£_ UM1557
YI User manual

VIPower MO-5T: high-side switches for 24V systems

Introduction

The aim of this document is to give the design engineer a comprehensive “tool kit” to better
understand the behavior of VIPower high side switches, allowing easier design and saving
time and money.

This document expands on the existing VIPower user manual UM1556 rev.1 covering high
side switches suited to 12 V (passenger car) automotive systems, by focusing on the new
family of VIPower components for 24 V (truck) applications.

The drivers concerned derive from existing state-of-the-art MO-5 technology, but cover the
even harsher environmental conditions found in truck applications.

Not only is the battery voltage doubled (which goes hand in hand with the increased ISO
pulse levels), but the stray inductance of the wire harness is also significantly higher
compared to passenger cars. The temperature range is the same as for passenger cars, but
the required lifetime of the electronics is significantly higher due to the longer average life
time of a truck.

The wires on a truck with a trailer can be as long as 30-40 meters, from the rear lights of the
trailer to the ECU, located at the front of the truck. Due to the larger number of bulbs driven
by the high side switch in a typical truck application, the typical load current is in the same
range or even higher than in 12 V systems, despite the higher battery voltage.

The High Side Drivers in 24 V systems are therefore faced with high currents in combination
with a high level of stray inductance during turn-off, as experienced in short circuit conditions
of the load. This causes a high level of stress at that condition, necessitating new solutions
to achieve short circuit robustness at the same or even higher levels than those achieved for
current 12 V systems.

This document explains the function of the VIPower drivers for 24 V systems that cover the
identified requirement profile.
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New features of 24 V drivers

In addition to the established family of MO-5Enhanced drivers, STMicroelectronics has
introduced a new set of drivers for 24 V applications. On top of the MO-5Enhanced functions
and protection mechanisms are the following additional features:
® Programmable Latch-off functionality (INx pin(s) high):
—  FR_Stby pin = low or left open:
The drivers behave like MO-5Enhanced devices (autorestart in case of overload or
thermal shutdown).
—  FR_Sthy pin = high:
The drivers latch-off in case of overload or thermal shutdown. In order to unlatch
the channel(s), a low level pulse on FR_Stby pin is required for minimum duration
of tresET.
® Programmable stand-by mode (INx pins(s) low):
—  FR_Sthy pin=low or left open:
A permanent low level on both the INx and fault reset standby pin disables all
outputs and sets the devices in standby mode (open load diagnostic in off-state is
disabled).
—  FR_Stby pin=high:
The drivers behave like MO-5Enhanced devices (open load diagnostic in off-state
enabled).

Programmable latch-off functionality
The latch-off functionality is available when the FR_Stby pin (logic input) is set high. This pin
is common for all device channels.

In case of an overload, the related channel is automatically latched-off at the first
intervention of either power limitation or thermal shutdown. The latch condition is indicated
by Vsensen level on the related current sense pin (only if the input pin is set high).

All latched channels can be restarted by setting the FR_Stby pin low for a minimum time of
tReseT (> 24 Us).

A graphical explanation of the latch-off functionality can be seen in Figure 1 and Figure 2.

4
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Figure 1. Latch functionality — behavior in overload condition
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Figure 2. VND5TO035AK — latch functionality check (output shorted to GND)
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Programmable stand-by mode

The Stand-by mode is available when the FR_Stby pin and all INx pins are set low (or left
open). In this condition, the supply current drops down to 2 pA (typically) with a typical delay
of tsy,y = 500 ps (see Figure 3). The open load diagnostic in off-state is disabled since the
FR_Stby pin is pulled low (or left open).

Figure 3.  Stand-by mode activation

sy — | L
INFUTn 4|_I—I_I—

—— 1| n=

N Stand-by mode tstby N Stand-by mode tstby N Stand-by mode

GAPGMS00141

The device exits Stand-by mode when any FR_Stby pin or INXx pin is set high. When the
FR_Stby pin is high, the open load diagnostic in off-state is available. Thus the CS pin(s)
provides Vgensen in case of Vout > Vo (same behaviour as MO-5Enhanced devices).

Table 1. Diagnostic truth table

. Fault reset
Conditions standby Input Output Sense
Standby L L L 0
. X L L 0
Normal operation .
X H H Nominal
X L L 0
Overload .
X H H >Nominal
Overt wre/ X L L 0
vertemperature .
short to ground L H Cycling VseNsEH
H H Latched VSENSEH
Undervoltage X X L 0
L L H 0
X H H <Nominal
L L H 0
Open load off-state H L H v
(with pull-up) SENSEH
X H H 0
Negative output X L Negative 0
voltage clamp

4
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UM1557 General items
2 General items
2.1 Application schematic (monolithic and hybrid analogue
HSD)
In comparison with the established MO-5Enhanced drivers (12 V), there is a new FR_Sthy
pin (there is no CS_DIS pin) used for fault reset and mode selection (autorestart/latch-off,
standby/open load in off-state).
Figure 4. Monolithic analogue HSD—application schematic
+5V Vbat Vbat_switched
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L b
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100nF 100nF
u3 ul Vee []22k
Microcontroller |y/qq e ~
T (Optional - see note 2)
TR | ou RL N .
i Sk @:n L Logi x E”_ﬂé}
N out B2 FR Sty ox | Ll
" 56K L < ouT OUTPUT
| ADC in R s = [
: S o
| GND
GND @
- 1oF Rsense Rend 1o
47K T 100F
Dgnd
GND GND GND GND GND
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Figure 5.

Hybrid analogue HSD-application schematic
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1. If latch functionality or open load detection in off-state is not required, the FR_Stby pin should be left open
or connected to ground through a resistor (~56 k). Direct connection to ground is not safe (ISO pulses
clamped through FR_Stby pin can damage the device).

— 1SO pulses refered to ISO 7637-2: 2004(E)

2. Pull-up R5 is optional (open load detection in off-state)

Reverse battery protection

Reverse battery protection of monolithic HSDs

The reverse battery protection is applied to the GND terminal of the driver. There are
several possible solutions: diode, resistor plus diode or MOSFET circuitry. As there is a
relatively low current in the GND path, no high power components are needed. However,
this protection circuit still must be able to handle the clamped ISO pulse current as well as
the 1SO pulse voltage. We also have to consider the fact that this simple “ground” circuitry
doesn’t provide any protection of the connected load. If a reverse battery condition occurs,
the load is supplied in reverse polarity through the internal body diode of the HSD and the
power dissipation on the HSD can become critical (depending on connected load and
thermal connection of the HSD). The typical voltage drop on the internal body diode is about
0.7 V. The resulting power dissipation Pp = 0.7 | gap [W].

4
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Reverse battery protection using diode plus resistor

Figure 6. Voltage levels during reverse battery using diode-resistor protection

0V —— 27V
Vo
Microcontroller |yqq e <
T
: * out — IN Logi A
| 0.7V 56Kk -19.3V Q:n L ogic | ;_ﬁ}
I
(1‘ out — FR_Stby é“ l ! l
- 1T
r 0.7V 56k -19.3V /i OUT __-26.3V
=
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GND n
GND 263V ® + =
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1 GND 1
GND GND GND

A diode at the GND terminal prevents a short circuit through the internal substrate diode of
the HSD during a reverse battery condition.

A resistor (max. 4.7 kQ) connected in parallel to the diode is recommended (not mandatory)
in case the device drives a high inductance load with a demagnetization time longer than
tsiy- The purpose of this resistor is to suppress a negative voltage on the GND pin during
standby mode if the demagnetization phase is still ongoing. Without this resistor, the low
supply current in standby mode (2 pA typically) allows the GND pin to be pulled negative by
the demagnetization voltage on the output (~ -40 V) via an internal pull-down resistor
(~120 kQ, not specified) on the output (see Figure 9, Figure 10). If the negative ground shift
exceeds the input high level threshold (V|4 = 2,1 V min.), the device leaves standby mode
and tends to turn on. The GND pin is immediately pulled high (~600 mV) by the increased
supply current so that standby mode is activated again after tsy,, delay. As a result, we may
see short negative peaks on the GND pin with a period of tg,, during the whole
demagnetization phase. These peaks are not long enough to activate the HSD output,
which means the device works safely even without the GND resistor. However, this resistor
is still recommended in order to suppress the described parasitic oscillations (if Tpemac >

tstby) .

This ground network can be safely shared amongst several different HSDs. The presence of
the ground network produces a shift (~ 600 mV) in the input threshold. This shift does not
vary if more than one HSD share the same diode/resistor. A diode at the GND terminal
allows the High-Side Driver to clamp positive ISO pulses above 64 V (the typical clamping
voltage of the HSD). Negative 1SO pulses still pass GND and logic terminals. The diode
should withstand clamped ISO currents in case of positive ISO pulses and reverse voltages
in case of negative ISO pulses.
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Dimensioning of the diode® :

The most severe positive ISO pulse to consider is test pulse 2 at level IV (50 V@50 ps).
This voltage is considered on top of the nominal supply voltage of 28 V — so the total voltage
is 78 V. The VIPower has a clamping voltage of typ. 64 V (min. 58 V/max. 70 V). For a
typical device, the remaining voltage is 78 V- 64 V- 0.7 V = 13.3 V. The ISO pulse
generator interior resistance is given with 2 Q. Hence, the resulting peak current through the
diode is 6.7 A for a duration of 50 ps.

Figure 7.  Positive ISO pulse

64.7V
j&\/CC
s
IN .
@“ L Logic | =
!
FR_Stby é“ | ! l
L1
x | r
CS o
— 1—
N J
GND
Ip=(78-64.7)/2=6.7A 0.7V
D¢ID
47k| | Sz D
p
GND GND
GAPGMS00142

The most severe negative 1ISO pulse we have to consider is test pulse 1 at level IV (-
600 V@1 ms). This pulse is directly transferred to the GND pin via the internal clamping.
Hence, the maximum peak reverse voltage of the diode should be at least 600 V.

Note: The diode works in avalanche mode if the pulse level is above the rated reverse voltage.

a. Result:
Max. peak forward current: 6.7 A @ 50 ps
Max. reverse voltage: -600 V

4
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Note:

Note:

Figure 8. Negative ISO pulse

ov
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FR sy |OF | LH
> ouT

e << |
cs:ml:,J

GND

GND GAPGMS00143

As seen from the above explanation, the HSD with a diode protection at the GND pin
doesn’t clamp negative ISO pulses on the supply line. Therefore an appropriate serial
protection resistor should be used between the puC and HSD. The resistor value should be
calculated according to the maximum injected current to the I/O pin of the used
microcontroller.

Diode parameters can be lower if an external clamping circuitry is used (e.g., the HSD
module is supplied from a protected power supply line).

Dimensioning of the resistor ®:

The GND resistor is recommended in case of a high inductivity load. To determine whether
the resistor is needed, we need to know the demagnetization time (Tpgmag)- The resistor is
recommended if Tpgmag is higher than the standby delay time (tsyyy)-

A minimum tgy,, value of 120 ps (as specified in the datasheet) is considered in this
comparison.

b. Summary — dimensioning of the resistor:

Resistor recommended if: Tpemag > tstoy

Resistance:4.7 k (or lower)

Voltage capability:min. 600 V (ISO pulse 1 at level V)

Power dissipation (reverse batt.):min. 167 mW (4.7 k) => Package 1206
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Figure 9. Negative GND shift (Tpepmac > tsiby)
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Tpemag can be determined either by measurement (Figure 10) or calculation using
Equation 1 and Equation 2.

Figure 10. Measurement example — Tpemac > tsiby (Renp = 6.8 K, relay 880 mH/280 Q)

0

o Jour=07
[ IS

FR_Stby = low tstby
Vin Toemac

TN e
VGND Wonid

gt

VOUT “out .u-l"‘.'-..

it [y
Ioyt

L3 R A S N A | . N A N S N S—_—
f‘f
-

P
Measure P1:freqiz1) PZ:mean(F3) P3:duty{C1) P4:fall{C2) Fa--- PE:---
value BT mi
status i v
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The value of the resistor should be low enough to ensure that the negative voltage at the
GND pin is suppressed as much as necessary to keep the device off. This means the Vgnp
should be kept above -2.1 V (assuming V|y = 0 V, minimum input high level voltage

V| = 2.1 V). Assuming the value of the internal pull-down at the output (RgyT) of 120 kQ
and neglecting the device standby current, the maximum value of the GND resistor is given
by a simple resistor divider calculation:
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VG# =120k .i = 6.6k
Voemac — Voo —40V +2.1V

— considering a certain safety margin, a maximum 4.7 kQ value is recommended

RGND < ROUT ’

The minimum resistor value is determined by the maximum DC reverse ground pin current
of the HSD in a reverse battery condition:

VBAT (reverse) 28V
R.vp 2 — = =1400hm
| 200mA

In order to keep the power dissipation on the resistor during a reverse battery condition as
low as possible, it is better to select the resistor value close to the maximum value (4.7 kQ).

GND(reverse)max

2

2
_ VBAT(reverse) _ 28‘/

P, = =" =0.16TW
Row 47k

— Package 1206
(Power rating of 1206 is 0.25 W@70 °C)

Reverse battery protection using MOSFET

Figure 11. Voltage levels during reverse battery — MOSFET protection

oV — 27V
V
Microcontr‘oller vdd e « ~
| -
| o 1 n Logi x x
| 07V 36k -19.3V @:g L gIC m(led]~ }
|
1
- out — FR_Stby é“ I ! l
;/ 07V 56k -19.3V 1 /i OUT [ -263V
|
| in — CS [l ]
1T —  1—
: 07V 56k 263V o
| + —
GND Q§>
[JR
1 GND GND
GND

GND

The HSD is protected by a MOSFET which is switched-off during a reverse battery
condition. This MOSFET circuitry also provides full ISO pulse clamping at supply line and
causes no ground level shift. A capacitor between gate and source keeps the gate charged
even during negative 1SO pulses. The time constant given by RC values should be longer
than 1 ms (duration of the negative ISO7637 pulse 1).
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Table 2. Reverse battery protection (of monolithic HSDs only) — comparison

Protection type

(monolithic HSD) * ;
1) Diode
Negative ISO-pulse transfer to
input and diagnostics pin (serial
HSD ; ;
Fixed voltage drop. protection resistors necessary).
Positive ISO-pulse clamping o N
(>64 V). Po§S|b!I|ty of parasitic .
Anv tvoe of load oscillations on the GND pin
< D yyp ' during turn-off of the high
inductivity load
(when Tpemac > tstby)-
GND

2) Resistor and Diode

Fixed voltage drop

HSD
E Positive ISO-pulse clamping Negatlve ISO-pulsg trapsfer t9
input and diagnostics pin (serial

(>64V). protection resistors necessary).
4-7k D Any type of load.
GND
3) MOSFET
HSD Any type of load.

ENE No voltage drop. Higher cost (more external

components needed).

SZZDJ_C ® Ve No ISO-pulse transfer to input
1 and diagnostics pin.

2.2.2 Reverse battery protection of hybrid HSDs

In contrast to monolithic devices, all hybrid VIPower HSDs do not need any external
components to protect the internal logic in case of a reverse battery condition. The
protection is provided by internal structures (see “Reverse Battery Protection” in Figure 12).

Also, due to the fact that the output MOSFET automatically turns on in reverse battery mode
and thus provides the same low ohmic path as in regular operation conditions, no additional
power dissipation has to be considered.

