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A8591
Wide Input Voltage, 2 A Buck

Regulator Family with Low-1Q Mode

FEATURES AND BENEFITS

*  Automotive AEC-Q100 qualified

» Withstands surge input to 40 Vy for load dump

» Operates down to 3.4 Vi (typ), 3.6 Vi (max) for idle stop

« Utilizes pulse-frequency modulation (PFM) for low-IQ mode

* 10 pA Sleep mode (automatic PWM / Low-IQ PFM
mode selection)

* Fixed output voltage options: 3.3 or 5 V with +1%
accuracy

* Delivers up to 2 A of output current

* Integrated 110 mQ high-side MOSFET

* Adjustable switching frequency from 300 kHz to 2.4 MHz

« EMI reduction features:
0 Frequency dithering
o Controlled switching node

» External synchronization capability

*  Maximum duty cycle for low dropout

* Active low NPOR output with 7.5 ms delay

 Pre-bias startup capable: V1 increases monotonically,
will not cause a reset

Continued on the next page...

DESCRIPTION

The A8591 isdesigned to provide the power supply requirements
of next generation car audio and infotainment systems.
The A8591 provides all the control and protection circuitry
to produce a high-current regulator with +1% output voltage
accuracy.

The A8591 employs current-mode control to provide simple
compensation, excellent stability, and fast transient response.
The A8591 employs pulse-frequency modulation (PFM) to
draw less than 33 pA from 12 Vy while supplying 5 V/40 pA
(A8591, 5 Vqoyur), or less than 24 pA from 12 Vi while
supplying 3.3 V/40 pA(A8591-1,3.3 Voyt). When operational,
the A8591 operates down to at least 3.6 Vi (Vy falling). The
Sleep feature allows for very low standby current.

Features of the A8591 include a programmable PWM
switching frequency. The regulator switching frequency can
be synchronized to an external clock. The A8591 has external
compensation to optimize stability and transient response for
a wide range of external components and applications. The
A8591 has a fixed soft-start time of 5 ms.

Continued on the next page...

PACKAGE:
10-Pin, 3 x 3 mm Wettable Flank DFN APPLICATIONS: .
with Exposed Thermal Pad (suffix EJ) * Automotive: * Home audio
0 Instrument clusters * Network and telecom
O Audio systems  Industrial
o Navigation
o HVAC
Not to scale
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See Table 2 for recommended component values

Typical Application Diagram
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A8591

Wide Input Voltage, 2 A Buck
Regulator Family with Low-IQ Mode

FEATURES AND BENEFITS (CONTINUED) DESCRIPTION (CONTINUED)

» External compensation for maximum flexibility

» Stable with ceramic or electrolytic output capacitors

 Internally fixed soft-start time of 5 ms

* Pulse-by-pulse current limit, hiccup mode short-circuit,
thermal protections

* Pin open/short and component fault tolerant

e —40°C to 150°C operating junction temperature range

* Thermally enhanced DFN-10 surface-mount package

Selection Guide

Extensive protection features of the A8591 include pulse-by-pulse

current limit, hiccup mode short-circuit protection, open/short

asynchronous diode protection, BOOT open/short voltage protection,
and Vi undervoltage lockout, and thermal shutdown.

The A8591 is supplied in a 10-pin wettable flank DFN package
(suffix EJ) with exposed power pad. It is lead (Pb) free, with 100%
matte-tin leadframe plating.

Part Number Packing* Output Voltage Option
A8591KEJTR-J 1500 pieces per 7-in. reel 5V compatible
A8591KEJTR-J-1 1500 pieces per 7-in. reel 3.3 V compatible

*Contact Allegro™ for additional packing options
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Wide Input Voltage, 2 A Buck
A8591 Regulator Family with Low-1Q Mode

SPECIFICATIONS
Absolute Maximum Ratings”
Characteristic Symbol Notes Rating Unit
Input Voltage (VIN pins) Vin -0.3t0 40 \Y
o ) Continuous; rating is a function of temperature —0.3toVy+0.3 \
Switching Node Voltage (SW pin) Vsw
t<50ns -10toV)y+3 \%
Continuous V\S/W -03to V
. sw+ 55
BOOT Pin Voltage VeooT
BOOT pin overvoltage fault condition Vsw—-03to \%
Vsw *7
. Continuous -0.3t05.5 \
VOUT Pin Voltage Vout - —
VOUT pin overvoltage fault condition -0.3to7 \Y
EN/SLEEP Pin Voltage VEeN/SLEEP -0.3toVy+0.3 \Y
All other pins -0.3t05.5 Vv
Maximum Junction Temperature T,(max) 150 °C
Storage Temperature Tsig -55to 150 °C

*Operation 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 func-
tional 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.

Thermal Characteristics: May require derating at maximum conditions; see Power Dissipation and Thermal Calculations section
Characteristic Symbol Test Conditions* Value | Unit

Package Thermal Resistance Rgua On 4-layer PCB based on JEDEC standard 45 °C/W

*Additional thermal information available on the Allegro website.
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Wide Input Voltage, 2 A Buck
A8591 Regulator Family with Low-IQ Mode
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A8591

Wide Input Voltage, 2 A Buck
Regulator Family with Low-1Q Mode

Terminal List Table

PINOUT DIAGRAM AND TERMINAL LIST TABLE

vin [0 S 10 ] BooT

vin [20 9 |sw
EN/SLEEP | 3 ) i PAD T8 ]oenD
FSET/SYNCpyy |4 i 7] comp
vouT [0t ] s | nPOR

EJ Package, 10-Pin 3 x 3 mm DFN Pinouts

Number Name Function
Power input for the control circuits and the drain of the internal high-side N-channel MOSFET. Connect this pin to
1,2 VIN a power supply of 4 to 35 V. A high-quality, high-frequency ceramic capacitor should be placed and grounded very
close to this pin.
This pin must be set high to enable the device. If this pin is set low, the device will enter a very low current
3 EN/SLEEP shutdown or sleep state (Vo1 = 0 V). If the application does not require a sleep mode, then this pin can be tied
directly to VIN. Do not float this pin.
Frequency setting and PWM synchronization pin. A resistor, Rgggt, from this pin to GND sets the PWM switching
4 FSET/SYNCpy\ | frequency. See Figure 11 and/or Equation 1 to determine the value of Rgget. Applying a clock signal to this pin
forces PWM mode and synchronizes the PWM switching frequency.
Connect this pin to the output of the regulator. This pin supplies internal circuitry when its voltage level is high
5 VOUT enough. Also, through an on-chip voltage divider, this pin connects to the negative feedback input of the error
amplifier. Keep the VOUT pin quiet and Kelvin connect.
Active-low, power-on reset output signal. This pin is an open-drain output that transitions from low to high
6 NPOR . 2 -
impedance after the output has maintained regulation for typog.
Output of the error amplifier, and compensation node for the current-mode control loop. Connect a series RC
7 COMP network from this pin to GND for loop compensation. See the Design and Component Selection section of this
datasheet for further details.
8 GND Ground pin.
The source for the internal high-side N-channel MOSFET. The external freewheeling diode (D) and output inductor
9 SW (Lo) should be connected to this pin. Both D4 and Ly should be placed close to this pin and connected with
relatively wide traces.
High-side gate drive boost input. This pin supplies the drive for the high-side N-channel MOSFET. Connect a 47 nF
10 BOOT ) .
ceramic capacitor from BOOT to SW.
_ 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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Wide Input Voltage, 2 A Buck
A8591 Regulator Family with Low-1Q Mode

ELECTRICAL CHARACTERISTICS!: Valid at 4 V < V| < 35V, =40°C < T, = T, < 150°C, unless otherwise specified

