Voo
i QL SENSE ouT | AMN——e—0O  Vour
D1 — \
Vint GATE § §
LM5060-Q1 ovp
_|
D2 Loi| 2 %‘ PGD
— J
R R p—
Vour TIMER EN v
<
Reset
D3 pu— § §
Ref
GND o GN\D
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Figure 15. LM5060-Q1 OCP Latch During Transient

When OCP error is latched at the initial stage when V\y < (Vay b1 min * Vav 03 min * Vep p2):
Vour = V4 = Vin—Vep p2 = Vay D1 min @

During the load dump, voltage will further rise, which leads to clamping of both D1 and D3.
When VTRANS 2 (VBV_Dl_min + VBV_D3_min + VFD_DZ):

VIN max = V7 = (VCV_D1_max +Vev D3 max +VFD_D2) (5)
VOUT_max = V6 = VCV_D1_max (6)

The load current of the system during the transients plays an important role for power dissipation and
component selection. Peak power dissipation in the TVS diodes depends on the clamping voltage, peak
transient voltage, and resistance of alternator. Selecting TVS diodes must be done based on energy
dissipated in them during the peaks of transient.

Q1 and Q2 are turned off due to over current error. If the circuit design is not done properly, the LM5060-
Q1 will turn OFF output voltage upon the completion of transient pulse. Input protection circuit must be
implemented with appropriate circuit to remove the over current error. Take care when designing this
circuit so that it will not clear all overcurrent errors. An overcurrent error that is produced due to transient
(overvoltage) must be reset with an appropriate circuit. Selecting a reset voltage must be chosen
appropriately to handle voltage drops and breakdown voltage of D1 (Vgy p1_min)-

If:

* Vour min IS the maximum voltage drop allowed

* Vi reser IS the LM5060-Q1 transient reset voltage
* R is the alternator input resistance

Then:

VINiRESET > VOUTﬁmin + VCVﬁlemax (7)

VIN_RESET < VB\/_D3 + (IOCP_LMSDGO) x (RI) (8)
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If Vin_reser Was set at very high voltages, there could be a chance of repeating the overcurrent error along

with D3 breakdown voltage, which leads to output voltage latched off. So to avoid this incidence, reset
voltage has to be set in such a way that overcurrent error will not be repeated.

If Vin_reser IS Set at low input voltage, then output voltage might fall too low. If the output voltage falls low, it

could be inconvenient to the DC-DC converter and affect the selection of components. In such a case,

place a better filter circuit at input to avoid the damage or overstress to DC-DC converter or relevant

components.
3.1.4  Circuit Behavior
P at | Q2 K
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Copyright © 2016, Texas Instruments Incorporated

Figure 16. Input Protection Circuit

R2, R3, D5, and D8 are used to protect the VIN pin of the LM5060 during the transients. R1, R2, and
D8 can be changed accordingly to support transient peak voltages.

Q1 is the main switch for overload and overvoltage errors for U1, whereas Q2 is to support the reverse
polarity protection.

There is no internal protection or detection of reverse polarity in the LM5060. Q3, D7, R6, and R7 are
used to protect the design from reverse polarity. Q3 will turn on and reduce the gate to source voltages
of Q1 and Q2. D7 is used to protect the Q3 whereas R6 to reduce the current consumption.

R7 is used to control the turnon time of Q1 and Q2. It will also support in reducing the leakage current
during the reverse polarity. During error state it is required to turn off the supply lines faster, so D9 is
used to bypass R7 to turn off the Q1 and Q2.

The undervoltage function is rarely used in automotive environment. It is not common for 12-V or 24-V
systems. Design can be adapted for a 48-V system to set a defined voltage at the UVLO pin to save or
reduce complexities of DC-DC converters.

During cold crank conditions, input voltage will fall less than 5 V. The 5-V output of DC-DC converter
can be connected through D6 to keep the LM5060 in active mode.

D10 is used in the design to support external trigger input at test point along with J5 jumper pin. In end
applications, D10 and J5 can be removed, and the external trigger input can be connected directly to
R11.

R1 and R4 are used to set the threshold for overload protection in the design. D4 will protect the sense
pin during the peak transients. If unsuppressed load dump pulse is applied at input pin. Sense pin can
withstand maximum 75V, D4 is used to protect the sense pin during high voltage transients.

