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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Features and Benefits
« AEC-Q100 Qualified

* Operating voltage range: 2.5t0 5.5V

* UVLO stop threshold: 2.25 V (max)

* Dual outputs with up to 2 A output current per regulator

» Adjustable output voltage as low as

0.8V

* Internal 80 mQ high-side switching MOSFET
* Internal 55 mQ low-side switching MOSFET
* Adjustable switching frequency (fgy): 0.35 to 2.2 MHz
* Synchronizes to external clock: 1.2 x to 1.5 % f5g¢
* 180° phase shift between switching regulators

* Sleep mode supply current less than
* Soft start time externally set via the
* Pre-biased startup capable

 Externally adjustable compensation

5 pA
SS pin

» Stable with ceramic output capacitors

* Independent enable inputs and NPOR output pins
* Adjustable current limiting (OCP) for each regulator
* Hiccup mode short-circuit protection (HIC)

* Overvoltage and overtemperature protection

* Open-circuit and adjacent pin short-circuit tolerant
* Short-to-ground tolerant at every pin

Package: 20-pin TSSOP with exposed

thermal pad (suffix LP)

Not to scale

Description

The A8651 is an adjustable frequency, high output current,
PWDM regulator that integrates a high-side, P-channel MOSFET
and a low-side, N-channel MOSFET. The A8651 incorporates
current-mode control to provide simple compensation, excellent
loop stability, and fast transient response. The A8651 utilizes
external compensation to accommodate a wide range of power
components to optimize transient response without sacrificing
stability. The A8651 regulates input voltages from2.5t0 5.5V,
down to output voltages as low as 0.8 V and is able to supply
up to 2 A of load current per regulator.

The A8651 features include an externally adjustable and
synchronizable switching frequency, an externally-set soft
start time to minimize inrush currents, independent EN inputs,
and independent NPOR outputs with 7.5 ms delay. The sleep
mode current of the A8651 control circuitry is less than 5 pA.
Protection features include VIN undervoltage lockout (UVLO),
cycle-by-cycle overcurrent protection (OCP), hiccup mode
short-circuit protection (HIC), overvoltage protection (OVP),
and thermal shutdown (TSD). In addition, the A8651 provides
open-circuit, adjacent pin short-circuit, and short-to-ground

Continued on the next page...
Applications:

* Home audio
* Network and telecom

» GPS/Infotainment
» Automotive audio

Typical Application Diagram
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

Description (continued)

protection at every pin to satisfy the most demanding automotive

applications.

The A8651 device is available in a 20-pin TSSOP package with
exposed thermal pad for enhanced thermal dissipation (suffix LP).
It is lead (Pb) free, with 100% matte tin leadframe plating.

Selection Guide

Operating Ambient

Part Number Temperature Range Package Packing* Leadframe Plating
Tar (°C)
20-pin TSSOP with 4000 pieces per
A8651KLPTR-T —40't0 125 exposed pieces p 100% matte tin
13-in. reel
thermal pad
*Contact Allegro™ for additional packing options.
Absolute Maximum Ratings’
Characteristic Symbol Notes Rating Unit
VIN1 and VIN2 to GND Vin -0.3t06.0 \Y
Continuous -0.3toV|y+0.3 \
SW1 and SW2 to GND2 Vsw
t<50ns -1.0to V| +2.0 \
All Other Pins - -0.3t06.0 \%
Operating Ambient Temperature Ta K temperature range —-40to 125 °C
Maximum Junction Temperature T,(max) 150 °C
Storage Temperature Tsig -55to 150 °C

10peration at levels beyond the ratings 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.
2SW1 and SW2 have internal clamp diodes to GND and V,y. Applications that forward bias these diodes should take care not to exceed
the A8651 package power dissipation limits.

Thermal Characteristics may require derating at maximum conditions, see application information

Characteristic Symbol Test Conditions* Value | Unit
Package Thermal Resistance Roja On 4-layer PCB based on JEDEC standard 32 °C/W
*Additional thermal information available on the Allegro website.
Allegro MicroSystems, LLC 2
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A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR
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A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Top Level Functional Block Diagram
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Detailed Functional Block Diagram
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

Terminal List Table

Pin-out Diagram

swilt] O VIN1

PGND1 SS1

EN1 ————- | FB1

ISET1 I | COMP1
FSET/SYNC  pap | GND

NPOR2[6] | : NPOR1
ISET2 ! I FB2

EN2 COMP2
PGND2 [9]] §S2
Sw2 VIN2

Number

Name

Function

1,10

SW1, SW2

The drains of the internal high-side P-channel MOSFETSs. The output inductors should be connected
to these pins. The output inductors should be placed as close as possible to these pins and be
connected with relatively wide traces.

2,9

PGND1, PGND2

Power ground pins for switcher 1 and switcher 2.

3,8

EN1, EN2

Inputs to enable switcher 1 and/or enable switcher 2.

4,7

ISET1, ISET2

Pulse—by-pulse current limit setting pins.

FSET/SYNC

Aresistor, RggeT, from this pin to GND sets the base PWM switching frequency (fogc). If an external
clock is AC-coupled to this pin by a 22 pF capacitor, the switching frequency of the regulator can be
increased higher than fogc.

NPOR2, NPOR1

Active low, open-drain fault indication outputs, with fixed delay.

VIN2, VIN1

Power inputs for the control circuits and the sources of the internal high-side P-channel MOSFETs.
VIN1 is the primary supply and must be present for the A8651 to operate. At least one high quality
ceramic capacitor must be placed very close to these pins.

12,19

S§S2, SS1

Soft-start pins. Connect a capacitor, from these pins to GND to set the soft-start time. These
capacitors also determine the hiccup period during an overcurrent condition.

13,17

COMP2, COMP1

Outputs of the error amplifiers and compensation nodes for the current mode control loops. Connect
a series RC network from these pins to GND for loop compensation. See the Design and Component
Selection section of this datasheet for further details.

14,18

FB2, FB1

Feedback (negative) inputs to the error amplifiers. Connect a resistor divider from the converter output
nodes to these pins to program the output voltages.

16

GND

Ground.

PAD

Exposed pad of the package providing enhanced thermal dissipation. This pad must be connected to
the ground plane(s) of the PCB with at least 6 vias, directly in the pad.
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115 Northeast Cutoff

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

i Allegro-

i MicroSystems, LLC
| 14




A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

ELECTRICAL CHARACTERISTICS Valid at VIN1 = VIN2 = 5 V, -40°C < T, = T; < 125°C; unless otherwise specified

Characteristic Symbol Test Conditions Min. Typ. Max. Unit
Input Voltage Specifications
Operating Input Voltage Range VN 2.5 - 5.5 \%
Undervoltage Lockout (UVLO -
Start Thresf]ol q ( ) VinsTart | Ving = Ving: fising 2.00 2.22 2.45 v
Undervoltage Lockout (UVLO) _ .
Stop Threshold VlNSTOP V|N1 = V|N2' falllng 1.80 2.02 2.25 \Y
Undervoltage Lockout (UVLO) _ _
Hysteresis Vuviomys) 200 mv

Input Currents

VEN1 = VEN2 =5 V, VFB1 = VFBZ =1.0 V, no PWM

Input Quiescent Current lq switching

Input Sleep Supply Current losteer | Vinx = Voswx =5V, VEn1 = VEn2 £ 0.4V - 0.2 5 WA

Reference Voltage

Reference (Feedback) Voltage VRer 25V <Vin1 =Ving <55V, VEgy = Veompx 792 800 808 mV

Error Amplifier

Feedback Input Bias Current(") Ieg VCOMPX_= 1.5V, ey regulated so that - -150 -300 nA
lcompx =0 A
Open Loop Voltage Gain(®) AvoL - 65 - dB
lcompx = 0 HA, Vgg, > 500 mV 550 750 950 ANV
Transconductance Im
0V <Vgg, <500 mV - 250 - AV
Source Current leasre) | VrBx < 0.8V, Voompx = 1.5V - -50 - pA
Sink Current IEA(S|NK) VFBX >0.8 V, VCOMPX =15V - +50 - lJA
Maximum Output Voltage VEAVO(max) 1.00 1.25 1.50 \Y
COMP Pull Down Resistance Rcomp | FAULT =1, HICCUP = 1 or Vgyq = Vg £ 0.4V - 1.5 - kQ
Pulse Width Modulation (PWM)
PWM Ramp Offset VewmoreseT | Yeompx for 0% duty cycle - 380 - mV
High-Side MOSFET Minimum _
Controllable On-Time fonguin) 65 105 ns
Low-Side MOSFET Minimum i Does not include total gate driver non-overlap _ 50 100 ns
On-Time OFF(MIN) | time, 2 X topr
Gate Driver Non-Overlap Time(2) tore - 15 - ns
COMP to SW Current Gain ImPOWER - 4.5 - AN
RseTy = 41.2 kQ, fgy = 2.0 MHz 2.1 25 29 Alus
) RseTy = 41.2 kQ, fgyy = 0.35 MHz 0.36 0.44 0.51 Alus
Slope Compensation(2) Se
RseTx = 30.9 kQ, fgyy = 2.0 MHz 1.0 1.4 1.9 Alus
RseTy = 30.9 kQ, fgyy = 0.35 MHz 0.17 0.25 0.35 Alus

Note 1: For input and output current specifications, 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).
Note 2: Ensured by design and characterization, not production tested.