Characteristic | Symbol | Test Conditions Min. Typ. Max. Unit
Input Voltage
Input Voltage Range? ViN 4 - 35 \Y
VIN Undervoltage Lockout Start -
Threshold VUVLO(ON) VlN rising 3.6 3.8 4 \Y
VIN Undervoltage Lockout Stop .
Threshold VUVLO(OFF) V|N falllng 3.2 3.4 3.6 \
VIN Undervoltage Hysteresis ViyvLoHys) - 400 - mV
Input Supply Current
Input Supply Current (Not in PFM) IIn lour=0mMA - 25 3.5 mA
loyr = No Load, Ty = 25°C - 10 14 HA
C85?11:2 ,  |lour=Noload,T,=65°C - 15 - A
VIC’)\IUT -5V | lour=40 pA, To=25°C - 28 33 HA
| =40 pA, T, =65°C - 33 - A
Input Supply Current (Low-1Q PFM)3:4 lLo_ia IOUT_ NopLoadAT Py, - 10 ﬁA
ouT = »Ia= -
0855_311-21 . [lour=Noload, T, =65¢C - 12 - A
Vour=3.3V | lour=40 pA, To=25°C - 20 24 uA
lout = 40 YA, To = 65°C - 25 - WA
Vensieep =0V, T, <85°C,V|y=16V - 5 15 A
Input Supply Current (Sleep Mode) Iin(sLEEP) VEN/SLEEP “ov TJ <850 VlN Za5v - 7 Py :A
ENSLEEP = UV, 1y = » VIN T
Voltage Regulation
oy 05 C Vour= 4.95 5 5.05 v
Evout A8591 COMP
(5.0V) :14X0VC <T,;<150°C, Vout = 4.925 5 5075 Vv
Output Voltage Accuracy* . COMP - —
. g xc\; Ty <85°C, Vour = 3.267 33 3.333 Vv
VoUT | A8591-1 L -
(3.3v) —40°C <T;<150°C, Vout = 3.05 33 3.35 Vv
2 xVeomp
Low 1Q Ripp|93’4 VPP(LOJQ) 8V< VlN <12V - 25 65 mVpp
Low 1Q Peak Current Threshold IpEAK(LO_IQ) 640 800 930 MAPEAK
To=85°C, DCR o <75mQ, Vi =4V, ~
lour = 1A, fay = 425 kHz 3.2 3.295 v
Ta=85°C,DCR 75 mQ, Viy =575V, 494 5 ~ v
IOUT =1 A, fSW =425 kHz
Output Dropout Voltage4 Vour(saT) T = 85°C DCR - 50 mO. Ve = 425V
ATTE o= PUINT ’ 3.25 3.3 - \
IOUT =1 A, fSW =2 MHz
Tp=85°C,DCR <50 mQ, V|y=6V, 4.89 5 3 Vv

IOUT =1 A, fsw =2 MHz

Continued on the next page...

1 Negative current is defined as coming out of the node or pin, positive current is defined as going into the node or pin.
2Thermally limited depending on input voltage, output voltage, duty cycle, regulator load currents, PCB layout, and airflow.
3 Configured as shown in Typical Application Diagram.

4 Ensured by design and characterization, not production tested.
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Wide Input Voltage, 2 A Buck
A8591 Regulator Family with Low-1Q Mode

ELECTRICAL CHARACTERISTICS' (continued): Valid at 4 V <V, < 35V, -40°C £ T, = T, < 150°C, unless otherwise specified

Characteristic | Symbol | Test Conditions Min. Typ. Max. Unit
Error Amplifier
Open-Loop Voltage Gain AvoL Veowp = 1.2V - 65 - dB
Gmew) | ABSO 2.5V <Voyr 88 120 152 HA/V
Transconductance with On-Chip 0V<Vgyr<25V 46.4 64 81.6 HAV
Resistor Divider Included 1.65V < Vour 133.3 181.8 230.3 HAV
Omaav) | ABS9T-1 0V <Voyr<165V 703 97 123.6 AN
Output Current lea Veomp =12V - +75 - PA
Internal MOSFET Parameters?
High-Side MOSFET On-Resistance RosnyHs | Ty =25°C, Vgoor — Vew =45V, Ipg = 1A - 110 - mQ
High-Side MOSFET Leakage Current4 | | kans ;F/TN<=815€;’C\)/ Venisieer < 0.8 V. Vaw =0V, - - 10 pA
SW Node Rising/Falling Slew Rate# SR Vn=12V, lgyr=1A - 0.72 - V/ins
Low-Side MOSFET On-Resistance Rosns | Ty=25°C, Viy26V, Ipg=0.1A - - 10 Q
BOOT Regulator
BOOT Voltage Enable Threshold Veoot(H) | Veoor rising 1.8 2 22 \
BOOT Voltage Enable Hysteresis VBooT(HYS) - 400 - mV
Oscillator and PWM Timing
Reser = 86.6 kQ 270 300 330 kHz
PWM Switching Frequency fosc Reser =61.9 kQ 373 415 457 kHz
Reser = 9.31 kQ 1.8 2 22 MHz
PWM Frequency Dithering forrver | No dithering with synchronization - 7.5 - %
Minimum Controllable On-Time tonming | ViN=12V, loyr = 1A - 85 125 ns
Minimum Switch Off-Time torring | ViN= 12V, loyr = TA - 85 125 ns
FSET/SYNCpyy Synchronization Timing
Synchronization Frequency Range fsw_muLt 0.375 - 24 MHz
Synchronization Input Duty Cycle Dsvyne - - 80 %
Synchronization Input Pulse Width twsyne 200 - - ns
Synchronization Input Rise Time# trsync - 10 15 ns
Synchronization Input Fall Time# trsyne - 10 15 ns
Synchronization Rising Threshold4 Vsynewoy | VrseT/syncewu Mising - - 1.5 \Y
Synchronization Falling Threshold#4 Vsynci) | VrseTisyncewn falling 0.9 - - \

Continued on the next page...

1 Negative current is defined as coming out of the node or pin, positive current is defined as going into the node or pin.
2Thermally limited depending on input voltage, output voltage, duty cycle, regulator load currents, PCB layout, and airflow.
3 Configured as shown in Typical Application Diagram.

4 Ensured by design and characterization, not production tested.
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Wide Input Voltage, 2 A Buck
A8591 Regulator Family with Low-1Q Mode

ELECTRICAL CHARACTERISTICS? (continued): Valid at 4 V <V, 35V, =40°C < T, = T, < 150°C, unless otherwise specified

Characteristic | Symbol | Test Conditions Min. Typ. Max. Unit
Current Control Loop
ILimeronming| ton = tongvingpwms 4V S Viy< 16V 3 3.5 4 A
PWM Pulse-by-Pulse Limit | ton = (1/fsw) — torrqingpwm, N0 PWM N 26 3 A
LIMTONMAX)! synchronization )
COMP to SW Current Gain ImPOWER - 3 - ANV
During synchronization - 0.35 - Alus
) Reser = 86.6 kQ 0.18 0.25 0.34 Alus
Slope Compensation Sg —
RrseT = 61.9 kQ 0.25 0.34 0.45 Alus
Reser =9.31 kQ 1.6 2 24 Alus
Soft-Start
Soft-Start Ramp Time tss 2.5 5 7.5 ms
O V < VOUT < 125 V - fosc/4 - -
fssiovy | A8591 125V <Vgyr<25V - fosc/2 - -
25V <V - f - -
Soft-Start Switching Frequency out osc
0 V < VOUT < 0825 V - fosc/4 - -
fSS(3.3V) A8591-1 0825 V < VOUT < 165 V - fosc/2 - -
1.65V < Vour - fosc - -
Hiccup Mode
Hiccup Off-Time HICorr | All hiccup faults such as VOUT shorted to GND - 20 - ms
gfj:tp Overcurrent Protection (OCP) OCPy | t> tss, OCP pulses B 120 _ counts
Hiccup BOOT Shorted Count BOOTyy - 64 - counts
Hiccup BOOT Open Count BOOTqoy - 7 - counts

Thermal Protection

PWM stops immediately, COMP is pulled low,

and soft-start is reset 155 170 - ¢

Thermal Shutdown Threshold (Rising) Tspth

Thermal Shutdown Hysteresis TspHYs - 20 - °C

Continued on the next page...

1 Negative current is defined as coming out of the node or pin, positive current is defined as going into the node or pin.
2Thermally limited depending on input voltage, output voltage, duty cycle, regulator load currents, PCB layout, and airflow.
3 Configured as shown in Typical Application Diagram.

