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A4411

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

FEATURES AND BENEFITS
Automotive AEC-Q100 qualified

e 3.5to 36 Vpy operating range, 40 Vy maximum

» Buck or buck-boost pre-regulator (VREG)

* Adjustable PWM switching frequency: 250 kHz to 2.4 MHz

* PWM frequency can be synchronized to external clock

* Synchronous buck regulator (ADJ) delivers 0.8 to 3.3 V

* Two 5 V LDOs for “local” sensors (V5qygr) and
communications (V5¢4y) with foldback short-circuit
protections

* 5 Vinternal tracking LDO for remote sensors with foldback
short-circuit and short-to-battery protections (V5P)

* TRACK sets FBpj or V5gyr as the reference for V5P

* Programmable pulse-width window watchdog (PWWD)
with scalable activation delay and selectable tolerance

 Internal Watchdog (WD) CLK with +5% accuracy

* Accepts external WD CLK for improving accuracy

» Active-low Watchdog Enable pin (WDgy,,)

 Dual bandgaps for increased reliability: BGyrgp, BGpaurt

* Power-on reset (NPOR) with fixed delay of 2 ms

* Power OK output for 5 VLDOs UV/OV (POK5V)

* Logic enable input for microprocessor control (ENB)

Continued on next page...

APPLICATIONS

o Electronic power steering (EPS) modules
O Automotive power trains

o CAN power supplies

0 High-temperature applications

PACKAGE: 38-Pin eTSSOP (suffix LV)

Not to scale

DESCRIPTION

The A4411 is a power management IC that can be configured
as a buck or buck-boost pre-regulator to efficiently convert
automotive battery voltages into a tightly regulated intermediate
voltage complete with control, diagnostics, and protections.
The output of the pre-regulator supplies a 5 V/ 150 mAyax
LDO for “local” sensors (V5gnr), @ 5 V/200 mAy;,x LDO
for communications (V5can), @ 5 V/120 mAyx tracking/
protected LDO for remote sensors (V5P), and a 0.8 to
3.3 V/800 mAy,x adjustable synchronous buck regulator
(ADJ). Designed to supply CAN or microprocessor power
supplies in high-temperature environments, the A4411 is ideal
for underhood applications.

The A4411 can be enabled by its logic level (ENB) or high-
voltage (ENBAT) input. The A4411 includes a TRACK pin to
set the reference of the V5P tracking regulator to either VSq\r
or the buck FB,p; pin, so the A4411 can be adapted across
multiple platforms with different sensors and supply rails.

Diagnostic outputs from the A4411 include a power-on-reset
output (NPOR) with a fixed delay, an ENBAT status output,
and a Power OK output for the 5 V LDOs (POK5V). Dual
bandgaps, one for regulation and one for fault checking,
improve long-term reliability of the A4411.

TheA4411 contains a Pulse-Width Window Watchdog (PWWD)
that can be programmed to detect pulse widths from 1 to
2 ms (WDppj). The watchdog has an activation delay that
scales with the pulse-width setting to accommodate processor
startup. The tolerance of the Watchdog’s Window can be set to
+8%,+£13%, or +18% using the WD pin. The watchdog has
an active-low enable pin (WDgy,) to facilitate initial factory
programming or field reflash programming.

Continued on next page...
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A4411

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a

Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

FEATURES AND BENEFITS (continued)

High-voltage ignition enable input (ENBAT)
ENBAT status indicator output (ENBATS)
SLEW rate control pin helps reduce EMI/EMC
Frequency dithering helps reduce EMI/EMC

OV and UV protection for all four CPU supply rails

Pin-to-pin and pin-to-ground tolerant at every pin

Thermal shutdown protection
—40°C to 150°C junction temperature range

SELECTION GUIDE

DESCRIPTION (continued)

Protection features include under- and overvoltage lockout on all four
CPU supply rails. In case of a shorted output, all linear regulators
feature foldback overcurrent protection. In addition, the V5P output
is protected from a short-to-battery event. Both switching regulators
include pulse-by-pulse current limit, hiccup mode short-circuit
protection, LX short-circuit protection, missing asynchronous diode
protection (VREG only), and thermal shutdown.

The A4411 is supplied in a low-profile 38-lead eTSSOP package
(suffix “LV”’) with exposed power pad.

Part Number Temperature Range

Package Packing’ Lead Frame

A4411KLVTR-T —40 to 135°C

38-pin eTSSOP with thermal pad

4000 pieces per 7-inch reel 100% matte tin

1 Contact Allegro for additional packing options.
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

SPECIFICATIONS
ABSOLUTE MAXIMUM RATINGS!

Characteristic Symbol Notes Rating Unit

VIN Vuin -0.3to0 40 \

v With current limiting resistor2 -13 to 40 \

ENBAT ENBATX -03t08 v
lEnBATX *75 mA

-0.3to Vyy+0.3 \Y

LX1, SLEW t <250 ns -1.5 \

t<50ns Vynt3V \Y

VCP, CP1, CP2 -0.3 to 50 \

V5P Vysp Independent of Vy,y -11t0 40 \%

All other pins -0.3to7 \

Ambient Temperature Ta Range K for automotive -40 to 135 °C

Junction Temperature Ty -40 to 150 °C

Storage Temperature Range Tsig -40 to 150 °C

1 Stresses beyond those listed in this table may cause permanent damage to the device. The absolute maximum ratings are stress ratings only, and functional operation of
the device at these or any other conditions beyond those indicated in the Electrical Characteristics table is not implied. Exposure to absolute-maximum-rated conditions
for extended periods may affect device reliability

2 The higher ENBAT ratings (=13 V and 40 V) are measured at node “A” in the following circuit configuration:

Node “A”

VEN Ad4411

GND

THERMAL CHARACTERISTICS: May require derating at maximum conditions; see application information

Characteristic Symbol Test Conditions* Value | Unit

Junction to Pad Thermal Resistance Reuc eTSSOP-38 (LV) Package 30 °C/wW

*Additional thermal information available on the Allegro website.

Allegro MicroSystems, LLC 3
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Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POKS5V

A4411
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A4411

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V
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Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

A4411

vep [1] [38] cp2 Terminal List Table
VIN [2] 37] cP1 Number Name Function
VIN [3] [36] Lx1 1 VCP Charge pump reservoir capacitor
GND [4] Po------ \ [35] Lx1 2,3 VIN Input voltage pins
vee[5] | [34] stew 4,18 GND | Ground pin
|
ssife] | : 53] LG 5 VCC Internal voltage regulator bypass capacitor pin
|
! oft-start programming pin for the buck-boost pre-regulator
cowpr 2] 1 [32] vRes 6 SS1 | Soft-start ing pin for the buck-boost lat
NPOR [8] : : [31] Ve, 7 COMP1 | Error amplifier compensation network pin for the buck-boost pre-regulator
|
PoKsV [9] : : [30] Lx2 8 NPOR Active-low, open-drain regulator fault detection output
|
T N = 9 POK5V | Power OK output indicating when either the Vgyg, V5can, oF V5P rail is
FsETSYNG [11] | ! 28] PGND undervoltage (UV)
|
TRACK [12] : | [27] PGND 10 ENB Logic-enable input from a microcontroller or DSP
ENBAT [13] : i [28] comp2 1 FSET/ | Frequency setting and synchronization input
ENBATS [12] | i [28] FB., SYNC
WD, {15 \ | 24] ss2 12 TRACK | Tracking control: Open/High — V5P tracks the FB,p, pin, GND/Low — V5P
L~ 2 tracks V5gyr
wD, [16 23] vsP — - . . - .
V... [] 73] Wo.. 13 ENBAT | Ignition et?a?le.lr?put from the key/switch via a series resistor
&N [7] 1] W, 14 ENBATS | Open-drain ignition status output of ENBAT
WD, [9] 29] wo,, 15 WDgyr | Watchdog output, latched low if a watchdog fault is detected
16 WDy Watchdog pulse train input from a microcontroller or DSP
Package LV, 38-Pin eTSSOP 17 V5snr | 5V regulator output for local sensor(s)
Pinout Diagram 19 WDg kN | WD clock input for highest WD accuracy. If this pin is used the WD p, pin
must be grounded.
20 WD+o_ | Selectable watchdog tolerance: low = +8%, float = £13%, high (to VCC)
=+18%
21 WDppy | The watchdog window time is set from 1 to 2 ms by connecting Rpp, from
this pin to ground
22 WDgnn | Active-low watchdog enable input from a microcontroller or DSP. Open/
Low = WD is enabled, High = WD is disabled
23 V5P 5V tracking/protected regulator output
24 SS2 Soft-start programming pin for the adjustable synchronous buck regulator
25 FBapy Feedback pin for the adjustable synchronous buck regulator
26 COMP2 | Error amplifier compensation network pin for the adjustable synchronous
buck regulator
27,28 PGND Power ground for the adjustable synchronous regulator / gate driver
29, 30 LX2 Switching node for the adjustable synchronous buck regulator
31 5Vean 5V regulator output for communications
32 VREG Output of the pre-regulator and input to the LDOs and adjustable
synchronous buck
33 LG Boost gate drive output for the buck-boost pre-regulator
34 SLEW Slew rate adjustment for the rise time of LX1
35, 36 LX1 Switching node for the buck-boost pre-regulator
37 CP1 Charge pump capacitor connection
38 CP2 Charge pump capacitor connection
- PAD
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Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

A4411

ELECTRICAL CHARACTERISTICS ['I: valid at 3.5 V < V| < 36 V, —40°C < T, = T, < 150°C, unless otherwise specified.

Characteristic | Symbol | Test Conditions Min. Typ. Max. Unit
GENERAL SPECIFICATIONS

Buck-Boost Mode, after V5 > VINgTarT, @nd

VENB >2Vor VENBAT >35 V, NPOR = 1, 3.5 13.5 36 \
POK5V =1
Operating Input Voltage [3 VyiN
Buck Only Mode, after Vyy > VINgtarT @nd
VENB >2Vor VENBAT >35 V, 5.8 13.5 36 \Y
NPOR =1 and POK5V =1
VIN UVLO Start Voltage VINgTART Vy\ rising, Buck or Boost Mode 5.10 5.40 5.80 \
VIN UVLO Stop Voltage VINsTop Vyn falling, Buck or Boost Mode 2.88 3.04 3.30 \%
VIN UVLO HyStereSiS VINHYS VINSTART - VINSTOP - 2.7 - V
VIN Dropout Voltages Buck VINstop1,8uck | NPOR =1, POKSV | - 5.1 - \
Mode, Vyy Falling 2] VINstop28uck | Vvep < Vepuv, and NPOR |, POK5V =0 - 3.8 - v
s Vyin = 13.5 V, Vengar 2 3.6 Vor ~ 13 ~ A

Veng 22V, Vyreg = 5.6 V (no PWM)
VV|N =13.5YV, VENBAT <2.2Vand

Supply Quiescent Current [1]

la,sLeer Veng 0.8V - - 10 HA
PWM SWITCHING FREQUENCY AND DITHERING
Reser = 8.66 kQ 1.8 2 22 MHz
Switching Frequency fosc Reser = 20.5 kQ 2 - 1 - MHz
Rrser = 57.6 kQ [2] 343 400 457 kHz
Frequency Dithering Afosc As a percent of fogc - 12 - %
Dither/Slew START Threshold VINps on 8.5 9 9.6 \Y
Dither/Slew STOP Threshold VINps oFr 7.8 8.3 8.9 \
VIN Dithering/Slew Hysteresis - 700 - mV

CHARGE PUMP (VCP)

Vvep = Vvin: Vyin = 13.5V, Vygeg = 5.5V,

IVCP =6.5 mA, VCOMP1 B VCOMP2 =0 V, 4.1 6.6 - \Y
VENB =33V
Output Voltage Vycp
Vvep = Vvin: Vyin = 6.5V, Vyreg = 5.5V,
IVCP =6.5 mA, VCOMP1 = VCOMP2 =0 V, 3.1 3.8 - \Y%
VENB =33V
Switching Frequency fsw.cp - 65 - kHz
VCC PIN VOLTAGE
Output Voltage Vyee Vyreg =95.35V - 4.65 - \
THERMAL PROTECTION
Thermal Shutdown Threshold [2] Trsp T, rising 155 170 185 °C
Thermal Shutdown Hysteresis [2] Thyvs - 20 - °C

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
3 The lowest operating voltage is only valid if the conditions Vyy > Vyy start @and Vyep — Vyiy > VCPyy  and Vygeg > VREGy  are satisfied before VIN is reduced.