Continued on the next page...
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous

2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

ELECTRICAL CHARACTERISTICS (continued) Valid at VIN1 = VIN2 = 5V, —-40°C < T, = T; < 125°C; unless otherwise specified

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

MOSFET Parameters
High-Side MOSFET On-Resistance Rps(on)Hs | Ibsx = 100 mA - 80 - mQ
SW Node Rise Time(2) trsw) - 12 - ns

VEN§ <04 \i Vswx =DO (\g) Vink =5V, _ _ 4 uA
High-Side MOSFET Leakage Current | Ipgss) A0C<Ta=T,<85C

VE'ix < 0_.4 vV, }/sz =0V,Vn =5V, _ _ 05 uA

To=T;=125C
Low-Side MOSFET ON Resistance Rosn)Ls | Ipsx = 100 mA - 55 - mQ

VEN? <04 \i Vswx =°5 vV, _ _ 1 VA
Low-Side MOSFET Leakage Current | Ipggqs) | 40C<Ta=T,<85C0

Venx £0.4V, Vg =5V, TA=T; =125°C - - 10 pA
Oscillator Frequency

Reser = 10.2 kQ 1.98 2.20 2.45 MHz
Oscillator Frequency fosc Reset = 24.9 kKQ 0.90 1.00 1.10 MHz

ReseT = 82.5 kQ - 350 - kHz
SW1 to SW2 Phase Delay(?) (O2P - 180 - deg.
FSET/SYNC Input
FSET/SYNC High Threshold VeseTsync(H) - - 1.8 \Y
FSET/SYNC Low Threshold VeseTsyne) 0.4 - - Vv
FSET/SYNC Pin Voltage VEsetsyne | Without external SYNCin signal - 0.8 - \
FSET/SYNC Pin Current leseTsync | Without external SYNCin signal 9 - 90 MA
Maximum SYNC Frequency fsynem - - 25 MHz
SYNC Frequency Range(® fsyne 1.2 x fogc - 1.5 x fogc -
Synchronization Minimum On-Time tonsyne 150 - - ns
Synchronization Minimum Off-Time torrsyYNG 150 - - ns
Enable Inputs
EN High Threshold VENIH VEn fising - - 1.8 \
EN Low Threshold VeniL Veny falling 0.8 - - \%
EN Hysteresis Vennys | VeniH — VENIL - 200 - mV
EN Input Resistance Ren 50 100 - kQ
EN Shutdown Delay(@ tuenso) :trcc))g ENy transitioning low to SWx switching 0 5 10 us
Note 2: Ensured by design and characterization, not production tested.
Note 3: Specifications at 25°C or 85°C are ensured by design and characterization, not production tested at these temperatures.

Continued on the next page...
Allegro MicroSystems, LLC 8

i Allegro-

L MicroSystems, LLC
| L4

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




A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

ELECTRICAL CHARACTERISTICS (continued) Valid at VIN1 = VIN2 = 5V, —-40°C < T, = T; < 125°C; unless otherwise specified

Characteristic | Symbol | Test Conditions Min. Typ. Max. Unit
Overcurrent Protection (OCP) and Hiccup Mode
Rset = 41.2 kQ, duty cycle = 5% 3.5 4.1 4.7 A
o Rset = 41.2 kQ, duty cycle = 90%(2) 22 3.0 3.8 A
Pulse-by-Pulse Current Limit ILim
Rset = 30.9 kQ, duty cycle = 5% 1.9 24 2.9 A
Rset = 30.9 kQ, duty cycle = 90%(2) 1.1 1.8 2.3 A
Hiccup Disable Threshold Vhicois | Vegy fising - 740 - mV
Hiccup Enable Threshold Vhicen | Vesy falling - 700 - mV
OCP / HICCUP Count Limit OCP it ;g?a%,egﬁ)%e;?u(lzzs Functional Block - 7 - counts
Soft Start (SS pin)
Soft Start Offset Voltage Vssorrs | Vssx fising due to lggsy 100 200 270 mV
Soft Start Fault/Hiccup Reset Voltage | Vgsreset | Vssx falling due to Iggyic - 100 140 mV
Soft Start Startup (Source) Current lossu | pSSan gécéfgi';gzr;’:)u LT =0 (see -10 20 -30 VA
Soft Start Hiccup (Sink) Current IssHic zj/isasgxr:rr?).sv’ HICCUP =1 (see Functional Block 5 10 20 pA
Soft Start Input Resistance Rss Eﬁgl.;ro(see Functional Block diagram) = 1 or _ 9 _ KO
Soft Start to Vgt Delay Time tsspeLay) | Cssx = 10 nF - 85 - us
Vout Soft Start Ramp Time tss Cgsx =10 nF - 400 - us
IO \Y <>\I/FBx (<2)400 mV, Veompx = VEaVO(max)» _ fosc! 4 _ _
Soft Start Switching Frequency fsw(ss) oSx Ll
0V < Vg, <400 mV - fosc/ 2 - -
VEgy > 400 mV - fosc - -
NPOR Outputs
NPOR Undervoltage Threshold Vnporuv | Percentage of Vgeg, Vegy rising 89 92 95 %
NPOR Undervoltage Hysteresis Vnporuvhys| Percentage of Vrep, Veg, falling 2 4 6 %
NPOR Overvoltage Threshold Vnporov | Percentage of Vrer, Vigy rising 12 115 118 %
NPOR Overvoltage Hysteresis VnPorovhys| Percentage of Vrer, Veg, falling 2 4 6 %
NPOR Rising Delay tnPOR 4.0 7.5 11 ms
25V <VIN1=VIN2<5YV, Iypor =4 mA — — 400 mV
NPOR Low Output Voltage VNPOR(L)
VIN1 =VIN2 =1.2 'V, Iypor = 2 mA — — 800 mV
NPOR Leakage Current(!) InpoRr(LEAK) | VNPORX = 3.3 V — — 1 HA
Thermal Protection (TSD)
Thermal Shutdown Threshold(2) Tspiny | Temperature rising 155 170 185 °C
Thermal Shutdown Hysteresis(2) Tsp(ys) | Temperature falling - 20 - °C

Note 1: For input and output current specifications, 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).
Note 2: Ensured by design and characterization, not production tested.
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

Input Voltage, Viy (V) Reference Voltage, VRgr (MmV)

Current Limit, Iy (A)
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A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

Enable High and Low Thresholds Soft Start Startup and Hiccup Currents
versus Temperature versus Temperature
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous

2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Timing Diagram (one of two regulators shown)
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Functional Description

Overview

The A8651 is a dual synchronous PWM regulator that incorpo-
rates all the control and protection circuitry necessary to satisty

a wide range of applications. The A8651 employs current mode
control to provide fast transient response, simple compensa-

tion, and excellent stability. The features of the A8651 include,
for each of the two regulators: a precision reference, an adjust-
able switching frequency, a transconductance error amplifier, an
enable/synchronization input, integrated high-side and low-side
MOSFETs, adjustable Soft Start, pre-bias startup, low current
sleep mode, and a Power-On Reset output (NPOR). The protec-
tion features of the A8651 include undervoltage lockout (UVLO),
pulse-by-pulse overcurrent protection (OCP), hiccup mode
short-circuit protection (HIC), overvoltage protection (OVP), and
thermal shutdown (TSD). In addition, the A8651 provides open-
circuit, adjacent pin short-circuit, and pin-to-ground short circuit
protection.

Reference Voltage

The A8651 incorporates an internal reference that allows output
voltages as low as 0.8 V. The accuracy of the internal reference is
+1% across the operating temperature range. The output voltage
for each of the regulators is adjusted by connecting a resistor
divider (Rpg;-Ryp, and Rpps-Rypy in the Typical Application

diagram) from V14 to the corresponding FBx pin of the A8651.