4 Ensured by design and characterization, not production tested.
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A8591

Wide Input Voltage, 2 A Buck
Regulator Family with Low-1Q Mode

ELECTRICAL CHARACTERISTICS' (continued): Valid at 4 V < V,y < 35V, =40°C < T, = T, £ 150°C, unless otherwise specified

Characteristic | symbol | Test Conditions Min. Typ. Max. Unit
Power-On Reset (NPOR) Output
NPOR Overvoltage Threshold, 5 V Viporov Vour rising 5.37 55 5.75 v
(5v)
NPOR Overvoltage Hysteresis, 5 V \(/NF’;(RO‘)’ Vour falling, relative to Vyporov - —-60 - mV
HYS)(5V
NPOR Undervoltage Threshold, 5 V Vieoruvisy) | Vour falling 4.45 4.62 4.75 Vv
NPOR Undervoltage Hysteresis, 5 V \(/NPSO(RU‘)’ Vour rising, relative to Vyporuv - 60 - mV
HYS)(5V,

NPOR Overvoltage Threshold, 3.3V |Vnporov.av)| Vourt fising 3.54 3.63 3.75 Vv
NPOR Overvoltage Hysteresis, 3.3 V (\;x)c():?\\//) Vour falling, relative to Vyporov - —-40 - mV
NPOR Undervoltage Threshold, 3.3 V |Vyporuv(sav)| Vour falling 2.93 3.05 3.14 Vv
NPOR Undervoltage Hysteresis, 3.3 V (:sz;?:;‘/’) Vour rising, relative to Vyporuy - 40 - mV
NPOR Overvoltage Delay tarov_por | Vour falling beyond Vyporov - 120 - counts
NPOR Delay to Rising Edge typor Voyr rising only 5 7.5 10 ms
NPOR Low Output Voltage VeoroL | INpOR =4 MA - 200 400 mV
NPOR Leakage likeror | VNPOR =5.5V - - 1.2 HA
EN/SLEEP Pin Input Thresholds
EN/SLEEP Threshold (High) Vsieepvin | Ven/SLEEP fising - 1.3 21 \
EN/SLEEP Threshold (Low) VsieepviL | Venssiees falling 0.5 1.2 - \
EN/SLEEP Delay tysteep | Ven/sLeep transitioning low 115 224 400 us
EN/SLEEP Input Bias Current IBlASSLEEP VEN/@ =5V - 500 - nA

1 Negative current is defined as coming out of the node or pin, positive current is defined as going into the node or pin.

2Thermally limited depending on input voltage, output voltage, duty cycle, regulator load currents, PCB layout, and airflow.

3 Configured as shown in Typical Application Diagram.

4 Ensured by design and characterization, not production tested.
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A8591

Wide Input Voltage, 2 A Buck
Regulator Family with Low-IQ Mode
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Wide Input Voltage, 2 A Buck

A8591 Regulator Family with Low-1Q Mode
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Wide Input Voltage, 2 A Buck
A8591 Regulator Family with Low-IQ Mode

DROPOUT OPERATION - TYPICAL AND WORST-CASE OPERATION

Typical Output Voltage versus Input Voltage at High Ambient
at 100%, 66%, and 33% Load
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Wide Input Voltage, 2 A Buck
Regulator Family with Low-IQ Mode

FUNCTIONAL DESCRIPTION

Overview

The A8591 family are current-mode buck regulators that incorpo-
rate all the control and protection circuitry necessary to provide
the power supply requirements of car audio and infotainment
systems.

The A8591 family consists of two parts:

* A8591 (5 V output voltage)
* A8591-1 (3.3 V output voltage)
The A8591 family has three modes of operation:

* Pulse-width modulation (PWM) mode, delivering up to 2 A.

* Low-IQ pulse-frequency modulation (PFM) mode, drawing
only approximately 10 pA from Vyy while maintaining Vo
(at no load). Under most conditions, Low-IQ PFM mode is
typically capable of supporting up to approximately 100 mA,
depending on applications.

* The third mode of operation is entered when the EN/SLEEP
pin is set to 0. The device enters an ultralow-current shutdown

mode. Vo= 0V and the total current drawn from Vyy is less
than 10 pA (typ).

In PFM mode, the device operates with lower switching fre-
quency to achieve higher efficiency at light load. When the load
is heavy, the device automatically transitions into PWM mode to
support a relatively higher current.

The A8591 family is designed to support up to 2 A output.
However, the exact amount of current it will supply, before pos-
sible thermal shutdown, depends heavily on duty cycle, ambient
temperature, airflow, PCB layout, and PCB construction. Figure 3
shows calculated current ratings versus ambient temperature for
Vin=12VandVqoyr=3.3 V, and for Vi =12 Vand Vgyr =
5V, each at 300 kHz and 2 MHz. This analysis assumes a 4-layer
PCB according to the JEDEC standard (45°C/W), no nearby heat
sources, and no airflow.

Reference Voltage

The output voltage from the device regulator is directly con-
nected to the VOUT pin and is divided down internally to

800 mV by an internal resistor divider inside the regulator, as
shown in the Functional Block Diagram. The A8591 has a fixed
5 V output voltage; the A8591-1 has a fixed 3.3 V output voltage.

2.1

2.0

L3
19 +—S8¢ k\
S

1.8 St N
17 AT N\
g 1 5 e \; \
s DY N
e 14 SO N\
5 13 RO\
12 A ANN
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1.0 H 12 V|N, 3.3 VOUT‘ 300 kHz h) '\\\\

0.9 H{=== 12V, 5.0V .2 MHz NN

08 H=== 12V, 33V, 2MHz \\\\

0.7 1 1

75 85 95 105 115 125

Ambient Temperature (°C)

Figure 3: Typical Current Derating

PWM Switching Frequency

The PWM switching frequency of the A8591 family is adjustable
from 300 kHz to 2.4 MHz and has an accuracy of £10% over the
operating temperature range. The switching frequency is dithered
to help reduce EMI between —7.5% and 7.5% according to a
random sequence.

During startup, the PWM switching frequency changes from
25%, to 50%, and finally to 100% of fgy as Vqyr rises from
0V to the regulation voltage. The startup switching frequency is
described in detail in the Soft-Start section of this datasheet.

If the regulator output is shorted to ground, Vyg = 0 V and the
PWM frequency is 25% of fqy . In this case, the low switching
frequency allows extra off-time between SW pulses. The extra
off-time allows the inductor current to remain under control
(remaining well above 0 A) before the next SW pulse occurs.
This prevents the inductor current from ratcheting up, or rising, to
a value that could damage the device or the output inductor.

The FSET pin includes protection features that disable the
regulator when the FSET pin is shorted to GND, shorted High (to
NPOR), or when Rggp is mis-selected.

EN/SLEEP Input

The A8591 family has the EN/SLEEP logic level input pin.

To enable the device, the EN/SLEEP pin must be a logic high
(>2.1 V). The EN/SLEEP pin is rated to 40 V so this EN/SLEEP
pin may be connected directly to Vyy if there is no suitable logic
signal available to wake up the regulator.
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When EN/SLEEDP transitions low, the device waits approximately
224 us before shutting down. This delay provides plenty of
filtering to prevent the device from prematurely entering Sleep
mode because of any small glitches that might couple onto the
PCB trace or EN/SLEEP pin.

PWM Synchronization

If an external clock is applied to the FSET/SYNCpy pin, the
device is forced into PWM mode and synchronizes its PWM
frequency to the external clock. Synchronization is independent
of Regprs it only needs to satisfy the range requirement in the
Electrical Characteristics table. When synchronizing, the external
clock pulses must satisfy the pulse-width, duty cycle, and rise/fall
time requirements shown in the Electrical Characteristics table

in this datasheet. During synchronization, frequency dithering is
disabled.

The A8591 synchronizes to the SYNC input when the FSET/
SYNCpy\ pin is driven above the 1.2 V threshold. Synchroniza-
tion must occur within 16 ps or else a fault may be declared
causing SW to halt operation. The A8591 will transition back to
using the RFSET resistor after a rising has not crossed the 1.2 V
threshold for ~8 ps, resulting in the high-side switch remaining
off for ~8 us and causing some V7 droop.

Transconductance Error Amplifier

The transconductance error amplifier's primary function is to
control the regulator output voltage. The error amplifier is shown
in the Functional Block diagram. It is shown as a three-terminal
input device with two positive inputs and one negative input. An
on-chip resistor divider is included. The negative input is simply
connected to the internal resistor divider and is used to sense

the feedback voltage for regulation. The two positive inputs are
used for soft-start and steady-state regulation. The error amplifier
performs an analog OR selection between the two positive inputs.
The error amplifier regulates to either the internal soft-start volt-
age or the device internal reference, whichever is lower.