Furthermore, if for example, a diode is connected to the GND of a hybrid HSD the output
MOSFET is unable to turn on and thus the unique feature of the driver is disabled (see
Figure 13).
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Figure 12. Hybrid HSD — reverse battery protection with self switch-on of the MOSFET

28V
0V —t Cl J_
c4 100nF I
:I: 100nF GND Ron_rev = 16 mOhm
G Vee Vds = -5A x 16mOhm = -80mV
U3 Ve ~N Pdis =5A x 80mV = 0.4W
Microcontroller |yqq oeD
\ R .
2 | ROV — | LPwrcmmp MOSFET switched-ON
| 6K ofl (¢ g
|
. out _R2 OVig gy of| L1 HH 28V
-~ -
| 56K | OUT
! . ov T l
| ADC in R3OV g = |
! 56k - J
GND . GND [] LOAD )
InF Rsense 3 SA -
T 100F
GND GND GND GND GND GND GND

Figure 13. Example—self switch-on

of the MOSFET eliminated by Dgnd

28V
oV —s C1 J_
c4 IOOnF:I:
I 100nF o Vds = -700mV
U3 GND Vee (body Diode)
4 R is = =
Microcontroller |ygq Reve Pdis = 5A x 700mV = 3.5W
T —
»1 Pwr Cla
: 2 '_'-ll = Logic | % U—lrt—dmp MOSFET switched-OFF
} 56K ox| | %8 |EI
|
- out ,li. FR_Stby é“ l ! ] ! |_“_| 273V
=~ | — OUT - o
| 56k L1
| = [
! ADCin _ R3 cs = |
! 56k - J
GND o GND []LOAD
1aF Rsense 3 5A
Dgnd : 10nF
GND GND GND GND GND GND GND
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Microcontroller protection

If ISO pulses or a reverse battery condition appears, the HSD control pins can be pulled to
dangerous voltage levels due to the internal HSD structure and ground protection network
(as seen in Section 2.2: Reverse battery protection).

Figure 14. 1SO-pulse transfer to 1/O pin

uC y HSD

Iin
i%R%t — N

56k OT
GND GND
Vi

Vpeak

Vou !
VGNDl AN
D

Rgnd |
N
GAPGMS00145

Therefore, each microcontroller 1/0 pin connected to a HSD must be protected by a serial
resistor to limit the injected current. The value of RpgrgT Must be high enough to ensure that
the injected current is always below the latch-up limit of the microcontroller 1/0. We should
also consider the voltage drop on RproT because the current required by the HSD input is
typically 10 pA. The following condition must be fulfilled:

Veax <R < Vou = (VIH + VGND)

I(,uC)lATCHUP ComerT IIH
Example:
600V _ 45V - (2.1V +0.6V)
20mA ~ RO T 10uA

30kQ < R,y < 180kQ

Recommended RproT value is 56 kQ (safe value for most automotive microcontrollers).

4
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3 Analogue current sense

3.1 Introduction

With the introduction of the VIPower MO0-5 technology, important improvements have been

introduced in the analog current sense operation.

The block diagram of a M0O-5 high-side driver with analog current sense is shown in

Figure 16.

As with the previous generations, the current sense block has a double function:
® Current mirror of the load current in normal operation, delivering a current proportional

to the load current according to a known ratio named K;

® Diagnostics flag in fault conditions, delivering a fixed voltage with a certain current
capability in case of overload and open load in off-state condition.

The current delivered by the current sense circuit can be easily converted to a voltage by
means of an external sense resistor, thus allowing continuous load monitoring and fault
condition detection.

Figure 15. 24V high-side driver with analogue current sense-block diagram

Ve
M

{

}_

Signal Clamp
.
| Control & Diagnostic 2
Undervolage R
; Control & Diagnostic 1
|
m E-n D @4
N2 Vou
Limitation
Over Current
‘_—‘ =mo. ]__% Limitation
= OFF State
r\\\ Open load
FR_Stby[ ]
-
csi H—Ow c.ﬂ
Sense
Cs2
OVERLOAD PROTECTION
Locic [* | (ACTVE POWER LMITATION)

P
S

CH2

ICILT'_

-

GND

ouTz
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3.2 Principle of operation
The simplified block diagram of the analog current sense is illustrated in Figure 16.
Figure 16. Analog current sense simplified block diagram
Vcc
2
2 INPUT
< [ Main MOS
g Sense MOS .
"y <
) 1
Overload , g P
OL in off-state -
<
M2 g M1 Cursense Amplified
. I
VSsENSEH > \I/ -«
T QT oo OUT
R
i Vour < 6V
(Vec > 8V)
’ é 3
TouC ADC
RproT
Rsense
The SenseMOS is a scaled down copy of the MainMOS according to a defined geometric
ratio, driven by the same gate control circuit as the MainMOS.
The current flowing through the MainMOS is mirrored by the SenseMOS.
The current delivered by the current sense pin is regulated by the current sense amplifier
through the P channel MOSFET M1 so that:
VDS_Main = VDS_Sem‘e — Rd‘\‘_sen‘\‘e * 4 sense = RDS_Main “Lout
and consequently
sense = Rsense ’ Iout /K
where
K o< Rds _ Ssense / R DS _ Main
encloses the geometric ratio, the current sense amplifier offset and various process
parameter spreads.
Care must be taken in order to ensure the Iggpse IS proportional to loy1. Indeed, the
maximum drop across the RgensE is internally limited to approx. 8.5 V as specified in the
22/111 Doc ID 023521 Rev 2 1S7]
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datasheet by the parameter Vggnsg “Maximum analog sense output voltage” (5 V minimum
@ 8V<Vcc<36V;-40°C<Tj<150 °C).

Example 1 — VggnsE Saturation (8.5 V typ.):
VND5TO035AK with Rgensg selected in order to have Vgensg=2 V @ lout = 3 A

Considering (for sake of simplicity) K, @ 3 A = 2870 (typical value) 2 Isgnsg = ~1 mA
> RSENSE =~1.9k

Assuming a typical Vggnsg Saturation of 8.5 V = maximum Iggysg = 4.5 mA to
maintain linearity > maximum Igyt = 12.8 A.

In other words, with the selected Rggnsg any load current higher than 12.8 A produces
the same Vgense (See Figure 17).

Figure 17. VSENSE VS lOUT

Vsense vs lout
9
8 /
. /
s © //
g /
S 4
=3 /
) /
Ny
0
0 5 10 15 20 25 30
lout [A]

On the other hand, care must be taken to prevent the P channel MOSFET M1 from
saturation, causing the Iggnsg to again be disproportional with |1 This normally happens
when the maximum current that M1 is able to supply is reached (~14 mA).
This value is consistent with the current sense operating range and current limitation value.
Example 2 — Iggnsge Saturation (~14 mA):
VND5TO35AK with Rgense Selected in order to have Vgpnge=1.5V @ lout = 10 A
Considering (for sake of simplicity) K3 @ 10 A = 2895 (typical value) >
lSENSE =3.45mA > RSENSE =430 Q

Assuming a typical Isgnsg Saturation of 14 mA and K to remain approx. 2895 for
louT > 10 A, the maximum load current which can be detected is

Loyr = ISENSE?MAX -K =40.5A
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This value is compatible with the typical I jmnH.

With the selected Rggnse, the maximum Vgense Which can be developed to maintain
linearity is approx. 6.02 V.

However, the current sense operation for load current approaching the current limitation is
neither guaranteed nor predictable. Indeed, because of the intervention of the current
limiter, the output voltage can drop significantly: up to approximately 0 V in the extreme case
of a hard short circuit.

As the whole circuit is referred to Vo1, ambiguous and unreliable current values can derive
from the CS under such conditions.

In order to bring the CS into a well defined state, a dedicated internal circuit shuts down the
current sense when Vg drops below a certain threshold (6 V typ, see Figure 18).

Figure 18. Vgense VS Vout @ lout=ILivH

VOUT vs VSENSE @ IOUT=ILIMH
9
8 ! o
7 /
6 /
s 5 /
: (
[72]
4
g
>
3
2
1
0 J
0 2 4 6 8 10 12
VOUT (V)

Once again, this value is consistent with the current sense operating range and current
limitation value.
Example: VND5T035AK

At the edge of the current limitation lgyt = I jny = 30 A the maximum drop on the
output MOSFET is

Vs = RDS,MAX 2

n = 70mOhm -30A =2.1V

Therefore, at Vcc = 8 V, Vg is still sufficient to ensure correct CS function up to the
current limited region.

Lim.

In conclusion, in normal operation the current sense works properly within the described
border conditions. For a given device, the Iggnsg IS a single value monotonic function of the
louT Until the maximum Vgense (15! example) or the current sense saturation (2" example)
are reached, i.e. there's no chance of having the same Iggnsg for different It within the
given range.
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3.3

Indication of power limitation and overtemperature
The principle:

in case of Power Limitation/overtemperature, the fault is indicated by the CS pin which is
switched to a “current limited” voltage source.

Indeed, with reference to Figure 16, whenever a Power Limitation/overtemperature
condition is reached, the M2 switch on the left side is activated.

The P channel MOSFET M2 is controlled in such a way as to develop 8.5 V typ (Vgensgn iN
the datasheet) across the external sense resistor.

In any case, the current sourced by the CS in this condition is limited to 9 mA typ (Isensgn IN

the datasheet). In order to allow the current sense pin to develop Vggnsen 0f 5 V minimum,

the sense resistor value must not be below a certain value as shown in the following

example:

Example: VND5T035AK calculation of minimum sense resistor for Vgensgy > 5 V
ConSidering a typlcal ISENSEH =9mA > RSENSE_M|N =556 Q

The typical behavior of a 24 V driver in case of overload or hard short circuit is shown in the
following figures (FR_Sthy set low = autorestart mode):

Figure 19. Example—overload (350 mQ to GND)

| Short to GND

VSItNSItH

Fitreqit1) PE oG FamegCE) Padutrcn Pres Ps=-
20I6AHEISE hHE B
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Figure 20. Example—hard short to GND

| Short to GND

= ¢ VsEnsEH

5100 an
15 000 V|

® Diagnostics reacts as soon as Power Limitation is reached without waiting for thermal
shut down (see Figure 19)

® No ambiguity of diagnostics between open load and overload

® Fast and secure detection of short circuit/overload also for intermittent loads (for
example turn-indicator lamps or loads driven with PWM)

® Intermittent short circuit detection covered as well

Current sense resistor calculation

The 24 V HSDs integrate a current sense which under normal circumstances provides a
voltage across an external shunt resistor (Rggnsg), Which is proportional to the load current
with an N/n ratio (so-called K-Factor, specified in the datasheet):

for [v)

Vsense = Ropnse-Lsense = Rsgs K
This allows monitoring of the current which flows through the load and the detection of fault
conditions, such as open load, overload, short-circuit to GND leading to a thermal
shutdown. In case of a thermal shutdown or Power Limitation, the CS pin is switched to a
voltage source Vsensen (Vsensen = 8.5 V typ, Isensentyp = 9 MA) for as long as the device
remains in the thermal shutdown (Power Limitation) mode.

4
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3.5

3.5.1

Figure 21. Current sense resistor

Vbat
A
HSD Vee
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FR_Stby é“ | !1
| ouT
Rprot x I
uC - ADC p Cs = ] ¢10UT
56k N
USENSE GND
[Jroa
F y
¢ Rsense \LVSENSE Ri‘;i
InF Dgnd
GND GND GND GND
GAPGMS00146

The current sense voltage is usually connected through a 56 kQ protection resistor to the
ADC input of the pC. For the Vggnsen level, the voltage is limited by the pC internal ESD
protection (~5.6 V) while the ADC shows maximum value (OXFF in case of 8-bit resolution).
The capacitor CF is used to improve the accuracy of the Vggnygg measurement. This
capacitor acts as a low impedance voltage source for the ADC input during the sampling
phase. Together with a 56 kQ serial resistor, it creates a low pass filter (with cutoff frequency
of ~3 kHz) for potential HF noise on the CS line (especially if a long wire is routed to the uC).
This capacitor should be connected close to the pC.

The Rgensg Value definition example:

Let's consider the VND5T035AK (35 mQ) with a nominal load current
In =3 A@Vgense = 2 V and typ K, = 2870 (datasheet):

Rypgy = K -L35E — 2870% = 1.9kQ

our

Diagnostics

Diagnostics with paralleled loads

A HSD with current sensing allows the detection of individual bulb failures when in a parallel
arrangement. However, if we consider the bulb wattage spread, the HSD K-factor tolerance,
the variation of bulb currents vs. Vgar and ADC resolution, it is clear that accurate failure
determination can be difficult in some cases. For example, if there are larger and smaller
bulbs paralleled, the detection limit for the lowest power bulb is lost in the tolerances.
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Table 3. Paralleling bulbs-overview
5+5W
21+21 W OK without calibration
27+27 W
21+5W Calibration and Vgat monitoring recommended
21+21+5W Calibration and Vg monitoring necessary

In order to achieve a better current sense accuracy one or both of the strategies listed below
can be adopted:

1. Current sense calibration (K-factor measurement) of each HSD
2. Vpgat measurement = bulb current compensation by appropriate software

Diagnostics with different load options

In some cases the requirement profile asks for alternative loads driven with one and the
same high-side driver. This can be a bulb lamp with the alternative of an LED (- cluster). In
this case the driver:

— Has to handle the high inrush current of the bulb load

—  Must provide sufficiently low power dissipation during continuous operation

— Must not indicate an open load in case an LED (-cluster) is applied instead of a
bulb.

In the case of different load options (bulb/LED), there is the possibility to use two different
(switchable) sense resistors in order to use the current sense band in the appropriate range
matching the different load currents.

An example of a current sense resistor switching circuit can be seen in the Figure 22. The
measured scale can be extended by Rgense1 switched in parallel to Rgensez by MOSFET Q1.

4
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Figure 22. Switchable current sense resistor—-example
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3.5.3 K-factor calibration method

In order to reduce the Vsense spread, it is possible to reduce the K spread and eliminate the
Rsense variation by adding a simple test (calibration test) at the end of the module
production line.

How the calibration works:

“To calibrate” on a specific device soldered in a module signifies measuring the K ratio at a
given output current by a Vggnsg reading. Since the relation of lgyt = Isensge X K IS
known, it is straightforward to calculate the K ratio. However, even if the K ratio measured at
a single point eliminates the parametric spread, it doesn't eliminate the Vggnsg variation
due to the K variation produced by the output current variation.

This variation can be eliminated according to the following considerations:

Table 4 and Figure 23 show a Vggnsg measurement on a random VND5TO35AK with
RSENSE =2.2 kQ.

Table 4. Vsense measurement
lout[A] Vsense[V]
1 0.783
2 1.563
3 2.344
4 3.115
5 3.898
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Figure 23. Vsense measurement
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The trend is almost linear in the application range so we can approximate the Vsense trend
with the following equation:

Vsense=m*lout+a (1)

Where m [ohm] is the rectangular coefficient and a is a constant.
The output current can be calculated by inverting this equation:
lout = M*Vsense + b (2)

Instead of gyt = Isensge X K, once M [S] and b are known, it is possible to evaluate the It
with a high accuracy, leaving only the spread due to temperature variation.

The current sense fluctuation due to temperature variation is expressed in the datasheet
with the parameter dK/K.

How to calculate M and b:

To calculate M and b two simple measurements performed at the end of the production line
are required. Chose two reference output currents (lIefy and l,s2) and measure the
respective Vgensger and Vsenses- These four values must then be stored in an EEPROM in
order to let the pC use this information to calculate K and b using the simple formulas
reported below.