Oscillator/Switching Frequency (Rgset fosc)

The PWM switching frequency of the A8651 is adjustable from
350 kHz to 2.2 MHz and has an accuracy of about £10% across
the operating temperature range. Connecting a resistor (Rggpt)
from the FSET/SYNC pin to GND, as shown in the Typical
Application diagram, sets the base switching frequency, fogc.
An FSET/SYNC resistor with 1% tolerance is recommended.
A graph of switching frequency versus Rpgpt resistor value is
shown in the Design and Component Selection section of this
datasheet.

Transconductance Error Amplifier

The transconductance error amplifier’s primary function is to
regulate the converter’s output voltage. The error amplifier for
one of the regulators is shown in figure 1. It is shown as a three-
terminal input device with two positive and one negative input.

The negative input is simply connected to the FBx pin and is used

to sense the feedback voltage for regulation. The two positive
inputs are used for soft start and regulation. The error ampli-
fier performs an “analog OR” selection between its two positive
inputs. The error amplifier regulates to either the soft start pin
voltage minus 200mV or the A8651°s internal reference, which-
ever is lower.

To stabilize the regulator, a series RC compensation network

(Rz and C,) must be connected from the error amplifier output
(COMPx pin) to GND as shown in the Typical Applications
diagram. In some applications, an additional, low value capacitor
(Cp) may be connected in parallel with the R,-C, compensation
network to reduce the loop gain at higher frequencies. However
if the Cp capacitor is too large, the phase margin of the converter
may be reduced.

If the regulator is disabled or a fault occurs, the correspond-

ing COMPx pin is immediately pulled to GND via approxi-
mately 1.5 kQ and PWM switching is inhibited. During startup
(Vggx <500 mV) the transconductance of the error amplifier is
reduced to approximately one-third of the normal operating level
to minimize transients when the system is requesting on-times
less than or equal to the minimum controllable on-time.

Slope Compensation

The A8651 incorporates internal slope compensation to allow
PWM duty cycles above 50% for a wide range of input/output
voltages, switching frequencies, and inductor values. As shown in
the Detailed Functional Block diagram, the slope compensation
signal is added to the sum of the current sense and PWM Ramp

200 mV
SS
())( = Error Amplifier
|\
FBx
O

Figure 1. The A8651 error amplifier (for one regulator)
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Offset (VpwmorrseT)- The amount of slope compensation is
scaled directly with the switching frequency.

ENy, VINy, and Sleep Mode

The A8651 provides two independent inputs, VIN1 and VIN2,
to sequence the output voltages after the A8651 is powered

up. However, VINI is the primary supply input. VIN1 must be
greater than Viygragrt Of the A8651 will not come out of sleep
mode. VIN2 can start or stop regulator 2 but cannot wake up the
AB651.

If the voltage at EN1 or EN2 is driven below Viyyp, (800 mV)
for more than typysp) (approximately 5 ps) the regulator stops
switching.

In sleep mode (EN1< Vgyyyp ) for more than tyeysp) the control
circuits are de-biased and draw less than 5 pA from V. How-
ever, the total current drawn by the VIN pin will be the sum of
the current drawn by the control circuitry (Iggy ggp) plus any
leakage due to the high-side MOSFETSs (Ipggps))-

Synchronization (FSET/SYNC)

By using a 22 pF capacitor (Cqync) to AC-couple an external
clock to the FSET/SYNC pin, as shown in figure 2, the switch-
ing frequency of the A8651 can by increased from 1.2 x fygc to
1.5 x fogc. fogc 1s the base frequency determined by the Rggpt
resistor. The Schottky diode, Dgync, is required to protect the
FSET/SYNC pin from negative voltage transients when synchro-
nizing.

Power MOSFETs

The A8651 regulators each include an 80 m2, high-side P-chan-
nel MOSFET capable of delivering up to 4.1 A at a 5% duty
cycle. The A8651 regulators also each include a 55 mQ, low-side

Csync

SYNCin 2% pF FSET/SYNC

11 | O
Dsync
RFSET BAT54
SOD323

Figure 2. FSET/SYNC AC-coupling and negative voltage
protection circuit

N-channel MOSFET to provide synchronous rectification.

The low-side MOSFET continues to conduct when the induc-

tor current crosses zero to maintain constant conduction mode
(CCM). This helps minimize EMI/EMC for noise sensitive appli-
cations by eliminating the SW high-frequency ringing associated
with discontinuous conduction mode (DCM).

When the A8651 is disabled, via the ENx input or a fault condi-
tion, the A8651 output stage is tri-stated by turning off both the
high-side and low-side MOSFETs.

Pulse Width Modulation (PWM)

A high-speed PWM comparator, capable of pulse widths less than
105 ns, is included in each A8651 regulator. The inverting input
of the comparator is connected to the output of the error ampli-
fier. The non-inverting input is connected to the sum of the cur-
rent sense signal, the slope compensation, and the PWM Ramp

Offset (VpwMoFFSET)-

At the beginning of each PWM cycle, the CLK signal sets the
PWM flip-flop and the upper MOSFET is turned on. When the
summation of the DC offset, the current sense signal, and the
slope compensation rises above the error amplifier voltage, the
comparator resets the PWM flip-flop and the high-side MOSFET
is turned off. If the output voltage of the error amplifier drops
below the PWM Ramp Offset (Vpwmorrser) then a zero percent
PWM duty cycle (pulse skipping) operation is achieved.

Current Sense Amplifier

A high-bandwidth current sense amplifier monitors the current
in the high-side MOSFETs. The PWM comparator, the pulse-
by-pulse current limiter, and the hiccup mode up/down counter
require the current signal.

Soft Start (Startup) and Inrush Current Control

Inrush currents to the converter are controlled by the soft start
function of the A8651. When the A8651 is enabled and all faults
are cleared, the soft start (SSx) pins source approximately 20 pA
(Isssy) and the voltage on the soft start capacitors (Cgg, ) ramp
upward from 0 V. When the voltage on a soft start pin exceeds
the Soft Start Offset Voltage (Vggoprs, typically 200 mV mea-
sured at the SSx pin) the output of the error amplifier is released
and shortly thereafter the high-side and low-side MOSFETs

Allegro MicroSystems, LLC 14
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

begin switching. As shown in figure 3, there is a short delay
(tss(pELAY)) between when the enable (ENX) pin transitions high
and when the soft start voltage reaches 200 mV to initiate PWM
switching.

When the A8651 begins PWM switching, the error amplifier
regulates the voltage at the FBx pin to the soft start (SSx) pin
voltage minus the soft start offset voltage (Vggopps). When PWM
switching starts, the voltage at the SSx pin rises from 200 mV to
1000 mV, a difference of 800 mV, the voltage at the FBx pin rises
from 0 V to 800 mV, and the regulator output voltage rises from
0V to the target setpoint determined by the feedback resistor
divider (RFB1-RFB2 or RFB3-RFB4).

When the voltage at the soft start pin reaches approximately
1000 mV the error amplifier begin regulating using the A8651
internal reference, 800 mV. The voltage at the soft start pin con-
tinues to rise to approximately Vyy. The soft start functionality is
shown in figure 3.

If the A8651 is disabled or a fault occurs, the internal fault

latch is set and the soft start (SSx) pin is pulled to ground via
approximately 2 kQ. The A8651 clears the internal fault latch
when the voltage at the SSx pin decays to approximately 100 mV

(VssrESET)-

If the A8651 enters hiccup mode, the capacitor (Cqg, ) on the
soft start pin is discharged by a 10 pA current sink (Iggyc)-
Therefore, the soft start pin capacitor value (Cgg, ) controls
the time between soft start attempts. Hiccup mode operation is
discussed in more detail in the Output Short Circuit (Hiccup

12V

tss

1000 mV

' Switching starts when

Mode) Protection section of this datasheet.

When FBx > 400 mV the PWM switching frequency is fgy .

If FBx <300 mV the PWM switching frequency is reduced to
fow/ 2 to provide the low duty cycles and accurate, stable control
required during initial startup (when Vot = 0 V). Also, if FBx
<400 mV and COMPX = Vgayo(max)» it can be assumed the regu-
lator output is shorted to ground. In this case the PWM switching
frequency is further reduced to only fgy/4 to allow more off-time
between PWM pulses. This is done to prevent stair-casing of

the output inductor current, which could result in damage to the
inductor or the A8651. This is especially important when the
input voltage is relatively high and the output of the regulator is
either shorted or soft starting a relatively high output capacitance.