To stabilize the regulator, a series RC compensation network
(R and C) must be connected from the error amplifier output
(the COMP pin) to GND, as shown in the Typical Application
Diagram. In most instances, an additional relatively low-value
capacitor (Cp) should be connected in parallel with the R;-C,
components to reduce the loop gain at very high frequencies.
However, if the Cp capacitor is too large, the phase margin of the
converter can be reduced. Calculating R, C, and Cp is covered

in detail in the Component Selection section of this datasheet.

If a fault occurs or the regulator is disabled, the COMP pin
is pulled to GND via approximately 1 kQ and SW switching
is inhibited.

Slope Compensation

The A8591 family incorporates internal slope compensation (Sg)
to allow PWM duty cycles above 50% for a wide range of input/
output voltages and inductor values. The slope compensation sig-
nal is added to the sum of the current-sense amplifier output and
the PWM ramp offset. As shown in the Electrical Characteristics
table, the amount of slope compensation scales with the nominal
switching frequency (fgy) set by Rgggy. The amount of slope
compensation scales with the SYNC input frequency centered
around 0.35 A/ps at 425 kHz in a similar way with Rpgpr.

The value of the output inductor should be chosen such that Sy
is between 0.5% and 1% the falling slope of the inductor cur-
rent (Sg).

Current-Sense Amplifier

The A8591 family incorporates a high-bandwidth current-sense
amplifier to monitor the current in the high-side MOSFET.

This current signal is used by both the PWM and PFM control
circuitry to regulate the MOSFET peak current. The current
signal is also used by the protection circuitry to prevent damage
to the device.

Power MOSFETs

The A8591 family includes a 40 V, 110 mQ high-side N-channel
MOSFET capable of delivering at least 2 A. The device also
includes a 10 Q, low-side MOSFET to help ensure the boot
capacitor is always charged. The typical Rpgqy) increase versus
temperature is shown in Figure 4.

BOOT Regulator

The A8591 family contains a regulator to charge the boot capaci-
tor. The voltage across the BOOT capacitor typically is 5 V. If the
boot capacitor is missing, the device detects a boot overvoltage.
Similarly, if the BOOT capacitor is shorted, the device detects a
boot undervoltage. Also, the boot regulator has a current limit to
protect itself during a short-circuit condition. The details of how
each type of boot fault is handled by the A8591 are shown in
Table 1.
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Figure 4: Typical MOSFET Rpg(on) versus Temperature

Pulse-Width Modulation (PWM) Mode

The A8591 family utilizes fixed-frequency, peak current-mode
control to provide excellent load and line regulation, fast transient
response, and ease of compensation.

A high-speed comparator and control logic, capable of typical
pulse widths down to tonvpy), are included in the device. The
inverting input of the PWM comparator is connected to the
output of the error amplifier. The non-inverting input is connected
to the sum of the current-sense signal, the slope compensation,
and a DC offset voltage (Vpwmorrs, nominally 400 mV).

At the beginning of each PWM cycle, the CLK signal sets the
PWM flip-flop and the high-side MOSFET is turned on. When
the summation of the DC offset, slope compensation, and current-
sense signal, rises above the error amplifier voltage, the PWM
flip-flop is reset and the high-side MOSFET is turned off.

The PWM flip-flop is reset-dominant, so the error amplifier

may override the CLK signal in certain situations. For example,
at very light loads or extremely high input voltages, the error
amplifier (temporarily) reduces its output voltage below the

400 mV DC offset and the PWM flip-flop ignores one or more of
the incoming CLK pulses. The high-side MOSFET does not

turn on and the regulator skips pulses to maintain output

voltage regulation.

In PWM mode, and when SW is switching in PFM mode, all
of the device fault detection circuits are active. See Figure 1

showing how faults are handled during PWM mode. Also, the
Protection Features section of this datasheet provides a detailed
description of each fault and Table 1 presents a summary.

Low-IQ Pulse-Frequency Modulation (PFM)
Mode

The A8591 and A8591-1 enter Low-IQ PFM, provided that no
faults are present, the load is light, NPOR = 1, and no external
clock is applied to the FSET/SYNCpyw\ pin, and the EN/SLEEP
pin is high. At light loads, the PFM comparator, which is con-
nected to the VOUT pin through the internal feedback resistor
divider (which is the internal FB point), modulates the frequency
of the SW node to regulate the output voltage with very high
efficiency.

The reference for the PFM comparator is calibrated approxi-
mately 1% above the PWM regulation point. When the voltage at
the internal FB point rises above the PFM comparator threshold
and peak inductor current falls below Ipgax o 1) minus slope
compensation, the device will enter PFM coast mode, tri-stating
the SW node and drawing extremely low current from V.
When voltage at the FB point falls below the PFM comparator
threshold, the device will fully power-up after approximately a
2.5 ps delay and the high-side MOSFET is repeatedly turned on,
operating at the PWM switching frequency until the voltage at
the FB pin rises above the PEFM comparator threshold. V1 will
rise at a rate determined by, and have a voltage ripple dependent
on, the input voltage, output voltage, inductor value, output
capacitance, and load.

When the COMP pin falls to a voltage corresponding to the
Low-IQ Peak Current Threshold (Ipgak 0 10)) value, an internal
clamp prevents the COMP voltage from falling further. This
results in the output voltage rising slightly which causes the
PFM comparator to trip and the device to enter the PFM Coast
mode. Thus, when the load demands a peak inductor current that
corresponds to less than the Low-1Q Peak Current Threshold
(Ippak (Lo 10)) minus the impact of slope compensation at the
given duty cycle, the device operates in PFM mode. This transi-
tion point from PWM to PFM mode is defined by the input
voltage, output voltage, slope compensation, and inductor value.

Figure 5 demonstrates PFM mode operation for a light load

(5 mA). Figure 6 shows PWM and Low-IQ PFM transitions. In
PFM mode, the load steps from 0.05 A (PFM operation) to 1.05 A
(PWM operation) and then transitions back to 0.05 A PFM mode.
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Soft-Start (Startup) and Inrush Current Control

Inrush current is controlled by the internal embedded soft-start
function. The soft-start time of the A8591 family is fixed at 5 ms.
When the device is enabled and all faults are cleared, the internal
soft-start voltage ramps upward from 0 V. When the soft-start
voltage exceeds the equivalent VOUT voltage, the error ampli-
fier output slews above the 400 mV pedestal, initiating PWM
switching.

When the device begins switching, the error amplifier regulates
the internal FB voltage to be the soft-start voltage. During the
active portion of soft-start, the regulator output voltage rises from
0V to the nominal value.

In Figure 7, the startup sequence shows the soft-start operation.
During startup, while VOUT voltage is below 25% (interval A

in Figure 7), the PWM switching frequency is reduced to % of
fgw- This corresponds to Vo < 1.25 V (for nominal 5 V output:
A8591) or < 0.825 V (for nominal 3.3 V output: A8591-1). While
Vour 18 above 25% but below 50% (interval B), the switching
frequency is reduced to 2 of fgy, and when Vgt is above 50%
(at C), the switching frequency is fqy.

The error amplifier gain (g,,) also changes. While V1 is below
50% (at A through B), g, is reduced to g,,/2. While Vgt is
above 50% (at C), the error amplifier gain is g, .

The reduced switching frequencies and error amplifier gain are
necessary to help improve output regulation and stability when
Vour 18 very low. When Vgt is very low, the PWM control
loop requires on-times near the minimum controllable on-time
and extra-low duty cycles that are not possible at the nominal
switching frequency. When the soft-start voltage reaches approxi-
mately 800 mV, the error amplifier switches over to referencing
the device-internal 800 mV reference for regulating the internal
(resistor divider) FB voltage.

If the device is disabled or a fault occurs, the internal fault latch
is set, and the soft-start voltage is discharged to ground very
quickly. When the soft-start voltage decays to approximately
200 mV, the device clears the internal fault latch.