Due to inrush currents, high- or low-voltage transients, and noise, there could be OVP and overload
errors set in the LM5060. An external timer capacitor C7 will be used to allow blanking period for these
errors to differentiate noise and actual errors. Based on system requirement C7 is configurable. A fault
will be latched when a 6-pA current flowing the C7 builds a voltage at timer, typically 2 V. When a fault
is latched, Q1 and Q2 are turned off.
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* RS5, R8 potential divider to support OVP for LM5060. During an overvoltage, Q1 and Q2 are turned off
when the input voltage falls less than the OVP threshold voltage; then output voltage resumes as Q1
and Q2 are turned ON.

nPGD
®
Input_KL30
s R10,
ApF, 3 261k
TP4
VCC 5V ?
= PGD
SR13
3261k
Disable
SR15
$18.0k
GND

Copyright © 2016, Texas Instruments Incorporated

Figure 17. Comparator Reset Mechanism

» Comparator circuit is used to reset the LM5060. As discussed in Section 3.1.3, it is required to reset
the LM5060 if the overload error is latched due to transient voltage. Do not reset overload errors if the
input voltage is in normal range.

* In a normal state, if the nPGD pin of the LM5060 is pulled low, voltage at non-inverting pin of U2A also
remains low. As a result, voltage in the disable net is pulled to low by a comparator as 2.5 V is present
at the inverting pin due to R9 and R12.

* The nPGD pin of the LM5060 is floating when overvoltage or overload errors are detected. Voltage at
R15 gives a fraction of battery voltage across potential dividers of R10, R13, and R15. R16 can be
populated with a appropriate value to give the hysteresis for the module.

* R14 is the pullup resistance for the open drain connection of the comparator.

* As specified in Equation 8, V| geser must be less than sum of the breakdown voltage and overload
current with internal resistance. OVP for the LM5060 must be chosen to support the application
appropriately.
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3.2 Testing and Results
Test setup for automotive polarity protection has been done as shown in Figure 18.
DC power supply DC load
0to60V/2A 100 W

Jumper J5
Close: Green LED ON
Open: Green LED OFF
Copyright © 2016, Texas Instruments Incorporated

Figure 18. Test Setup

To check the performance of the LM5060-Q1, This TI Design has been tested for 12-V and 24-V
applications.

3.2.1 Operational Tests

per Display  Cursors ure Math Analysis  Utiities Help

I T I CH1: Input
i i | CH2: Output
| ! " | CH3: Gate
al 4; : CH4: Enable
i ! |
| i 1
o . —-/Tr— . NOTE: Turnon behavior of the LM5060-
! |

Q1 has been checked.

L3 1 B8

Measure Flmax(C1) PEmaxc) PImax(C3) Femax(C4) P
valug 132v 129v 243V 125V

v v Input =12 V
Gate on-time = 527 ps

52
500 k Eith
Xl=  -346dus &%= 527 676ps
X2= 524.H2ps 1A= 189510 kHr

Figure 19. Turnon Behavior at 12 V
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igger  Display Cursors Measure Math  Analysis Utilties  Help

- T ' CHL: Input
i b | CH2: Output
’——‘}\ | | CH3: Gate
2 PN [ CH4: Enable
| H T 1
| | ‘
; F |
d LY . NOTE: Turnoff behavior of the LM5060-
: A - Q1 has been checked.
: gL \
= B LB =
R |
i P |
| 1 1 1
P‘i man{C1) PEmax(C2) PImaxiC3) P4man(C4) PS--- P6---

56V 1mav
v v v

128v 128V

Input =12 V
Gate off-time = 118 us

*1= 7330448
X2= 45.560ps

e Verical Timebase Trigger Display Cursors Measure Malh Analysis Utiities Help

. ‘ ‘ | CHL:Input

i i | | CH2: Output

= I |, CH3: Gate

4 4 ’\‘ ! CH4: Enable

i ‘ | |

4 | X y  NOTE: Tumoff behavior of the LM5060-
',._____L\‘ } I Q1 has been checked.
i ‘

u * ¥ ]

: | | |

! ! | |

| \_ L I I

:.;::m Pl m:a:?v; pz-mis;(cg? P ma;;cg? m-m?:(g.‘: PSiee [

Input =12 V
Output off-time = 14.28 ms

e Verical Timebase Trigger Display Cursars Measure Malh Analysis Uliities Help

CHZ1: Input
CH2: Output
CH3: Gate
CH4: Enable

NOTE: Turnon behavior of the LM5060-
Q1 has been checked.