Since we defined lout = M*Vsense + b it is also true that:

Irefl = M*Vsensel+b

and 3)

Iref2 = M*Vsense2+b

Solving these two equations we get the following relations:

M = (Irefl-lref2)/(Vsensel-Vsense?2) (4)

b = (Iref2*Vsensel —Iref1*Vsense?2)/(Vsensel-Vsense?2)

4
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Example for the chosen device:

Setting Irefl = 2 A and Iref2 = 4 A according to Table 4 we get Vsensel = 1.563 V and
Vsense2 = 3.115 V then

M=1.289 [S]

b=-0.014 [A]

lout is then:

lout = 1.289*Vsense - 0.014 (5)

After calibration, the current sense variation is still influenced by the device temperature.
Equation (5) is still affected by an error proportional to the sense current thermal drift.

This drift is reported in the datasheet as dK/K. The drift decreases when increasing the
output current.For example, in the VND5T035AK datasheet, the drift is +/-15 % at 2 A and it
decreases down to +/-5 % when the output current is 10 A.

Open load detection in off-state

® Available if FR_Stby pin is set high

® Indicated by Vggnsgq ON CS pin

e External pull-up on the output needed
°

Possibility to distinguish between open load in off-state and short to Vgat using
switchable pull-up resistor.

Figure 24. Analogue HSD—open load detection in off-state
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Table 5. CS pin levels in off-state
Condition Pull up CSs FR_Sthy
0 L
Yes
VeenseH H
Open load Sense
0 L
No
0 H
0 L
Yes
V. H H
Short to Vcc Sense
0 L
No
VsenseH H
0 L
Yes
. 0 H
Nominal
0 L
No
0 H
Figure 25. Open load/short to Vcc condition
Vin
VSENSE lllllllllllll
OPENLOAD Pull up connected VSENSEH
Pull up disconnécted
Vsense = 0
Vsense tosTkoN *>
SHORT TO Ve
VSENSEH

3.5.5
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»

GAPGMS00147

Diagnostic summary

Table 6 summarizes all failure conditions, the Vggnsg Signal behavior and

recommendations for diagnostics sampling.
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Table 6. Diagnostics—overview
Fault condition Signal Value
VN L H
FR_Sthy LorH LorH
VsENSE oV ov
Current sense delay
response time from
Notes rising edge of IN pin
must be considered
Open load (tbsensE2H)-
(without pull-up)
—t
Ve [ W
Waveforms | [ |
Sampling Vsense | I ov I
1 1 1
<K T !
{bsensEzH
VN L H
FR_Stby L H LorH
Vsense ov VSENSEH ov
Delay time from Current sense delay
. L . . | response time from
Diagnostic in off-state | falling edge of IN pin | ."- -
Notes . . rising edge of IN pin
disabled must be considered .
Open load (tosTrON)- must be considered
(with pull-up) (tbseNsE2H)-
{
Vin | | Vour > VoL
Waveforms | | | VSENSEH
Sampling VsensE ! l oV l
| 1 1
S
tbsEnsE2H tbsTkon
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Table 6. Diagnostics—overview
Fault condition Signal Value
Vin L H
FR_Stby L H Lor H
VSENSE oV VSENSEH < Nominal
Delay time from Current sense delay
. . . . |response time from
Diagnostic in off-state | falling edge of IN pin | .~ .
Notes . . rising edge of IN pin
disabled must be considered .
must be considered
o (tbsTkoN)- (t )
Short circuit to Vgat DSENSE2H)-
}
Vn [ |_Vour> Vou
Waveforms | | I Vsensen
Sampling ! l < Nominal '
! 1 1
S
tbseEnsEZH tbsTkoN
VN L H
FR_Sthy L L
VsensE ov VSENSEH
Current sense delay
response time from
Notes Diagnostic in off-state disabled rising edge of IN pin
Power limitation or must be considered
over temperature (tbsensE2H)-
(Autorestart mode)
[
Viv L[
Lo | [
Waveforms LimH= |
Sampling ouT _&
| VsenseH

Vsense | A T
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Table 6.

Diagnostics—overview

Fault condition

Signal

Value

Power limitation or

over temperature
(Latch mode)

ViN

H

FR_Sthy

H

Vsense

VseNSEH

Notes

Diagnostic in off-state enabled

Current sense delay
response time from
rising edge of IN pin
must be considered
(tbsensE2H)-

Output latched-off
after the first
intervention of power
limitation or thermal
shutdown. Can be
unlatched by a low
level pulse on the
FR_Stby pin (TpyLse
> TreseT)-

Waveforms
Sampling

Vin |

ILimH
lout _

|
Vsense | A

Latched-off

VSENSEH

T
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Switching inductive loads

Switching inductive loads such as relays, solenoids, motors etc. can generate transient
voltages of many times the steady-state value. For example, turning off a 24 volt relay coll
can easily create a negative spike of several hundred volts. The ST high-side drivers are
well designed to drive such loads, in most cases without any external protection.
Nevertheless there are physical limits for each component that have to be respected in
order to decide whether external protection is necessary or not.

An attractive feature of the ST high-side drivers is that a relatively high output voltage
clamping leads to a fast demagnetization of the inductive load.

The purpose of this chapter is to provide a simple guide on how to check the conditions
during demagnetization and how to select a proper HSD (and the external clamping if
necessary) according to the given load.

Turn-on phase behavior

Figure 26. Inductive load — HSD turn-on phase

Vbat
& Vix
Clamp ,_} t
iu-
~—
— Vou
OUT or
p— ] Vaar
GND lout L
0 t I
Load Vout T=—
Rgnd AN74 Dgnd R V IOUT R
BAT
T R 7~
GND GND
0 t
T

When a HSD turns on an inductive load the current increases with a time constant given by
the L/R values, so the nominal load current is not reached immediately. This fact should be
considered in the diagnostics software (i.e. to avoid a false open load detection).

4
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Figure 27. Inductive load—turn-on example: VND5T035AK, L=880 mH, R=370 Q
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4.2 Turn-off phase behavior

Figure 28. Inductive load — HSD turn-off phase
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The HSD turn-off phase with an inductive load is explained in Figure 28. The inductance
reverses the output voltage in order to be able to continue driving the current in the same
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direction. This voltage (so called demagnetization voltage) is limited to the value given by
the clamping voltage of the HSD and the battery voltage:

Equation 1

Vbemac = Veat~VerLamp = 27V -64V = -37Vityp

The load current decays exponentially (linearly if R — 0) and reaches zero when all energy
stored in the inductor is dissipated in the HSD and the load resistance.

Since the HSD output clamp is related to the Vgt pin, the energy absorbed by the HSD
increases with increasing battery voltage (the battery is in series with the high-side switch
and load so the energy contribution of the battery increases with the battery voltage).

Calculation of energy dissipated in the HSD

The energy dissipated in the high-side driver is given by the integral of the actual power on
the MOSFET through the demagnetization time:

TDEMAG .
Eyep = .[0 Veramp “Topr (1)dt

To solve the above formula we need to know the current response ig(t) and the
demagnetization time Tpgpmac: The loyT(t) can be obtained from the well known formula of
the R/L circuit current response using the initial current Iy and the final current Vpgmac/R
considering igyt >= 0 condition (see Figure 28):

1V, | R
iOUT(t)=IO—(IO+%)(I—e L j

(0 <t<Tpemag = iout >=0)

Putting
i(t)=0

we can calculate the demagnetization time by using:

Equation 2
L |V |+1,-R
Tpemac :E'ln[ DTA‘?G i) J
DEMAG
Equation 3
) I,
limg_, Tppyug = L-
Vemac

(simplified for R—0)

4
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Substituting the Tpemag and igyT(t) by the formulas above we can calculate the energy
dissipated in the HSD:

TDEMAG . TDEMAG .
Eysp = J.o Verame “loyr (B)dt :_[0 (VBAT +1Vpevmc |)' Loyr (1)dt

=
Equation 4
Ve +1V I % |+1,-R
EHSD — U BAT ZDEMAG L-|R- Io_ | VDEMAG l-In DEMAG 0
R I‘/DEMAG |
Equation 5

. 1 > Viart 1 Vogme |
lim, Eygp==-L-1j-

2 I VDEMAG I

(simplified for R—0)
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Calculation example

This example shows how to use above equations to calculate the demagnetization time and
the energy dissipated in the HSD.

Conditions:

® Battery voltage: Vgar =27V

® HSD: VND5T035AK

e Clamping voltage: Ve amp = 64V (typical value)
® Load resistance: R=370Q

® Load inductance: L =880 mH

® Load current (before turn-off event): lop = Vegat/R =73 mA

Step 1) Demagnetization voltage calculation using Equation 1: on page 38:

Voemac = Vaar = Veraup = 27— 64==-37V

Step 2) Demagnetization time calculation using Equation 2: on page 38:

T L | [Worg 141, R ) _ 0.880 -1n(37+0‘073'370j L 3ms
R 370 37

| VDEMAG |

Step 3) Calculation of energy dissipated in the HSD using Equation 4: on page 39:

Veir 1V, I % |+1,-R
EHSD — BAT DEMAG | L . |:R . IO_ I VDEMAG I ln[ DEMAG 0 j:| —

2
R | VDEMAG |

_27+37

02

=2.7TmJ

'0.880-{370-0.073—37'ln(37 * 0;’73'370H

Step 4) Measurement (comparison with theory):

(see oscillogram on Figure 29).

4
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Figure 29. Inductive load - Turn off example: VND5T035AK, L=880 mH, R=370 Q
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The demagnetization energy dissipated in the HSD was measured by an oscilloscope with
mathematical functions. The first function F1 shows the actual power dissipation on the
HSD (Vgar - VouTt)*louT the second function (F4) shows the HSD energy (integral of F1).

As seen from the oscillogram the measured values are close to the theoretical calculations
(2.77 mJ@1.3 ms calculated versus 2.6 mJ@1.4 ms measured).

4.3 Proper HSD selection

Even if the device is internally protected against break down during the demagnetization
phase, the energy capability is limited and has to be taken into account during the design of
the application.

It is possible to identify two main mechanisms that can lead to a device failure:

1. The temperature during the demagnetization rises quickly (depending on the
inductance) and the uneven energy distribution on the power surface can lead to a hot
spot causing the device failure with a single shot.

2. Asin normal operation, the life time of the device is affected by the fast thermal
variation as described by the Coffin-Manson law. Repetitive demagnetization energy
causing temperature variations above 60K causes a shorter life time.

These considerations lead to two simple design rules:
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1. The energy has to be below the energy the device can withstand at a given inductance.
2. Incase of a repetitive pulse the average temperature variation of the device should not
exceed 60 K at turn-off.

To fulfill these rules the designer has to calculate the energy dissipated in the HSD at turn-
off and then compare this number with the datasheet values as shown in the following
examples.

Example of VND5T100AJ driving relays

The purpose of this example is to evaluate if a VND5T100AJ device can safely drive a relay
under following conditions:

® Battery voltage: Vgar =27V

® HSD: VND5T100AJ
—  Clamping voltage: VeLamp = 64V (typical)

® Relay: HFKP024-1Z3T
— Resistance: R = 2800hm @ -40 °C(see note 1)
— Inductance (coil not powered): L = 880 mH(see note 2)

® Load current (before turn-off event): lg = Vgat/R =96 mA

Note 1: The relay datasheet usually specifies a coil resistance at 20 . For the worst case
evaluation we should consider the resistance at -40 € which can be calculated as:

Equation 6
R ,, =Ry, - (1+0.0039- (=40 - 20))

Note 2: Not every relay datasheet specifies the coil inductance. In this case it can be
determined by measurement. The inductance value with the armature seated (relay
powered) is different to the one when unseated (relay not powered). The measurement
should be done with relay powered (armature seated) because this better represents the
application conditions. The inductance of a typical 24 V automative relay is around 1 H.

Step 1) Demagnetization voltage calculation using Equation 1: on page 38:

Vioemac =Vaar —Veramp =27—064==37V

Step 2) Demagnetization time calculation using Equation 2: on page 38:

L (1Vpoue!+1,-R)_0.880 = (37+0.096-280
T =—.In DEMAG 0 — . h’l
PG R [ J 280 ( 37

j =1.72ms

l VDEMAG |

4
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Step 3) Calculation of energy dissipated in the HSD using Equation 4: on page 39:

+ +I,-R
E,q = Viar l‘ZDEMAG | L-|R- 1,1V, |- In | Viemac | +1, —
R IV pemac |

_ 27437, 0.880- [280 -0.096-37-1n

280°

(37+0.096-280H 48

Step 4) HSD datasheet analysis:

Figure 30. Maximum turn-off current versus inductance—VND5T100AJ datasheet

10 VND5T100x - Maximum turn off current versus inductance
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o IR | L aNrl
: 880mH
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In the I/L diagram in the datasheet (see Figure 30), the maximum turn-off current with

880 mH inductance is 0.58 A for a single pulse, 0.42 A for a repetitive pulse at

Tjstart = 100 °C and 0.38 A for a repetitive pulse at Tjgiat = 125 °C. These current limits are
4-6 times higher than the worst case load current in our example (96 mA), so it is obvious
that the device can safely drive the load.

Nevertheless, we should take into account that the I/L diagram shown in the datasheet is
specified for Vgar = 24 V and R = 0 Ohm. These conditions are different from the
conditions considered in our example (Vgar = 27 V, R = 280 Ohm). Thus direct comparison
of the load current with the I/L diagram might be inaccurate. In this case it is better to
convert the current limits taken from the I/L diagram to the energy limits using Equation 5
and compare these limits with the calculated energy dissipated in the HSD:

Doc ID 023521 Rev 2 43/111




Switching inductive loads UM1557

\Y + |V
Evax_a = 3L Puax- —2A Voemac| _ 1 4g5.0582.24+40_ p37pm

IVoEmag| 2 40

(single pulse)

Emax_g = 124 mJ(repetitive pulse @ Tjstat = 100 °C)

Emax_c = 102 mJ(repetitive pulse @ Tstar = 125 °C)

We can confirm that energy dissipated in the HSD (4.8 mJ — calculated in Step 3) is below
these energy limits.

Step 5) Measurement (calculation check):

Figure 31. Demagnetization energy measurement—VNDS5T100AJ, relay 880 mH
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The measured energy is lower by a factor of three than calculated (1.6 mJ measured versus
4.8 mJ calculated). This difference can be explained by a decrease of the coil inductance
due to the magnetic saturation. The inductance value used in the calculation was measured
on an un-powered coil using a small signal (120 Hz). Another factor is the coil resistance,
the measurement was performed at room temperature when the coil resistance is ~25 %
higher than the value used in the calculations (at -40 °C).

Conclusion:
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The device can safely drive the load without additional protection. The worst case
demagnetization energy is clearly below the device limit.

4.4 External clamping selection
The main function of external clamping circuitry is to clamp the demagnetization voltage and
to dissipate the demagnetization energy in order to protect the HSD. It can be used as a
cost effective alternative in case the demagnetization energy exceeds the energy capability
of a given HSD. A typical example is driving DC motors (high currents in combination with
high inductance).

During the selection of a suitable HSD for such an application, we usually end up in the
situation that a given HSD fits perfectly in terms of current profile, but the worst case
demagnetization energy is too high (turn-off from stall condition at 32V, -40°C). Rather than
selecting a larger HSD the use of an external clamp can be the more economical choice.
External clamping circuitry — requirements summary:
® Proper negative output voltage clamping to protect the HSD
® No conduction at:

— Normal operation (0-32 V)

— areverse battery condition (-28 V@5 minutes)

— Jump start (48 V@15 minutes)

— Load Dump (58 V@600 ms)
® Proper energy capability

— Single demagnetization pulse

— Repetitive demagnetization pulse

4.4.1 Clamping circuitry examples

1) Freewheeling diode and reverse battery diode

Vbat
A

Clamp
-
OUT N

Tout Dr
L
D Vout
Rgnd Dgnd R

GND GND

A general purpose diode (D) connected in parallel with the load provides a conductive path
for proper demagnetization. A relatively low demagnetization voltage (1 diode voltage drop
in forward direction) leads to a very slow demagnetization. This can have a negative
influence when driving the relay, for example. A slow movement of the armature (slow
opening of contacts) may reduce the lifetime of the relay contacts (depending on the
switching current).
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In order to protect the freewheeling diode against the reverse battery condition there is an
additional diode (Dr) required in series with the output. This circuitry is suitable only for small
loads due the permanent voltage drop (= power dissipation) on Dr during normal operation.