The soft-start voltage is discharged slowly when the device is

in hiccup mode. Therefore, the soft-start not only determines

the startup time but also the time between soft-start attempts in
hiccup mode. Hiccup mode operation is discussed in more detail
in the Protections section of this datasheet.

at Light Load (5 mA)
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Pre-Biased Startup

If the output of the regulator is pre-biased to some voltage, the
A8591 family modifies the normal startup routine to prevent
discharging the output capacitors. As described previously, the
error amplifier usually becomes active when the soft-start voltage
starts to ramp. If the output is pre-biased, the internal FB voltage
is at some non-zero voltage. The COMP pin remains low and SW
is tri-stated until the soft-start voltage rises above the Vyp. Figure
8 shows startup when the output voltage is pre-biased to 2 V.

Active-Low Power-On Reset (NPOR) Output

The A8591 family has an inverted Power-On Reset output
(NPOR) with a fixed delay (typog ) before the rising edge. The
NPOR output is an open-drain output, so an external pull-up
resistor must be used, as shown in the Typical Application
Diagram. NPOR transitions high when the output voltage is
within regulation. In PWM mode, NPOR is high when the output
voltage is typically within 92.5% to 110% of the target value. The
NPOR overvoltage and undervoltage comparators incorporate a
small amount of hysteresis (Vyporuv(nys)xv))» 40 mV(typ) for
3.3 V output (A8591-1) and 60 mV (typ) for 5 V output (A8591),
and filtering (5 s, typical) to help reduce chattering.

The NPOR output is immediately pulled low if either an over-
voltage or an undervoltage condition occurs, or if the device
junction temperature exceeds the Thermal Shutdown Threshold
(Tgpgp)- For other faults, NPOR depends on the output voltage.
Table 1 summarizes all of the A8591 family fault modes and the
effects on NPOR. When powering down, if Vpy goes low before
Vour NPOR will pulled low when the undervoltage condition
occurs, but will only remain low while Vg remains above ~3 V.

When the EN/SLEEP pin goes low, switching stops after 224 pis
(typ) (tgsLeep)s and NPOR goes low (even if Vour > Vnporuv)
and stays low until Vo1 drops to about 25% of nominal value.
When Vqyr falls to about 25% of its nominal value, the device
goes into Sleep mode, consuming Ipyspggpy 0n VIN, and shortly
after that, NPOR will be released (no longer pulled low). Given
this operation, the time that NPOR remains low is dependent on
the current consumption on VOUT and the output capacitance. It
is important to note that the high-side switch leakage can over-
whelm the load current on VOUT, especially since the IC current
on VOUT is very low in this mode. Therefore, for reliable opera-
tion in this situation, the user should select an NPOR resistor (if
connected to VOUT) with a low enough value to overwhelm any
high-side switch leakage.

YOUT

COMP

i \_LLiJLL_\ ’

—

1.00 Vidiv
0m offset

Figure 8: Soft-Start Prebiased Startup —
Vout Prebiased at 2 V, Ramps to Nominal (5 V at 2 A, for A8591,
shown)

Protection Features

The A8591 was designed to satisfy the most demanding automo-
tive and non-automotive applications. In this section, a descrip-
tion of each protection feature is provided, and Table 1 sum-
marizes the protection operation. All faults are available in both
PWM and PFM mode. In PFM mode, all faults are monitored just
before and while switching is active but are ignored while V1
remains above the PFM comparator threshold and below the
NPOR OV threshold.

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 stop threshold (Vyyi oorr))- The UVLO comparator
incorporates some hysteresis (Vyyromys)) to help reduce on-off
cycling of the regulator due to resistive or inductive drops in the
Vi path during heavy loading or during startup.

PULSE-BY-PULSE OVERCURRENT PROTECTION
(OCP)
The A8591 family monitors the current of the high-side MOS-
FET, and if the current exceeds the pulse-by-pulse 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 device includes leading-edge blanking (as defined
by tonvmy spec) to prevent false triggering of the pulse-by-pulse
current limit when the high-side MOSFET is turned on initially.

Because the slope compensation ramp is added to the inductor
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current, the A8591 family delivers more current at lower duty
cycles and less current at higher duty cycles. Figure 9 illustrates
the relationship between the current limit and duty cycle. As
shown, the current limit at min. and max. duty cycle remains
fixed, but the relationship vs. duty cycle is skewed with fre-
quency due to the fixed min. off-time. Given the relationship, it is
best to use the If pyionmin) 304 I pv(tofiminy to calculate the current
limit at a given duty cycle.

During synchronization, the slope compensation scales in a
similar fashion as Rpgpt, with slightly less accuracy.

The exact current the buck regulator can support is heavily
dependent on duty cycle (Vy, Vour, diode forward voltage V),
ambient temperature, thermal resistance of the PCB, airflow,
component selection, and nearby heat sources.
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Figure 9: Pulse-by-Pulse Current Limit vs. Duty Cycle at
415 kHz (solid lines) and 2 MHz (dashed lines)

OVERCURRENT PROTECTION (OCP) AND HICCUP
MODE

An OCP counter and hiccup mode circuit protect the buck regula-

tor when the output of the regulator is shorted to ground or when

the load is too high. When the soft-start ramp is active (t < tgg),

the OCP hiccup counter is disabled. Two conditions must be met

for the OCP counter to be enabled and begin counting:

e t> tss, and

* Vceomp clamped at its maximum voltage (OCL = 1)

As long as these two conditions are met, the OCP counter
remains enabled and counts pulses from the overcurrent compara-
tor. If the COMP voltage decreases (OCL = 0), the OCP counter
is cleared.

If the OCP counter reaches OCP; j; counts (120), a hiccup latch
is set and the COMP pin is quickly pulled down by a relatively
low resistance (1 kQ), and switching is halted for 20 ms to
provide time for the IC to cool down. After the hiccup off-time
expires (20 ms), the soft-start ramp starts, marking the beginning
of a new, normal soft-start cycle as described earlier.

When the soft-start voltage crosses the effective output voltage,
the error amplifier forces the voltage at the COMP pin to quickly
slew upward and PWM switching resumes. If the short-circuit

at the regulator output remains, another hiccup cycle occurs.
Hiccups repeat until the short-circuit is removed or the converter
is disabled. If the short-circuit has been removed, the device
soft-starts normally and the output voltage automatically recovers
to the target level, as shown in Figure 10.

BOOT CAPACITOR PROTECTION

The A8591 family monitors the voltage across the BOOT
capacitor to detect if the capacitor is missing or short-circuited.
If the BOOT capacitor is missing, the regulator enters hiccup
mode after 7 PWM cycles. If the BOOT capacitor is shorted, the
regulator enters hiccup mode after 120 to 64 PWM cycles.

For a BOOT fault, hiccup mode operates virtually the same as
described previously for an output short-circuit fault (OCP), hav-
ing a hiccup off-time of 20 ms, followed by a soft-start retry with
repeated attempts until the fault clears. However, OCP is the only
fault that is ignored during the soft-start ramp time (tgg). BOOT
faults are a non-latched condition, so the device automatically
recovers when the fault is corrected.

ASYNCHRONOUS DIODE PROTECTION

If the asynchronous diode is missing or damaged (open), the SW
pin is subject to unusually high negative voltages. This negative
voltage may cause the device to malfunction and could lead to
damage. The A8591 family includes protection circuitry to detect
when the asynchronous diode is missing. If the SW pin is below
—1.25 V typically, for more than 50 ns typically, the device enters
hiccup mode after detecting 1 missing diode fault.

Also, if the asynchronous diode is shorted, the device experiences
extremely high currents through the high-side MOSFET. If this
occurs, the device enters hiccup mode after detecting 1 shorted
diode fault.
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OVERVOLTAGE PROTECTION (OVP)

The A8591 family provides an always-on overvoltage protection
that monitors VT, to protect against Vot rising up at light
loads due to high-side switch leakage. In this case, the high-side
switch is forced off and the low-side switch continues to operate
and can correct the OVP condition, provided only a few mil-
liamperes of pull-down current are required. When the condition
causing the overvoltage is corrected, the regulator automatically
recovers.