Pre-Biased Startup

If the output capacitors are pre-biased to some voltage, the A8651
modifies the normal startup routine to prevent discharging the
output capacitors. Normally, the COMPx pin becomes active and
PWM switching starts when the voltage at the soft start (SSx) pin
reaches 200 mV. With pre-bias at the output, the pre-bias volt-
age is sensed at the FBx pin. The A8651 does not start switching
until the voltage at the soft-start pin increases to approximately
Vegx T 200 mV. At this soft start pin voltage, the error amplifier
output is released, the voltage at the COMPx pin rises, PWM
switching starts, and Vo ramps upward, starting from the
pre-bias level. Figure 4 shows startup when the output voltage is
pre-biased to 0.9 V.

Vout

12V —
ﬂ;;from 0.6V

1000 mV

| Veowr | Switching starts when
{ VCOMP > 350 mV

COMP pin released at
Vgs = VEg+200 mV

Vs I? 200 mV ~Veop > 350 mV Vs 200 mV
Ven tss(pELAY) ] " | Ve
P + .

Figure 4. Startup to Voyry = 1.2V, 2.0 A, with Vgyt pre-biased to 0.6 V
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Active Low Power-On Reset (NPORX)

The NPORX pins are open drain outputs, so an external pull-up
resistor must be connected to each. An internal comparator moni-
tors the voltage at the FBx pin and controls the open drain device
at the NPORx pins. NPORX is pulled high by the external resis-
tor approximately 7.5 ms after Vo1 is within regulation. The
NPORXx output is pulled low if:

* Vipxrising) < 92% of the reference voltage, or
* Vepxrising) > 115% of the reference voltage, or
¢ EN is low, or

* Viy UVLO occurs, or

* Thermal shutdown (TSD) occurs.

If the A8651 is running and VINX transitions low, then NPORx
transitions low and remains low only as long as the internal
circuitry is able to enhance the open-drain output device. When
Vi fully collapses, the NPORx pin returns to the high impedance
state. The NPOR comparator incorporates hysteresis to prevent
chattering due to voltage ripple at the FBx pin.

Protection Features

Undervoltage Lockout (UVLO)

An undervoltage lockout (UVLO) comparator monitors the volt-
age at the VIN pin and keeps the regulator disabled if the voltage
is below the lockout threshold (Viygtart)- The UVLO com-
parator incorporates enough hysteresis (Vyyroys)) to prevent
on-off cycling of the regulator due to IR drops in the VIN path
during heavy loading or during startup.

Thermal Shutdown (TSD)

The A8651 protects itself from overheating with an internal ther-
mal monitoring circuit. If the junction temperature exceeds the
upper thermal shutdown threshold (Tgpp,), nominally 170°C),
the voltages at the soft start (SSx) and COMPx pins is pulled to
GND and both the high-side and low-side MOSFETs are turned
off. The A8651 stops PWM switching, but it does not enter the
shutdown or sleep mode supply current levels. The A8651 auto-
matically restarts when the junction temperature decreases more
than the thermal shutdown hysteresis (Tspys), 20°C (typ)).

Overvoltage Protection (OVP)

The A8651 uses the FBx pins to provide a basic level of overvolt-
age protection. An overvoltage condition could occur if the load
decreases very quickly or the COMPX pin or the regulator output
are pulled high by some external voltage. When an overvoltage
condition is detected, (1) NPORXx is pulled low, and (2) PWM
switching stops (the SWx node becomes high impedance). The
COMPx and SSx pin voltages are not affected by OVP. If the
regulator output decreases back to the normal operating range,
NPORKX transitions high and PWM switching resumes.

Pulse-by-Pulse Overcurrent Protection (OCP)

The A8651 monitors the current in the high-side P-channel
MOSFET and if the current exceeds the pulse-by-pulse current
overcurrent threshold (I; 1), then the high-side MOSFET is
turned off. Normal PWM operation resumes on the next clock
pulse from the oscillator. The A8651 includes leading edge blank-
ing to prevent false triggering of the pulse-by-pulse current limit
when the high-side MOSFET is turned on. Pulse-by-pulse current
limiting is always active.

A key feature of the A8651 is the ability to adjust the peak switch
current limit. This can be useful when the full current capability
of the regulator is not required for a given application. A smaller
current limit may allow the use of power components with lower
current ratings, thus saving space and reducing cost. A single
resistor between the ISET pin and ground controls the current
limit. Resistor values should be set in the range between 30.9 kQ
(for the lowest current limit setting) and 41.2 kQ (for the highest
current limit setting).

The maximum switch current is affected by slope compensation
via the duty cycle. The A8651 is conservatively rated to deliver
2.0 ADC for most applications. However, the exact current the
A8651 supports is heavily dependent on duty cycle, ambient
temperature, thermal resistance of the PCB, airflow, component
selection, and nearby heat sources.

The A8651 is designed to deliver more current at lower duty
cycles and slightly less current at higher duty cycles. For exam-
ple, the pulse-by-pulse current limit at 20% duty cycle is typically
3.85 A, but at 80% duty cycle the pulse limit is typically 3.10 A.
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115 Northeast Cutoff

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



A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

Use table 1a and figure 5a, and table 1b and figure 5b to deter-
mine the real current limit given the duty cycle required for each
application. Take care to do a careful thermal solution or thermal
shutdown can occur.

Output Short Circuit (Hiccup Mode) Protection

Hiccup mode protects the A8651 when the load is either too high
or when the output of the converter is shorted to ground. When
the voltage at the FBx pin is below the Hiccup Enable Threshold
(Vuicen» 700 mV (typ)), hiccup mode protection is enabled.

Table 1a. Pulse-by-Pulse Current Limit versus
Duty Cycle
RSET =41.2 kQ, fSW =2 MHz

Pulse-by-Pulse Current Limit

Duty Cycle A)

(%) Min. Typ. Max.
5 3.42 4.04 4.65

20 3.17 3.86 4.51
40 2.83 3.61 4.31
60 - 3.37 4.12
80 - 3.12 3.92
90 - 3.00 3.83

4.8

4.6 \\

44

4.2 [~

: e
4.0 e
3.8 - el

g Zj \.§~ T
4 1= =i
_§ 3.2 §Q‘~- -~ \\i‘ -

' sk S
3.0 : = "
2.8 1o = ax, fow = 350 kHz ‘§ Ik
26 H Max., fsw = 2.00 MHz [ ey o
24 || = = * Typ, fsw = 350 kHz “SNe

4 | —Typ, foy = 2.00 MHz ~~ kP
2.2 1= ="* Min, fs = 350 kHz \\ P~

e Min, fgw = 2.00 MHZ
2.0 F

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Duty Cycle (%)

Figure 5a. Current Limit versus duty cycle, with Rggt = 41.2 kQ

When the voltage at the FBx pin is above the Hiccup Disable
Threshold (Vyjcpis, 740 mV (typ)) hiccup mode protection is
disabled.

Hiccup mode overcurrent protection monitors the number of
overcurrent events using an up/down counter. An overcurrent
pulse increments the counter by 1 and a PWM cycle without an
overcurrent pulse decrements the counter by 1. If more than 7
consecutive overcurrents are detected then the Hiccup latch is
set and PWM switching is stopped. The Hiccup signal causes
the COMPx pin to be pulled low with a relatively low resistance

Table 1b. Pulse-by-Pulse Current Limit versus

Duty Cycle
RSET =30.9 kQ, fSW =2 MHz

Pulse-by-Pulse Current Limit
Duty Cycle A)
(%) Min. Typ. Max.
5 1.85 2.37 2.87

20 1.69 2.27 2.77
40 1.49 213 2.64
60 1.28 2.00 2.52
80 - 1.86 2.39
90 - 1.80 2.32

3.0

28

2.6 —

. -.h..~§~ _
24 \‘.‘ g\:§=~~
22
Ry
g 20 ‘EQ-..~\‘~ -
é 1.8 Creteesl -

16 SN <=1

1.4 1= = < Max, foy = 350 kHz e S <3

o fm el | LSS L
— Ty, fowy = 2.00 MHz ™~ =

1.0 e = « Min, fgu = 350 kHz

Min., fgw = 2.00 MHz
0.8

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Duty Cycle (%)

Figure 5b. Current Limit versus duty cycle, with Rggt = 30.9 kQ
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

(1.5 kQ). Hiccup mode also enables a current sink connected to
the soft start (SSx) pin (Iggpyc,10 LA), so when hiccup initially
occurs, the voltage at the soft start pin ramps downward. Hiccup
mode operation is shown in figure 6.