Measure P1imanC1) PImadc) PIman(C3) Paman(C4) PSi-- Péi---
walue 284V 247V ELLRY 246V

Input = 24 V
Gate on-time = 570 us

X2= SEQ.BBUS 1MM= 175436 KHz

Figure 22. Gate Turnon Behavior at 24 V
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Utiities  Help

i m | CH1: Input

i P | CH2: Output

! I | CH3: Gate

p——" | | CH4: Enable

| M| |

| ALl |

i — A NOTE: Turnoff behavior of the LM5060-
: ¥ | Q1 has been checked.
| |

! | |

= T |

| 01 |

| | 1 1

Measure P mmc:] PLmaiC2) PImax{C3) Pemax(C4) P~ PE---

25av WV EIARY 0V

v e Input = 24 V
Gate off-time = 233 us

Xi= 12853ps &%= 23364 ps
Xi= 10411 1Us 1= 42801 kHz

Measure Math A

CH1: Input
CH2: Output
CH3: Gate
CH4: Enable

NOTE: Turnoff behavior of LM5060-Q1
has been checked

&
Measure P1man(C1) PEMACT) PImax(CH Paman(Cd) PSees Pi=-
vae 8By 50V EIARY 0V

Input =24 V
Qutput off-time = 28 ms

XI= IBI0IBmS 1= 348583 HZ

Figure 24. Output Turnoff Behavior at 24 V
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3.2.2 Transient Tests

Figure 25 shows the setup for transient testing.

Figure 25. Setup for Transient Tests

The transient tests used the following equipment:

» Teseq PA5840 Power Amplifier and Battery Simulator
» Teseq NSG 5500 Automotive Transient Immunity Tests
» Agilent Technologies Oscilloscope
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3.2.21

12-V Battery

AX = 20.000000000ms /2% = 50.000H (1] = 150.0000
+5 Mode += Source X Y 2 Y2 D)
"~ Normal i v Il o “isooooy Ji - Y12

Figure 26. 1SO7637-2 Pulse 1

' m———
X = 20.000000000ms T7AX = 50.000Hz JAY2) = 325007
+5 Mode += Source i Y D" Y2 D)
= Normal l 2 v [‘ 0.0V !Q—amnv [' Y1v2

Figure 27. TIDA-01167 Pulse 1 Behavior at 12 V

CH1: Generator source

ISO7637-2 Pulse 1 from
generator

NOTE:

ISO7637-2 Pulse 1
Level: 4

Number of pulses: 500
Ug: 150 V

t:lpus

ty: 2 ms

CH1: Input
CH2: Output

NOTE: Max negative output voltage is
-3.25 V.

1ISO7637-2 Pulse 1
Level: 4

Number of pulses: 500
Us: 150 V
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= CH1: Generator source

NOTE: 1S0O7637-2 Pulse 1 from
generator

ISO7637-2 Pulse 2a
Level: 4

Number of pulses: 500
Ug 112V

t:1lpus

AX = 20.000000000ms 1/AX = 50.000Hz JUAYIT] = 112000V ty: 0.05 ms

+= Mode += Source X Y >N Y2 D)
= Normal l i v [‘ 12,5000V Iam_suuv [’ Y1Y2

Figure 28. 1SO7637-2 Pulse 2a

1
LA LIS — — LU R Input

CH2: Output

NOTE: Max transient voltage is 35 V.

| -, ISO7637-2 Pulse 2a

) Level: 4

& Number of pulses: 500
Ug: 112V

AX = 20.000000000ms 174X = 50.000Hz J/AY2) = 35.0000V
+2 Mode = Source X Y Y1 ) Y2 'S
" Normal lt 2 v lowz.soonv I 475000V [ Y1v2

Figure 29. TIDA-01167 Pulse 2a Behavior at 12 V
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AX = 20.000000000ms 174X = 50.000Hz JIAY(T) = -220.000V
+5 Mode += Source i Y BNl Y2 )
l 1 v [‘ 12,500V I‘J-m?.suuv [ Y12