Continued on next page...
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

ELECTRICAL CHARACTERISTICS (continued) ['I: Valid at 3.5 V < V,y < 36 V, -40°C < T, = T, < 150°C,
unless otherwise specified.

Characteristic | Symbol | Test Conditions | Min. | Typ. | Max. | Unit
OUTPUT VOLTAGE SPECIFICATIONS
Buck Output Voltage - Regulating |  Vygea | Vuw=135V,ENB=1,01A<lpec<125A | 525 | 535 | 545 | v
PULSE-WIDTH MODULATION (PWM)
PWM Ramp Offset PWM1orrs | Veowmps for 0% duty cycle - 400 - mV
VV|N = 1_35 V, 10% to 90%, IVREG =1 A, _ 0.9 _ Vins
. Rs ew = 22.1 kQ
LX1 Rising Slew Rate Control [2] LX1rise
VV|N =135 V, 10% to 90%, IVREG =1 A, _ 03 _ Vins
RSLEW =249 kQ '
LX1 Falling Slew Rate [2] LX1eaL | Vuin = 13.5V, 90% to 10%, lygeg = 1A - 1.5 - Vins
Buck Minimum On-Time ton mIN,BUCK - 100 150 ns
Buck Maximum Duty Cycle Dmaxsuck | toresuck < 50 ns - 100 - %
Boost Minimum Off-Time ton mIN,BST 100 130 230 ns
Dwingst | After Vyy > VINgarT Vyin = 6.5V - 20 - %
Boost Duty Cycle -
Duaxpst | After Vy iy > VINgtarT, Vyin =3.5V - 58 68 %
COMP1 to LX1 Current Gain 9MpoWER1 - 4.5 - ANV
) fosc =2 MHz 1.04 1.48 1.92 Alus
Slope Compensation [2] Sgq
fosc =400 kHz 0.22 0.33 0.44 Alus
INTERNAL MOSFET
Vyin =135V, T;=-40°C 2], Ipg=0.1A - 50 65 mQ
MOSFET On-Resistance Rbson Vyn =135V, T;=25°CBl, Ipg=0.1A - 75 90 mQ
Vyn =135V, T;=150°C, Ipg=0.1A - 150 180 mQ
IC disabled, V| xq =0V, Vy = 16 V, =40°C < 10 A
T,<85°CHI - - H
MOSFET Leakage IFETLKG -
' IC d|Sab|ed, VLX1 =0 V, VV|N =16 V, -40°C < _ 50 150 A
T, <150°C H
ERROR AMPLIFIER
Open-Loop Voltage Gain AvoL1 - 60 - dB
Vggq1 =750 mV 550 750 950 pANV
Transconductance IMepq
Vgsgq = 500 mV 275 375 475 AV
Output Current lEA1 - 175 - HA
Maximum Output Voltage EA1y0(max) 1.3 1.7 21 \
Minimum Output Voltage EA1vo(min) - - 300 mV
) HICCUP1 =1 or FAULT1 =1 or
COMP1 Pull-Down Resistance Rcowmpi IC disabled, latched until Vsg; < VSSTrsr - 1 - kQ

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
3 Specifications at 25°C or 85°C are guaranteed by design and characterization, not production tested.

Continued on next page...
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

ELECTRICAL CHARACTERISTICS (continued) [1]: Valid at 3.5 V < V,y <36 V, -40°C < T, = T, < 150°C,
unless otherwise specified.

Characteristic | symbol | Test Conditions Min. Typ. Max. Unit
BOOST MOSFET (LG) GATE DRIVER
LG High Output Voltage ViG,oN Vyn =6V, Vygeg =5.35V 4.6 - 55 \
LG Low Output Voltage Vicorr | Vuin =135V, Vygeg = 5.35V - 0.2 0.4 Vv
LG Source Current [] IL.oN Vyn=6V,Vyreg =535V, V g =1V - -300 - mA
LG Sink Current [1] lLeorr | V=135V, Vyreg =535V, V g =1V - 150 - mA
SOFT-START
SS1 Offset Voltage VSS1orrs | Vsgq rising due to ISS1gy - 400 - mV
SS1 Fault/Hiccup Reset Voltage VSSiggr \|=/,§f11|_fTayi291d;ﬁ(t:O d';'s'gggdm =Tor 140 200 275 mv
SS1 Startup (Source) Current ISS1gy Vggq = 100 mV, HICCUP1 = FAULT1 =0 -10 -20 -30 pA
SS1 Hiccup (Sink) Current ISS14c | Vsst1 = 0.5V, HICCUP1 = 1 5 10 15 A
SS1 Delay Time tss1.oLy Cgg1 =22 nF - 440 - us
S§S1 Ramp Time tss1 Css1=22nF - 880 - us
$S1 Pull-Down Resistance RPDss; \F/':;LP\/;; f;rs'f disabled, latched unti - 3 - kO
0V <Vyres < 1.3 Vivp - fosc/4 - -
SS1 PWM Frequency Foldback fawi ss 1.3V < Vygreg < 2.7 Vryp - fosc/2 - -
Vvreg > 2.7 Vrvp - fosc - -
HICCUP MODE
Vss1 > Vhict ens Vwres < 1.3 Vrve Vooup = _ 30 _ PWM
Hiccup1 OCP PWM Counts thict ocp EATvO(max cycles
' Vss1 > Vhict en» Vvre > 13 Vrve Veowr = _ 120 _ PWM
EA1y0(max) cycles
CURRENT PROTECTIONS
Pulse-by-Pulse Current Limit ILiM1,ton(min) | ton = tongminy 3.8 4.3 4.8 A
LX1 Short-Circuit Current Limit ILim,Lx1 Latched off after 1 detection 7.5 10 - A
MISSING ASYNCHRONOUS DIODE (D1) PROTECTION
Detection Level Vb,oPEN -1.4 -1.1 -0.8 \Y
Time Filtering (2 tp.oPEN 50 - 250 ns

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
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Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

A4411

ELECTRICAL CHARACTERISTICS — ADJUSTABLE SYNCHRONOUS BUCK REGULATOR [I:
Valid at 3.6 V <V|y <36V, —40°C < T, =T, < 150°C, unless otherwise specified.

Characteristic | symbol | Test Conditions | Min. | Typ. | Max. | unit
FEEDBACK REFERENCE VOLTAGE
Reference Voltage | Vegaos | | 787 | 80 | 813 | mv
PULSE-WIDTH MODULATION (PWM)
PWM Ramp Offset PWM2oges | Veomp2 for 0% duty cycle - 350 - mV
High-Side MOSFET Minimum On-Time tonminy - 65 105 ns
High-Side MOSFET Minimum OF-Time | topruny | poc o Moo (018l gate drivernon-overiap - 80 110 ns
» INo
Gate Driver Non-Overlap Time [2] tno - 15 - ns
COMP2 to LX2 Current Gain 9MpowER?2 - 25 - AN
. fosc =2 MHz 0.45 0.63 0.81 Alus
Slope Compensation 2] Sk,
fosc =400 kHz 0.12 0.14 0.19 Alus
INTERNAL MOSFETS
o . Tp=25°C 3, Ipg = 100 mA - 150 180 mQ
High-Side MOSFET On-Resistance Rbson(Hs)
Ips = 100 mA - - 300 mQ
LX2 Node Rise/Fall Time [2] tR/F,LXZ VVREG =55V - 12 - ns
IC disabled, Vi x2 =0V, Vygeg = 5.5V, _ _ 2 A
—40°C <T, < 85°C 3] g
ngh-Slde MOSFET Leakage 1 IDSS (HS) X
IC d|Sab|ed, VLXZ =0 V, VVREG =55 V, _ 3 15 A
-40°C < T, < 150°C v
, . Tp = 25°C 18], Ipg = 100 mA - 55 65 mQ
Low-Side MOSFET On-Resistance Rpson(Ls)
Ips = 100 mA - - 110 mQ
, IC disabled, V| x, = 5.5 V, -40°C < T, < 85°C [3] - - 1 pA
Low-Side MOSFET Leakage 1 IDSS (LS) -
IC disabled, V| x, =5.5V, -40°C < T; < 150°C - 4 10 pA
ERROR AMPLIFIER
Feedback Input Bias Current ['] g ap | | COMP2S 0.8 V. Visap, regulated so that - 150 -350 nA
' COMP2 =
Open-Loop Voltage Gain [2] Ao - 60 - dB
ICOMP2 =0 HA, VSSZ > 500 mV 550 750 950 IJA/V
Transconductance IMEgpo
0V <Vgg, <500 mV - 250 - HAN
Source and Sink Current lea2 Veompz =15V - 150 - HA
Maximum Output Voltage EA2y0(max) 1.00 1.25 1.50 \
Minimum Output Voltage EA2y0(min) - - 150 mV
HICCUP2 =1 or FAULT2 =1 or
COMP?2 Pull-Down Resistance Rcomp2 Vengatx £ 2.2 V and Vgpg < 0.8V, latched until - 1.5 - kQ
Vss2 < VSS2rst

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
3 Specifications at 25°C or 85°C are guaranteed by design and characterization, not production tested.
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

ELECTRICAL CHARACTERISTICS — ADJUSTABLE SYNCHRONOUS BUCK REGULATOR (continued) [I:
Valid at 3.6 V < V| <36V, —-40°C < T, =T, < 150°C, unless otherwise specified.

Characteristic | Symbol | Test Conditions | Min. | Typ. | Max. | Unit
SOFT-START
SS2 Offset Voltage VSS2,OFFS Vssz rising due to ISSZ,SU 120 200 270 mV
. Vggo falling due to HICCUP2 = 1 or _
SS2 Fault/Hiccup Reset Voltage Vsso.rsT FAULT? = 1 or IC disabled 100 120 mV
SS2 Startup (Source) Current Iss2.5U Vg2 =1V, HICCUP2 = FAULT2 =0 -10 -20 -30 pA
SS2 Hiccup (Sink) Current lsszric | Vssz = 0.5 V, HICCUP2 = 1 5 10 20 A
SS2 to VADJ Delay Time tSSZ,DLY CSSZ =10 nF - 100 - VS
Vg apy Soft Start Ramp Time tsso Cggp =10 nF - 400 - us
SS2 Pull Down Resistance RPDssy FAULT2 = 1 or IC disabled, latched until Vgg, B > _ kO
Veg,apy < 300 mVyyp - fosc/4 - -
SS2 PWM Frequency Foldback fSW2,SS 300 mVTYP < VFB,ADJ <500 mVTYP - fosclz - -
VEg,apy > 500 mMVyyp - fosc - -
HICCUP MODE
Hiccup2 OCP Enable Threshold Vuic2en | Vssa rising - 1.2 - \
PWM
Vss2 > Vhic2en: Vrs aps < 300 mVryp - 30 - cycles
Hiccup2 OCP Counts thice.ocp WM
Vss2 > Vhic2en: Vis,apy > 300 mVyyp - 120 - cycles
CURRENT PROTECTIONS
| o Duty cycle = 5% 1.8 2.1 2.4 A
Pulse-by-Pulse Current Limit LIM2,5% Yoy >
IL|M2,90% Duty CyCIe =90% 1.2 1.6 2.0 A
P . V| x2 stuck low for more than 60 ns, _ Vyreg _
LX2 Short-Circuit Protection Vimee Hiccup mode after 1 detection -1.2V v

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
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Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

A4411

ELECTRICAL CHARACTERISTICS - LINEAR REGULATOR (LDO) SPECIFICATIONS [11:
Valid at 3.5V <V|y <36V, -40°C < T, =T, < 150°C, unless otherwise specified.