When the voltage at the soft start pin decays to a low level
(VssreseT> 100 mV (typ)), the hiccup latch is cleared and the
10 pA soft start pin current sink is turned off. The soft start pin
resumes charging the soft start capacitor with 20 pA, and the
voltage at the soft start pin ramps upward.

When the voltage at the soft start pin exceeds the soft start offset
voltage (Vggorrs, 200 mV (typ)) the low resistance pull-down

at the COMPX pin is turned off. The error amplifier forces the
voltage at the COMPx pin to ramp up quickly, and PWM switch-
ing begins. If the short circuit at the converter output remains,
another hiccup cycle occurs. Hiccup cycles repeat until the short
circuit is removed or the converter is disabled. If the short circuit
is removed the A8651 soft starts normally and the output voltage
ramps to the operating level, as shown in figure 6.

Short removed

>
Vour A e
t |
Veowmp /L

Ves ~41A

; 200 mV

i ; 100 mV
Ny m—

Figure 6. Hiccup mode operation and recovery
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR

Table 2. Summary of A8651 Fault Modes and Operation

Fault Mode

Vss

Vcomp

High-Side Switch

Low-Side Switch

NPOR

Reset Condition

Output hard short

Hiccup after Veomp

Clamped to
=1.25V for IL|M’

Controlled by
Veomp: fsw/2 if

Active during topr,

Automatic, remove

to ground (Vout =1.25V and 0 < Vgg< 400 mV, ) - Depends on Vqyt
and Veg = 0 V) 7 OC faults tZ‘Z’r‘”f;'rfgc':’;" fo! 4 ifcomp | Off during hiccup the short
~1.25V and IL|M
Controlled by
. Clamped to Veowp fsw/2 if .
Hiccup after V . . Automatic,
Output overcurrent = 1p25 \Y anchMP =125V for I, 0<Ves Active during torr, Depends on V, decrease the load
and Vg <V, . then pulled low <400 mV, fgyy /4 off during hiccup out
FB = THICDIS 7 OC faults LIS . SwW current
during hiccup if Veomp=1.25 V
and Iy
Ramps to V., Controlled by Active during topr,

SW hard short to

hiccup may occur

Clamped to
=1.25V, pulled low

VCOMP’ turn off
if VSW =0V and

off if hiccup occurs

Depends on Vot

Automatic, remove

ground when the short is s N when the short is the short
if hiccup occurs blanking time
removed ) removed
expires, fgy /4
Hiccup after V, Clampedto |, Contmrone/dz ti)fyo <l .
SW soft short to - COMP | =1.25 V for Iy, COMP, 'SW Active during top, Automatic, remove
=1.25V and Veg <400 mV, fgyy / . - Depends on Vgyt
ground then pulled low ; _ off during hiccup the short
7 OC faults 4ifV =125V
during hiccup comp =1
and Iy
FB pin open (Vg - . .
floats high due Transitions low via Off, fw/ 2if 0 < Off, disabled if Pulled low o, | Automatic, connect
to negative bias Not affected loop response as | Vgg <400mV, fgy Vv <200 mV whenVgg > 115% the FB pin
Current) VFB floats hlgh if 300 mV < VFB ComP X VREF
Transitions low . .
Output overvooltage via loop response Off, fow/ 21 0 < Off, disabled if Pulled low when Automatic, Veg
(Veg > 115% x Not affected because Veg > Veg <400 mV, fgy Vv <200mV | Ven > 115% x V. returns to the
VRer) Voo 2 if 300 mV < Vgg CcompP FB ° " YREF normal range
REF
Controlled by
- . ) Veowmp: fsw/ 2if0 Automatic, Vg
un dc;l:\tgﬁ; e Not affected Trei\gcs)ltlcr);\: I;lg:ewa < Vg <400 mV, Active during toer Pu”f%;}” :v\r}en returns to the
9 presp fo if 300 mV FB ° " YREF normal range
< Veg
Thermal shutdown Pulled low and Pulled low and Automatic, after
latched until latched until Vgg > Off Off Pulled low the junction cools

(TSD)

Vss < VssreseT

VSS(RELEASE)

down

IgM\CI‘OSySIGmS LLC
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A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Design and Component Selection

This section shows how to design and select external component
values. For simplicity, the naming convention used here refers
only to regulator 1, but the same design methods can be used for

regulator 2. Table 3. Recommended Feedback Resistors
Reg1 Reg2

Setting the Output Voltage (Vour1, Rrgyx) Vour1 | (Voury to FB1 pin) | (FB1 pin to GND)

The output voltage of the A8651 is determined by connecting a V) (kQ) (kQ)

resistor divider from the output node (Vo) to the FB1 pin as 1.2 6.04 12.1

shown in figure 7. There are trade-offs when choosing the value 1.5 7.50 8.45

of the feedback resistors. If the series combination (Rgg;+Rgp,) 1.8 9.09 7.15

is relatively low then the light load efficiency of the regulator is 25 12.4 576

reduced. So, to maximize the efficiency it is best to choose high 33 16.5 593

values of resistors. On the other hand, if the parallel combination
(Rgp1 // Rgpy) is too high, then the regulator may be susceptible
to noise coupling into the FB1 pin.

In general, the feedback resistors must satisfy the ratio shown in
equation 1 to produce an output voltage, Vqyri:
Rgp _ Vouri _ (1)
Rpgy,  0.8(V)

Table 4 shows the most common output voltages and recom-
mended feedback resistors, assuming less than 0.2% efficiency

loss at a light load of 100 mA and a parallel combination of 4 kQ 2.500
presented to the FB1 pin. For optimal system accuracy, it is rec- 2250
ommended that the feedback resistors have <1% tolerances. = \
2.000
= .\
PWM Switching Frequency (Rgset) z 1790 \
The PWM switching frequency is set by connecting a resistor = 1500 \
from the FSET/SYNC pin to ground. Figure 8 is a graph showing % 1250
the relationship between the typical switching frequency (y-axis) % ' \
and the FSET resistor (x-axis). i 1.000 \
£ o750 ™
S N
RFB1 = 0500 ™~ —
FB1PIN O +—VWA >> VouT1 @
0.250
RFB2 ® 5 15 25 3 45 5 65 15 8 95
FSET Resistor, ReseT (kQ)

Figure 7. Connection for the feedback divider Figure 8. PWM switching frequency versus Rgget
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To set a specific switching frequency (fgy ), the Rpggr resistor
can be calculated as follows:

24900 @

SW

Rgggr =

where fgyy is in kHz and Rggpr is in k€.

When the PWM switching frequency is chosen, the designer
should be aware of the minimum controllable on-time (tonav))
of the A8651. If the application system required on-time is less
than the A8651 minimum controllable on-time, then switch node
jitter occurs and the output voltage has increased ripple or oscil-
lations.

The PWM switching frequency should be calculated as follows:

Vouri 3)

Jswmax =
fonMINY* VINT(MAX)

where Vg is the output voltage, tongvny) is the minimum
controllable on-time of the A8651 (worst case is 105 ns), and
Vinimax) 18 the maximum required operational input voltage to
the A8651 (not the peak surge voltage).

If the A8651 synchronization function is employed, then the base
switching frequency should be chosen such that jitter does not
result at the maximum synchronized switching frequency accord-
ing to equation 3: 1.5 x fow < fgwmax calculated by equation 3.

Output Inductor (Lg)

For a peak current mode regulator it is common knowledge

that, without adequate slope compensation, the system becomes
unstable when the duty cycle is near or above 50%. However, the
slope compensation in the A8651 is a fixed value (Sg). Therefore,
it is important to calculate an inductor value such that the falling
slope of the inductor current (Sp) works well with the A8651
slope compensation.

Equations 4a and 4b can be used to calculate a range of values for
the output inductor based on the well known approach of provid-
ing slope compensation that matches 50% to 100% of the down
slope of the inductor current.

Vi Vi
OUTL _ < LOUTI

2x 8, TONT s (4a)

where L is in pH and the slope compensation (Sg ) is a function

of switching frequency, as follows:
Sg= 1175 % foyy
where S is in A/ps and fgy is in MHz.