Normal
Figure 30. 1SO7637-2 Pulse 3a

AX = 20.000000000ms 1/AX = 50.000Hz [ AYi2) = -5.6250V

+= Mode += Source X Y D> Y1 Y2 ')
" Normal l 2 v [t 12,5000V Ias.s:raov [ Y1v2

Figure 31. TIDA-01167 Pulse 3a Behavior at 12 V

CH1: Generator source

1ISO7637-2 Pulse 1 from
generator

NOTE:

ISO7637-2 Pulse 3a
Level: 4

Duration of pulses: 10 min
Ug: 220 V

t:5ns

ty: 150 ns

CH1: Input
CH2: Output

NOTE: Max transient voltage is 5.62 V.

1ISO7637-2 Pulse 3a
Level: 4

Duration of pulses: 10 min
Ug: 220 V
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i = CH1: Generator source

NOTE: 1S0O7637-2 Pulse 1 from
generator

1ISO7637-2 Pulse 3b
Level: 4

Duration of pulses: 10 min
Ug: 150 V

t:5ns

AX = 20.000000000ms 1/AX = 50.000Hz JUAYIT] = 150000V ty: 150 ns

+= Mode += Source X ¥ 2 Y Y2 +D
" Normal l 1 ./[ 12,500V Iom_suuv [ Y12

Figure 32.1SO7637-2 Pulse 3b

1
LIRR A IRLLUS] — — L R Input

CH2: Output

NOTE: Max transient voltage is 8 V.

ISO7637-2 Pulse 3b
Level: 4

& Duration of pulses: 10 min
Ug: 150 V

AX = 20.000000000ms 174X = 50.000Hz J/AY2) = 6.0000V
+= Mode += Source X Y 2 " Y2 ')
Normal l 2 v [ 125000V I'Jzn.sooov [ Y1v2

Figure 33. TIDA-01167 Pulse 3b Behavior at 12 V
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i = CH1: Generator source

NOTE: 1S016750-2 unsuppressed load
dump from generator

1ISO16750-2 unsuppressed load dump
Us: 101 V (87+14)

R:0.5Q
t: 10 ms
TAX = 500.000000000ms 175X = 200000z JIAY(1) = 86875V ty 200 ms
By l""" Bt 2 ["'12.;50\: I‘}ssgw [ Y1 Y2
Figure 34.1S0O16750-2 Pulse 3b
CH1: Input
CH2: Output

NOTE: Output max voltage is 41.75 V
and min voltage is 7.5 V. Class
A operation is possible as
output voltage is in operating
A range for the 12-V system.

e,
% e N N N R

R e |

- | _ 1SO16750-2 unsuppressed load dump
AX = 500.000000000ms 17AX = 2.0000Hz JAY(2) = 417500V Us 101 V (87+14)

+ Mode += Source X Y Y1 2 Y2
" Normal l 2 v [O:r.sooov I 492500V [ Yiy2 R:05Q

Figure 35. TIDA-01167 Behavior 12-V
Unsuppressed Load Dump
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3.2.2.2

24-V Battery

Y . CH1: Generator source

ISO7637-2 Pulse 1 from
generator

NOTE:

ISO7637-2 Pulse 1

Level: 3
Number of pulses: 500
Ug: 450 V
t:3pus

AX = 200.000000000ms 1/AX = 5.0000H AY(1) = -450.000V tyo1ms

S s U oy Pesot | 12

Figure 36. ISO7637-2 Pulse 1
n CH1: Input

CH2: Output

NOTE: Max negative output voltage is
-3.37 V.

1SO7637-2 Pulse 1
Level: 3

Number of pulses: 500
Us: 450 V

AX = 200.000000000ms

1/AX = 5.0000Hz

Favi2) =_73.3?50V

+= Mode += Source
Normal 2

X Y o
v

Y1
0.0V

2 g
Ie—a 3750V [

7Y y2

Figure 37. TIDA-01167 Pulse 1 Behavior at 24 V
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AX = 5.000000000ms

+5 Mode += Source i
Normal 1

/A = 200.00Fz JAY() = 112000V
Y o 72 S
v ["'27.oonuv !ngmuv [' Y1Y2

Figure 38. 1ISO7637-2 Pulse 2a

N

AX = 5.000000000ms 1/AX = 200.00Hz JTAYi2) = 41.8750V
+5 Mode le&\ Sugrce X

Y 0.V V2 S
Normal v ["21.soonv !‘}as.s?sov ["' Y1Y2

Figure 39. TIDA-01167 Pulse 2a Behavior at 24 V

CH1: Generator source

1ISO7637-2 Pulse 1 from
generator

NOTE:

ISO7637-2 Pulse 2a
Level: 4

Number of pulses: 500
Ug 112V

t:1lpus

ty: 0.05 ms

CH1: Input
CH2: Output

NOTE: Max transient voltage is 41.8 V.