4
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2) Transil and diode (in parallel with the load):

Vbat
A

Clamp
=
OouUT

Tout
D L
Vout
Rgnd Dgnd T R

GND  GND

This circuitry is an improvement of the previous example 1. The demagnetization voltage is
increased by the transil (T) inserted in series with diode (D). This diode is still necessary to
decouple the transil during normal operation. A higher demagnetization voltage (in
comparison with example 1) leads to a faster demagnetization of inductive loads (the main
advantage of this circuitry).

The protection clamping voltage (V¢ prot) Should be selected in a way that the voltage
across the HSD channel stays below its minimum specified clamping voltage (58 V).
Considering the worst case battery voltage (32 V), the minimum V¢ pyot IS -26 V (32 V -
58 V).

Since this voltage level (-26 V) is not compliant with the reverse battery requirement (-28 V),
an additional diode (Dr) is included to protect the clamping circuitry during a reverse battery
condition (with the same drawbacks as in the previous example 1).

3) Freewheeling diode and reverse battery P-channel MOS circuitry

Vbat
AN
Clamp =
- t} PMOS
ouT
—>
GND ITout 1——']'
N L
4 D
15V
Rgnd SZ Dgnd a7 |:| R
GND GND GND GND

This circuitry is an improvement of the previous example 1. The reverse battery protection of
the freewheeling diode (and load) is solved by PMOS circuitry with negligible voltage drop at
nominal current (to avoid undesired power dissipation in on-state)

The peak power dissipation of the freewheeling diode during the demagnetization phase is
very low in comparison with the transil protection because of the low demagnetization
voltage (1 diode voltage drop). Furthermore, the average power dissipation is much lower
assuming a non-zero load resistance. Thanks to the low demagnetization voltage, a
significant part of the demagnetization energy is dissipated in the load resistance.
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Therefore this circuitry is suitable for high current inductive loads such as DC motors, where
the transil protection is usually not able to handle the average power dissipation caused by
repetitive turn-on/off cycles (the HSD usually goes in thermal cycling when the motor is
blocked so there are a lot of demagnetization cycles in a short time).

4) Transil protection circuitry (in parallel with the HSD)

Vbat
A
Clamp wT
-
OouT
—»
Tout
L
Vout
Rgnd Dgnd R
GND

The HSD channel is protected directly by a transil connected in parallel. The clamping
voltage of the transil should be below the minimum clamping voltage of the HSD (58 V).
Such transils (V¢ < 58 V) usually start conducting at ~40 V, which is not compatible with the
clamped load dump requirement (58 V). Once the transil is activated during the load dump
pulse, there is a high probability that it is damaged (overheated) by current flow through the
load. For that reason it is usually better to use one of the previously described solutions
(depending on the application).

4
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External clamping circuitry examples

Table 7. External clamping circuitry examples(1/2)

External clamping circuitry

1) Freewheeling diode and reverse battery diode)

Vbat
A

OUT

N
I—» 14
out Dr
GND L
D Vout
Rgnd Dgnd R
GND GND GND

Low cost

Load is reverse battery
protected

Only for small loads
(voltage drop and power
dissipation on reverse
battery protection diode Dr)

Slow demagnetization

2) Transil and diode (in parallel with the load)

JAY
Clamp —
-
OUT N
—>
GND Iout  Dr L
D
Vout
Rgnd Dgnd T
GND GND GND

Fast demagnetization

Load is reverse battery
protected

Only for small loads
(voltage drop and power
dissipation on reverse
battery protection diode Dr)

3) Freewheeling diode and reverse battery FET

Vbat
A

%
Q
| E

ouT
— fy
GND Tout J‘——J'
N L
4 D
15V
Rgnd Dgnd a7 |:| R
GND GND GND GND

Load is reverse battery
protected

Low peak power
dissipation on D during
demag. phase

Suitable for high current
inductive loads such as
DC motors

High number of ext.
components (cost)

Slow demagnetization
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Table 8. External clamping circuitry examples(2/2)

External clamping circuitry

Vbat
A

Clamp % ,73

4) Transil (in parallel with the HSD)

Load dump pulse:

(The transil with V¢ <58 V
is starting to conduct
already at ~40 V = transil
can be damaged during the
load dump pulse)

Fast demagnetization

Direct (parallel)

out protection of the HSD - ,
Tout independent from V ngher peak power
GND L BAT | dissipation on transil in
Vout comparison with circuitry 2)
Rend Dend (contribution of power
supply)
GND GND
4.4.2 Component selection guide for external transil-diode clamping

This chapter shows how to select properly a diode (D) and transil (T) for external clamping

circuitry 2).

Figure 32. External clamping — transil and diode

Vbat
AN

Clamp —
T i

Rgnd

OuT
—> Vi
GND Tout Dr L
D
Vout
N7 Dgnd
T
GND GND GND

Transil selection:

® Clamping voltage, V/A characteristic
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Figure 33. Transil — V/A characteristic
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Considering the worst case values (Vgatmax = 32 V, Vhspclampmin = 58 V) the voltage on
the HSD output should be limited to a level above 32 V —58 V = —26 V in order not to
activate the HSD clamp structure. Assuming 1 V voltage drop on the protection diode (D) we
need a transil with V| <25 V at a given current level (load current at switch-off event). The
clamping voltage is usually specified only at the maximum peak power limit of the device.
The voltage at a given current level can be determined from the datasheet, either by
calculation (linear approximation of Vgg/Ig and V¢ /lpp values) or by reading the V/A
diagram.

= Transil clamping voltage requirement:

Equation 7
VCL < VHSDCIampMi n VBAT max -1

(VcL - clamping voltage at given |y, where Iy = load current at turn-off event)

® Single pulse energy capability

The maximum non repetitive transient power and current capability of transils is specified
mostly for a 10/1000 ps exponential pulse at 25 °C. A real application condition is usually
different. In our case the pulse length is given by the demagnetization time while the current
waveform is close to the sawtooth shape (depending on L/R ratio of the load). To check if
the transil can safely operate under the desired conditions, we can use the translation
diagrams in Figure 34, Figure 35 and Figure 36.
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Figure 34. Peak pulse power vs pulse time (for transil 600 W@10/1000 ps series)
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Figure 35. Equivalent pulses giving the same power dissipation
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Figure 36. Maximum peak power as function of the initial temperature of the transil
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® Repetitive pulse energy capability

Depending on the application (PWM, HSD thermal cycling), the transil should be able to
withstand repetitive operation and the most important parameter is the average power
dissipation:

Equation 8

PAVG:f'E

valid when

1

TDEMAG <—

(f: switching frequency, E: energy dissipated in the transil at each demag. pulse)

Equation 9

Ve, | Ve, I +1,-R
EzLZL-L- R'IO_IVCLl'lnM
R 1V, |

(Vc: transil clamping voltage, R: load resistance, L: load inductance, Iy: load current at turn-
off event)

The junction temperature T calculated from Pay,g should never exceed the specified
maximum junction temperature:

Equation 10

T,=T,,, +R P

th(j—a) "~ L AVG

(Tamb: @ambient temperature, Ry,j.5): thermal resistance between junction and ambient,
Pavg: average power dissipation)
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Transil selection summary:

1. Determine maximum clamping voltage (Equation 7)
2. Determine length of equivalent exponential pulse:

T. =0.5- TDEMAG
F 1.4

(Figure 35 — sawtooth pulse)
3. Determine max. peak power (Pp) for Tp (using Figure 34)

4. Correct Pp value according to worst case T, (using Figure 36)

5. Check if corrected

Po>Ve - lg
6. Check Ppyg and T; in repetitive operation (Equation 8-Equation 10)

Diode selection criteria (diode in series with transil):

® Reverse voltage > 78 V
(The diode must not conduct during positive voltage on the HSD output
= ISO pulse 2 at level IV (50 V@50 ps) considered on top of the nominal supply
voltage of 28 V when HSD is turned on).

® Peak forward current > lg @ Tpemac
(Ig: load current at switch-off event, Tpepmag: demagnetization time)

Example of VND5T035AJ for DC motor driving with external clamp

The purpose of this example is to evaluate if a VND5T035AJ can safely drive a given DC
motor in terms of demagnetization energy or to determine a suitable external clamping
circuitry if needed.

® Battery voltage: Vgar =27V
® HSD: VND5TO035AJ

—  Clamping voltage: Ve amp = 64V (typical)
® DC Motor (truck front wiper):

— Nominal current: lhom=2A

— Resistance: R=089Q @ 25°C

— Inductance: L=3.56mH

—  Stall current: lg=27A @ 25°C, 24V

4
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Step 1) Demagnetization voltage calculation using Equation 1:
Vioemae = Vaar —Vepaup =27—-64=-37V

Step 2) Demagnetization time calculation using Equation 2:

= L | (Wopg 1+1,-R ) _ 000356 ln(37 +27- O.89j s
R 0.89 37

| VDEMAG l

Step 3) Calculation of energy dissipated in the HSD using Equation 4:

+ +I,-R
E,q = Viar l‘ZDEMAG | L-|R-1,~1V,,,.c|-In I Voemac | +1, —
R IV pemac |

= 27%37 4 00356-|0.89-27 - 37- ln(wj =1.59J
0.89 37

Step 4) HSD datasheet analysis:

Looking at the I/L diagram in the datasheet (see Figure 37), the maximum turn-off current
specified for 3.56 mH inductance is 10 A (single pulse, Vgar = 24 V, R = 0). The worst case
current in our example is much higher (27 A - stall condition of the motor) so it is obvious
that the device cannot safely drive this load without external protection (clamping).

For better comparison of the calculated energy (1.59J) with the device limits it is useful to
translate the maximum current values at 3.56 mH (Iyax o =10 A, Iyax g = 7.5 A,
Imax_c = 6.5 A) to energy values using Equation 5: B

1 24+ 40

VBAT + |VDEMAG| _ 1

EMAX A :_LIAZ/IAX ———000356102 — = 285}’}1]
2 Voemse| 2 40
single pulse
Emax_g =160 mJ repetitive pulse @ Tiga = 100 °C
Emax_c =120mJ repetitive pulse @ Tigar = 125 °C
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Figure 37. Maximum turn-off current versus inductance — VND5T035AJ datasheet

100 VND5T035A - Maximum turn off current versus inductance
DC motolr: -
— EHSD =1.59J
\\ (IVII;.\'l' = 27Y, Ry = 0-?90.hm)
274 | e [ X I [ 11
: E =285mJ
sy ‘\ : /// MAX_A
I~ : LIE =160mJ
104 ~ 1 b1 |Emax B
10 e e~ 120m)
B s e e oo (Vaur = 24V, Ry 0)
N
\ —
\\-‘~~\
Vaar = 24V —~—_— |
1 RL =0 ohm \> =]
—— VND5T35A - Single Pulse EEE
< —— Repetitive pulse Tjstart=100°C
Repetitive pulse Tjstart=125°C
o1 HEEaan |
3.56mH
0.1 1L (mH) " 10 100 1000
GAPGMS00148

56/111

The demagnetization energy is by a factor of 6 higher than the device is able to withstand,
therefore additional protection/clamping is necessary.

The evaluation of an appropriate protection/clamping is described in the following Step 5).

Step 5) External clamping selection:

The external clamping circuitry is selected according to Table 7. Respecting the load
characteristics (DC motor), the circuitry 3 with a freewheeling diode (as shown in Figure 38)
is considered the best choice. The demagnetization voltage is about -1 V, therefore most of
the energy stored in the load inductance is dissipated in the load resistance (0.89 Q). This
allows us to use a relatively small freewheeling diode.

Nevertheless, an additional reverse battery protection circuit should be included to protect
the freewheeling diode and to prevent the activation of the DC motor in reverse direction.
The example of such a protection (with P-channel MOSFET) can be seen in Figure 38.

There are several ways to solve reverse battery protection (depending on application
requirements). But as this chapter deals with inductive load switching, the next section only
focuses on dimensioning of the freewheeling diode.

4
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Figure 38. Appropriate protection circuitry for VND5T035A with DC motor

Vbat
A
27V
( Demag. phase - Starting conditions:
Clamp —
- :} PMOS
OUT 0V P -1V
o 121
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15V
Rgnd X7 Dgnd 47 |:|
+
GND GND GND  GND

Demagnetization time - Equation 2 (assuming Vpgpmag =-1 V) :

L (1% |+1,-R | _0.00356 1+27-0.89
Toemac = R ln( bewaG 9 j = 0.89 -ln[ n

j =129ms

l VDEMAG |

Freewheeling diode selection criteria:

® Reverse voltage > 70 V
(Must not conduct during positive voltage on the output
= max. possible output voltage is determined by Vispclampmax = 70 V

® Peak forward current: > 27 A @ 12.9 ms
(lo @ Tpemac)
® Average power dissipation (repetitive turn-off):

Assuming that the HSD is in thermal shutdown condition with autorestart (frequency
assumed to be ~500 Hz) and lg = ljj,,. = 10.5 A.

The energy dissipated in the freewheeling diode - Equation 9:

(HSD turn off: Iy = ljj,. = 10.5 A):
+I, R
Ezlv_Cle.L. R'Io_lval'ln M
R 1V, |

E= 0 ; -0.00356 - {0.89 -10.5 —l-ln(wﬂ

92

E=315mJ

Demagnetization time for Iy = ljj,. = 10.5 A - Equation 2:

L % |+1,-R | 0.00356 1+10.5-0.89
Tppmac = 3 11’1[ DEMAG 0 j= 0.89 -ln( 1 j

IVDEMAG |
TDEMAG =9.3ms
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The demagnetization time (9.3 ms) is higher than the assumed HSD cycling frequency
period (2 ms). Therefore, the average power dissipation on the freewheeling diode cannot
be easily calculated using Equation 8:

PAVG=f'E

= 500 x 0.0315 = 15.8 W (the real value is significantly lower).

Then, as a rough estimation, we can use the average power dissipation during one
demagnetization pulse:

E  0.0315

= =3.4W
Toome  0.0093

Py =

Step 6a) Single pulse measurement (verification of the theoretical analysis)

The measurement was done at room temperature on VND5T035AK loaded with a blocked
DC motor (as specified in the beginning) and with an external freewheeling diode.

(The reverse battery protection circuitry was not applied during this measurement.)

Figure 39. Single demagnetization in stall condition — VND5TO035AK, Freewheeling diode
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The measurement shows a significantly higher demagnetization time (20 ms) compared to
the calculated one (12.9 ms).