During an output overvoltage condition, the device tries for up
to 120 counts (tgpgy por) to clear the overvoltage condition. If
the overvoltage condition is successfully cleared within this time
period, NPOR does not go low and the device continues to oper-
ate in PFM mode. If the overvoltage fault is not cleared during
this time, then an NPOR = 0 is declared and the device works
indefinitely to reduce the output overvoltage fault. If it is suc-
cessful in clearing this fault, then there will be an approximately
7.5 ms delay (tgpor ) before NPOR pin returns high. Note that
the size of the regulator output capacitor may have an effect on
whether the overvoltage condition is cleared within the typgy por
time period. -

PIN-TO-GROUND AND PIN-TO-PIN SHORT PROTEC-
TIONS

The A8591 family is designed to satisfy the most demanding

automotive applications. For example, the device is carefully

designed fundamentally to withstand a short-circuit to ground at

each pin without suffering damage.

In addition, care was taken when defining the device pin-out to

optimize protection against adjacent pin-to-pin short-circuits.
For example, logic pins and high-voltage pins are separated as
much as possible. Inevitably, some low-voltage pins had to be
located adjacent to high-voltage pins, but in these instances the
low-voltage pins are designed to withstand increased voltages,
with clamps and/or series input resistance, to prevent damage to
the device.

THERMAL SHUTDOWN (TSD)

The A8591 family monitors internal junction temperature and
stops switching and pulls NPOR low if it becomes too hot. Also,
to prepare for a restart, the internal soft-start voltage (Vgg) and
the voltage at the COMP pin are pulled low until Vgg < Vggrgr-
TSD is a non-latched fault, so the device automatically recovers
if the junction temperature decreases by approximately 20°C.

(to 5V at 0.5 A, for A8591, shown)
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Table 1: Summary of A8591 Family Fault Modes and Operation

During Fault Counting, Before Hiccup Mode
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Internal High-Side Low-Side Boot Latched Reset
Fault Mode Soft-Start Vcowmp Switch Switch Charging NPOR Fault Condition
. Clamped for | fogc/4 due to Can be .
Output Hiccup, after I v, then Vout < 25%, activated if Depends on Automatic,
shorted to 120 OCL Not affected No remove the
pulled low for responds to | BOOT voltage Vout
ground faults . : short
Hiccup Veowp is too low
Output Hiccup, after Clamped for fosc C_an be . Automatic,
ILm, then activated if Depends on
overcurrent, 120 OCL f responds to 00 Not affected No decrease load
Vv > 50% faults pulled low for N BOOT voltage Vour current
outr Hiccup comp is too low
Can be Automatic
VOUT pin Pulled low Pulled low Forced off by activated if Not affected Stavs low No v in1
open after 32 cycles | after 32 cycles COMP low BOOT voltage Y out P
) reconnected
is to low
. . Not affected Forced off Forced off Automatic,
Boot _capacnor Hiccup, after 7 but pulled low | when Boot OV | when Boot OV Off after Boot Depends on No replace
missing Boot OV faults . fault occurs Vout .
for Hiccup fault occurs fault occurs capacitor
Boot capacitor Hiccup, after Not affected Forced off Forced off Off only durin Depends on Automatic,
P 64 Boot UV but pulled low | when Boot UV only during d g P No unshort
shorted . ; Hiccup Vout -
faults for Hiccup fault occurs Hiccup capacitor
Not affected Can be
Asynchronous | Hiccup after 1 Forced off activated if Depends on Automatic,
) o but pulled low Not affected No . .
diode missing fault . after 1 fault | BOOT voltage Vour install diode
for Hiccup :
is too low
Asynchronous Clamped for Can be
diode (or SW) | Hiccup after 1 ILim, then Forced off activated if Not affected Depends on No Automatic,
hard short-to- fault pulled low for after 1 fault | BOOT voltage Vout remove short
ground Hiccup is too low
Asynchronous . Clamped for . Can be
) Hiccup, after Active, ; . .
diode (or SW) I m» then activated if Depends on Automatic,
120 OCL responds to Not affected No
soft short-to- pulled low for BOOT voltage Vout remove short
faults . Veomp :
ground Hiccup is too low
Output o Pulled low Automatic,
overvoltage Transitions Active durin Off when V, when V is Vv returns
ge, Not affected low via loop Forced off 9 . " OuT s our No out
(Vout> reSDONSE torFMIN is too high too high for to normal
3.6 V/5.5 V) P 120 counts range
Outout Transitions Active, acCti?lgtzz if Pulled low VAUtOE?an‘S
P Not affected | high vialoop | responds to Not affected | when Vgt is No out
undervoltage BOOQOT voltage to normal
response Veowmp . too low
is too low range
FSET shorted Depends on
to GND or Pulled Low Pulled Low Forced Off Forced Off Forced Off pV No Auto
above 1V ouTt
Pulled low Pulled low
Thermal until until Auto, part
shutdown Forced Off Disabled Off Pulled Low No P
(TSD) Vss < VssrsT | Vss < Vssrst cools down
and TSD =0 and TSD =0
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DESIGN AND COMPONENT SELECTION

PWM Switching Frequency (RgsgT)

The PWM switching frequency is set by connecting a resistor
from the FSET/SYNCpy\ pin to ground. Figure 11 is a graph
showing the relationship between the typical switching frequency
(y-axis) and the FSET resistor (x-axis). For a required switching
frequency (fgw), the FSET resistor value can be calculated as
follows:

27770

—— —4.78 b
Tow @)

Rygpr =

where fgy 1s in kHz and Rggpt is in kQ.

When the PWM switching frequency is chosen, the user should
be aware of the minimum controllable on-time (ton M) and
minimum off-time of the A8591 family. If the system required
on-time is less than toym), then switch node jitter occurs and
the output voltage has increased ripple or oscillations.

The PWM switching frequency should be calculated as follows:

V.
fow= ol )

fonmiNy < VIN(MAX)

where Vo is the output voltage, toxav is the minimum
controllable on-time of the A8591 family, and Vyypvax is the
maximum required operational input voltage (not the peak
surge voltage).
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s \\
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FSET Resistor, Rrsgt (kQ)

Figure 11: PWM Switching Frequency versus Rgggt

If the device synchronization function is employed, then the
base switching frequency should be chosen such that jitter does
not result at the maximum synchronized switching frequency
according to Equation 2.

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 A8591 family is a fixed value (Sg).
Therefore, it is important to calculate an inductor value such that
the falling slope of the inductor current (Sg) works well with

the device slope compensation. Equations 3a and 3b can be used
to calculate a range of values for the output inductor, based on
the well-known approach of providing slope compensation that
matches 50% to 100% of the down slope of the inductor current.

VourtV < Vour tV
2xS, 9T s (3a)

where L is in pH, Vyis the forward voltage of the asynchro-
nous diode, and the slope compensation (Sg ) is a function of
switching frequency, as follows:

Sp=0.13 xf3,,+0.69 xf +0.031

where Sg is in A/us and fgy is in MHz.

(3b)

More recently, Dr. Raymond Ridley presented 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 ensure optimal stability):

Vour + Vi " + V]
Lo 2 outr ™ ¥f (1—0.18 « IN(MIN) f] )

SE VOUT + Vf

To avoid dropout (saturation of the buck regulator), Vixan
must be approximately 1 to 1.5 V above V1 when calculating
the inductor value with Equation 4.

If Equations 3a or 4 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 20% to 30% of inductor saturation.
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The saturation current of the inductor should be higher than

the peak current capability of the device. Ideally, for output
short-circuit conditions, the inductor should not saturate given
the highest pulse-by-pulse current limit at minimum duty cycle
(ILim(o))> 4 A (max). This may be too costly. At the very least,
the inductor should not saturate given the peak operating current
according to the following equation:

Lo =4 Sg X (Four + V)
PRAR L5 % fow * (Vinemax)t V) )

where Viyaax) Is the maximum continuous input voltage,
such as 18 V (not a surge voltage, like 40 V).

Starting with Equation 5 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):

SgxD  Vour*(1-D)
loutpe) < 4.1~ VI
fsw 2% fsw* Lo

(©)

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.