Characteristic | Symbol | Test Conditions | Min. | Typ. Max. Unit
V5snr» V5can: AND V5P LINEAR REGULATORS
V5gnr Accuracy and Load Regulation Vys.sNR 10 mA < lys snr < 150 MA, Vygeg = 5.25V 4.9 5 5.1 \
V5g\r Output Capacitance [2] CouTvs.SNR 1 - 22 uF
V5N Accuracy and Load Regulation Vys can 10 mA < lys can < 200 mA, Vyrgg =95.25 V 4.9 5 5.1 \Y
V5can Output Capacitance [2] CouTvs.cAN 1 - 22 uF
V5P Accuracy and Load Regulation Vysp 10 mA < lysp < 120 mA, Vyreg =5.25V 4.9 5 5.1 \Y
V5P Output Capacitance [ CouTvsp 1.6 2.2 4.1 uF

Vyin = 5.35V, Vyreg = 5.19 V, Vycp = 9.4 V,
Vysx MINT lys snr = 50 MA, lys can = 200 MA, lysp = 4.86 4.95 - \Y
V5 and V5P Minimum Output 75 mA, l3y3 =700 mA (510 mA to VREG)
Voltage 121 Vyin =450 V, Vyreg = 4.34 V, Vycp = 8.5V,
Vyscminz | vs.sng = 50 MA, Iys can = 200 MA, Iysp = 4.06 4.29 - Vv
75'mA, ly3 = 700 mA (610 mA to VREG)

V5P TRACKING
V5P/ADJ Tracking Ratio Vysp + Vg apy 6.218 6.250 6.282 -
V5P/ADJ Tracking Accuracy TRACKap, K/?;i Y - Ves,apy < 800 mV, TRACK =1, -05 - 405 %
V5P/V5g\r Tracking Accuracy TRACKy5 sNR ﬁ/:s\:"::\/\;sssgi< 5V, TRACK =0, lysp = -25 _ +25 mv
V5P OVERCURRENT PROTECTION
V5P Current Limit [1] V5P | Vysp=5V -140 -200 - mA
V5P Foldback Current [] V5P ek Vysp =0V -10 - -90 mA
V55yr OVERCURRENT PROTECTION
V5gnR Current Limit [1 V5snrim | Vis.snr =5V -175 -245 - mA
V5g\r Foldback Current [1] V5snrirek | Vs.snr = 0V -35 -70 -105 mA
V5can OVERCURRENT PROTECTION
V5can Current Limit [1] V5canim | Vvscan =5V -230 -325 - mA
V5N Foldback Current [1] V5canrek | Vvscan =0V -50 -95 -140 mA
V5P & V5gyr, AND V4¢,y STARTUP TIMING
V5P Startup Time [2] Cysp < 2.9 pF, Load =42 Q +5% (120 mA) - 0.26 1.1 ms
V5gpr Startup Time [21 Cus.snr < 2.9 WF, Load = 33 Q +5% (150 mA) - 0.24 1 ms
V5¢,y Startup Time [2] Cys.can < 2.9 WF, Load = 25 Q +5% (200 mA) - 0.22 1 ms

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
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A4411

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

ELECTRICAL CHARACTERISTICS — CONTROL INPUTS [21: Valid at 3.5 V < V| < 36 V, —40°C < T, = T, < 150°C, unless

otherwise specified.

Characteristic | Symbol Test Conditions Min. Typ. Max. Unit
IGNITION ENABLE (ENBAT) INPUTS
ENBAT Thresholds Vensarr | Vengar fising 29 A 35 v
VensarL | Vensar falling 22 26 2.9 Y%
ENBAT Hysteresis Vengathys | VensarH — VENBATL - 500 - mV
ENBAT Bias Current [1 T — Voo = 391V - 0 % WA
' T, = 150°C, Vgypar = 3.51 V - 50 80 pA
ENBAT Pull-Down Resistance Rengar | Vensar < 1.2V - 650 - kQ
LOGIC ENABLE (ENB) INPUT
ENB Thresholds Vensn | Vens rioing — — 2 v
VensL | Vens falling 0.8 - - v
ENB Bias Current ['] lENB,IN Veng = 3.3V - - 175 PA
ENB Resistance Rens - 60 - kQ
ENB/ENBAT FILTER/DEGLITCH
Enable Filter/Deglitch Time EN g piT 10 15 20 us
ENB/ENBAT SHUTDOWN DELAY
Measure td, po o from the falling edge of
LDO Shutdown Delay td  po,ore | ENB and ENBAT to the time when all LDOs 15 50 100 us
begin to decay
TRACK INPUTS
TRACK Thresholds Vi Virack Ming — — 2 v
Voo V1rack falling 0.8 - - \
TRACK Bias Current [1] IBIASTRi - -100 - pA
FSET/SYNC INPUTS
FSET/SYNC Pin Voltage Veserisyne | No external SYNC signal - 800 - mV
FSET/SYNC Bias Current IBIASEgET - -100 - nA
F(?Jiz/:rzsr?enot?%neggzgﬁ Time s\\/(;?:EJi: 1 MHz PWM operation if open - 3 - us
FoSvEeTr:: ﬁﬁ:ﬁ)sgggfﬁgﬁuﬁme s\:ZZE;é 1 MHz PWM operation if shorted - 3 - us
Sync. High Threshold SYNCyy | Vsync rising - - 2 \
Sync. Low Threshold SYNCy,. | Vsync falling 0.5 - - \
Sync. Input Duty Cycle DCsynec - - 80 %
Sync. Input Pulse Width tWsyne 200 - - ns
Sync. Input Transition Times [2] ttsync - 10 15 ns
SLEW INPUTS
SLEW Pin Operating Voltage VsLew - 800 - mV
%ﬂ’;’rz’r’rgnﬁ%ectg:gn Time Vsiewue | LX1 defaults to 1.5 Vins if fault - 3 - us
SLEW Pin Short Crouit (Overeurent) | v ewoc | LX1 defaults to 1.5 Vins if fault - 3 - us
SLEW Bias Current (1] lsLew - -100 - nA

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
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A4411

Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a

ELECTRICAL CHARACTERISTICS — DIAGNOSTIC OUTPUTS ['I:
Valid at 3.5V <V <36V, —-40°C < T, =T, < 150°C, unless otherwise specified.

Characteristic | Symbol | Test Conditions Min. Typ. Max. Unit
NPOR OV/UV PROTECTION THRESHOLDS
V V risin 825 845 865 mV
FBap, OV Thresholds FBADJOVH | FB.AD) T
Vesapsovi | Vesapy falling - 838 - mV
FBapy OV Hysteresis Veg.apJovHYs | VFBADJOVH ~ VFBADJOVL 3 7 14 mV
V V risin - 762 - mV
FBapy UV Thresholds FBADJUVA | VFBAD) T
VFB,ADJ,UV,L VFB,ADJ falllng 735 755 775 mV
FBapy UV Hysteresis VesapsuvHys | Ves.apsuvH — VEB.ADJUVL 3 7 14 mV
NPOR TURN-ON AND TURN-OFF DELAYS
. Vveg.aps > Ve ApJ,uvH» S€€ Figure 11 for
NPOR Turn-On Delay tdypor,on timing details 1.6 2 24 ms
) ENB and ENBAT low for t > tdg 1, _ _
NPOR Tum-Off Delay tANPOROFF | gge Figure 11 for timing details 3 HS
NPOR OUTPUT VOLTAGES
ENB o_r ENBAT high, Vyy22.5V, _ 150 400 mv
Inpor = 4 MA
NPOR Output Low Voltage VNPOR.L -
’ ENB or ENBAT high, Vyy =15V,
_ - - 800 mV
INpOR = 2 MA
NPOR Leakage Current [1] INPOR LKG Vnpor = 3.3V - - 2 pA
NPOR AND POK5V OV DELAY TIME
V5P, V5gnRr, V5cans OF FBap, Overvoltage
Overvoltage Detection Delay tdoy detection delay time (two independent 3.2 4 4.8 ms
timers, NPOR and POK5V)
NPOR AND POK5V UV FILTERING/DEGLITCH
. . ) Applies to undervoltage of the FBpy, Vognr,
UV Filter/Deglitch Times tdrt V5can, and V5P voltages 10 15 20 us
POK5V OV/UV PROTECTION THRESHOLDS
\ Vs risin 5.15 5.33 5.50 \
V5gng and V5cay OV Thresholds Vox.OVH vex 19119
VV5X,OV,L VV5X falllng - 5.30 - \
V5gnr and V5 OV Hysteresis Vysxovhys | VvsxovH = YvsxovL 15 30 50 mV
V Vysy risin - 4.71 - \
V5g\r and V5eay UV Thresholds Vox.UVH vex 9119
VV5X,UV,L VVSX falllng 4.50 4.68 4.85 \%
VSSNR and VSCAN uv Hysteresis VV5X,UV,HYS VV5X,UV,H - VV5X,UV,L 15 30 50 mV
V5P Output Disconnect Threshold Vysppisc Vysp rising - 7.2 - \Y
V Vysp risin 5.15 5.33 5.50 \
V5P OV Thresholds VSROVH vep 59
VV5P,OV,L Vv5p falllng - 5.30 - \
V5P OV Hysteresis VV5P,OV,HYS VVSP,OV,H - VV5P,OV,L 15 30 50 mV
V Vysp risin - 4.71 - \
V5P UV Thresholds VSRUVH vsp 1519
VVP5,UV,L Vv5p falllng 4.50 4.68 4.85 \%
V5P UV Hysteresis Vyspuvhys | YvspuvH — VvspuvL 15 30 50 mV
1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
Continued on next page...
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

ELECTRICAL CHARACTERISTICS — DIAGNOSTIC OUTPUTS (continued) [I:
Valid at 3.5V <V|\y <36V, —-40°C < Tp =T, < 150°C, unless otherwise specified.