This difference can be caused by an inappropriate inductance value of the motor used in the
calculations. The inductance value was evaluated by a small signal measurement at 120 Hz
(3.56 mH) and 1 kHz (1.9 mH). For the calculations, the inductance value measured at

120 Hz (3.56 mH) was used, while the conditions during the demagnetization phase are
different.

Step 6b) Repetitive pulse measurement (verification of theoretical analysis)

Figure 40. Repetitive demagnetization in stall condition — VND5T035AK, Freewheeling diode
VBAT l iy L T | Yot P T T | '
-‘ZOUT- . . Nout .
2 e l""-u-—.ii R SN [
rl
3 ‘
ci TT ml ..\ \
a ...... m
V]| ' ™
I ‘1 | Idiocle:
c4 DIO]I)E ) )
1 L) P I ¥
Averageé power disésipation
on freewheeling diode

Measure
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P1freqiC1) P2:meaniF3) P3dutyiC1) Pd:fall{C®) P&--- PE---
106.5060 Hz 4 BYWY

Iarmal

Edge

GAPGMS00150

The average power dissipation measured on the freewheeling diode during the HSD
thermal cycling (stall condition) was 4.6 W.

The HSD cycling is influenced by the relatively slow demagnetization of the load, so there
are two cycling periods (~10 ms and ~1 ms) visible on the oscillogram:

When the HSD is turned-on, the load current increases while the junction temperature rises
due to the high current of the blocked motor. When the temperature reaches the TSD
threshold, the HSD output switches off. Then the output voltage is reversed by the inductive
load and the load current is passed via the freewheeling diode (green waveform). When the
junction temperature falls to TregeT, the output turns on again. If the demagnetization
current is still high enough (higher than 1, ), the HSD output voltage remains at ~-1 V due
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to the I j,_ limitation (TSD condition). Then the HSD is immediately switched off due to the
high power dissipation (visible as short ~10 A peaks on the Ip,opg Waveform). When the
demagnetization current falls below |, j, , the device may recover from TSD condition. Then
the output is turned-on and the load current again increases until TSD is reached (~5.5 ms
in our case) and so on.

Conclusion:

The demagnetization energy is 6 times higher than the device is able to withstand, therefore
additional protection/clamping is necessary.

External protection circuitry with a freewheeling diode and a P-channel MOSFET as reverse
battery protection was analyzed. A freewheeling diode in parallel with the DC motor is
sufficient to protect the HSD in case of single as well as repetitive demagnetization events.

4
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5 Paralleling of HSDs

51 Paralleling of FR_Stby (fault reset/standby) or IN (input)

The following chapters describe the paralleling of FR_Stby and IN pins of HSDs, taking into
account device technology (monolithic HSDs or hybrid HSDs) and supply line configurations
(either the same or separate supply lines for each HSD).

Direct connection of FR_Stby pins or IN pins is generally an allowed operation for devices
designed in the same technology (monolithic or hybrid) supplied from one common supply
line. In all other cases (such as the combination of monolithic with hybrid technology and
different supply lines, or both) we should use additional components to ensure safe
operation under any conditions in an automotive environment (including 1ISO pulses, reverse
battery ...).

The clamp structure on FR_Stby pins is similar to that on IN pins, therefore all the
explanations related to the paralleling of FR_Stby pins are applicable to paralleling of IN
pins as well.

5.1.1 Monolithic HSDs supplied from different supply lines

Paralleling FR_Stby pins of monolithic HSDs is possible, however some precautions in the
schematic should be applied if the HSDs are supplied from different supply lines. In this
case the direct connection of FR_Sthy pins (as shown in Figure 41) is not safe.

Figure 41. Direct connection of FR_Stby pins (not recommended)
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Direct connection of FR_Stby pins is not safe in following cases:
® Negative voltage surge on either Vbatl or Vbat2
® Positive voltage surge either on Vbatl or Vbat2 while:

— Device GND pin disconnected;

— Dgnd not used (resistor protection only);

— Positive pulse energy higher than HSD (or Dgnd) capability -
all paralleled devices can be damaged

A negative voltage surge (ISO7637-2 pulse 1, 3a) either on Vbatl or Vbat2 is directly
coupled to the HSD GND pin through the involved Vcc-GND clamp structure. As soon as
this occurs and the negative voltage on the GND pin is large enough to activate all involved
clamp structures, there may be an unlimited current flow through both FR_Stby pins
(supported by current from Vcc through the associated parasitic bipolar structure). This
current can lead to malfunction or even failure of one or both of the HSDs.

A positive voltage surge (ISO7637-2 pulse 2a, 3b) either on Vbatl or Vbat2 can lead to a
HSD GND pin rise in voltage (in case of missing Dgnd, Dgnd failure or GND pin
disconnected). As soon as this occurs, the voltage on FR_Stby pin also rises (the FR_Sthy
pin clamp structure is linked with the GND). If the voltage on FR_Stby line reaches ~12.6 V
(clamp voltage on FR_Stby pin) there may be an unlimited current flow through both
FR_Stby pins (supported by current from Vcc through the associated parasitic bipolar
structure). This current can lead to malfunction or even failure of one or both of the HSDs.

In order to avoid such failures add a 56KQ resistor in series to each FR_Stby pin (see
Figure 42).

In principle the same applies to the input pins (the clamp structure is similar to that on the
FR_Stby pins).

Figure 42. Proper connection of FR_Stby pins

Vhat]-HSO pulse Vhat?
A

1
100nF 100mF
-

5
GHD 1} uz2 GHD

=
)

Rl
2

QT

Rsmmse
m[! I > [0
47k F
Dgnd

GHD GHD GHD GHD FHD FHD

GAPGMS00152

4

62/111 Doc ID 023521 Rev 2




UM1557

Paralleling of HSDs

5.1.2

Hybrid HSDs supplied from different supply lines

Paralleling of FR_Stby pins of hybrid HSDs is possible, however some precautions in the
schematic should be applied if the HSDs are supplied from different supply lines. Direct
connection of FR_Sthy pins (as shown in Figure 43) is not safe.

Figure 43. Direct connection of FR_Stby pins (not recommended)
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Direct connection of CS pins is not safe in the following cases:
® Loss of GND connection

If the GND connection of one device is lost, positive as well as negative 1SO pulses on the
associated supply line are no longer clamped (considering no other devices connected to
this supply line). If the transient voltage is large enough to activate involved clamp
structures, there may be unlimited current flow between both supply lines through FR_Stby
pins. This current can lead to malfunction or even failure of one or both of the HSDs.

In order to avoid such failures add a 56 kQ resistor in series to each FR_Stby pin (as
previously described in case of monolithic devices — see Section 5.1.1: Monolithic HSDs
supplied from different supply lines).

In principle, the same applies to the input pins as well (the clamp structure is similar to that
on FR_Sthy pins).
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5.1.3

Figure 44.

Mix of monolithic and hybrid HSDs

Paralleling of FR_Stby pins of monolithic and hybrid HSD is possible, however some
precautions in the schematic should be applied. The direct connection of FR_Stby pins (as
shown in Figure 44) is not safe (even if we consider the same power supply for both
devices).
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Direct connection of FR_Sthby pins is not safe in the following cases (single supply line
considered):

® Reverse battery
® Negative ISO pulse

Due to the different concepts of reverse battery protection of hybrid and monolithic devices,
there is a way for unlimited current flow between both devices in case of a reverse battery
condition. The hybrid device has integrated reverse battery protection circuitry in the Vcc
line, while the monolithic device needs an external diode/resistor in series with the GND pin
(refer to chapter Reverse battery protection of this document). The different potential on
each GND pin (hybrid: ~ 0 V, monolithic: Vgar - 0.7 V) leads to the activation of both
FR_Stby clamp structures when Vpar is below ~ -14 V (Veg_giyyc + two diodes voltage
drop). The resulting current can lead to malfunction or even failure of one or both of the
HSDs.

In order to avoid such a failure add a 56 kQ resistor in series to each FR_Stby pin (as
previously described in case of paralleling of monolithic devices — see Section 5.1.1:
Monolithic HSDs supplied from different supply lines).

In principle the same applies to the input pins (the clamp structure is similar to that on
FR_Stby pins).

4
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5.2

5.2.1

Paralleling of CS pins (current sense)

The following chapters describe the paralleling of CS pins of HSDs, taking into account
device technology (monolithic HSDs or hybrid HSDs) and supply line configurations (either
the same or separate supply line for each HSD).

Direct connection of CS pins is generally allowed when the devices are supplied from one
common supply line. In case of separate supply lines, we should use additional components
to ensure safe operation under any conditions in an automotive environment (including 1ISO
pulses, reverse battery ...).

Monolithic HSDs supplied from different supply lines

Paralleling of CS pins of monolithic HSDs is possible, however some precautions in the
schematics should be applied if the HSDs are supplied from different supply lines. Direct
connection of CS pins (as shown in Figure 45) is not safe.

Figure 45. Direct connection of CS pins (not recommended)
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Direct connection of CS pins is not safe in the following cases:
® Negative voltage surge on either on Vbatl or Vbat2
® Positive voltage surge either on Vbatl or Vbat2 while:

— Device GND pin disconnected;

— Dgnd not used (resistor protection only);

— Positive pulse energy higher than the HSD (or Dgnd) capability -
all paralleled devices can be damaged

® Loss of Vbatl or Vbat2

A negative voltage surge (ISO7637-2 pulse 1, 3a) either on Vbatl or Vbat?2 is directly
coupled to the CS pin through the internal Vcc-CS clamp structure. If the negative voltage
on the CS line is high enough to activate the Vcc-CS clamp structure, there may be an
unlimited current flow through both CS pins. This current can lead to malfunction or even
failure of one or both of the HSDs.
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A positive voltage surge (ISO7637-2 pulse 2a, 3b) either on Vbatl or Vbat2 together with a
missing Dgnd (Dgnd not used, Dgnd failure or GND pin disconnected) can activate the Vcc-
CS clamp structure (clamp voltage similar to Vcc-GND clamp). As soon as this occurs, there
may be an unlimited current flow through both CS pins. This current can lead to malfunction
or even failure of one or both of the HSDs.

Loss of either Vbatl or Vbat2 leads to an incorrect current sense signal. If Vbat?2 is lost, U2
(and other components connected to Vbat?) is supplied by the U1 current sense signal
through the internal Vcc-CS clamp structure. Consequently the voltage on the CS bus drops
to almost 0 V resulting in an invalid Vggnsg reading.

In order to protect the devices during ISO pulses and to ensure a valid current sense signal,
we may add a diode in series to each CS pin (as shown in the following schematics). In
order to suppress the rectification of noise injected to the sense line, add a ceramic filter
capacitor between each CS pin and ground.

However, the voltage drop on the diode in series with the CS pin can have an influence on
the dynamic range of current sense.

Figure 46. Robust solution for paralleling CS pins
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5.2.2

Hybrid HSDs supplied from different supply lines

Paralleling CS pins of hybrid HSDs is possible, however some precautions in the schematic
should be applied if the HSDs are supplied from different supply lines. Direct connection of
CS pins (as shown in Figure 47) is not safe.

Figure 47. Direct connection of CS pins (not recommended)
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Direct connection of CS pins is not safe in the following cases:
® Loss of Vbatl or Vbat2
® Loss of GND connection

Loss of either Vbatl or Vbat2 leads to an incorrect current sense signal. If Vbat2 is lost, the
U2 logic part is supplied by the U1 current sense signal through the internal Vcc-CS clamp
structure. Consequently the voltage on the CS bus drops, resulting in an inaccurate Vggnse
reading.

If the GND connection of one device is lost, positive as well as negative 1SO pulses on the
associated supply line are no longer clamped (considering no other devices connected on
this supply line). If the transient voltage is high enough to activate the involved clamp
structures, there may be an unlimited current flow between both supply lines through the CS
pins. This current can lead to malfunction or even failure of one or both of the HSDs.

In order to ensure a valid current sense signal and to protect devices in all previously
described cases, we may add a diode in series to each CS pin (as previously described in
the case of monolithic devices — see Section 5.1.1: Monolithic HSDs supplied from different
supply lines).
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5.2.3

Mix of monolithic and hybrid HSDs supplied from different supply lines

Paralleling CS pins of monolithic and hybrid HSDs is possible, however some precautions in
the schematic should be applied if the HSDs are supplied from different supply lines. Direct
connection of CS pins (as shown in the next picture) is not safe.

Figure 48. Direct connection of CS pins (not recommended)
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Direct connection of CS pins is not safe in following cases:
® Negative ISO pulse on Vbat2

® Loss of Vbatl or Vbat2

® Loss of GND connection

A negative voltage surge (ISO7637-2 pulse 1, 3a) on Vbat2 is directly coupled to the CS pin
through the internal Vcc-CS clamp structure. If the negative voltage on the CS line is high
enough to activate the Vcc-CS clamp structure, there may be an unlimited current flow
through both CS pins. This current can lead to malfunction or even failure of one or both of
the HSDs.

Loss of either Vbatl or Vbat2 leads to an incorrect current sense signal. If Vbat2 is lost, the
U2 logic part is supplied by the U1 current sense signal through the internal Vcc-CS clamp
structure. Consequently the voltage on the CS bus drops, resulting in an inaccurate Vggnse
reading.

If the GND connection of one device is lost, positive as well as negative 1SO pulses on the
associated supply line are no longer clamped (considering no other devices connected to
this supply line). If the transient voltage is high enough to activate the involved clamp
structures, there may be an unlimited current flow between both supply lines through the CS
pins. This current can lead to malfunction or even failure of one or both of the HSDs.
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In order to ensure a valid current sense signal and to protect the devices in all previously
described cases, we may add a diode in series to each CS pin (as previously described in
case of monolithic devices — see Section 5.1.1: Monolithic HSDs supplied from different
supply lines).

5.3 Paralleling of outputs

Paralleling output channels should be restricted to exceptional cases. Due to the significant
stray inductance of the wire harness in truck applications, a paralleling of output channels
implies the exposure to a critical high demagnetization energy in case of short circuit
conditions, impacting the component lifetime. Therefore, whenever a paralleled output
configuration is considered, one should add an external freewheeling circuit to protect the
HSD from excessive demagnetization energy.

Other technical subjects linked with paralleling outputs is treated in a future release of this
HWDG.
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ESD protection

ESD protection of HSD — calculations

The ESD robustness of a typical HSD is rated at 5000 V on the Output - as well as on the
Vcc-pin - according to the Human Body Model (100 pF, 1.5 kQ). This applies to positive as
well as negative ESD pulses. For any ESD pulse beyond these values an external
protection is required.

Calculation of the energy capability of the HSD output without external protection
(negative ESD pulse)

ESD discharge resistance

Clamping structure in HSD

The energy content of the ESD pulse is:

Equation 11:
2
Wesp = 1/ 2% Cryp *Visp

The energy dissipated by the resistance is:

Equation 12
Wy = 1/ 2% Cesp * Vesp = Voemac )2

The energy dissipated by the HSD is:

Equation 13
WHSD = (VES - VDEMAG ) * Vclamp * CESD

The maximum ESD pulse energy capability of the HSD can be calculated using Equation 13
and the data sheet parameters (typical example):

Wy = 4936V *64V 100 pF = 324]

4

Doc ID 023521 Rev 2




UM1557 ESD protection

Calculation of external protection (negative ESD pulse)

When the ESD pulse amplitude or the ESD capacitance is increased or the discharging
resistance is decreased, the HSD needs external protection, because the energy
discharged in the HSD exceeds the limit calculated in Equation 13. If we add a ceramic
capacitor on the output, the ESD pulse initially only charges the capacitor without impacting
the HSD until the voltage reaches the HSD active clamping voltage. Then the voltage stays
constant (without further impact on the capacitor), and excessive energy is absorbed by the
ESD discharge resistance and by the HSD.