Output Capacitors

The output capacitors filter the output voltage to provide an
acceptable level of ripple voltage, and they also 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
capacitor parameters: C, ESRq, and ESLqq:

AVoyr = Al x ESR¢q

Vin =V,
InTour gy
Lo
Al

8 fswCo (7)

The type of output capacitors determines which terms of Equa-
tion 7 are dominant. For ceramic output capacitors, the ESRq(
and ESL - are virtually zero, so the output voltage ripple will be
dominated by the third term of Equation 7:

= 8 fswCo ®

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 7 will be very small
and the output voltage ripple will be determined primarily by the
first two terms of Equation 7:

/in — Vour. x ESLco

v
AVour = AL x BSReg + - B )
(6]

To reduce the voltage ripple of a design using electrolytic output
capacitors, simply decrease the equivalent ESRq and ESLq

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 10x, which
increases the output voltage ripple and, in most cases, reduces the
stability of the system.
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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

AVOUT = AIL X ESRCO + X ESLCO

(10)

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 volt-

age back to the setpoint depends mainly on the closed-loop
bandwidth 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
(Rz, C;, and Cp) are discussed in more detail in the Compensa-
tion Components section of this datasheet.

Low-IQ PFM Output Voltage Ripple Calcula-
tion

After choosing an output inductor and output capacitor(s), it is
important to calculate the output voltage ripple (AVgyrprmy))
during Low-IQ PFM mode. With ceramic output capacitors, the
output voltage ripple in PWM mode is usually negligible, but that
is not the case during Low-1Q PFM mode.

The PFM mode comparator requires about 20 mV or greater of
voltage ripple on the VOUT pin and generates groups of pulses
to meet this requirement. However, if a single pulse results in a
voltage ripple greater than 20 mV, then the voltage ripple would
be dictated by that single pulse. To calculate the voltage ripple
from that single pulse, first the peak inductor current must be cal-
culated with slope compensation accounted for. The Ipgax o 10)
specification does not include slope compensation, therefore the
peak inductor current operating point is calculated as follows:

IpeAk(LO 1Q)
Se* Lo
Vin = Vour

(1)

Ippax L=
1+

Then, calculate the MOSFET on-time and off-time (Figure 12).
The on-time is defined as the time it takes for the inductor current
to I‘each IPEAKﬁL:

Ippax 1 * Lo

lon =

(12)

Vin—Vour — Ipeak L * (Rpsnyns + Lomcr))

where Rpg(on) 1s the on-resistance of the internal high-side
MOSFET (110 mQ2 (typ)) and Lopcr) is the DC resistance of
the output inductor, L.

During this rising time interval, the length of time for the induc-
tor current to rise from 0 A to Igyris:

Tout * Lo

L = (13)

Vin— Vour — Ipeak L * (Rpsonyis T Lomcry)

The off-time is defined as the time it takes for the inductor cur-
rent to decay from Ipgax 1 to 0 A:

Ipgak L * Lo
Vour + Ve

(14)

IoFF =

During this falling time interval, the length of time for the induc-
tor current to fall from Iyrto 0 A is:

Figure 12: Calculating the Output Ripple Voltage
in PFM Mode
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Given the peak inductor current (Ipgak 1) and the rise and fall
times (toy and topp) for the inductor current, the output voltage
ripple can be calculated for a signal pulse as follows:

Ippak 1= lout

— X (ton t lopp— 1 — &
2% Cour (fox Tlorr—ti =) (16)

Vepo 19) =
If Vppo 1q) is greater than the ~20 mV ripple that the PFM
comparator requires, then the output capacitance or inductor
can be adjusted to reduce the PFM mode voltage ripple. In PFM
mode, decreasing the inductor value reduces the PFM ripple, but
may negatively impact the PWM voltage ripple, maximum load
current in PWM mode, or change the mode of operation from
CCM to DCM.

If Vopo 1q) i8 less than the ~20 mV requirement, the A8591
operates with multiple pulses at the PWM frequency to meet the
ripple requirement. The fixed-frequency operation may result in
DCM or CCM operation during the multiple pulses.

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 sufficiently

low ESR to limit the input voltage dV/dt to much less than the
hysteresis of the UVLO circuitry (nominally 400 mV for the
A8591 family) at maximum loading and minimum input voltage.

The input capacitors must deliver an rms current (Izyg) accord-
ing to the following formula:

Igms = Iour VD x (1 -D) (17)

where the duty cycle (D) is defined as:

D=Wour+ Vi) /(VintVy) (18)
and V;is the forward voltage of the asynchronous diode, D1.

Figure 13 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
regulator is delivering 2 A of steady-state load current, the input
capacitor(s) must support 0.40 x 2 A or 0.8 A(rms).
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1 T

0.45 L S

0.40
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0.2

022 / \
s L] \
0.15
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Duty Cycle, D (%)

Figure 13: Normalized Input Capacitor Ripple
versus Duty Cycle
The input capacitor(s) must limit the voltage deviations at the
VIN pin to 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:

> _ lourxDx(1-D)
0.85 % fsw < AVinmin)

CIN

(19)

where AV Is chosen to be much less than the hysteresis
of the Viy UVLO comparator (AViypmy) < 150 mV is recom-
mended), and fgy, is the nominal PWM frequency.

The Dx (1 — D) term in Equation 17 has an absolute maximum
value of 0.25 at 50% duty cycle. So, for example, a very con-
servative design based on Igyr=2 A, fgw = 85% of 425 kHz,
Dx(1-D)=0.25,and AV = 150 mV yields:

(> 2.0(A)x0.25 = 92 uF
361 (kHz)x 150 (mV) (20)

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
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stability versus both DC bias and temperature.

For all ceramic capacitors, the DC-bias effect is even more
pronounced 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 (such as a load dump as high as 40 V for
automotive applications).

Asynchronous Diode (D1)

There are three requirements for the asynchronous diode. First,
the asynchronous diode must be able to withstand the regulator
input voltage when the high-side MOSFET is on. Therefore,
choose a diode with a reverse voltage rating (V) higher than

the maximum expected input voltage (that is, the surge volt-

age). Second, the forward voltage of the diode (V) should be
minimized or the regulator efficiency suffers. Also, if V;is too
high, the missing-diode protection in the A8591 family could be
inappropriately activated. A Schottky type diode that can main-
tain a very low V;when the regulator output is shorted to ground
at the coldest ambient temperature is highly recommended. Third,
the asynchronous diode must conduct the output current when
the high-side MOSFET is off. Therefore, the average forward
current rating of this diode (Ig,,) must be high enough to deliver
the load current according to the following equation:

21

where Dy is the minimum duty cycle, as defined in Equa-

Liav) 2 Lourmaxy) (1 — Dyay)

tion 19, and Inyrvmax) is the maximum continuous output current
of the regulator.

Bootstrap Capacitor

A bootstrap capacitor must be connected between the BOOT and
SW pins to provide floating gate drive to the high-side MOSFET.
Usually, 47 nF is an adequate value. This capacitor should be a
high-quality ceramic capacitor, such as an X5R or X7R, with a
voltage rating of at least 16 V.

The A8591 family incorporates a 10 Q low-side MOSFET to
ensure that the bootstrap capacitor is always charged, even when
the converter is lightly loaded or pre-biased.

Compensation Components (Rz, C,, and Cp)

To properly compensate the system, it is important to understand
where the buck power stage, load resistance, and output capaci-
tance form their poles and zeros in frequency. Also, it is impor-
tant 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 A8591 family, the output
capacitors, 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 COMP to SW
current gain (g,,powgr ) and the value of the load resistor (Ry ).
The DC gain (Geoorzy) of the control-to-output is:

(22)
The control-to-output transfer function has a pole (fp), formed
by the output capacitance (Coyt) and load resistance (Ry ),
located at:

Geowrz) = &mprower * R

v (23)
2n x Ry x Coyur

o1 =

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

1

Jz1=
2” X ESR X COUT

(24)

For a design with very low ESR type output capacitors (such

as ceramic or OSCON output 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).

A Bode plot of the control-to-output transfer function for the
configuration shown in the Typical Application Diagram, with
Vour =35V, Ioyr=2A, and R =2.5 Q, is shown in Figure 14.
The pole at fp; can easily be seen at 1.2 kHz, while the ESR zero,
f71, occurs at a very high frequency, 600 kHz (this is typical for
a design using ceramic output capacitors). Note, there is more

Downloaded from AFFOW.Com.

ALLEGRO

25

Allegro MicroSystems
955 Perimeter Road
Manchester, NH 03103-3353 U.S.A.

microsystems www.allegromicro.com


http://www.arrow.com

A8591

Wide Input Voltage, 2 A Buck
Regulator Family with Low-IQ Mode

than 90° of total phase shift because of the double-pole at half the
switching frequency.