Characteristic | Symbol | Test Conditions | Min. Typ. Max. Unit
POK5V OUTPUT VOLTAGES
ENB = 1 or ENBAT =_1, _ 150 400 mv
Vyin 2 2.5V, Ippoksy = 4 mA
POK5V OUtpUt VOItage VPOK5V L
’ ENB = 1 or ENBAT= 1, _ _ 800 mv
VV|N =15 V, IPOKSV =2mA
POKSV Leakage Current lpoksvike | Veoksy = 3.3V - - 2 pA
VREG, VCP, AND BG THRESHOLDS
VREG \ rising, LX1 PWM disabled 5.70 5.95 6.20 \%
VREG OV Thresholds ovn | TvREG MY
VREGqy, | Vyreg falling, LX1 PWM enabled - 5.85 - V
VREG OV HyStereSiS VREGOV’ HYS VREGOV,H - VREGOV,L - 100 - mV
VREG V rising, triggers rise of SS2 4.14 4.38 4.62 \Y
VREG UV Thresholds uvr | “vRee MG, 99
VREGUV,L VVREG falllng - 4.28 - \Y
VREG UV HyStereSiS VREGUV, HYS VREGUV,H - VREGUV,L - 100 - mV
VCP OV Thresholds VCPgyH Vycp rising, latches all regulators off 1" 12.5 14 \
VCP, Vycp rising, PWM enabled 2.95 3.15 3.35 \%
VCP UV Thresholds r | Tvep T8 :
VCPyyL Vycp falling, PWM disabled - 2.8 - \
VCP UV Hysteresis VCPuyhys | Vepuvn — Vepuv - 350 - mV
BGREF and BGFAULT UV Thresholds [2] BGXUV BGVREF or BGFAULT riSing 1.00 1.05 1.10 V
IGNITION STATUS (ENBATS) SPECIFICATIONS
V V risin 2.9 3.3 3.5 \%
ENBATS Thresholds ENBATSH | YENBAT OO
Vensats | Vensarx falling 2.2 2.6 2.9 Vv
ENBATS OUtpUt Voltage VOENBATS, LO IENBATS =4 mA - - 400 mV
ENBATS Leakage Current 1 IENBATS VENBATS =33V - - 2 HA

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

ELECTRICAL CHARACTERISTICS — PULSE WIDTH WINDOW WATCHDOG TIMER (PWWD) [1]:
Valid at 3.5V <V|y <36V, -40°C < T, =T, < 150°C, unless otherwise specified.

Characteristic | Symbol | Test Conditions | Min. | Typ. | Max. Unit
WD ENABLE\INPUT (WDgy,)
WDgy, Voltage Thresholds WDgnno | Vwpenn fi':ll?ing, WDT e.nabled 0.8 - - \
WDgnnmi | Vwoenn rising, WDT disabled - - 2 \Y
WDegy, Input Resistance Rwb.ENn - 60 - kQ
WD, VOLTAGE THRESHOLDS AND CURRENT
WD,y Input Voltage Thresholds WDinio | Vwoun fj‘llfing' WDapy PU”eé low by Rap, 0.8 - - v
WD\ Hi Vo, N rising, WDpp, charging - - 2 \
WD,y Input Current [1] WD, |\ Vwpin=5V -10 +1 10 pA
WDy SPECIFICATIONS
WDgyt Output Voltage Vwp.outro | lwpout =4 mA - - 400 mV
WDgyt Leakage Current[1] lwpour | Vwp,our=3-3V - - 2 PA
WATCHDOG (WD) OSCILLATOR, PULSE WIDTH SELECTION, AND START DELAY
WD Oscillator Tolerance WDosc oL | Typical value is at 25°C [2] -5 25 +5 %
WD Startup Delay WDstarTpLY | Gated by WDgy,, =0 x NPOR1 1.6 2 24 ms
WD,y Pulse-Width Programming WD\ pw Rapy = 221 KO (WDosc = 1 MHz) 095 ! 1.05 me
' Rapy = 44.2 kQ (WDggc = 500 kHz) 1.9 2 21 ms
WD First Edge Timeout Delay WDgpee 10 Rapy = 221 kO (WDosc = 1 MHz) aill > >3 me
' Rapy = 44.2 kQ (WDggc = 500 kHz) 9.4 10 10.6 ms
o Rapy = 22.1 kQ (WDggc = 1 MHz) 15.2 16 16.8 ms
WD CLKy Non-Activity Timeout WDacT10
' Rapy = 44.2 kQ (WDgsc = 500 kHz) 30.4 32 33.6 ms
WATCHDOG CLOCK INPUT (WD¢,  n)
Input Clock Divider WDg k piv - 8 - -
WD¢k n Voltage Thresholds WDeikinio | Vwooukn fél?ing 08 ~ — v
' WDcik,nHI_| Vwb,cLkn fising - - 2 \
WATCHDOG WINDOW TOLERANCE SELECTION (WDyy,y 1oL)
WD+, pin connected to GND -8 - +8 %
WD Window Tolerance Settings WDy, toL | WDoL pin floating -13 - +13 %
WD+, pin connected to VCC -18 - +18 %
WATCHDOG PULSE WIDTH (PW) ERROR COUNTING
Counter Increment if PW Fault WDnc - +10 - counts
Counter Decrement if PW is OK WDpgc - -2 - counts
Counts to Latch WDgpy 1 Low WDcount - 160 - counts

1 Negative current is defined as coming out of the node or pin (sourcing), positive current is defined as going into the node or pin (sinking).
2 Ensured by design and characterization, not production tested.
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A4411

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a

Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

FUNCTIONAL DESCRIPTION

Overview

The A4411 is a power management IC designed for automotive
applications. It contains a pre-regulator plus four DC post-
regulators to create the voltages necessary for typical automotive
applications, such as electrical power steering and automatic
transmission control.

The pre-regulator can be configured as a buck or buck-boost
regulator. Buck-boost is required for applications that need to
work at extremely low battery voltages. This pre-regulator gener-
ates a fixed 5.35 V and can deliver up to 1 A to power the internal
or external post-regulators. These post-regulators generate the
various voltage levels for the end system.

The A4411 includes four internal post-regulators: three linear
regulators and one adjustable output synchronous buck regulator.

Buck-Boost Pre-Regulator (VREG)

The pre-regulator incorporates an internal high-side buck switch
and a boost switch gate driver. An external freewheeling Schottky
diode and an LC filter are required to complete the buck con-
verter. By adding a MOSFET and a Schottky diode, the boost
configuration can maintain all outputs with input voltages as low
as 3.5 V. Typical boost performance is shown in Figure 1. The
A4411 includes a compensation pin (COMP1) and a soft-start pin
(SS1) for the pre-regulator.

e

i

A
F
-

1B B

Figure 1: Buck-Boost Performance with Relatively Fast
Vyy Transition Times for a Representative Start/Stop
Waveform

VV|N(TYP) =12 V, VV|N(M|N) =4 V, 20 ms/DIV

The pre-regulator provides protection and diagnostic functions.

Overvoltage protection

High voltage rating for load dump
Switch-node-to-ground short-circuit protection
Open freewheeling diode protection

Pulse-by-pulse current limit

A e

Hiccup mode short-circuit protection (refere to Figure 2)

A ’

Figure 2: Pre-Regulator Hiccup Mode Operation when
VREG is Shorted to GND and Cggq = 22nF

CH1 =VREG, CH2 = COMP1, CH3 = SS1, CH4 =14, 1 ms/DIV
For the pre-regulator, hiccup mode is enabled when PWM
switching begins. If Vg is less than 1.3 V, the number of
overcurrent pulses (OCP) is limited to only 30. If Vyrgg is
greater than 1.3 V, the number of OCP pulses is increased to 120
to accommodate the possibility of starting into a relatively high
output capacitance.

Adjustable Synchronous Buck Regulator
(ADJ)

The A4411 integrates the high-side and low-side MOSFETs
necessary for implementing an adjustable output 750 mAp/

1 Apgag synchronous buck regulator. The synchronous buck is
powered by the 5.35 V pre-regulators output. An external LC
filter is required to complete the synchronous buck regulator.
The synchronous bucks output voltage is adjusted by a connect-
ing a resistor divider from the bucks output to the feedback pin
(FBapyj). The A4411 includes a compensation pin (COMP2) and
a soft-start pin (SS2) for the synchronous buck.

egro-
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Protection and safety functions provided by the synchronous
buck are:

Undervoltage detection

Overvoltage detection

Switch-node-to-ground short-circuit protection

Pulse-by-pulse current limit

A

Hiccup mode short-circuit protection (shown in Figure 3)

por) e

/]

Figure 3: Synchronous Buck Hiccup Mode Operation
when Vgt is Shorted to GND and Cgg, = 22 nF

CH1=Vgy1, CH2=COMP1, CH3=8S1, CH4=IL1, 500 ps/DIV
For the synchronous buck, hiccup mode is enabled when Vgg, =
Viic2ex (1.2 Vryp). If Veg apj is less than 300 mVpyp the num-
ber of over current pulses (OCP) is limited to only 30. If Vg ap;
is greater than 300 mV yp the number of OCP pulses is increased
to 120 to accommodate the possibility of starting into a relatively
high output capacitance.

Low-Dropout Linear Regulators (LDOs)

The A4411 has three low-dropout linear regulators (LDOs), one
5V/200 mApax (V5can)s one 5 V/ 150 mAyax (VSgnr), and
one high-voltage protected 5 V/120 mAy;5x (V5P). The switch-
ing pre-regulator efficiently regulates the battery voltage to an
intermediate value to power the LDOs. This pre-regulator topol-
ogy reduces LDO power dissipation and junction temperature.

All linear regulators provide the following protection features:

1. Undervoltage and overvoltage detection

2. Current limit with foldback short-circuit protection (see
Figure 4)

The protected 5 V regulator (V5P) includes protection against

accidental short-circuit to the battery voltage. This makes this

output most suitable for powering remote sensors or circuitry via

a wiring harness where short-to-battery is possible.
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Figure 4: LDO Foldback Characteristics
Tracking Input (TRACK)

The V5P LDO is a tracking regulator. It can be set to use either
V5 or Vg Apy as its reference by setting the TRACK input pin to
a logic low or high. If the TRACK input is left unconnected an
internal current source will set the TRACK pin to a logic high.

5v
VREG I TRACKING V5P
LDO

A
REFERENCE

2:1
MUX

i

V5 VFB‘ADJ

Figure 5: The V5P reference is set by the TRACK input.
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Pulse-Width Window Watchdog (PWWD)

The A4411 pulse-width window watchdog circuit monitors an
external clock applied to the WDy pin. This clock should be
generated by the primary microcontroller or DSP. The A4411
watchdog measures the time between two clock edges, either
rising or falling. So the watchdog effectively measures both the
“high” and “low” pulse widths, as shown in Figure 16.

If an incorrect pulse width is detected, the watchdog increments
its fault counter by 10. If a correct pulse width is detected, the
watchdog decrements its fault counter by 2. If the watchdog’s
fault counter exceeds 160, then the WD fault latch will be set and
the WDyt pin will transition low. This fault condition is shown
in Figure 16.

The watchdog and its fault latch will be reset if:
The WDgy, pin is set high (i.e. WD is disabled), or
NPOR goes low (i.e. ENB and ENBAT are low), or

1.
2.
3. The internal rail, VCC, is low (i.e. Vypy is removed), or
4.

The bandgap, BG1, transitions low.

DIV by
WD
EEEEE 8 . PULSE WIDTH
WDy, =0V WINDOW WATCHDOG
500 kHz — 1 MHz
] >WDjusrer i
NPOR | RISING
— I;Eg&EY [ WDicne RESET
Wo,... DOMINANT
WD, 1
) RESET =

EDGE DETECT
+8% / £13% | £17%

LATCH

Figure 6: Pulse-Width Window Watchdog

The expected pulse width (PW) is programed by connecting a
resistor (R py) from the WD 4y pin to ground. The relationship
between R p; and PW is:

Rypy=22.1 xPW
where PW is in ms and R ,py; is the required external resistor
value in kQ. The typical range for PW is 1 to 2 ms.

The watchdog will be enabled if the following two conditions are
satisfied:

1. The WDgy, pin is a logic low, and

2. NPOR transitions high and remains high for at least
WDgrarT,pLY (2 mstyp). This requires all regulators to be
above their undervoltage thresholds.

This startup delay allows the microcontroller or DSP to complete
its initialization routines before delivering a clock to the WDy
pin. The WDgrarT pry time is shown in Figure 16.

After startup, if no clock edges are detected at WDy for at least
WDgrarTDLY T WDEDGE 1O the A4411 will set the WD latch
and WD p will transition low. WDgpgE 1o varies with the
value of R py as shown in the Electrical Characteristics table.
The “edge timeout” condition is shown as (1) in Figure 17.