ESD dischar?e resistance ESD dischar?e resistance

ESD discharge tap ESD capacitor on HSD . Clamping structure in HSD

J— output I N

1 1

If in the first step we neglect the HSD, the final voltage becomes:

Equation 14:
C
V inal = V * (L)
" =P CESD + CEXT
With
V. = 8kV
Cup =330pF
and
VFinal = 64V

Cext should be >41nF. But since the HSD can absorb some ESD energy on its own, the
external capacitor can actually be smaller.

The time t; defines the point in time when the external capacitor reaches the
demagnetisation voltage of the HSD and does not charge further.

The time constant for discharging the ESD capacitor is:

Equation 15
CEXT
T:RESD*CESD*C C
EXT + ESD
W|th CEXT >>CESD —
T=Rgsp - Cesp
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Equation 16
Ity YD 5 oV
ESD
Equation 17
Ver, = Vi * e_% Vi (A= 6_%)
Equation 18:
Vepy =V * (A= e_%)
Equation 19

Vv
t, =—7*In(l _M)
Final

The residual voltage at the ESD capacitor, when the external capacitor is charged to the
HSD clamping voltage becomes:

Equation 20
CEXT

CESD

VCESD (1) =V, =Vope ™

Therefore, the energy absorbed by the HSD becomes:

Equation 21

C
Wiso = Visp =Vomue * U+ —EE)*V,,,, * Crgp

clamp
ESD

Once we know the maximum ESD energy capability of the HSD (calculated with Equation
13), we can calculate the necessary external capacitor:

Equation 22
(VES — VDEMAG) *(C WHSDMAX
> ESD — *
v, Vv

DEMAG clamp

CEX T
DEMAG

Of course the external capacitor needs a voltage capability larger than the maximum
clamping voltage of the HSD.

In addition it must be ensured, that the ESD discharge current cannot exceed the maximum
current capability of the HSD:

Equation 23:
1) =<1 | jy1p1 max

and therefore

4
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Equation 24:

Vo = Resp ™ 1 vt max )
CEXT > CESD *( ES ESD LIMH _ 1)
VDEMAG

Example 1: Contact discharge 8 kV, 330 pF, 2 KQ, || jmH max=55 A (VND5T035AK HSD),
battery not supplied (Vcc=0 V)

- according to Equation 22: Cgxt> 33 nF

- according to Equation 24: Cgxt > -526 nF

- CgxT > 33 nF fulfils both requirements.

Example 2: Contact discharge 6 kV, 150 pF, 330 Q, battery not supplied (Vcc =0 V)
-> according to Equation 22: Cgyt> 6.1 nF

- according to Equation 24: Cgxt > -28.6 nF

- Cgx > 6.1 nF fulfils both requirements.

Positive ESD pulses without external protection

ESD discharge resistance

|

Body Diode of Power
XZ MOSEFT

ESD discharge capacitor
Clamping structure in HSD

L

A positive ESD pulse on the output is transferred through the body diode of the power
MOSFET to the Vcc pin of the HSD, stressing the Vcc-GND clamping structure. The ESD
ratings of the Vcc-GND clamping structure is the same for the output clamping structure.
Therefore the same considerations and calculations apply for negative ESD pulses on the
output.

Positive ESD pulses with external protection

ESD discharge resistance

e

Body Diode of Power
XZ MOSEFT

Vce

— —H

ESD discharge capacitor 7?
Clamping structure in HSD

1
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A positive ESD pulse on the output is transferred through the body diode of the power
MOSFET to the Vcc pin of the HSD, so the same requirements to dimension the external
capacitor apply as the negative ESD pulses on the output.

ESD protection — ECU level (layout consideration)

An ESD pulse on a powered ECU output connector is an expected event during the life of a
car.

Typically contact and air discharge tests are performed during module qualification. (Ref.
IEC61000-4-2). The possible risk at application level is an early failure of the HSD with
following resistive short circuit between Vcc and OUT. The ESD pulse destruction value
strongly depends on the module layout. In order to make the module pass the required
stress level, add a ceramic capacitor with a value in the order of tens of nF to the output
close to the connector. This capacitor decreases both the applied dv/dt and the maximum
output voltage seen by the HSD.

ESD stiike

L

ouiput connector

Battery

>
>

s output capacitor

4
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Z

7.1

Robust design

Design suggestions for HSDs and relays on the same PCB

A typical ECU today still employs, along with the smart power HSDs and LSDs, a certain
number of electromechanical relays. The activation of these relays, being on the same PCB
and supplied by the same battery line as the HSDs, may lead to fast dv/dt on the battery line
due to bouncing of the contacts when inductive loads are driven. Even a standard high
frequency capacitor (typ. value 100 nF) across the local battery and ground is not enough
to smoothen these pulses. The possible risk at application level is an early failure of the
HSD with a following resistive short between Vcc and OUT. In order to avoid this, add a free-
wheeling diode across the inductive load terminals (see below diagram) in order to minimize
the effects of the relay bouncing.

Applicative hints, on top of the above, that would help to make the HSDs less sensitive
when used with relays on the same board are:

The usage of four-layer PCBs where the inner layers are used as low resistance
shield (one should be connected to module GND, the other to the battery
connector)

The CS pin circuitry as recommended in the datasheet

The use of separate connectors to supply the HSDs

a)

b)
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P
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GHD GHD

e}
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8 Operation with AMICO

8.1 Introduction on AMICO

The L99PDO08, also called AMICO (Advanced Multiplexed and Integrated Co-processor),
interfaces between the microntroller and the high-side drivers (Figure 50). It is an intelligent
multiplexer which controls and performs the diagnostic of 8 HSD channels from the MO-

5T/MO0-5 and MO-5E families.

The device integrates several functions which reduce the workload of the microcontroller
and the number of required I/Os.

The main features of the device are:

Figure 49. Block diagram of the L99PD08/AMICO

Control and diagnostic of HSDs via ST SPI interface (16 bit)
Synchronous and detailed diagnostic

PWM generation (8-bit resolution) for 8 independent channels with phase shift
Programmable open load and overload detection thresholds
On board filtered diagnostic (64us to 96us)

Programmable inrush blanking time
Time out watchdog with limp home mode
Current sense multiplexer

LHOMEN

v

FAULT

CLK_INo
CLK_IN1

Microcontroller

MUX_ST_CS

Control
Logic

}

PWMGeneration

Diagnostic

¢

ontrol
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Output €
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ST/CS Multiplexer

o
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MO-5T
HSD
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HSD
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HSD

MO-5T
HSD
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The application benefits are:
® Enhanced short-circuit robustness of the HSDs by fast reaction time
® Detailed and synchronous diagnostic without intervention of the pC
® Extremely low uC workload with simplified software
® C pin count reduction by SPI interface
® Full partitioning flexibility thanks to the compatibility with any MO-5T HSDs, regardless
of their Rdson, supply lines and number of channels per device
e LED and Bulb compatibility without external components
® Enhanced system reliability
® Costreduction at system level
® Rejection of failure notification caused by transients with a duration below 50 ps
Figure 50. Application example of AMICO with MO-5T HSDs
TVMT' TVEATZ
« HSD ® HB_R ~ HSD @ HB_L
o : & LB I : X LBR
TVEAT TVEAT‘
. Hsp X FL_R SECH e
I.IC 5P IO n-ch. i i . E _® PL_R ] . g _® PL L
E=N -
ADC 7 E ADCnch. | ] TVE\AT TVE\AT‘
é % - « HSD |y BR L «~ HsD [®H BR_R
I E SHH FB_L L E DHH FB_R
Y A TVBAT Vaam
« HSD |pien RB_R « HsD RB_L
Creatry > ] . H® orin] | . 3|® oRLR
HB: High beam RB: Rear blinker TVW TVW“
LB:Low beam DRL: Daytime Running light ~ HSD ~ HsD LP_ R
FL:Rearfog light LP:Licence plate - _® LPL - @ -
PL:Position Light SM: Side marker N - E DIH sM_L 1 - E oHH SM_R
BR: Brake light RL: Reverse light
FB:Frontblinker  TL: TailLight Ve Mo
_R:Right _L:Left . HSD _® RL_R i HSD & RLL
= £ [ Tt e : 0 1R
8.2 Control and diagnostic function
The following chapter describes the control of the HSD by the AMICO as well as its
diagnostic functions.
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8.2.1

PWM control

The L99PDO08 can control the MO-5T HSDs in PWM. These PWM signals are generated
from two PWM clock inputs (PWM_CLK_0/1). The duty cycle of each channel is
programmed via SPI with a step of 0.4 % or 8-bit resolution.

For instance, an output driven at 100 Hz or 200 Hz, requires a PWM clock frequency of
25.6 kHz or 51.2 kHz respectively (see Figure 51).

Figure 51. Generation of PWM signals by the AMICO

PWM_CLKO, 25.6kHz

PWM_CLK1, 51.2kHz

Vcore 5 Vcore_3

100Hz

200Hz

CLKJNlI:: PWM unit Oﬂgi’t“t

Synch_Mux [j——

Mux_ST/CS

EN . .
FAULT Dlagn(_)stlc
ScK Unit
SDO
SDI

CSN O
GND
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HSD control in normal conditions

AMICO'’s outputs Ox are open drains. In normal operation, the Ox actively turn off the HSDs
by pulling down the HSD’s input (see O7, Figure 53).

To turn on the HSDs, the Ox are disabled and a pull-up source sets the HSD’s input to High.
The pull-up sources can be either LHOMEN (see OO, Figure 53) or another pull up source.

Note that LHOMEN stands for Limp Home Not. This signal is High (~ VDDIO) when the
device is in normal mode and Low in limp home mode (Figure 52). In the particular case of
loss of VDD, LHOMEN is in high impedance, therefore a pull down on this pin e.g. ~ 10 kQ
should be used.

Figure 52. Behaviour of the LHOMEN signal

ViHomenA Norm-al ( Limp Home
operation ) mode
< >

4
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Figure 53. Control of the HSDs’ inputs
““““
LHOMEN
OFF = N
CLK_INO e VN5TXX
02
CLK_IN1 PWM unit [—pm{ Output 03 out
unit 04
Iref 05 ] cs
06
Synch_Mux ON Q7
STO/CSO
Mux_ST/CS ST1/CS1
ref ST2/CS2
FAULT Diagnostic ST3/CS3
SCK Unit ST4/CS4
sDoO ST5/CS5
sDI §T0c8
CSN
8.2.3 HSD control in limp home mode
The AMICO enters limp home mode if one of the following events occur:
® Loss of VDDIO supply
® Watchdog timeout
® SPIlcommands Ox00 or OxFF are interpreted as a short circuit of SDI to GND or to the
supply
® Special SPI command (software reset)
® Power on reset of the AMICO (default state)

In this case, the content of the registers are reset to their default value and the outputs 0x of
the AMICO are turned off. Hence, the behaviour of the HSD depends on the chosen pull-up
source.

Three configurations are possible:

If the pull-up source is LHOMEN, the corresponding HSD channel is turned off, as
LHOMEN goes Low (e.qg. for high beams, O2 in the example on Figure 54). In the
particular case of loss of VDD, LHOMEN is in High impedance, and the HSD channel is
pulled down by the weak current sink of the HSD’s input. A pull down (e.g. 10 kQ) on
the LHOMEN can also be used.

If the pull-up source is V4 or a derived signal from V,,; (noted V4 _Sswitch on
Figure 54), the HSD channel turns on, as long as the pull-up source is High (e.g., for
low beams, O2 on Figure 54)

If the pull-up source is a safety logic, e.g., for blinker, hazard lights or brake lights, the
corresponding HSD’s output follows the pull-up source (see OO0 Figure 54)
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Figure 54. State of the HSDs’ outputs while the AMICO is in limp home mode
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8.24 Diagnostic principle of the HSDs by the AMICO

Principle of internal diagnostic

The AMICO processes the currents coming from the current sense pins of the connected
MO- 5T HSDs. These currents are noted Iggngg in the rest of the document. The Figure 55
shows the principle. Moreover, the AMICO provides a synchronous and detailed diagnostic
with a short-time filter of 64us to 96us.

Indeed, the device distinguishes between:

80/111

Normal operation

Open load in on-state

Short circuit to V4, in off-state or open load in off-state
Overload

Power limitation or thermal shutdown

4
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Figure 55. Simplified diagram on the on-board diagnostic

Isense Overtemperature

ST/CSx

Current
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VNX5Tx
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Overload

Y
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J

LOGIC

V

V

Isense IS compared with configurable current references of the AMICO. These current
references can be configured in order to adjust the open load (in on-state) and the overload
detection threshold. Note that the threshold for open load in on-state and overload are
coupled (refer to the datasheet of the L99PD08).

The threshold for power limitation, overtemperature, short circuit to V,5; and open load in
off-state is fixed to ~ 6 mA typ.

Condition Effect/failure reporting
Isense < current reference for open load Failure flag for open load
Isense > current reference for overload Failure flag for overload
Isense > 6 mA in on-state Failure flag for overtemperature/power limitation
Isense > 6 mA in off-state Failure flag for open load short to Vbat in off-state

A general diagnostic is reported in the global status register as well as the AMICQO’s fault
pin, whereas detailed diagnostics are reported in the corresponding status registers (refer to
the datasheet of the L99PDO08 for more details).

Failure reporting during PWM operation

The AMICO provides a real time diagnostic, which means that the failure flags are not
latched: If a normal operation is detected, the failure flags in the status registers are
removed.

In PWM operation, however, the on-state relevant diagnostics are latched during the off-
state and refreshed in the next on-phase in order to avoid a toggling of the failure flags with
the PWM operation (Figure 56). The on-state relevant diagnostics are: open load in on-
state, overload, power limitation or thermal shutdown.
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Figure 56. Example of overload failure reporting in PWM operation

Overload condition Overload condition removed
| ]
HSD INPUT / I
AMICOOUTPUT_| _ | - - .
T
Overload Overload failure
failure flag set flag reset

The same behaviour also applies to the off-state relevant diagnostics: open load in off-state
(noted OLOFF) or short circuit to Vg (noted S2B). For example, if a short circuit to Vg is
detected during the off-phase of the PWM, the failure flag is kept set during the next on-
state cycle. An update of the corresponding status register occurs in the next off-phase if the
failure has been removed (Figure 57).

Figure 57. Example of overload failure reporting in PWM conditions

Short circuit to Vbat Removal of short circuit to Vbat

' '

HSD INPUT / |
AMICO OUTPUT_| _ __

o —damn o= -— s

T =

S2BIOLOFFbit _ _ _ _ d o e e
A A

Failure flag set Failure flag reset

Load compatibility

In the following section, we consider the compatibility between a given HSD, the settings of
the AMICO and the load to be driven. Compatibility is attained by the following conditions:

® The activation of a cold bulb may not result in the latch-off of the HSD

® For proper diagnostic, the ratio between overload and nominal current should be about
2:1 (assumption)

4
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8.3.1

Inrush blanking time

The AMICO has a configurable inrush blanking time. During this time, any new failure
related to overload conditions or power limitation/thermal shutdown is ignored. The latter
fault condition does not lead to a latch off of the HSD by the AMICO, even though its
Automatic Shutdown function is activated (see Figure 58).

This feature avoids an incorrect overload detection, e.g. during the inrush phase of a cold
bulb.The duration of the blanking time can be selected in four steps: 0 ms, 15 ms, 70 ms,
200 ms. The blanking time starts when a channel is activated for the first time via SPI (i.e.
write command to set the ON/OFF bit). The selection of the right inrush blanking time
depends on the combination of the type of lamp or motor/HSD/battery voltage and load
temperature at the time of activation.

The inrush blanking time of any of the 8 HSD channels can be configured independently of
the others.