(4b)

Another limitation is shown in equation 5. This is based on a
formula to calculate the amount of slope compensation required
to critically damp the double poles at half the PWM switching
frequency (this approach includes the duty cycle (D), which
should be calculated at the minimum input voltage to insure
optimal stability):

Loy > Vouti (| ¢ 15 x /INIMIN) )
Sk OUTI

To avoid dropout (saturation of the buck regulator), Vv
must be approximately 0.75 to 1.0 V above V1 when calculat-
ing the inductor value with equation 5.

If equations 4a or 5 yield 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% to 20% of initial toler-
ance and 10% to 20% of inductor saturation.

The saturation current of the inductor should be higher than the
peak current capability of the A8651. Ideally, for output short
circuit conditions, the inductor should not saturate given the high-
est pulse-by-pulse current limit at minimum duty cycle (I pvso));
4.7 A. This may be too costly. At the very least, the inductor
should not saturate given the peak operating current according to
the following equation:

Sg * Vouri

- 6

LIS X fow * ViNnimax) (©)
where Viyimax) i the maximum continuous input voltage, such
as 5.5 V.

Starting with equation 6 and subtracting half of the inductor
ripple current provides us with an interesting equation to predict
the typical DC load capability of the regulator at a given duty
cycle (D=Voyr; / Viny):

Sgx D Voyr *(1-D)

Jsw 2 xfow * Loy

™)

Ioutipey S 41—

After an inductor is chosen it should be tested during output short
circuit conditions. The inductor current should be monitored
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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 ambi-
ent temperature.

Output Capacitors

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.

The output voltage ripple (AVqyr ) is a function of the output
capacitors parameters: Cqoyri, ESRcout, and ESLegyry

AVouti = Al X ESRcouTty

Vint =V
+ANI 0UT1XESLCOUT1

Lo,
Al

+ —_—
8 fswCouri (®)

The type of output capacitors determines which terms of equa-
tion 8 are dominant. For ceramic output capacitors the ESRcqyr
and ESLqy; are virtually zero, so the output voltage ripple will
be dominated by the third term of equation 8:

AV € =2l
O -
UTH= 8 fswCouri

©

To reduce the voltage ripple of a design using ceramic output
capacitors simply: increase the total capacitance, reduce the
inductor current ripple (that is, increase the inductor value), or
increase the switching frequency.

For electrolytic output capacitors the value of capacitance will be
relatively high, so the third term in equation 8 will be very small

and the output voltage ripple will be determined primarily by the
first two terms of equation §:

VIN 1

AVout1 = Al % ESReour + x ESLcouTi

(10)
Ol

To reduce the voltage ripple of a design using electrolytic out-

put capacitors simply: decrease the equivalent ESRqyt; and

ESLcour; by using a high(er) quality capacitor, or add more

capacitors in parallel, or reduce the inductor current ripple (that

is, increase the inductor value).

The ESR of some electrolytic capacitors can be quite high so
Allegro recommends choosing a quality capacitor for which the
ESR or the total impedance is clearly documented in the capaci-
tor datasheet. Also, the ESR of electrolytic capacitors usually
increases significantly at cold ambients, as much as 10 X, which
increases the output voltage ripple and, in most cases, reduces the
stability of the system.

The transient response of the regulator depends on the quantity
and type of output capacitors. In general, minimizing the ESR of
the output capacitance will result in a better transient response.
The ESR can be minimized by simply adding more capacitors

in parallel or by using higher quality capacitors. At the instant
of a fast load transient (di/dt), the output voltage changes by the
amount:

di

AVouti = Al X ESReoury + " x ESLcouri

(11)

After the load transient occurs, the output voltage will deviate
from its nominal value for a short time. The length of this time
depends on the system bandwidth, the output inductor value, and
output capacitance. Eventually, the error amplifier brings the
output voltage back to its nominal value.

The speed at which the error amplifier brings the output voltage
back to the setpoint depends mainly on the closed-loop band-
width of the system. A higher bandwidth usually results in a
shorter time to return to the nominal voltage. However, a higher
bandwidth system may be more difficult to obtain acceptable gain
and phase margins. Selection of the compensation components
(R, Cz, and Cp) are discussed in more detail in the Compensa-
tion Components section of this datasheet.

Input Capacitors

Three factors should be considered when choosing the input
capacitors. First, the capacitors must be chosen to support the
maximum expected input surge voltage with adequate design
margin. Second, the capacitor rms current rating must be higher
than the expected rms input current to the regulator. Third, the
capacitors must have enough capacitance and a low enough ESR
to limit the input voltage dV/dt to something much less than the
hysteresis of the UVLO circuitry (nominally 200 mV for the
A8651) at maximum loading and minimum input voltage.
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The input capacitor(s) must limit the voltage deviations at the
VINI pin to something significantly less than the device UVLO
hysteresis during maximum load and minimum input voltage.
The following equation allows us to calculate the minimum input
capacitance:

lout1* D* (1= D)
0.85 % fow X AViniminy

where AV vy is chosen to be much less than the hysteresis
of the Vyy; UVLO comparator (AViyovpyy < 100 mV is recom-
mended), and fgy, is the nominal PWM frequency.

Cinp 2

(12)

The D% (1-D) term in equation 12 has an absolute maximum
value of 0.25 at 50% duty cycle. So, for example, a very con-
servative design based on Iyt = 2.0 A, fgw = 85% of 2 MHz,
Dx(1-D) =0.25, and AVyy; = 100 mV yields:

Cou > 2.0 (A)x0.25
IN=

1.7 (MHz)x 100 (mV)
The input capacitors must deliver an rms current (Ipyg) accord-
ing to the following formula:

= 29uF

Irms = Loyt N D * (1 -D) (13)
where the duty cycle (D) is defined as:
D=Vouri/ Vmi (14)

Figure 9 shows the normalized input capacitor rms current versus
duty cycle. To use this graph, simply find the operational duty
cycle (D) on the x-axis and determine the input/output current
multiplier on the y-axis. For example, at a 20% duty cycle, the
input/output current multiplier is 0.40. Therefore, if the regula-
tor is delivering 2.0 A of steady-state load current, the input
capacitor(s) must support 0.40 x 2.0 A or 0.8 Arms.

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. This effect is very pronounced with
the Y5V and Z5U temperature characteristic devices (as much as
90% reduction), so these types should be avoided. 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 pro-
nounced on smaller sizes of device case, so a good design uses
the largest affordable case size (such as 1206 or 1210). Also, it is
advisable to select input capacitors with plenty of design margin
in the voltage rating to accommodate the worst case transient
input voltage.

Soft Start and Hiccup Mode Timing (Cgg4)

The soft start time of the A8651 is determined by the value of the
capacitance at the soft start pin, Cgg;. When the A8651 is enabled
the voltage at the soft start pin (SS1) starts from 0 V and is
charged by the soft start current, Igggy; . However, PWM switch-
ing does not begin instantly because the voltage at the soft start
pin must rise above 200 mV. The soft start delay (tggpgray)) can
be calculated using the following equation:

200 (mV)

fss(DELAY) = Csg1% Tsss
U

(15)
If the A8651 is starting into a very heavy load a very fast soft
start time may cause the regulator to exceed the cycle-by-cycle
overcurrent threshold. This occurs because the total of the full
load current, the inductor ripple current, and the additional cur-
rent required to charge the output capacitors:

(16)

is higher than the cycle-by-cycle current threshold, as shown in

Icouri = Coutt * Vouri / tss

0.55
0.50
] T
0.45 L~ S
0.40
0.35
0.30

0.25

0.20 ( \\
0.15

0.10

0.05
0.00

Irms / louT1

0 10 20 30 40 50 60 70 80 90 100
Duty Cycle, D (%)

Figure 9. Normalized input capacitor ripple versus duty cycle
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figure 10. This phenomena is more pronounced when using high
value electrolytic type output capacitors. To avoid prematurely
triggering hiccup mode the soft start capacitor, Cqq; , should be
calculated according to:

Caq; 2 38U *VourixCours
0.8 (V) x Icout

where Vqyr; s the output voltage, Cqyt is the output capaci-
tance, Icgury is the amount of current allowed to charge the
output capacitance during soft start (recommend 0.1 A <Icqury

< 0.3 A). Higher values of I-qyt; result in faster soft start times.
However, lower values of I-qyt; ensure that hiccup mode is not
inappropriately triggered. Allegro recommends starting the design
with an Iy of 0.1 A and increasing it only if the soft start time
is too slow. If a non-standard capacitor value for Cqgq; is calcu-
lated, the next larger value should be used.