During normal operation, if clock activity is no longer detected
at WDy for at least WD 5110, the A4411 will set the WD latch
and WD p will transition low. WD s ¢t 1o varies with the value
of Rp; as shown in the Electrical Characteristics table. The “loss
of clock activity” condition is shown as (2) in Figure 17.

The nominal WDy pulse width is set by the value of R ypy;.
However, the pulse widths generated by a microcontroller or DSP
depend on many factors and will have some pulse-to-pulse varia-
tion. The A4411 accommodates pulse-width variations by allow-
ing the designer to select a “window” of allowable variations. The
size of the window is chosen based on the voltage at the WD
pin, as shown in Table 1.

Table 1: WDTOL Pin Voltage Determines the WDIN Pulse
Width Tolerance or “Window”

WD+o (V) Allowed WD)y Pulse-Width Tolerance
Low (0 V) +8%

Float (Open) +13%

High (VCC) +18%

The watchdog performs its calculations based on an internally
generated clock. The internal clock typically has an accuracy of
+2.5%, but may vary as much as +5% due to IC process shifts
and temperature variations. Variations in this clock result in a
shift of the “OK Region” (i.e. the expected pulse width) at WDp,
shown as a green area in Figure 18.

If the internal clock does not provide enough pulse-width mea-
surement accuracy, the A4411 allows the designer to accept a
high-precision clock at the WD g 1y pin. If the WD g 1y pin is
used, then the WD s pb; pin must be grounded. Figure 7 shows an
example where a crystal and a tiny 6-pin driver (74LVC1GX04
by TI or NXP) are used to generate an external clock. The
external clock should be in the 4 to 8 MHz frequency range for
corresponding WDy pulse widths of 1 to 2 ms.
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,rVREG

PULSE WIDTH
xtaL §EXTWDCLK e DIV by 0.5 MHz ~1 MHz (PW) WINDOW
DRIVER | 4 MHz -8 MHz 8 WATCHDOG
TALVC1GX04 v
4
T T 1
ﬂ - WD,W VXDBusc '—O/<o—> WDMASTER oK
+5% |
= Ground WD, if : 05 MH 1 s PW
using WD, _ - z—1ms
I I 9 W WD, =0V 1.0 MHz — 2 ms PW

Figure 7: Applying an External Clock

Applying an external clock to the WD¢,  y pin allows extremely
accurate pulse-width measurements.

Dual Bandgaps (BGyrgr, BGpayLr)

Dual bandgaps, or references, are implemented within the
A4411. One bandgap (BGyggr) is dedicated solely to closed-loop
control of the output voltages. The second bandgap (BGgayt)

is employed for fault monitoring functions. Having redundant
bandgaps improves reliability of the A4411.

If the reference bandgap is out of specification (BGyggp), then
the output voltages will be out of specification and the monitor-
ing bandgap will report a fault condition by setting NPOR and/or
POKS5V low.

If the monitoring bandgap is out of specification (BGgayr 1), then
the outputs will remain in regulation, but the monitoring circuits
will report a fault condition by setting NPOR and/or POK5V low.

The reference and monitoring bandgap circuits include two
smaller secondary bandgaps that are used to detect undervoltage
of the main bandgaps during power-up.

Adjustable Frequency and Synchronization
(FSET/SYNC)

The PWM switching frequency of the A4411 is adjustable from
250 kHz to 2.4 MHz. Connecting a resistor from the FSET/
SYNC pin to ground sets the switching frequency. An FSET
resistor with £1% tolerance is recommended. The FSET resistor
can be calculated using the following equation:

_ fg)sc )-1.175
Rrser 12724

where Rggpt 18 in kQ and fogc is the desired oscillator (PWM)
frequency in kHz.

A graph of switching frequency versus FSET resistor values is
shown in Figure 8.

The PWM frequency of the A4411 may be increased or decreased
by applying a clock to the FSET/SYNC pin. The clock must sat-
isfy the voltage thresholds and timing requirements shown in the
Electrical Characteristics table.

2250

= 2000 |

L] A

x \

= 1750

>

e
1500

]

S \

o

© 1250

e

§ 1000

8 N

= 750

8 S

O \\
500 S
250

5 10 15 20 25 30 35 40 45 50 55 60
Reser (kQ)

Figure 8: Switching Frequency vs. FSET Resistor
Values

Frequency Dithering and LX1 Slew Rate Control

The A4411 includes two innovative techniques to help reduce
EMI/EMC for demanding automotive applications.

First, the A4411 performs pseudo-random dithering of the PWM
frequency. Dithering the PWM frequency spreads the energy
above and below the base frequency set by Rpgpr. A typical fixed-
frequency PWM regulator will create distinct “spikes” of energy
at fogc, and at higher frequency multiples of fogc. Conversely,
the A4411 spreads the spectrum around fogc, thus creating a
lower magnitude at any comparable frequency. Frequency dither-
ing is disabled if SYNC is used or Vyy drops below approxi-
mately 8.3 V.

Second, the A4411 includes a pin to adjust the turn-on slew rate
of the LX1 pin by simply changing the value of the resistor from
the SLEW pin to ground. Slower rise times of LX1 reduce ring-
ing and high-frequency harmonics of the regulator. The rise time
may be adjusted to be quite long and will increase thermal dis-
sipation of the pre-regulator if set too slow. Typical values of rise
time versus Rgj gy are listed in Table 2.
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Table 2: Typical LX1 Rising Slew Rate vs. Rg g\

RsLew (kQ) LX1 Rise Time (ns)
8.66 7
442 »
100 20

Enable Inputs (ENB, ENBAT)

Two enable pins are available on the A4411. A logic high on
either of these pins enables the A4411. One enable (ENB) is logic
level compatible for microcontroller or DSP control. The other
input (ENBAT) must be connected to the high-voltage ignition
(IGN) or accessory (ACC) switch through a relatively low-value
series resistance, 2 to 3.6 kQ. For transient suppression, it is
strongly recommended that a 0.22 to 0.47 uF capacitor be placed
after the series resistance to form a low-pass filter to the ENBAT
pin as shown in the Applications Schematic.

Bias Supply (Vcc)

The bias supply (V) is generated by an internal linear regulator.
This supply is the first rail to start up. Most of the internal control
circuitry is powered by this supply. The bias supply includes
some unique features to ensure reliable operation of the A4411.
These features include:

1. Input voltage (Vyy) undervoltage lockout
2. Undervoltage detection

3. Short-to-ground protection
4

Operation from either Vyy or Vyrgg, Whichever is higher
Charge Pump (VCP, CP1, CP2)

A charge pump provides the voltage necessary to drive the high-
side n-channel MOSFETs in the pre-regulator and the linear
regulators.

Two external capacitors are required for charge pump opera-
tion. During the first half of the charge pump cycle, the flying
capacitor between pins CP1 and CP2 is charged from either Vyy
or Vyrgg. Whichever is highest. During the second half of the
charge pump cycle, the voltage on the flying capacitor charges
the VCP capacitor. For most conditions, the Vycp minus Vyy
voltage is regulated to approximately 6.5 V.

The charge pump can provide enough current to operate the
pre-regulator and the LDOs at 2.2 MHz (full load) and 125°C

ambient, provided Vv is greater than 6 V. Optional components
D3, D4, and CP3 (refer to Figure 9) must be included if Vyy
drops below 6 V. Diode D3 should be a silicon diode rated for at
least 200 mA/50 V with less than 50 pA of leakage current when
Vg =13 Vand T, = 125°C. Diode D4 should be a 1 A Schottky
diode with a very low forward voltage (V) rated to withstand at
least 30 V.

CP3

CP2

022F | o 1
) . R

Required if VREG | |

. | D3 D4 |

s f‘{','y 'ﬂaggdva”d BAS16J | MSS1P5 |

E E VIN . l

(&) o |

I

I

Figure 9: Charge pump enhancement components D3,
D4, and CP3 are required if Vy,;y <6 V.

The charge pump incorporates some protection features:

1. Undervoltage lockout of PWM switching
2. Overvoltage “latched” shutdown of the A4411

Startup and Shutdown Sequences

The startup and shutdown sequences of the A4411 are fixed. If
no faults exist and ENBAT or ENB transition high, the A4411
will perform its startup routine. If ENBAT and ENB are low for
at least ENy gy + tdy po,_ opr (typically 65 us), the A4411 will
enter a shutdown sequence. The startup and shutdown sequences
are summarized in Table 3 and shown in a timing diagram in
Figure 11.

Fault Reporting (NPOR, POK5V)

The A4411 includes two open-drain outputs for error reporting.
The NPOR comparator monitors the feedback pin of the syn-
chronous buck (Vg apj) for under- and overvoltage, as shown
in Figure 10, Figure 11, and Figure 14. The POK5V comparators
monitor the V54N, VSgnr, and V5P pins for under- and over-
voltage, as shown in Figure 10, Figure 11, and Figure 15.
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The NPOR circuit includes a 2 ms delay after the synchronous OV/UV DETECT WD,,,.

bucks output has risen above its undervoltage threshold. This delay & DELAYS > WD

allows the microcontroller or DSP plenty of time to power-up @ L‘ —

and complete its initialization routines. There is minimal NPOR L < TSD

delay if the synchronous buck’s output falls below its undervoltage CLK e =¥ _E:

threshold. The NPOR pin incorporates a 4 ms delay if the synchro- ON/OFF » RST = j DE- PR
nous buck’s output exceeds its overvoltage threshold. » REF N GI{(::SH A0y
There are no significant delays on the POK5V output after OVIUV DETECT | ——Ye— s
V5cans Vignr, and V5P have risen above or fallen below their &DELAYS | ; SR
undervoltage thresholds. Similar to the NPOR pin, the POK5V @ |_‘ M Glt'(IjTCH [ Vg,
pin incorporates a 4 ms delay if any of the 5 V outputs exceed its _E:L < AU je— V5P
overvoltage threshold. BGruyr » REF — — V5P

The V5P monitor is unique: if V5P is accidently connected to the

battery voltage, then POK5V will bypass the normal 4 ms over-

voltage delay and set itself low immediately. The fault modes and their effects on NPOR and POKS5V are cov-
ered in detail in Table 4.