Figure 58. Inrush blanking time

V outxamico! V nHsD

A
|
QUTHSD N
-
I ST/CSCurrent Sense
'
Programmed
OVithres,. [————1 7 ~+ ~——————————————

Failure counter
OK OK OK OK OK
“-— »
Blahk time

For enhanced robustness of the HSDs in short circuit conditions, set:

® The AMICO channel as Automatic Shut Down with a blanking time (see datasheet for
the settings of the control registers)

® The HSD in Autorestart mode (The STBY_FR pin of the HSD is set to Low)
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In this case the system behaves as follows:
® During the blanking time, the system AMICO + HSD are in autorestart mode. This
avoids that the AMICO latches off because of the inrush current caused by a cold bulb

® Once the blanking time has elapsed, the AMICO latches off the faulty channel if the
HSD still operates in thermal cycling or in power limitation (see Figure 59).

The following example shows the output current of the HSD if a blanking time of 20ms is
selected. The output of the HSD has been connected to a heavy overload (VND5T100AJ
driving 2x55W bulbs).

Figure 59. HSD output current if the duration of the power limitation is longer than
the inrush blanking time

[lecroy| . T ..
5 ms ‘ — HSD in powerlimitation
5.8 A

¥
|L AMICO latchesthe HSD off

]

The following example (Figure 60) shows a latch off by the AMICO if the blanking time is
disabled. Note that although no blanking time is set, the AMICO nevertheless delays the
diagnostic by 400us—500us in order to take into account the current sense delay of the HSD
and to filter out transients.

4
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Figure 60. Output current of a HSD driving a cold bulb without blanking time
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8.3.2 Overload and open load detection

As mentioned previously, the AMICO performs the diagnostic of the HSDs by processing the
Isense currents .This paragraph deals with load compatibility of the HSD/AMICO in terms of
overload thresholds and provides some example settings of the AMICO'’s control register.

The following table displays the typical current of some loads and the typical K-factors of

some MO-5T devices.

Table 9. Typical load currents and HSDs’ K-factors
Lamp type DC currenEAC?Vbat:M \Y,
5W LAMP Wega BA15s 0.24
10W LAMP Jahn 0.41
21W LAMP Wega BA15s 0.88
70W LAMP Wega (H4) P43T 2.42
75W LAMP Wega (H4) P43T 2.53
70W LAMP Wega (H3) PK22s 2.39
11W LAMP 168LF TK4 0.46
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Table 9. Typical load currents and HSDs’ K-factors
Lamp type DC currenEngat:24 \Y,
Device Typical K-factor
VN5TOO6ASP 10000
VN5TO16ASP 5000
VND5TO35AKLamp type 2870
VND5T100AJ 1500

The following tables display some recommended AMICO settings for the open load and
overload thresholds of the internal diagnostic, as well as the resulting ratio between Iy, x
and Isense- Isense is the current sense of the HSD and Iy is the current supplied by the

AMICO on the MUX_ST/CS pin.

Several combinations of load/HSD are considered. The green-highlighted rows are

recommended settings, based on the assumption that the ratio between overload and
nominal current at V4 = 24 V is about 2:1.

Table 10. Amico’s typical on-board open load and overload thresholds
< T @ o a —
> |2 SE| B 2| 22 |s2|=| 2
. N 1 — © 2 1 — © = T - oM
Device/Load Q® S < == o< . = == X E _ S
o= o= o= S o =] LL )
£ g i) a (Cae) e 2 > é o 2
2 e e =
4.40 12.0 | 273 0.50 0.11 0.83 0.59 0 0,0
VN5TOOBASP 4.40 240 | 5.45 0.50 0.11 0.50 0.35 0 0,1
Bulb 5x21W 4.40 36.0 | 8.18 1.00 0.23 0.33 0.23 0 1,0
4.40 60.0 | 13.64 4.00 0.91 0.17 0.12 0 1,1
5.28 120 | 227 0.50 0.09 0.83 0.70 0 0,0
VN5TOOGASP 5.28 240 | 455 0.50 0.09 0.50 0.42 0 0,1
Bulb 6x21W 5.28 36.0 | 6.82 1.00 0.19 0.33 0.28 0 1,0
5.28 60.0 | 11.36 4.00 0.76 0.17 0.14 0 1,1
6.60 12.0 | 1.82 0.50 0.08 0.83 0.88 0 0,0
VN5TOOBASP 6.60 240 | 3.64 0.50 0.08 0.50 0.53 0 0,1
Bulb 2x70W+2x21W 6.60 36.0 | 545 1.00 0.15 0.33 0.35 0 1,0
6.60 60.0 | 9.09 4.00 0.61 0.17 0.18 0 1,1
3.93 6.00 | 153 0.25 0.06 0.83 1.05 0 0,0
VN5TOL6ASP 3.93 12.0 | 3.05 0.25 0.06 0.50 0.63 0 0,1
4x21W + 10W 3.93 18.0 | 4.58 0.50 0.13 0.33 0.42 0 1,0
3.93 300 | 7.63 2.00 0.51 0.17 0.21 0 1,1
86/111 Doc ID 023521 Rev 2 IS72




UM1557

Operation with AMICO

Table 10. Amico’s typical on-board open load and overload thresholds

< B B —
> > ot > QS £ o é ;% — 3—
N - = o - ) =0 o o —
) I\  — < 2 - — C = S o b @

Device/Load ® >S< == o< L= == X € _ s
o - s o — S ax £ 09 L o
£ S Fe | g Fo | A2 >5 | © 3
2 |r 2 = ©
2.64 6.00 2.27 0.25 0.09 0.83 0.70 0 0,0
VN5TOL6ASP 264 | 120 | 455 0.25 0.09 0.50 042 | 0 0,1
21w 2.64 180 | 6.82 0.50 0.19 0.33 0.28 0 1,0
2.64 30.0 11.36 2.00 0.76 0.17 0.14 0 1,1
4.40 6.0 1.36 0.25 0.06 0.83 1.17 0 0,0
VN5TOL6ASP 440 | 120 | 273 0.25 0.06 0.50 070 | © 0,1
Sx21W 4.40 180 | 4.09 0.50 0.11 0.33 0.47 0 1,0
4.40 30.0 6.82 2.00 0.45 0.17 0.23 0 1,1

OVL: overload Imux: current from MUX ST_CS pin

OPL: open load Isense: current sense from HSD

Inom: Nominal HSD’s output current CFL and OLOVL: AMICO's configuration bits

current @Vbat=24V=2

Recommended setting for CFL and OLOVL bits, so that the ratio typical OVL threshold/nominal

Table 11. Amico’s typical on-board open load and overload thresholds

% E o E 1 o I o g %
Q = — = = o] =
, ®_ || Be | < | Se| §¢S 2g R
Device/Load =< | 3< == .3 x = =2 = " 3
o o= o o=t o X g © =
= S PS | B2 | 22| P22 >§ o | ©
O ey =
1.76 3.4 1.96 0.144 | 0.08 0.83 0.82 0 0,0
VND5TO35AK 1.76 6.8 3.91 0.144 | 0.08 0.50 0.49 0 0.1
2x21W 1.76 10.3 5.87 0.287 | 0.16 0.33 0.33 0 1,0
1.76 17.2 9.78 1.148 | 0.65 0.17 0.16 0 1,1
2.64 3.4 1.30 0.144 | 0.05 0.83 1.23 0 0,0
VNDSTO35AK 2.64 6.8 2.61 0.144 | 0.05 0.50 0.74 0 0.1
3x21W 2.64 10.3 3.91 0287 | o011 0.33 0.49 0 1,0
2.64 17.2 6.52 1.148 | 0.43 0.17 0.25 0 1,1
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Table 11. Amico’s typical on-board open load and overload thresholds
> [
=< 2 [0} o
N o o £ = — S E o2 = =
_ o_ |-_| 55 | 8= |5s| 58 | 2¢ | & | &
Device/Load =< 8 < == 8 T>.> @ s -9 X E n o5
o o= o o=t o X g ©° =
= g Fe | P2 | 2o | P2 5§ | © | °
O ey =
1.29 1.8 1.40 0.075 | 0.06 0.83 1.15 0 0,0
VNDST100A] 1.29 3.6 2.79 0.075 | 0.06 0.50 0.69 0 0,1
21IW+10W 1.29 5.4 4.19 0150 | 0.12 0.33 0.46 0 1,0
1.29 9.0 6.98 0.600 | 0.47 0.17 0.23 0 1,1
0.41 0.18 0.44 0.008 | 0.02 8.33 3.64 1 0,0
VND5T100A 0.41 0.36 0.88 0.008 | 0.02 5.00 2.19 1 0,1
1ow 0.41 0.54 1.32 0.015 | 0.04 3.33 1.46 1 1,0
0.41 0.90 2.20 0.060 | 0.15 1.67 0.73 1 1,1

OVL: overload

OPL: open load

Inom: nominal HSD's output current

Imux: current from MUX ST_CS pin
Isense: current sense from HSD
CFL and OLOVL: AMICO's configuration bits

Recommended setting for CFL and OLOVL bits, so that the ratio typical OVL threshold/nominal
current @Vbat=24V=2
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8.4

8.4.1

Combining inrush blanking time and diagnostic of open load
in off-state

As described in the previous section, the turning on of a cold incandescent bulb results in an
inrush current due to the low resistance of the bulb’s filament. This inrush current might
activate the HSD’s power limitation. However, this may not be considered as a fault
condition and may not trigger a latch off of the HSD.

The following chapter describes a proposal which allows both the blanking of the inrush
current and open load or short circuit to V4 diagnostic in off-state (noted OLOFF and S2B).

Description of the principle

As explained in the section Inrush blanking time set:

® The AMICO channel in Automatic Shut Down mode with a blanking time

® The HSD in Autorestart mode (The FR_Stby pin of the HSD is set to Low)

However, the second point is not compatible with the diagnostic of an open load in off-state

or a short circuit of the HSD’s output to V|, (refer toTable 1). Indeed, the diagnostic in off-
state is possible only if FR_Stby is High.

Therefore, the uC has to dynamically control the FR_stby pin in order to enable (see
proposed circuitry Figure 61):

® Either FR_Stby = Low (default) and the HSD is in auto-restart during the inrush
blanking time

® Or FR_Stby = High (on demand) and the OLOFF/S2B detection is enabled

Note that the diagnostic in off-state can be performed for several HSD channels at the same
time, when FR_Stby pin(s) of the HSD(s) is (are) High.

Figure 61. Dynamic control of the FR_Stby pin

47k
The FR_Stby pull-up / pull- Rat 100 4 m1 B
down path and pC 1I/O can be cst ¥ OuTl |—
shared between several HSDs RE)Z“_ FR_Sthy
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Two cases are considered:

® Case 1: there is no new activation of any HSD when the FR_Stby of the HSDs is set to
High

® Case 2: aninrush current on a HSD occurs while the FR_Stby pin of the HSDs is High
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Case 1: no new activation of any HSD during the off-state diagnostic

Let's consider the case where no new activation (i.e. no SPI write command to address
Ox01 of AMICO's control register) of any HSD occurs while the FR_Stby pin is set to High

(Figure 62).

- No inrush current occurs and the diagnostic in off-state has no side effect on any

channel.

Figure 62. No new activation while Fr_Stby is High
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Case 2: inrush current of a HSD during the off-state diagnostic

Let's consider now the case where a new activation of one or several HSDs occurs while the
FR_Stby pin is set to High. In this case the channels which operate in power limitation are
latched off by the HSD itself (Figure 63).
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Figure 63. FR_Stby is High during the activation of the power limitation
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Even if the HSD Chl is latched off by the HSD during to; on/s2g While the inrush blanking
time is activated, the auto-restart function of the HSD is reactivated as soon as FR_Sthy is
set back to Low.

Setting FR_Stby to High for tg orr/s2s = 200 ps is sufficient to ensure a reliable diagostic.
Actually, around 100us are required until the diagnostic in off-state is completed (Figure 64).
200 ps are recommended for margin.

An interruption of the turning on of a cold bulb of 200 us has a negligible effect for two
reasons:

® The bulb’s filament has a large thermal inertia. An interruption of the inrush current for
200 ps does not cause any substantial decrease of the filament's temperature and
therefore does not further delay its turn on.

® The delay between the activation of a cold incandescent bulb and the moment when
the bulb provides its nominal brightness is in the range of several tens of milliseconds
to several hundred of milliseconds. Therefore a maximum interruption of the power
limitation of 200 us has a negligible impact on the turn on of a cold bulb.

The following figure (Figure 64) shows an oscillogram when an off-state diagnostic is
performed on Ch2 while an inrush current on Ch1 occurs. The FR_Sthy signal is set High for
200 ps. The inrush current leads to the activation of the power limitation and therefore Chl
is latched off by the HSD.

As soon as the FR_Stby is set back to Low, the Chl is in Autorestart mode. Since the
AMICQO'’s blanking time is still valid, Ch1 operates in power limitation without latch off until
the blanking time has elapsed.
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Figure 64. Plot of output current and AMICO's fault pin. FR_Stby is high during the activation of
the power limitation
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The following figure provides a zoom on the Fault pin.

Figure 65. Plot of output current and AMICO'’s fault pin (zoom

during the activation of the power limitation

of Figure 64). FR_Stby is High
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8.5

Set FR_STBY pin to High for 200 ps and perform the OLOFF/S2B diagnostic at the end of
these 200 ps. After the diagnostic, the FR_STBY pin should be set back to Low.

Summary

Case 1 and case 2 have no substantial effect on the activation of a cold bulb, even if this
activation occurs while FR_Stby is High. This is true as long as the FR_Stby is kept High for
a short time. 200 us are compatible for a reliable diagnostic in off-state and does not
substantially increase the turn on delay of a cold bulb.

Direct current sense reading

On top of its internal diagnostic, the AMICO also enables the pC to monitor an image of
Isense Via its MUX_ST/CS pin, referred to as “direct current sense reading”.

This pin provides the sense current of the MO-5T channel multiplied by a certain gain or
divider. The ratio between ly,x and Isgnsg (See Figure 66) can be set between 0.166 and
8.33 (refer toTable 12 and the datasheet for more details). A resistor between MUX_ST/CS
and GND translates Iy x into a voltage, which can be monitored by a pC's ADC channel.

This output is multiplexed, so that the microcontroller can select one of the eight HSD
channels.

Figure 66. Principle of the direct current sense reading

MO5-T

Overtemperature
ST/CSX # MUX_ST/CS | Imux

Isense
Current

Sense

1.6kQ

™~ LOGIC
/

The gain/divider between Iy, x and Iggnsg is selected by the control registers. There are
individual gains and dividers for each device. See the table below.

Table 12.  Settings of the ratio Imux/Isense

CFL OoLoOvL1 OLOVLO Imux/Isense ratio
0 0 0 0.83
0 0 1 0.50
0 1 0 0.33
0 1 1 0.16
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Table 12.  Settings of the ratio Imux/Isense (continued)

CFL OoLovL1 OLOVLO Imux/Isense ratio
1 0 0 8.33
1 0 1 4.99
1 1 0 3.33
1 1 1 1.67

The AMICO generates the PWM signal internally. Nevertheless, the uC can perform a
synchronous reading of the MUX_ST/CS pin with the on-phase or off-phase of the PWM
signal, as the input signal of the selected HSD channel is replicated on the Synch_Mux pin
(Figure 67).

Figure 67. Behaviour of the Synch_Mux signal
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Impact on the accuracy of the current sense reading

The tolerance of the ratio lyyx/lsensg increases the overall tolerance of the current sense
reading, when the pC monitors the MUX_ST/CS signal. This also affects the tolerance of the
overload and open load thresholds. We can see in the following section that the additional
tolerance from the AMICO is quite small when we apply a statistical approach to the
tolerance calculation.