(17

The output voltage ramp time, tgg, can be calculated by using
either of the following methods:

C
tss = Vourix —0H (18)
or COUT!
fss = Css1.
s$= 0.8 (V) x (19)

ISSSU

When the A8651 is in hiccup mode, the soft start capacitor is
used as a timing capacitor and sets the hiccup period. The soft
start pin charges the soft start capacitor with Igqq; during a
startup attempt, and discharges the same capacitor with Iggyc
between startup attempts. Because the ratio Igggy / Isgpic 1S

I LIM

Output
capacitor
current, | ooy

Figure 10. Output current (Icoyt1) during startup

approximately 2:1, the time between hiccups is about two times
as long as the startup time. Therefore, the effective duty-cycle
ofthe A8651 is very low and the junction temperature is kept low.

Compensation Components (RZ, CZ, CP)

To compensate the system, it is important to understand where
the buck power stage, load resistance, and output capacitance
form their poles and zeros in frequency. Also, it is important

to understand that the (Type II) compensated error amplifier
introduces a zero and two more poles, and where these should be
placed to maximize system stability, provide a high bandwidth,
and optimize the transient response.

First, consider the power stage of the A8651, the output capaci-
tors, and the load resistance. This circuitry is commonly referred
as the control-to-output transfer function. The low frequency gain
of this circuitry depends on the COMP1 to SW1 current gain
(gmpoweR )» and the value of the load resistor (R; ;). The DC gain
(Gco(onz)) of the control-to-output is:

(20)

The control-to-output transfer function has a pole (fp;), formed
by the output capacitance (Cqyt;) and load resistance (Ry ),
located at:

Geo(omz) = &mpower * Rii

v @1)
21 XRLIX COUTI

Jo1=

The control-to-output transfer function also has a zero (fz;)
formed by the output capacitance (Cqyr;) and its associated
ESR:

1
21 xESReour1* Couri

Jz1=

(22)

For a design with very low-ESR type output capacitors (such as
ceramic capacitors), the ESR zero, f, is usually at a very high
frequency so it can be ignored. On the other hand, if the ESR zero
falls below or near the 0 dB crossover frequency of the system
(as happens with electrolytic output capacitors), then it should

be cancelled by the pole formed by the Cp capacitor and the R,
resistor (discussed and identified later as fp3).
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A Bode plot of the control-to-output transfer function for the
schematic shown in figure 15, with Vo = 1.2V, gyt = 1.5 A,
and Ry ; = 0.8 Q, is shown in figure 11. The pole at fp; can easily
be seen at 8.8 kHz while the ESR zero, f;;, occurs at a very high
frequency, 4 MHz (this is typical for a design using ceramic out-
put capacitors). Note, there is more than 90° of total phase shift
because of the double-pole at half the switching frequency.

Next, consider the feedback resistor divider, (Rgg; and Rgg,), the
error amplifier (gm), and its compensation network R;-C-Cp.

It greatly simplifies the transfer function derivation if R >> Ry,
and C, >> Cp. In most cases, Ry > 2 MQ, 1 kQ <R, <100 k€,
220 pF < C; <47 nF, and Cp < 50 pF, so the following equations
are very accurate.

The low frequency gain of the control section (G gy, ) is formed
by the feedback resistor divider and the error amplifier. It can be
calculated as:

R
GC(OHZ) = rb2 X 8m X Ry
Rppi tREp:

v

= L X gm X RO
Vout
Ve

=———— x AyoL
Vour (23)

where
Vour is the output voltage,

Vg is the reference voltage (0.8 V),
g, 1s the error amplifier transconductance (750 pA/V), and

Ry is the error amplifier output impedance (Ayop /g )-

The transfer function of the Type-II compensated error amplifier
has a (very) low frequency pole (fp,) dominated by the output
error amplifier output impedance (R) and the C, compensation
capacitor:

1

2n x Ry x Cy

The transfer function of the Type-II compensated error amplifier
also has frequency zero (f;,) dominated by the Ry resistor and
the C; capacitor:

Je2= (24)

(25)

Lastly, the transfer function of the Type-II compensated error
amplifier has a (very) high frequency pole (fp;) dominated by the
R, resistor and the Cp capacitor:

(26)

A Bode plot of the error amplifier and its compensation network
is shown in figure 12, where fp,, fp3, and f,, are indicated on the
Gain plot. Notice that the zero (f, at 16 kHz) has been placed so
that it is just above the pole at fp previously shown at 8.8 kHz in
the control-to-output Bode plot (figure 11). Placing f,, just above
fp; results in excellent phase margin, but relatively slow transient
recovery time, as we will see later.

Finally, consider the combined Bode plot of both the control-to-
output and the compensated error amplifier (figure 13). Careful
examination of this plot shows that the magnitude and phase

of the entire system (red curve) are simply the sum of the error
amplifier response (blue curve) and the control to output response
(green curve). As shown in figure 13, the bandwidth of this sys-

40 80 T T
Gco(oHz) = 58 dB
& _ ﬁ\\
8 o _ _ B 40 f, =16 kH
s Geolohz) = 12 dB fp1=28.8kHz 2 T lip,=45Hz 2
] f,; =4 MHz ] g foo=1.1 MHz 7
-40 0
-80 -40
180 180
o 9 —~ 135
3 Double Poleat —| @
el 0 1 MHz J— 8 o  — —
=
o by
-90 [ -45
A
-180
10 100 103 10x103 100x103 1.06 106 10 100 103 10x103 100x103 1.06 106
Frequency (Hz) Frequency (Hz)
Figure 11. Control-to-output Bode plot Figure 12. Type-Il compensated error amplifier Bode plot
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tem (f,) is 72 kHz, the phase margin is 73 degrees, and the gain
margin is 27 dB.

A Generalized Tuning Procedure
This section presents a methodology to systematically apply
design considerations provided above.

1. Choose the system bandwidth (fo). This is the frequency at
which the magnitude of the gain crosses 0 dB. Recommended
values for f, based on the PWM switching frequency, are in

the range fqy /20 < f- < fgw/ 7.5. A higher value of f- generally
provides a better transient response, while a lower value of -
generally makes it easier to obtain higher gain and phase margins.

2. Calculate the Ry resistor value. This sets the system bandwidth
(fo):

Ry= fox Yourt 2" xCoum
FBI1

27)
EmPOWER * 8m

3. Determine the frequency of the pole (fp;). This pole is formed
by Coyt and R; . Use equation 21 (repeated here):

for = 1
Pl
2n XRle COUTI
100
fo =72kHz

) ——— GM=27dB |
S o0
=
T —
D e

-100

180

— ]
. — PM =73 deg T
= S~
Q
(7]
S o0
T
90 i
A
180, 100 103 10x103 100%103 1.06 106

Frequency (Hz)

Figure 13. Bode plot of the complete system (red curve)

4. Calculate a range of values for the C; capacitor. Use the fol-
lowing:

; < CZ < 1

2n x Ry x fc 2n x Ry, x1.5% fp,

(28)

To maximize system stability (that is, to have the greatest gain
margin), use a higher value of C;,. To optimize transient recovery
time, although at the expense of some phase margin, use a lower
value of C;.

5. Calculate the frequency of the ESR zero (f;;) formed by the

output capacitor(s) by using equation 22 (repeated here):

1
21 xESRcouri* Couti

Jz1=

If £, is at least 1 decade higher than the target crossover fre-
quency (fc) then f;; can be ignored. This is usually the case for
a design using ceramic output capacitors. Use equation 26 to
calculate the value of Cp by setting fp; to either 5 % e or fqy/2,
whichever is higher.

Alternatively, if f is near or below the target crossover fre-
quency (fc), then use equation 26 to calculate the value of Cp by
setting fp; equal to f;. This is usually the case for a design using
high ESR electrolytic output capacitors.

(V)
1.840 —

1.820

1.800

1.780

1760 1

1.740

1725
240 250 260 270 280 290 300 310 320 330
(ps)

Figure 14. Transient recovery comparison for f,, at 16 kHz/69°
and 50 kHz/51°
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1206 0805 0603 ’Ig GND FB1 18
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U1
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RSET1 NPORT
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3.3V/1.5A
2 J_ Cco3 _l_
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EN2
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34.8K

Figure 15: Typical Application Circuit for V|y =5V at Ty = 125°C: VOUT 3.3 V/1.5Aand 1.2V /1.5Aat2 MHz
Csync and Dgypnc are only required if synchronizing to an external clock
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Power Dissipation and Thermal Calculations

The power dissipated in the A8651 is the sum of the power dis-
sipated from the VIN supply current (Pyy) and the power dis-
sipated by the two regulators. The regulator power dissipation

is composed of: the power dissipated due to the switching of the
high-side power MOSFET (Pgyys) ), the power dissipated due
to the rms current being conducted by the high-side and low-side
MOSFETSs (Pconpas) and Pconps))» and the power dissipated
by the low-side body diode (Pyg ) during the non-overlap time.