Figure 10: Fault Reporting Circuit

Table 3: Startup and Shutdown Logic (signal names consistent with Functional Block Diagram)

Regulator Control Bits
Ad411 i |
Status Signals (0 = OFF, 1 = ON) 324;;
ON/OFF MPOR VREG UV  SS1LOW ADJ UV SS2LOW 3xLDO UV | VREG ON ADJ ON LDOs ON
X 1 1 1 1 1 1 0 0 0 RESET
0 0 1 1 1 1 1 0 0 0 OFF
1 0 1 1 1 1 1 1 0 0 STARTUP
1 0 0 0 1 1 1 1 1 0 1
1 0 0 0 0 0 1 1 1 1 1
1 0 0 0 0 0 0 1 1 1 RUN
DEGLITCH
0 0 0 0 0 0 0 1 1 1 + DELAY
SHUTTING
0 0 0 0 0 0 0 1 1 0 DOWN
0 0 0 X 1 !
0 0 X 1 1 1 0 0 (0] !
0 1 1 1 1 1 0 0 0 OFF
X=DON’T CARE
ON/OFF = ENBAT + ENB
MPOR = VIN UV +VCC UV +VCP_UV +BG1 UV +BG2 UV +TSD +
VCP_OV (latched) + D1lyyssing (latched) + 1y v x; (latched)
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A4411

Table 4: Summary of Fault Mode Operation

POK5V
FAULT TYPE and NPOR LATCHED
CONDITION A4411 RESPONSE TO FAULT Ves Aoy V5gnr/ FAULT? RESET METHOD
i VSCANNSP
. Low if V5P
POK5V goes low when a V5P disconnect occurs. . Check for short-
V5P short-to-VBAT The other two 5 V LDOs remain active. Not affected dlzic::rl];sect NO circuits on V5P
. If OV condition persists for more than tdgy then set . Check for short-
Either Vs, VScan, OF VSP are | oy jow, The other two 5 V LDOs must remain | Not affected Low if NO circuits on V5gyg,
overvoltage (OV) . t>tdoy
active. V5can: VEP
If OV condition persists for more than tdg,, then set Low if Not Check for short-
FBap, overvoltage (OV) NPOR low. All 5V LDOs must remain active. t>tdoy | affected NO | Gircuits on FBup,
. Closed-loop control will try to raise the LDOs voltage Decrease the
Either YJiS&Ne?«;,;ﬁaCAg’(S:/\)ISP a'® | but may be constrained by the foldback current limit. | Not affected Low NO load or wait for
9 Note: LDO(s) may be soft-starting. SS to finish
Closed-loop control will try to raise the voltage but
may be constrained by the pulse-by-pulse current Not Decrease the
FBapy undervoltage (UV) limit. The ADJ regulator may need to enter hiccup Low affected NO load or wait for
mode. Also, the ADJ regulator may be simply soft- SS to finish
starting.
P Low if any
. Foldback current limit will reduce the output voltage
Either VSsnr, VScan, OF VOPare |t yo ouerioaded LDO. The other 5V LDOs must | Not affected | °.V OUPPUt | No Decrease the
overcurrent (OC) voltage load
operate normally.
droops
FBapy pin open circuit after . . Low
soft-start is finished. Soft-start tﬁ:?g” |nteirr:1ili c# Zigtriliw:ifsugi t:l:e)‘}/c;g[aglea ,:)tr because Not NO Connect the
finished if SS1 and POK5V are Apy PIN NI E 9 Vegapy > | affected FBap, pin
. overvoltage condition. ’
high. VEB,ADJ,OVH
FBap, pin open circuit before A small internal current sink pulls the voltage at Low Low, Stuck NIA
soft-start is finished. Soft-start A - because . Stuck in Connect the
- . _— the FBapy pin high and mimics an ADJ regulator in soft-start .
not finished if SS1 is high and " VEg ADY > soft-start FBapy pin
POKBV i overvoltage condition. ” sequence
5V is low. VEB ADJ,OVH sequence
FBap, regulator overcurrent (ie. | o in e 1o PWM but turn off LX2 when the high- Not Remove the
hard short-to-ground) Vss; < side MOSFET current exceeds | Low affected NO short-circuit
Vhic2,en: Veg,apy < 300 mV LM
FBapy regulator overcurrent (i.e.
hard short-to-ground) Vgg, > Enters hiccup mode after 30 OCP faults. Low aff’:cc:)tte d NO Decnizze the
VHic2.en: Vrg,apy < 300 mV
FBapy regulator overcurrent (i.e. Low if
soft short-to-ground) Vgg, > Enters hiccup mode after 120 OCP faults. Vg apy < aﬁzgtted NO Decne(z)a;ze the
Vhic2,ens Ves,apy > 300 mV VEB,ADJ,UV.L
Vyree Will decay to 0 V and LX1 will switch at Lowif ADJ | Low if any
. _— output 5V output Connect the
VREG pin open circuit max. duty cycle. The voltage on the VREG output NO .
. . voltage voltage VREG pin
capacitors will be very close to VIN/VBAT.
droops droops
VREG overcurrent (i.e. hard Decrease the
short-to-ground) Vygegg < 1.3V, Enters hiccup mode after 30 OCP faults. Low Low NO load
Veomp1 = EATvomax)
VREG overcurrent (i.e. soft Loc\lefﬁf) ’ IS_ci;voIL? nu)i Decrease the
short-to-ground) Vyrgg > 1.3V, Enters hiccup mode after 120 OCP faults. P P NO
Vv = EA1 voltage voltage load
COMP1 VO(MAX) droops droops

Continued on next page...
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Table 4: Summary of Fault Mode Operation (continued)

POK5V
FAULT TYPE and NPOR LATCHED
CONDITION A4411 RESPONSE TO FAULT Ves Aoy V5gnr/ FAULT? RESET METHOD
» V5can/V5P
. . o Low if ADJ | Low if any
Control loop will temporarily stop PWM switching of
VREG overvoltage (OV) Vvrea > | | 1. Lx1 will resume switching when Vygeg returns output 5 V output NO None
VREGOVHI . voltage voltage
J to its normal range.
droops droops
Low if ADJ | Low if any
VREG asynchronous diode (D1) | Results in a Master Power-On Reset (MPOR) after output 5V output Place D1 then
. ) YES
missing 1 detection. All regulators are shut off. voltage voltage cycle EN or VIN
droops droops
Asynchronous diode (D1) short- Results in an MPOR after 1 detection of the high- Loc‘mfﬁf)‘] Is_ccvon;tanu); Remove the short
circuited or LX1 shorted to side MOSFET current exceeding I x4, so all P P YES then cycle EN or
, voltage voltage
ground regulators are shut off. d VIN
roops droops
If LX2 is less than Vyrgg — 1.2 V after the internal Locmlfﬁ?'] Not
LX2 shorted to ground blanking time (~60 ns), the high-side FET will be P NO Remove the short
voltage affected
shut off.
droops
Slew pin open circuit (SLEW_OV) | Results in a “default” Slew Rate of 1.5 V/ns for LX1 Operates Operates NO Place thg slew
normally normally rate resistor
Slew pin shorted to ground Results in a “default” Slew Rate of 1.5 V/ns for for Operates Operates NO Place the slew
(SLEW_UV) LX1 normally normally rate resistor
FSET/SYNC pin open circuit . " Operates Operates Connect the
(FSET/SYNC_OV) Results in “default” PWM frequency of 1 MHz normally | normally NO FSET/SYNC pin
FSET/SYNC pin shorted to - » Operates Operates Remove the
ground (FSET/SYNC_UV) Results in “default” PWM frequency of 1 MHz normally | normally NO short-circuit
Check VCP/CP1/
Charge pump (VCP) overvoltage Results in an MPOR, so all regulators are off Low Low YES CP2, then cycle
(ov)
EN or VIN
Charge pump (VCP) . Check VCP/CP1/
undervoltage (UV) Results in an MPOR, so all regulators are off Low Low NO CP2 components
CP1 or CP2 pin open circuit Results in VCP_UV and an MPOR, so all regulators Low Low NO Connect C_P1 or
are off CP2 pins
CP1 pin shorted to ground Results in VCP_UV and an MPOR, so all regulators Low Low NO Remov_e th_e
are off short-circuit
Results in high current from the charge pump and Remove short-
CP2 pin shorted to ground (intentional) fusing of an internal trace. Also results Low Low N/A circuit, replace
in MPOR so all regulators are off. the A4411
BG or BG undervoltage Raise VIN or wait
VREF (FG‘\J/'-)T 9 Results in an MPOR, so all regulators are off Low Low NO for BGs to power
up
If BGyrer is too high, all regulators will appear to be
BGyrer or BGgay, T Overvoltage OV (because BGgp 1 is good). Low Low N/A Replace the
(QV) If BGgayLt is too high, all regulators will appear to be Ad4411
UV (because BGyggr is good)
. Raise VIN or
VCC undervoltage or pin shorted Results in an MPOR, so all regulators are off Low Low NO remove short at
to ground )
VCC pin
Thermal shutdown (TSD) Results in an MPOR, so all regulators are off Low Low NO L?;Qfdﬁev‘:]ﬂ
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

TIMING DIAGRAMS

(Not to Scale)
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Figure 11: Startup and Shutdown by ENBAT or ENB (Also shows “glitch” reactions)

x is for “and”, + is for “or”
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Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

A4411

VINPIN: ~5.6 V @ 25°C
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Figure 12: Input Voltage (VIN) Undervoltage, Vy,y > VINgTop

x is for “and”, + is for “or
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A4411

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a

Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

135V
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Figure 13: Input Voltage (VIN) Undervoltage, Vyy < VINgTop

x is for “and”, + is for “or”
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

LX1 >
VREG _ _ _ e __ >
SS2 el __ >
COMP2_______________fW_Wfs::& """"""" l __________________ >
fosc fosc
LX2 >
VFBADJOVM* - 4 N VADJ‘O\/‘H -
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WDSTART _________________ N EOE'LEJrC_eS_WD_SWi L9W_ L &« ——» »
Figure 14: VREG and FB,p Overvoltage Operation
x is for “and”, + is for “or”
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Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

A4411

Visswonn— — — 1‘1 H
Vs L 1 Ve
——————————— i————————i—————————) e il
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V5CAN L . V5CAN FET opens, so internal
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Case 1: Ve > V5P > Vi, OF Case 2: V5P > V¢
V5CAN > VVS,OV,H or V5$NR > vV.’),O\I,H
Figure 15: Overvoltage Cases for V5P, V5g\r, and V5,
x is for “and”, + is for “or”
Allegro MicroSystems, LLC 30

115 Northeast Cutoff
Worcester, Massachusetts 01615-0036 U.S.A.
1.508.853.5000; www.allegromicro.com




Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

A4411
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Figure 16: Watchdog (WD) Operation with Both Correct and Incorrect Pulse Widths
1. Incorrect pulse widths increment the WD counter by 10.

2. Correct pulse widths decrement the WD counter by 2.
3. A WD fault occurs if the total fault count exceeds 160.
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Figure 17: Watchdog Operation with Faults from:

1. No WD|N Activity for WDSTART,DLY + WDEDGE,TO
2. WD\ Activity Stops
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Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

Watchdog Detects Rising

Edge and Starts Monitoring
Internal WD Clock Set by Ry, tosc= 1/(1 MHz) = 1 ps
Internal WD Timer Period: t,,= 1000 x 1 ps = 1000 ps
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Output Perfect A Y
N 1 ms 0% t|< 1 ms £0% >
G teed
| Minimum Count (920) Ol}J(arngeSS Maximum Count (1080)
| t,,, = 920 x 1 s = 920 s < : | > N, = 1080 x 1 pis = 1080 pis
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Figure 18: Watchdog Timer System Level Functionality (times are not to scale)

A4411 and System Operating Parameters:
1. 1 ms pulse widths coming from the microcontroller
2. ¥8% WD Window Tolerance Selected (WDADJ = GND)
3. 5% WD Oscillator Tolerance (worst case maximum)
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A4411

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a

Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

DESIGN AND COMPONENT SELECTION

PWM Switching Frequency (RgggT)

When the PWM switching frequency is chosen, the designer
should be aware of the minimum controllable on-time, tonavm),
of the A4411. If the system’s required on-time is less than the
A4411 minimum controllable on-time, then switch node jitter
will occur and the output voltage will have increased ripple or
oscillations.

The PWM switching frequency should be calculated using equa-
tion 1, where tonavy is the minimum controllable on-time of
the A4411 (100 nstyp) and Vi yax is the maximum required
operational input voltage (not the peak surge voltage).

535V
Jose < T ()

tON, MIN I/IN, MAX

If the A4411°s synchronization function is used, then the base
oscillator frequency should be chosen such that jitter will not
result at the maximum synchronized switching frequency accord-
ing to equation 1.

Charge Pump Capacitors

The charge pump requires two capacitors: a 1 puF connected from
pin VCP to VIN, and a 0.22 pF connected between pins CP1 and
CP2. These capacitors should be high-quality ceramic capacitors,
such as X5R or X7R, with voltage ratings of at least 16 V.