The main tolerances are due to the tolerance of the K-factor of the HSD and the tolerance of
the ratio Iyux/Isense Of the AMICO. The tolerance of the current sense resistor can be
neglected as resistance with a tolerance of 1 % or even lower can be used.

The expression for Iy is:

Iout G
Imux=——=—"%* Jout

Kmux K
With:

G: the mux gain

K: HSD'’s current sense ratio

4
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Kmux: K-factor resulting from the combination AMICO/HSD
Naturally, G and K have a statistical spread and it can be represented as:
k = kmemz i 5]{ = kmean i X% * kmean
G=G +6 =G *+y%*G
yp g mean mean
The uncertainty of Ky,yx is then a function of the uncertainty of K and the uncertainty of G,
and it can be represented as:
kmux = i Ikg
Both parameters are statistically independent. If we consider that they follow a gaussian
distribution, the tolerance of Kyyx is:
2 2 kmean * 2 2
=0 +0 =k [(x% + y%')
g Ig Ik G
Where x % is the tolerance of the K-factor of the HSD and y % is the tolerance of the ratio
between IMUX and lSENSE'
Example:
Let’s calculate the tolerance of Kmux under the following conditions:
One channel of the VND5T100AJ drives an output current of 0.8A
The AMICOs ratio Imux/Isense is set to ~3.33 (K; 1o, Table 14)
The tolerance of the HSD’s K-factor is +/-20 % at the considered load current (K2
parameter, Table 13).
Table 13.  Specification of the current sense ratio of the VND5T100AJ
Symbol Parameter Test conditions Min Typ Max Unit
| =350 mA; V =1V,
K lout/! 'I?U—T 40 °C ?(; 1508°E(,3\ISE 930 1547 2185
1 OUTTSENSE | 1~ 1050 1547 2020
TJ- =25°Cto0 150 °C
Current
| =350 A; V =1V,
dKy/K; @D | sense ratio | YT SENSE -15 15 %
. T.=-40 °C. to 150 °C
drift j
| =0.8A;V =2V,
2 OUTTISENSE | 17 ' 1310 1528 1745
Tj=25°Ct0150°C
Current
| =0.8A;V =2V,
dK,/K,D | sense ratio | OYT SENSE -12 12 %
; T; =-40 °C. to 150 °C
drift ]
1. Parameter guaranteed by design; it is not tested.
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Isense, which comes from the HSD is typically 0.8/1528 = 524 pA. Considering this current,

the tolerance of the AMICO current sense ratio is +/- 7 % (see Table 14).

Table 14.  Specification of AMICO’s Imux/Isense ratio

Symbol Parameter Test conditions Min | Typ | Max | Unit

current MUX_ST/CS
ratio@Ilcg = 510 pA

current MUX_ST/CS
ratio@lcg = 70 %* 510 p 3.10 | 3.33 | 3.50 -
A

K current MUX_ST/CS
110 | ratio@Icg = 35 %* 510
A

current MUX_ST/CS
ratio@Ilcg = 5 %* 510 pA

current MUX_ST/CS
ratio@Ilcg =5 pA

3.10 | 3.33 | 3.50 -

CFL =1, OLOVL[1,0]=1,0 310 | 3.33 | 3.50 )

3.10 | 3.33 | 3.50 -

2.80 | 3.33 | 3.70 -

The tolerance of Kyyx is

J20% +7%) =21.2%

compared to 20 % without AMICO.

Therefore, the additional tolerance caused by the AMICO to the current sense reading is
actually small if we consider a statistical approach.

Without statistical considerations, one would arrive at 27 % by simply adding the tolerances
of both components. However, this calculation is very pessimistic as demonstrated below.

In general, the min/max tolerance is specified at least with:
® Mean value + 6 Sigma (max)
® Mean value - 6 Sigma (min)

Figure 68. Probability density function of a gaussian distribution

s
o

M is the mean value of the distribution

Sigma is the standard deviation, also noted ¢

4
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8.7

8.7.1

8.7.2

8.7.3

The probability to have a parameter outside the limits [u — 66 , 1 + 60] is 0.002 ppm or
2.10°°.

Simply adding the tolerances of each devices, means that the probability to observe a
combination AMICO/HSD with the resulting min/max limits have a probability of (2.10'9) =
4.10°18 of ocurring, which is not realistic.
References:

—  Wolfram Mathematica:

http://reference.wolfram.com/applications/eda/ExperimentalErrorsAndErrorAnalysis.ht
ml

—  http://physicslabs.cwru.edu/MECH/Manual/Appendix_V_Error%20Prop.pdf

Functional safety aspects

Functional safety aspects are essential for automotive exterior lighting applications. Some
loads are considered as safety relevant functions such as low beams, blinker, tail lights or
brake lights. These aspects been considered by the AMICO, so that the system fulfils the
requirements of the ISO 26262 norm.

Limp home mode

The AMICO device enters limp home mode if one of the following events occur:

® Loss of VDD supply

® Watchdog timeout

e Invalid SPI commands interpreted as a short of CSN to GND/Supply

® Special SPI command

In this mode, the state of the high-side drivers is predefined by the choice of the pull up on

the input of the HSD. This enables, for example, the turn-on of low beams or position lights
and the deactivation of the high beams.

Timeout Watchdog

In general, malfunction of the pC is detected by a system watchdog which may or may not
be integrated in a power management device.

Local failures such as SDI shorted to GND, can be detected by the timeout watchdog of the
L99PDO08. The AMICO’s watchdog is refreshed at each rising edge of the CSN signal. The
timeout can be configured to 100 ms or 200 ms.

Functional safety considerations through ST SPI

The standardized ST SPI protocol has been defined in order to offer a robust
communication interface which supports fail-safe concepts, and to rapidly provide the
microcontroller with global information about the L99PDO08 and the connected high-side
drivers. Failures on the SPI bus, such as a shorted SDI or SDO, can be detected.

The ST SPI standard also detects and reports if communication with a wrong number of
clock pulses has been detected during a SPI communication.
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8.8

8.8.1
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Full flexibility of the output stages and supply rails

In order to comply with the functional safety requirements of ISO26262, the supply voltage
of the HSDs is generally split into 2 to 4 supply rails. It is also possible that only one safety
relevant load is controlled by one multichannel HSD. In addition to these constraints, the
optimal adaptation of the Rdson to the loads and the variants within a car platform lead to a
HSD partitioning with many single and dual channel devices.

Thanks to the L99PDO08, the uC is able to drive and perform the diagnostic of standard
HSDs using the SPI interface. This advantage comes from the fact that the L99PDO08 is
compatible with any HSD of the MO-5T family, regardless of the number of channels and of
the supply rail the HSD is connected to.

Hardware guidelines

This section provides recommendations on the dimensionning of external components
around the L99PDO08. Requirements like reverse battery conditions and ISO pulses are
considered.

Interface microcontroller/AMICO

For a robust design, series resistors between each uC/AMICO connection are
recommended so that local failures of the AMICO, such as a shorted pin to GND or to VDD,
do not cause critical effects on the further operation of the devices, which are connected to
the same SPI bus.

For CLK_Inx, EN, FAULT, SYNCH_ST/CS, MUX_ST/CS: 1 kQ to 10 kQ is suitable. The
higher the value, the better the decoupling.

4
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Figure 69. Recommendations for series resistors between the AMICO and the microcontroller
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For the same reason, series resistors on SDI, SDO, CSN, SCK are required. These
resistors should be placed as close as possible to each AMICO device.

The SPI interface is considered as a high speed bus compared to the above mentioned
signals. In this case, a too high value of the series resistance, in conjunction with stray
capacitances (e.g. input capacitances of SDI, SCK etc.,...) can prevent the SPI bus from
working properly at certain SPI clock frequencies.

The oscillograms on Figure 70 show edge shaping of the original square wave signal which
is generated by the pC. The distorted incoming signal on SCK and SDI of the AMICO device
is due to the 4.7 kQ series resistors in conjunction with stray capacitors.

The higher the serial resistance, the lower the max. SPI speed (Table 15)
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Figure 70. Distortion of the SPI signal by a too high series resistor

GAPGMS00158

Table 15. Recommended max. SPI clock frequency as a function of the series

resistance
Resistor value Max. recommended SPI clock frequency
1k 1 MHz
2.2k 1 MHz
4.7k 500 kHz
10k 250 kHz

A 1 kQ series resistor on these pins is generally a good compromise between the data rate

and decoupling between uC/AMICO.

Interface HSD/AMICO

This section deals with external components between the HSD and AMICO, in order to
protect the devices against ISO transients and reverse battery conditions. A differentiation
between monolithic (VND5T035A%, VND5T050AX, VND5T100AX) and hybrid devices is
done (VN5TO06ASP, VND5TO16ASP, VN5TO16AH).

ISO pulses on monolithic devices

Negative I1SO pulses are directly transferred to the HSD’s input pin (noted IN) and the
FR_Stby and CS pins of monolithic devices. The worst case is when no load is connected to
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any of the HSD outputs, which share the same supply line (Figure 71). Therefore, a 22 kQ
to 47kOhm series resistor on IN and FR_Stby are required.

The STx/CSx pin cannot be decoupled from the CS pin with such a high resistor value,
because of the too high voltage drop, which is caused by the Isense in normal conditions.
Therefore, a decoupling diode with a minimum breakdown voltage of 600 V is required.

Figure 71. Effect of an ISO pulse 1 on Vcc, if no load is connected to any HSD
sharing the same supply line
Pulse 1, Level IV (-600W @ 1ms)
v
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If at least one load is connected to one of the output of a HSD, then, the negative voltage on
the CS/FR_Stby and INx pins are much less severe (see Figure 72). This would enable to
use a diode between CS and STx/CSx, with a lower breakdown voltage.

In this example one load with 5 Q is connected, the negative voltage at the IN, FR_Stby and
CS pins are only ~ - 55 V, compared to the -600 V if no load is connected.

Figure 72. Effect of an ISO pulse 1 on Vcc with at least one connected load to one of the outputs
of the HSDs, sharing the same supply line
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Positive ISO pulses on the supply of a monolithic device are not transferred to IN, FR_Stbhy
and CS pins (Figure 73).
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Figure 73. Positive ISO pulses on the supply of monolithic devices are not
transferred to IN, FR_Stby and CS pins
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The Figure 74 sums up the recommendations at the interface between the AMICO and the
monolithic HSDs.
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Figure 74. Recommended external components between a monolithic HSD and the
AMICO
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ISO pulses on hybrid devices

Negative ISO pulses 1 are not transferred directly to the IN pins and FR_Stby but through
parasitic structures. 22 kQ series resistors on these pins are nevertheless recommended, to
protect the AMICO in reverse battery conditions (see Reverse battery protection).

The CS pin is ~ GND during the 1ISO pulse 1. A 100 Q series resistor to the STx/CSx pin is
nevertheless recommended for a robust design. Indeed, this diode decouples the CS pin of
the HSD and the AMICQO’s STx/CSx pin. On the other hand the drop voltage across this
resistor in normal conditions is compatible with the AMICQO’s diagnostic.

4
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Figure 75.

Negative ISO pulses on the supply of the hybrid HSD are not transferred
to IN, FR_Stby or CS pins

Pulse 1, Level IV (-600V @ 1ms)

GHD

Positive ISO pulses 2a are clamped by the hybrid device and are not transferred to the
IN/FR_Stby or CS pins.

Figure 76. Positive ISO pulses on the supply of the hybrid HSD are not transferred
to IN, FR_Stby or CS pins
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The following figure sumarizes the recommendations at the interface between the AMICO
and the hybrid HSDs.
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Figure 77. Recommended external components between a hybrid HSD and an
AMICO
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Input level verification

At this stage we shall verify the min. required supply voltage of the AMICO, which ensures
correct control of the HSDs. We consider that the min. High level for the HSD is 2.1 V and
the max. input current consumption is 10 pA at 2.1 V. The calculation below (Figure 78)
shows that the monolithic HSD is correctly turned on if the supply voltage of the AMICO is
above 3.17 V. This min. value is ~ 2.47 V for a hybrid HSD, since the HSD’s GND pin is
directly connected to the system GND.

4
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Figure 78. Verification of the correct activation of a monolithic HSD, despite the voltage drop
across the series resistor
+ HSD
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8.8.3 Reverse battery protection

The following chapter deals with the reverse battery protection. We consider that the
reverse battery voltage of -28 V can be applied between the positive supply and the module
GND.

Here again, we distinguish between monolithic HSDs (VND5T035Ax, VND5TO50AX,
VND5T100Ax) and hybrid HSDs (VN5TO06ASP, VND5T016ASP, VN5T016AH).

Reverse battery protection with monolithic devices

Monolithic devices such as VND5T035Ax, VND5T050Ax or VND5T100Ax have a voltage at
their IN, CS and FR_STBY pins which is almost equal to the reverse battery voltage.

INX pins: a series resistor of ~ 22 kQ between the HSD’s INXx pin and the AMICO’s OUTx
pin, limits the current flow from the AMICO’s GND to the AMICO’s OUTX pin via the body
diode or the output clamping structure to approximatively 1 mA. This current does not cause
any damage to the AMICO.

CS Pins: a series resistor of 22 kQ on this pin cannot be used. It would result in too high a
voltage drop between the CS pin of the HSD and the STx/CSx pin of the AMICO. Therefore,
a protection diode with a reverse capability of at least 28 V is required for the reverse battery
protection. However, a breakdown voltage of min. 600 V might be required if the module
must withstand negative 1SO pulses with all loads disconnected (refer to paragraph ISO
pulses on monolithic devices ).
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Operation with AMICO UM1557

Figure 79. Recommended external components between a monolithic HSD and the AMICO to
withstand a reverse battery condition
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Reverse battery protection with hybrid devices

Hybrid HSDs such as VND5T016ASP, VN5T016AH or VN5TO06ASP have a different
behaviour in reverse battery conditions than the monolithic devices (Note that the HSD GND
pin must be connected directly to the signal GND, without a resistor or a protection diode).
Indeed, the potential at FR_STBY, IN and CS pins is GND during the a reverse battery
condition.
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Operation with AMICO

8.8.4

Figure 80. Recommended external components between a monolithic HSD and the
AMICO

Reverse battery requirement: -28V@60s

Valid for VNDSTO16ASP, VNSTO16AH, VNSTO06ASP
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Pull-up/pull-down and decoupling capacitors for AMICO

Decoupling capacitors: A 100 nF capacitor should be placed on Vcore_3 and Vcore_5, as
these pins are internally connected to high frequency switching blocks such as the internal
oscillator of the AMICO or the SDO block.

Pull-up/pull-down resistors:

® A 10 kQ pull down resistor is required on the LHOMEN pin if the application cannot rely
solely on the weak pull down of the HSD input if the VDD of the AMICO is lost

® A 10 kQ pull-up resistor is required on the FAULT pin of the AMICO, as the internal
structure is an open drain

® A 10 kQ series resistor on the Synch ST/CS should be placed on the SYNCH_ST/CS
pin

® The sense resistor at the MUX_ST/CS can be from 1.6 kQ to 2.7 kQ. The optimal value
depends on the load/HSD combinations.
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Figure 81. Recommendations for pull-up resistors, pull-down resistors and decoupling

capacitors
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UM1557 Reference documents

Appendix A  Reference documents

® VIPower MO-5 and MO-5Enhanced high-side drivers (UM1556, Doc ID 023520)

® SPI control diagnosis interface device for VIPower™ MO0-5 and MO-5E high side drivers
(L99PDO08, Doc ID 15872)
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