1ISO7637-2 Pulse 2a
Level: 4

Number of pulses: 500
Ug: 112V
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AX = 5.000000000ms

1/AX = 200.00Hz vl 2_‘295.000\.'

+5 Mode += Source
Normal 1

XY Vi S
v [ozz.suov I -272.500V [ Y12

Figure 40. 1SO7637-2 Pulse 3a

AX = 5.000000000ms

1/AX = 200.00Hz JAY(2) = -9.1250V

+ Mode += Source
Normal 2

A ST 2
v [ 25,8750V I'Jm.:rsoov [ Y1v2

Figure 41. TIDA-01167 Pulse 3a Behavior at 24 V

= CH1: Generator source

NOTE: 1S0O7637-2 Pulse 1 from
generator

ISO7637-2 Pulse 3a
Level: 4

Duration of pulses: 10 min
Ug: 300 V

t:5ns

ty: 150 ns

CH1: Input
CH2: Output

NOTE: Max voltage dip is 9.12 V.

1ISO7637-2 Pulse 3a
Level: 4

Duration of pulses: 10 min
Ug: 300 V
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AX = 5.000000000ms
+5 Mode += Source i
Normal 1

T7AX = 200 00Hz JIAY(1) = 300,000V
Y o1 S =
v [ 27,500V I 327500V [ Y12

Figure 42.1SO7637-2 Pulse 3b

AX = 5.000000000ms 1/AX = 200.00Hz JIAY(2) = 11.2500V
+5 Mode le_'v Sugr\:e X

Y 0. 71 2 =
Normal v ["25.soonv I'Jaa.:rsoov [ Y1v2

Figure 43. TIDA-01167 Pulse 3b Behavior at 24 V

CH1: Generator source

1ISO7637-2 Pulse 1 from
generator

NOTE:

1ISO7637-2 Pulse 3b
Level: 4

Duration of pulses: 10 min
Ug: 300 V

t:5ns

ty: 150 ns

CH1: Input
CH2: Output

NOTE: Max transient voltage is 11.2 V.

1ISO7637-2 Pulse 3b
Level: 4

Duration of pulses: 10 min
Ug: 300 V
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0 500v/ 8 g g S IT008 500087 Trigd? [50IE1769Y

CH1: Generator source

NOTE: 1S016750-2 unsuppressed load
dump from generator

1SO16750-2 unsuppressed load dump
Us: 150 V (123.1+27)

R:40Q
t: 10 ms
AX = -EDO.UUUD_OOOODms | 174X = 2.0000_Hz AY{1) = 123.125V | td; 200 ms
o ] e ] N ][ 120 000ms. || 50 0000ms [ A% ]
Figure 44. 1SO16750-2 Unsuppressed Load
Dump 24V
50.0v/ 50.0v/ = 170.08 50008/ | Trig'd? ¥ @] 769V
g o ' ! * = o CH1: Input
CH2: Output
NOTE: Output max voltage is 75 V and
min voltage is 26.8 V. Class A
operation is possible as output
voltage is in operating range for
the 24-V system.
Take care in the design for
maximum operating voltage of
devices.
AX = —EUO.UUGQOOOODms | 1/AK = 2.000E_Hz AY(2) = 48.7500V |
N G B ][ P [ [ Y12 ] ISO16750-2 unsuppressed load dump

Ug: 150 V (123.1+27)

Figure 45. TIDA-01167 Unsuppressed Load /2
Dump Behavior for 24 V e
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[] S50.0v/ 50.0V/ - 21308 50.008/ | Tng'd? £ |l 218V
- o ' ! * = o CH1: Input
CH2: Output
NOTE: Output max voltage is 81 V and
min voltage is 6.8 V. Class B
operation is possible.
Take care in the design for
maximum operating voltage of
devices.
AX = 500.000000000ms J17AX = 2.0000Hz AY(2] = 75.0000V ] 1SO16750-2 unsuppressed load dump
e ] o I s ][ savsov Vs g0v l 2 ] US.' 175V (148+27)
Ri:4 Q
. ty: 200 ms
Figure 46. TIDA-01167 Unsuppressed Load ¢
Dump Behavior for 24 V
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4 Design Files

4.1 Schematics
To download the schematics, see the design files at TIDA-01167.

4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01167.