Pre-Regulator Output Inductor (L1)

For peak current mode control, it is well known that the system
will become unstable when the duty cycle is above 50% without
adequate Slope Compensation (Sg). However, the slope compen-
sation in the A4411 is a fixed value based on the oscillator fre-
quency (fogc)- Therefore, it’s important to calculate an inductor
value so the falling slope of the inductor current (Sy) will work
well with the A4411’s fixed slope compensation.

Equation 2 can be used to calculate a range of values for the
output inductor for the pre-regulator. In equation 2, slope com-
pensation (Sg;) is a function of the switching frequency (fogc)
according to equation 3, and Vi, is the asynchronous diodes
forward voltage.

When using equations 2 and 3, fogc is in kHz, S is in A/ps, and
L1 will be in pH.

If equation 2 yields an inductor value that is not a standard value,
then the next highest standard value should be used. The final
inductor value should allow for 10%-20% of initial tolerance and
20%-30% of inductor saturation.

The inductor should not saturate given the peak operating current
according to equation 4. In equation 4, Vyy vax 18 the maximum
continuous input voltage, such as 18 V, and V, is the asynchro-
nous diodes forward voltage.

S, % (5.25V+V,)

1 =484-
PEAKT 1.1 Xﬁjsc x (VVIN,MAX+ VFv)

“)

After an inductor is chosen, it should be tested during output
short-circuit conditions. The inductor current should be moni-
tored using a current probe. A good design should ensure the
inductor or the regulator are not damaged when the output is
shorted to ground at maximum continuous input voltage and the
highest expected ambient temperature.

The inductor ripple current can be calculated using equation 5.
(V=535 V) x 535V
fosc X L1 X VV[N

Pre-Regulator Output Capacitance

AL, 5

The output capacitors filter the output voltage to provide an
acceptable level of ripple voltage, and they store energy to help
maintain voltage regulation during a load transient. The voltage
rating of the output capacitors must support the output voltage
with sufficient design margin.

Within the first few PWM cycles, the deviation of Vyrgg will
depend mainly on the magnitude of the load step (Al; oap1), the
value of the output inductor (L), the output capacitance (Cqyr),
and the maximum duty cycle of the pre-regulator (Dyax1)-
Equations 6 and 7 can be used to calculate a minimum output
capacitance to maintain Vygpgg within 0.5% of its target for a
750 mA load step at only 7 Viy.

L1 % (750 mA)’

> 6
(5.25V+1) - (545V+1) 2) Corz 575 (7.0 V—=525V) % (0.005 x 5.25 V) x D,,,., ©
SEI a a i ]
2 D, = ( f_ —80 ns X fosc (7)
S, = 0.00072 x f,i. + 0.0425 3)
After the load transient occurs, the output voltage will deviate
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A4411

Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a

Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

from its nominal value until the error amplifier can bring the
output voltage back to its nominal value. The speed at which the
error amplifier will bring the output voltage back to its setpoint
will depend mainly on the closed-loop bandwidth of the system.
Selection of the compensation components (Rz;, Cz;, Cp;) are
discussed in more detail in the Pre-Regulator Compensation sec-
tion of this datasheet.

The output voltage ripple (AVygrgg) is a function of the output
capacitors parameters: Cqoyt, ESR¢,, and ESL(, according to
equation 8.

VVIN_ 4 AIL
. = + _—
AKREG AIL ) ESRCO 8 Xﬁ)sc X COUT

VREG

I x ESL., +
The type of output capacitors will determine which terms of
equation 8 are dominant. For the A4411 and automotive environ-
ments, only ceramic capacitors are recommended. The ESRq
and ESL - of ceramic capacitors are virtually zero, so the peak-
to-peak output voltage ripple of Vyrgg Will be dominated by the
third term of equation 8.

)

Al

AV oy = 5——
VREG,PP 8 X/(‘)sc X CDUT

)

Pre-Regulator Ceramic Input Capacitance

The ceramic input capacitors must limit the voltage ripple at the
VIN pin to a relatively low voltage during maximum load. Equa-
tion 10 can be used to calculate the minimum input capacitance,
> IVREG,MAX X 0 25

= 0.90 % fooo X 50 mV,,

o (10)

where Iyrg pmax 18 the maximum current from the pre-regulator,

VOUTADJ x IOUTADJ
—_— 4
e 505 px s00, T 20mA (1)

A good design should consider the DC bias effect on a ceramic
capacitor—as the applied voltage approaches the rated value, the
capacitance value decreases. The X5R- and X7R-type capacitors
should be the primary choices due to their stability versus both
DC bias and temperature. For all ceramic capacitors, the DC bias
effect is even more pronounced on smaller case sizes, so a good
design will use the largest affordable case size (i.e. 1206/16 V or
1210/50 V).

+ 17

]VREG,MAX = ]V5,CAN + IVS,SNR

Also, for improved EMI/EMC performance, it is recommended
that two small capacitors be placed as close as physically possible
to the VIN pins to address frequencies above 10 MHz. For exam-

ple, a 0.1 pF/X7R/0603 and a 220 pF/COG/0402 capacitor will
address frequencies up to 20 MHz and 200 MHz, respectively.

Pre-Regulator Asynchronous Diode (D1)

The highest peak current in the asynchronous diode (D1) occurs
during overload and is limited by the A4411. Equation 4 can be
used to calculate this current.

The highest average current in the asynchronous diode occurs
when Vyy is at its maximum, Dggogt = 0%, and Dy = mini-
mum (10%),

(12)

Ly = (1 = Dpyck) * Iyrec.max = 0-9 * Iyrpg.max
where Iyrgg max is calculated using equation 11.

Pre-Regulator Boost MOSFET (Q1)

The maximum RMS current in the boost MOSFET (Q1) occurs
when Vyy is very low and the boost operates at its maximum
duty cycle,

ALY Al
IQIVRMS = VDMAX,BST x [V(IPEAKI - 71) + ]_2”

where Ipgax; and Al} ; are derived using equations 4 and 5,
respectively, and Dysx st is identified in the Electrical Charac-
teristics table.

(13)

The boost MOSFET should have a total gate charge of less than
14 nC at a Vg of 5 V. The Vg rating of the boost MOSFET
should be at least 20 V. Several recommended part numbers are
shown in the Functional Block Diagram / Typical Schematic.

Pre-Regulator Boost Diode (D2)

The maximum average current in this diode is simply the output
current, calculated with equation 11. However, in buck-boost mode,
the peak currents in this diode may increase significantly. The A4411
will limit the current to the value calculated by equation 4.

Pre-Regulator Soft-Start and Hiccup Timing
(Css1)

The soft-start time of the pre-regulator is determined by the value
of the capacitance at the soft-start pin (Cgg).

If the A4411 is starting into a very heavy load, a very fast soft-
start time may cause the regulator to exceed the pulse-by-pulse
overcurrent threshold. This occurs because the total of the full
load current, the inductor ripple current, and the additional cur-
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Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

rent required to charge the output capacitors (I oyt = Cour X
Vour/ tss) is higher than the pulse-by-pulse current threshold, as
shown in Figure 19.

Output
Capacitor
Current, ¢ our

Figure 19: Output Current (Io) During Startup

To avoid prematurely triggering hiccup mode, the soft-start time
(tgs7) should be calculated using equation 14,

ouT

lyy = 5.35V x (14)

IC,OUT
where Cqy is the output capacitance, and I¢ gy is the amount
of current allowed to charge the output capacitance during soft-
start (recommend 0.1 A <I¢ oyt < 0.3 A). Higher values of

Ic. ooyt result in faster soft-start time, and lower values of I¢ oyt
ensure that hiccup mode is not falsely triggered. Allegro recom-
mends starting the design with an I o7 of 0.1 A and increasing
it only if the soft-start time is too slow.

Then, Cqq; can be calculated based on equation 15:

]SSI,SU X tSSI

CouZ — 87

(15)
If a non-standard capacitor value for Cqg; is calculated, the next
higher value should be used.

The voltage at the soft-start pin will start from 0 V and will

be charged by the soft-start current (Igg; giy)- However, PWM
switching will not begin immediately because the voltage at
the soft-start pin must rise above the soft-start offset voltage
(Vssi.0orrs)- The soft-start delay (tgg; peray) can be calculated
using equation 16.

VSSIAOFFS

(16)

Losiporar = Cost % 7
SS1.5U

When the A4411 is in hiccup mode, the soft-start capacitor sets

the hiccup period. During a startup attempt, the soft-start pin
charges the soft-start capacitor with Igg; gy and discharges the
same capacitor with Igg) 11 between startup attempts.

Pre-Regulator Compensation (Rz4, Cz4, Cp4)

Although the A4411 can operate in buck-boost mode at low
input voltages, it still can be considered a buck converter when
examining the control loop. The following equations can be used
to calculate the compensation components.

First, select the target crossover frequency for the final system.
While switching at over 2 MHz, the crossover is governed by
the required phase margin. Since a type Il compensation scheme
is used, the system is limited to the amount of phase that can be
added. Hence, a crossover frequency (f¢) in the region of 40
kHz is selected. The total system phase will drop off at higher
crossover frequencies. The Ry calculation is based on the gain
required to set the crossover frequency and can be calculated by
equation 17.

13.38 x 1 % fi, X Cyy

ng()WERI x ngAI

(17)

A

The series capacitor (Cy) along with the resistor (Ry;) set the
location of the compensation zero. This zero should be placed no
lower than Y of the crossover frequency and should be kept to
minimum value. Equation 18 can be used to estimate this capaci-
tor value.

4

>—
CuZ 2a xR, <,

(18)
Allegro recommends adding a small capacitor (Cp;) in parallel
with the series combination of R,;/Cy; to roll off the error amps
gain at high frequency. This capacitor usually helps reduce LX1
pulse-width jitter, but if too large, it will also decrease the loop’s
phase margin.

Allegro recommends using this capacitor to set a pole at approxi-
mately 8% the loop’s crossover frequency (f-), as shown in equa-
tion 19. If a non-standard capacitor value results, the next higher
available value should be used.

1
2t xR, <8 1,

Cp = (19)
Finally, look at the combined bode plot of both the power stage
and the compensated error amp—the red curves shown in Figure
20. Careful examination of this plot shows that the magnitude and
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phase of the entire system are simply the sum of the error amp
response (blue) and the power stage response (green). As shown
in Figure 20, the bandwidth of this system (f-;) is 43 kHz, the
phase margin is 67 degrees, and the gain margin is 23 dB.
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Figure 20: Bode Plot for the Pre-Regulator

Rzq = 22.1 kQ, Cz; = 1.5 nF, Cpy = 15 pF
Lo = 4.7 uH, Co = 5 x 10 uF/16 V/1206

Synchronous Buck Component Selection

Similar design methods can be used for the synchronous buck;
however, the complexity of variable input voltage and boost
operation are removed.

Setting the Output Voltage (Rrgq and Rgps)

The A4411 allows the user to program the output voltage of the
synchronous buck from 0.8 to 3.3 V. This is achieved by adding
a resistor divider from its output to ground and connecting the
center point to the FB ,p; pin; see Figure 21 below.

The ratio of the feedback resistors can be calculated based on

equation 20.
Rl"BI _ (VOLTAI)J _ )
R, 800 mV

20)

L2 VOUT,ADJ
LX2 »—_T_—>
ADJ. SYNC. Re = [
BUCK =
REGULATOR '. FB.o, '.
RFBZ EE
Ad411 =

Figure 21: Setting the Synchronous Buck Output
Synchronous Buck Output Inductor (L2)

Equation 21 can be used to calculate a range of values for the out-
put inductor for the synchronous buck regulator. Slope compensa-
tion (Sg,) can be calculated using equation 22.