The power dissipated from the VIN supply current can be calcu-
lated using the following equation:

P =V * Lot Vit T Vin2 ) % (Qos) T Qasy) X Ssw (29)
where

Viny are the input voltages,

I is the input quiescent current drawn by the device (nominally
2 mA),

Qqus) and Qg s) are the internal high- and low-side

MOSFET gate charges (approximately 3.3 nC and 1.4 nC,
respectively), and

fqw 1s the PWM switching frequency.

Note: The calculation after this point refers only to regulator 1.

The power dissipated by the internal high-side MOSFET during
PWM switching can be calculated using the following equation:
Pqy = Vin x lout x (& 1) X fsw

2

(30)

where

Vy 1s the input voltage,

Ioyt is the output current,

fqw 1is the PWM switching frequency, and

t, and t; are the rise and fall times measured at the SW node.

The exact rise and fall times at the SW node depend on the
external components and PCB layout so each design should be
measured at full load. Approximate values for both t, and t; range
from 10 to 15 ns. The fall time is usually about 50% faster than
the rise time.

The conduction losses dissipated by the high-side MOSFET
while it is conducting can be calculated using the following equa-
tion:

2
Peonpms) = Lims(FET) X RDs(on)HS

v, AL 31
= [%] x [Iém + 1—;] X Rps(on)HS Gh
IN

where

Ioyr is the regulator output current,
Al; is the peak-to-peak inductor ripple current, and
Rps(ony1 18 the on-resistance of the high-side MOSFET.

The conduction losses dissipated by the low-side MOSFET can
be calculated as:

2
Pconp2 = Lims(FET) X RDS(0n)2

_ Vout ) AR
= [1 A x\lout + =5~ |% Rps(ony2 (32)

where

Ioyr is the regulator output current,
Al is the peak-to-peak inductor ripple current, and
Rps(on)1 18 the on-resistance of the high-side MOSFET.

The Rpyg(on)0f the MOSFETSs has some initial tolerance plus an
increase from self-heating and elevated ambient temperatures.
A conservative design should accommodate an Rpg,,) with

at least a 15% initial tolerance plus 0.39%/°C increase due to
temperature.

The power dissipated by the low-side MOSFETs body diode dur-
ing the non-overlap time can be calculated as:

Pno = Vsp X oyt * 2 % tyo X fsw (33)

where

The deadtime is the same for the rising and falling edges of SW,
Vgp is the source-to-drain voltage of the low-side MOSFET
(typically 0.60 V), and

tyo 1s the non-overlap time (typically 15 ns),
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Finally, the total power dissipated by the device (Ptgray) is the
sum of the previous equations:

ProraL = Pin t Preguratori T PREGULATOR2 (35)

where
Preguratori = Psw + Pconpgs) T Peonnws) T Pno - (36)

The average junction temperature can be calculated with the fol-
lowing equation:

Ty=ProtaL * Roga + Ta (37)
where

Prorar 1s the total power dissipated as described in equation 35,
Rg; 4 1s the junction-to-ambient thermal resistance (48°C/W on a
4-layer PCB), and

T, is the ambient temperature.

The maximum junction temperature is dependent on how effi-
ciently heat can be transferred from the PCB to ambient air. It is
critical that the thermal pad on the bottom of the IC should be
connected to a at least one ground plane using multiple vias.

As with any regulator, there are limits to the amount of heat that
can be dissipated before risking thermal shutdown. There are
trade-offs among: ambient operating temperature, input voltage,
output voltage, output current, switching frequency, PCB
thermal resistance, airflow, and other nearby heat sources.

Even a small amount of airflow will reduce the junction tempera-
ture considerably.

i Allegro

MicroSystems, LLC
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A8651

Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

PCB Component Placement and Routing

A good PCB layout is critical if the A8651 is to provide clean,
stable output voltages. Follow these guidelines to insure a good
PCB layout. Figure 16 shows a typical buck converter schematic
with the critical power paths/loops. Figure 17 shows an example
PCB component placement and routing with the same critical
power paths/loops from the schematic.

1. Place the ceramic input capacitors as close as possible to the
VINX pins and ground the capacitors at the PGNDx pins. The
ceramic input capacitors and the A8651 must be on the same
layer. Connect the input capacitors, the VINX pins, and the
PGNDx pins with a wide trace. This critical loop is shown as a
red trace in figures 16 and 17.

2. Place the output inductor (L, ) as close as possible to the
SWx pins. The output inductor and the A8651 must be on the
same layer. Connect the SWx pins to the output inductor with a
relatively wide trace or polygon. For EMI/EMC reasons, its best
to minimize the area of this trace/polygon. This critical trace is
shown as a green trace in figure 16. Also, keep low level analog
signals (like FB and COMP) away from the SW metal.

3. Place the output capacitors relatively close to the output induc-
tor and the A8651. Ideally, the output capacitors, output inductor
and the A8651 should be on the same layer. Connect the output
inductor and the output capacitors with a fairly wide trace. The
output capacitors must use a ground plane to make a very low
inductance connection back to the PGND pin. These critical con-
nections are shown in blue in figures 16 and 17.

4. Place the feedback resistor dividers (Rpg;-Rpp,) very close to
the FB pin. Orient Rpp, such that its ground is as close as pos-
sible to the A8651.

5. Place the compensation components (R, C,, and Cp) as close
as possible to the COMP pin. Orient CZ and CP such that their

ground connections are as close as possible to the A8651.

6. Place and ground the FSET resistor as close as possible to the
FSET pin.

7. The output voltage sense trace (from V1 to Rgg;) should be
connected as close as possible to the load to obtain the best load
regulation.

8. The thermal pad under the IC should be connected a ground
plane (preferably on the bottom layer) with as many vias as pos-
sible. Allegro recommends vias with approximately a 10-15 mil
hole and a 5-7 mil ring.

9. Place the soft start capacitor (CSS) as close as possible to the
SS pin. Place a via to the GND plane as close as possible to this
component.

10. When connecting the input and output ceramic capacitors to
a power or ground plane, use multiple vias and place the vias as
close as possible to the component’s pads. Do not use thermal
reliefs (spokes) around the pads for the input and output ceramic
capacitors.

11. EMI/EMC issues are always a concern. Allegro recommends
having locations for an RC snubber from SW to ground. The
snubber components can be placed on the back of the PCB and
populated only if necessary. The resister should be 0805 or 1206
size.

12. Allegro strongly recommends the use of current steering

(a cut in the ground plane) to prevent current from SW1 from
disturbing SW2 and vice versa. Notice the horizontal cut in the
ground plane as shown in figure 17.
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A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR
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Figure 16. Typical synchronous buck converter with critical paths/loops shown
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Figure 17: Example PCB component placement and routing
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A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2 A/ 2 ABuck Regulator with Synchronization, 2x EN, and 2x NPOR
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Figure 16. Current Derating Curve versus Output Voltages, Switching Frequency, and Ambient Temperature

Allegro MicroSystems, LLC 32

lle m‘"’. - 115 Northeast Cutoff
’ o Worcester, Massachusetts 01615-0036 U.S.A.

mE mp MicroSystems, LLC 1.508.853.5000; www.allegromicro.com




A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR

Package LP, 20-Pin TSSOP
with exposed thermal pad
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E 0.10| C = i PLANE PCB Layout Reference View
030 | |e ‘ L
019 0.65BSC — — L2 MAX
015
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For Reference Only; not for tooling use (reference MO-153 ACT)
Dimensions in millimeters

Dimensions exclusive of mold flash, gate burrs, and dambar protrusions
Exact case and lead configuration at supplier discretion within limits shown

A Terminal #1 mark area

& Reference land pattern layout (reference IPC7351 SOP65P640X110-21M);
All pads a minimum of 0.20 mm from all adjacent pads; adjust as necessary
to meet application process requirements and PCB layout tolerances; when
mounting on a multilayer PCB, thermal vias at the exposed thermal pad
land can improve thermal dissipation (reference EIA/JEDEC Standard
JESD51-5)

A Exposed thermal pad (bottom surface); dimensions may vary with device
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A8651 Low Input Voltage, Adjustable Frequency Dual Synchronous
2A /2 A Buck Regulator with Synchronization, 2x EN, and 2x NPOR
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