4.3 PCB Layout Recommendations

PCB layout has to be done with appropriate measures to ensure the smooth operation of functionality for
input protection:

1. Check the series path tracks for power dissipation, set the layer thickness and area appropriately

2. Place vias appropriately to handle the conduction currents.

3. Place C3 and C4 very close to the connector.

4. Place D1, D2, D3 very closely and appropriately near to the connector.

-
V_INTERNAL

Figure 47. TVS Diodes Placement
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5. Place decoupling capacitors near to the devices.
6. Place Q1 and Q2 close together.

Figure 48. Q1,Q2 Placement

7. Connections from sense pin and output pins should be short and noise free.
8. Timer capacitor C7 should be near to U1 with low resistance to ground.

9. Place C5 and C6 near to U1, C9 and C10 near to U3, C8 near to U2.

10. C1 and C2 should be placed close to the output pins.

11. Place the current sensing device and shunt on the same side of the PCB.
12. Follow layout guidelines for U1 and U3.

Figure 49. U1 and U3 Layout
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4.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-01167.

4.4 Gerber Files
To download the Gerber files, see the design files at TIDA-01167.

4.5 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01167.

5 Related Documentation
1. Texas Instruments, LM5060-Q1 Hotswap Design Calculator (SLVC667)

2. Texas Instruments, Hot Swap Calculator Tutorial: Steps 1 & 2 — Operating Conditions, Current Limit, &
Circuit Breaker (http://www.ti.com/general/docs/video/watch.tsp?entryid=4607940999001)

3. Texas Instruments, Circuit protection overview, Tl Training (https://training.ti.com/circuit-protection-
overview)

5.1 Trademarks

Audi is a registered trademark of AUDI AG.

BMW is a registered trademark of BMW AG.

Porsche is a registered trademark of Porsche AG.

VW is a registered trademark of Volkswagen of America, Inc.
All other trademarks are the property of their respective owners.
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developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.

You understand and agree that you remain responsible for using your independent analysis, evaluation and judgment in designing your
applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have all the necessary expertise to create and implement safeguards that (1)
anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such Tl products as used in such applications. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.

You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the Tl product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TlI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
These include; without limitation, TI's standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com/sc/docs/stdterms.htm
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/sc/docs/sampterms.htm

	Automotive 12- and 24-V Battery Input Protection Reference Design
	1 System Description
	1.1 Key System Specifications

	2 System Overview
	2.1 Block Diagram
	2.2 Highlighted Products
	2.2.1 LM5060-Q1

	2.3 System Design Theory
	2.3.1 Automotive Conducted Transients
	2.3.1.1 ISO 7637-2 Pulse 1
	2.3.1.2 ISO 7637-2 Pulse 2a
	2.3.1.3 ISO 7637-2 Pulses 3a and 3b
	2.3.1.4 ISO 16750-2 4.6.4 Load Dump
	2.3.1.5 ISO 16750-2 4.7 Reverse Voltage



	3 Hardware, Testing Requirements, and Test Results
	3.1 Required Hardware
	3.1.1 Undervoltage (VIN < 5 V)
	3.1.2 Normal Operation (5 V ≤ VIN ≤ 75 V)
	3.1.3 Transient Suppression
	3.1.4 Circuit Behavior

	3.2 Testing and Results
	3.2.1 Operational Tests
	3.2.2 Transient Tests
	3.2.2.1 12-V Battery
	3.2.2.2 24-V Battery



	4 Design Files
	4.1 Schematics
	4.2 Bill of Materials
	4.3 PCB Layout Recommendations
	4.3.1 Layout Prints

	4.4 Gerber Files
	4.5 Assembly Drawings

	5 Related Documentation
	5.1 Trademarks

	6 About the Author

	Revision History
	Important Notice