V0U7:AI)J

VOUTAI)J
2xs, <=7, 2D

Sy, = 0.0003 X foi +0.0175 (22)
When working with equations 21 and 22, fqgc is in kHz, Sg, is in
A/ps, and L2 will be in pH.

If equation 21 yields an inductor value that is not a standard
value, then the next closest available value should be used. The
final inductor value should allow for 10%-20% of initial toler-
ance and 20%-30% for inductor saturation.

The inductor should not saturate given the peak current at over-
load according to equation 23.

S.xV.
I — 24A _ E2 OUT.ADJ
Pk 1.1 X fo X545V

(23)

After an inductor is chosen, it should be tested during output
short-circuit conditions. The inductor current should be moni-
tored using a current probe. A good design should ensure the
inductor or the regulator are not damaged when the output is
shorted to ground at maximum input voltage and the highest
expected ambient temperature.

Once the inductor value is known, the ripple current can be calcu-
lated using equation 24.
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— (535 V X VOUT,ADJ) X VOUT,ADJ
& oo X L2 X535V

(24)

Synchronous Buck Output Capacitance

Within the first few PWM cycles, the deviation of V1 opy Will
depend mainly on the magnitude of the load step (AL} oap2)s

the value of the output inductor (L2), the output capacitance
(CouT,apy)» and the maximum duty cycle of the synchronous
converter (Dyax2)- Equations 25 and 26 can be used to calculate
a minimum output capacitance to maintain Voy1 opy within 0.5%
of its target for a 400 mA load step.

- L2 x (400 mA)’
R 2 % (5~25 V- VOUT,AI)J) X (0'005 X VOUT,A[)J) X DMAXZ

1
Dy = (_ - 110 }19 Xfosc
.f;)sc

After the load transient occurs, the output voltage will deviate
from its nominal value until the error amplifier can bring the
output voltage back to its nominal value. The speed at which the
error amplifier will bring the output voltage back to its setpoint
will depend mainly on the closed-loop bandwidth of the system.
Selection of the compensation components (Ry,, C,, Cp,) are
discussed in more detail in the Synchronous Buck Compensation
section of this datasheet.

C, (25)

(26)

Allegro recommends the use of ceramic capacitors for the syn-
chronoous buck. The peak-to-peak voltage ripple of the synchro-
nous buck (AVgyrap; pp) can be calculated with equation 27.

AILZ

- -~ 27,
8 ><fOSC X C()UT,ADJ ( )

A VVOUT:ADJ, PP =

Synchronous Buck Compensation (Rz5, Cz,,
Cp2)

Again, similar techniques as used with the pre-regulator can be
used to compensate the synchronous buck.

For the synchronous buck, select 55 kHz for the crossover fre-
quency (fc,) of the synchronous buck. Then, equation 28 can be
used to calculate Ry,.

VOUT,ADJ X 27[ Xﬁ?Z X C()UT,ADJ

800 mV X ngOWERZ X ngAZ

R, = (28)

The series capacitor (Cy,) along with the resistor (Ry,) set the
location of the compensation zero. This zero should be placed no
lower than 4 of the crossover frequency and should be kept to
minimum value. Equation 29 can be used to estimate this capaci-
tor value.

4

Co” xR, <1,

(29)
Allegro recommends adding a small capacitor (Cp,) in parallel
with the series combination of R,,/C, to roll off the error amp
gain at high frequency. This capacitor usually helps reduce LX2
pulse-width jitter, but if too large, it will also decrease the loop’s
phase margin.

Allegro recommends using this capacitor to set a pole at approxi-
mately 8% the loop’s crossover frequency (fc,), as shown in equa-
tion 30. If a non-standard capacitor value results, use the next
higher available value.

1
Cr® xR, %8 /s (0
Finally, look at the combined bode plot of both the power stage
and the compensated error amp—the red curves shown in Figure
22. The bandwidth of this system (f,) is 56 kHz, the phase mar-

gin is 70°, and the gain margin is 28 dB.
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Figure 22: Bode Plot for the Sync. Buck at 3.3 Vgt

RZZ =10 kQ, CZZ =15 nF, sz =15 pF
L2 = 4.7 yH, Courapy = 2 * 10 uF/H6 V/1206
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Synchronous Buck Soft-Start and Hiccup Timing

The soft-start time of the synchronous buck is determined by the
value of the capacitance at the soft-start pin (Cgg»).

If the A4411 is starting into a very heavy load, a very fast soft-
start time may cause the regulator to exceed the pulse-by-pulse
overcurrent threshold. To avoid prematurely triggering hiccup
mode, the soft-start time (tgg,) should be calculated according to
equation 31,

C()UT,ADJ

(31)

tSSZ VOUT:ADJ IC, our

where Vo apy is the output voltage, Coyr apy 1s the output
capacitance, I oy is the amount of current allowed to charge the
output capacitance during soft-start (recommend 75 mA <I¢ oyt
< 150 mA). Higher values of I oy result in faster soft-start
times and lower values of I 1 ensure that hiccup mode is not
falsely triggered. For the synchronous buck, Allegro recommends
starting the design with an I¢ oyt of 100 mA and increasing it
only if the soft-start time is too slow.

Then, CSS2 can be selected based on equation 32,

]SSZ,SU X tSSZ

C ™ =800 my

(32)
If a non-standard capacitor value for Cqgg, is calculated, the next
larger value should be used.

The voltage at the soft-start pin will start from 0 V and will be

charged by the soft-start current (Igg, gy)- However, PWM switch-

ing will not begin instantly because the voltage at the soft-start pin

must rise above the soft-start offset voltage (Vgss, opps)- The soft-

start delay (tggy ppray) can be calculated using equation 33,

IVSSZ,OFF? (33)
8§82,5U

tSSZ,I)ELAY = CSSZ >

When the A4411 is in hiccup mode, the soft-start capacitor sets
the hiccup period. During a startup attempt, the soft-start pin
charges the soft-start capacitor with Igg, gy and discharges the
same capacitor with Igg) 1y;c between startup attempts.

Linear Regulators

The three linear regulators only require a single ceramic capacitor
located near the A4411 to ensure stable operation. The range of
acceptable values is shown in the Electrical Characteristics table.
A 2.2 pF capacitor per regulator is a good starting point.

As the LDO outputs are routed throughout the PCB, it is recom-
mended that a 0.1 uF/0603 ceramic capacitor be placed as close
as possible to each load point for local filtering and high-fre-
quency noise reduction.

Also, since the V5P output may be used to power remote cir-
cuitry, its load may include external wiring. The inductance of
this wiring will cause LC-type ringing and negative spikes at the
V5P pin if a “fast” short-to-ground occurs. It is recommended
that a small Schottky diode be placed close to the V5P pin to limit
the negative voltages, as shown in the Applications Schematic.
The MSS1P5 (or equivalent) is a good choice.

Internal Bias (V¢c)

The internal bias voltage should be decoupled at the VCC pin
using a 1 pF ceramic capacitor. It is not recommended to use this
pin as a source.

Signal Pins (NPOR, POK5V, WD, ENBATS)

The A4411 has many signal-level pins. The NPOR, POKS5V,
WDgyr, and ENBATS are open-drain outputs and require exter-
nal pull-up resistors. Allegro recommends sizing the external
pull-up resistors so each pin will sink less than 2 mA when it is a
logic low.
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PCB LAYOUT RECOMMENDATIONS

Figure 23: PCB Layout #1

The input ceramic capacitors (C3, C4, C5, C6, C34) must be located as close as possible to the VIN pins. In general, the smaller capacitors
(0402, 0603) must be placed very close to the VIN pin. The larger capacitors (4.7 pF, 50 V, 1210) should be placed within 0.5 inches of the VIN
pin. There must not be any vias between the input capacitors and the VIN pin.

Figure 24: PCB Layout #2

The pre-buck asynchronous diode (D1), input ceramic capacitors (C4, C5, C6), and RC snubber (RN, CN) must be routed on one layer and

“star” grounded at a single location with multiple vias.
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Figure 25: PCB Layout #3

The pre-buck output inductor (L1) should be located close to the LX1 pins.
The LX1 trace widths (to L1, D1, RN) should be relatively wide and preferably on the same layer as the IC.

]

VREG

1

Figure 26: PCB Layout #4

The pre-buck regulators output ceramic capacitors (C10-C14) should be located near the VREG pin.
There must be 1 or 2 smaller ceramic capacitors (C8, C9) as close as possible to the VREG pin.
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HINIRIERS

Figure 27: PCB Layout #5

The synchronous buck output inductor should be located near the LX2 pins. The trace from the LX2 pins to the output inductor (L2) should be
relatively wide and preferably on the same layer as the IC.

2 2
NetB2_1  NetB2_1  NetB2_1

Figure 28: PCB Layout #6

The two feedback resistors (R15, R16) must be located near the FB,p, pin. The output capacitors (C16-C18) should be located near the load.
The output voltage sense trace (to R15) must connect at the load for the best regulation.

;ammn - Allegro MicroSystems, LLC 41
i lle mw. 115 Northeast Cutoff
o Worcester, Massachusetts 01615-0036 U.S.A.
A |\

[]
T
up MicroSystems, LLC 1.508.853.5000; www.allegromicro.com




Ad411 Adjustable Frequency Buck or Buck-Boost Pre-Regulator with a
Synchronous Buck, 3 LDOs, Pulse-Width Window Watchdog, NPOR, and POK5V

Figure 29: PCB Layout #7
The charge pump capacitors (C1, C2) must be placed as close as possible to VCP and CP1/CP2.

7:NetB3_t

18- GND

Figure 30: PCB Layout #8

The ceramic capacitors for the LDOs (3V3, V5, V5P, V5:,n, V5snRr: €tc) must be placed near their output pins.
The V5P output must have a 1 A/40 V schottky diode (D5) located very close to its pin to limit negative voltages.
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Figure 31: PCB Layout #9 Figure 32: PCB Layout #10
The FSET resistor must be placed very close to the FSET/SYNC pin. The COMP network for both buck regulators (CZx, RZx, CPx) must be
Similarly, the VCC bypass capacitor must be placed very close to the located very close to the COMPXx pin.
VCC pin.

Figure 33: PCB Layout #11 Figure 34: PCB Layout #12
The thermal pad under the A4411 must connect to the ground The boost MOSFET (Q1) and the boost diode (D2) must be placed
plane(s) with multiple vias. very close to each other. Q1 should have thermal vias to a polygon
on the bottom layer. Also, there should be “local” bypass capacitors
(C33, C35).
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PACKAGE OUTLINE DRAWING

For Reference Only - Not for Tooling Use
(Reference JEDEC MO-153 BDT-1)
Dimensions in millimeters
NOT TO SCALE
Dimensions exclusive of mold flash, gate burrs, and dambar protrusions
Exact case and lead configuration at supplier discretion within limits shown
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Figure 35: Package LV, 38-Pin eTSSOP
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Revision History

Number Date Description
- April 3, 2015 Initial Release
1 June 25, 2015 Dither/Slew START and STOP Threshold on page 8 updated to account for high temperature drift
2 October 26, 2015 Updated WD,y Pulse-Width Programming minimum (page 17) and MPOR definition (page 23).

Corrected Functional Block Diagram (page 4), Figure 6 (page 20), and Figures 16 and 17 (page 31);
updated Watchdog decription (page 20).

4 July 15, 2016 Updated Missing Asynchronous Diode voltages (page 10) and NPOR OV/UV Thresholds (page 15).
September 2, 2016 Updated Operating Input Voltage, VIN UVLO Start Voltage, and VIN UVLO Stop Voltage values (page 8).
October 12, 2016 Updated VIN Dropout Voltages Buck Mode (page 8).

3 December 9, 2015
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