80

60
~ 40
g . Gcoprn =178 fpq = 1.2 kHz
£
T 0
]
-20
-40 N
-60
180
Z
3
c 0
& \\ Double Pole at
275 kHz
\_&
-180
10 30 100 300 103 3x103 10x103  30x103  100x103 300x103 106

Frequency (Hz)

Figure 14: Control-to-Output Bode Plot

Next, consider the error amplifier (g,,), and the compensation
network R,-C,-Cp. It greatly simplifies the transfer function
derivation if Ry >> R, and C; >> Cp. In most cases, R >

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 op)) 1S
calculated as:

Gewmz) = 8&m X Ry =A4yor (25)
where

Vour 18 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 (Ayor/gpm)-

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

(26)

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

(27)

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

(28)

A Bode plot of the error amplifier and its compensation network
is shown in Figure 15, where fp,, fp3, and £, are indicated on the
Gain plot. Notice that the zero (f,, at 2.6 kHz) has been placed
so that it is just above the pole at fp; previously shown at 1.2 kHz
in the control-to-output Bode plot (Figure 14). Placing f,, just
above fp results in excellent phase margin, but relatively slow
transient recovery time, as shown later.

Finally, consider the combined Bode plot of both the control-to-
output and the compensated error amplifier (Figure 16). 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 16, the bandwidth of this
system (£, ) is 60 kHz, the phase margin is 69 degrees, and the
gain margin is 14 dB.

Complete designs for several common output voltages at 2 MHz,
425 kHz, and 300 kHz are provided in Table 2.
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Figure 15: Type-ll Compensated Error Amplifier

A Generalized Tuning Procedure

Bode Plot

This section presents a methodology to systematically apply
design considerations provided above.

1. Choose the system bandwidth (f-). This is the frequency at
which the magnitude of the gain crosses 0 dB. Recommended
values for fi, based on the PWM switching frequency, are
in the range fgyw /20 < f- <fgw/ 7.5. A higher value of -

80
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g . fe = 50 kHz
c
g 0
2 GM=14 dB
40 S
-60
180 e
—
~ [ 1 [
T
Z PM =45 deg
% 0 \
& \\
——
~—_
-180
10 30 100 300 103 3x103 10x103  30x103  100x103 300x103 106

Frequency (Hz)

(red curve)

Figure 16: Bode Plot of the Complete System

2. Calculate the Ry resistor value. This sets the system band-
width (fc):

Rzzféx

2% Copr

ngOWER x gm

(29)

3. Determine the frequency of the pole (fp;). This pole is formed

by Coyr and R; . Use Equation 23 (repeated here):

generally provides a better transient response, while a lower fe1= S —
value of f generally makes it easier to obtain higher gain and 2n x Ry x Cour
phase margins.
Table 2: Recommended Component Values
. R, +Cz /I Cp
Vour fsw Reser Lo Co - . S
V) (kHz2) (kQ) (HH) (HF) z z F
(kQ) (pF) (pF)
33 10
(A8591-1) (DR-1050-100-R) 38 249 1500 22
s 300 86.6 ”
(A8591) (744770122) %3 367 1500 15
3.3 10
(A8591-1) (DR-1050-100-R) 38 34 560 15
5 425 59 0
(A8591) (DR-1050-100-R) 53 41.5 680 8
3.3 3.3
(A8591-1) (74437346033) 32 39.2 1000 33
5 2000 9.31 "
(A8591) (74437346047) 32 549 1000 33

*The user must consider negative tolerance and DC-bias effect when choosing components to obtain Cq.
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4. Calculate a range of values for the C, capacitor. Use the fol-

lowing: = !
owing: f71=
4 | 2n x ESR x Coyr

<C

_ <
2nx Ry x fc 27 omx R, x1.5% fpq (30)

If f;; is at least 1 decade higher than the target crossover fre-
quency (fc), then f,; can be ignored. This is usually the case
To maximize system stability (that is, to have the greatest for a design using ceramic output capacitors. Use Equation
gain margin), use a higher value of Cz. To optimize transient 28 to calculate the value of Cp by setting fpy to either 5 x fi- or
recovery time, although at the expense of some phase margin, fow/2, whichever is higher.

use a lower value of C;. . . )

Alternatively, if f,; is near or below the target crossover

frequency (f), then use Equation 28 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.

5. Calculate the frequency of the ESR zero (f;; ) formed by the
output capacitor(s) by using Equation 24 (repeated here):

28
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POWER DISSIPATION AND THERMAL CALCULATIONS

The power dissipated in the A8591 family is the sum of the
power dissipated from the VIN supply current (P ), the power
dissipated due to the switching of the high-side power MOS-
FET (Pgqw), the power dissipated due to the rms current being
conducted by the high-side MOSFET (P-qnp ), and the power
dissipated by the gate drivers (Ppriver)-

The power dissipated from the VIN supply current can be
calculated using the following Equation:

Pin=Viy 1o+ Vin-Vis) * Og * fsw (31)

where

Vi is the input voltage,

I is the input quiescent current drawn by the device (nomi-
nally 2.5 mA),

Vs is the MOSFET gate drive voltage (typically 5 V),

Qg is the MOSFET gate charge (approximately 2.5 nC), and
fow is the PWM switching frequency.

The power dissipated by the internal high-side MOSFET during
PWM switching can be calculated using the following equation:

_ Vv x dout X (4 1) x fsw
2

(32)

PSW

where

Vi is the input voltage,

IoyT is the output current,

fow 1s the PWM switching frequency, and

t, and teare 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 power dissipated by the high-side MOSFET while it is

conducting can be calculated using the following equation:
Pconp = Irzms(FET) X Rpgon)Hs
2
= [%]X(Ig)UT +%JXRDS(0n)HS (33)
where

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

The Rpyg(on) 0f the MOSFET 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 internal gate drivers can be calcu-
lated using the following equation:

34)

Ppriver = Qg * Vs * fsw

where

Qg is the gate charge to drive the MOSFET to Vgg=5V
(about 2.5 nC),

Vs 18 the gate drive voltage (typically 5 V), and

fow 1s the PWM switching frequency.

Bias power dissipation at VOUT pin:

Phias = Vour * Iy=35V (or3.3V) x 2.5mA

Finally, the total power dissipated by the device (Prgray) 1s the
sum of the previous equations:

(35

The average junction temperature can be calculated with the
following equation:

Prorar =Piv+ Psw + Pconp + Ppriver + Phias

(36)

T;=Prorar + Roju + I
where

Protar is the total power dissipated as described in Equation 35,
Roja 18 the junction-to-ambient thermal resistance (34°C/W on
a 4-layer PCB), and

T, is the ambient temperature.

The maximum junction temperature is dependent on how
efficiently 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 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 temperature consider-
ably.
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PCB COMPONENT PLACEMENT AND ROUTING

A good PCB layout is critical if the A8591 family is to provide

clean, stable output voltages. Follow these guidelines to ensure a

good PCB layout.

Figure 17 shows a typical buck converter schematic with the
critical power paths/loops. Figure 18 shows an example PCB
component placement and routing with the same critical power

paths/loops from the schematic.

1.

By far, the highest di/dt in the asynchronous buck regula-

tor occurs at the instant the high-side MOSFET turns on

and the capacitance of the asynchronous Schottky diode

(200 to 1000 pF) is quickly charged to Vyy. The ceramic
input capacitors must deliver this fast, short pulse of current.
Therefore the loop, from the ceramic input capacitors through
the high-side MOSFET and into the asynchronous diode to
ground, must be minimized. Ideally, these components are all
connected using only the top metal (that is, do not use vias to
other power/signal layers).

When the high-side MOSFET is on, current flows from the
input supply and capacitors, through the high-side MOSFET,
into the load via the output inductor, and back to ground. This
loop should be minimized and have relatively wide traces.

When the high-side MOSFET is off, freewheeling current
flows from ground, through the asynchronous diode, into the
load via the output inductor, and back to ground. This loop
should be minimized and have relatively wide traces.

The voltage on the SW node transitions from 0 V to Vyy very
quickly and is the root cause of many noise issues. It is best

10.

I1.

12.

to place the asynchronous diode and output inductor close
to the device to minimize the size of the SW polygon. Also,
keep low-level analog signals (like FB and COMP) away
from the SW polygon.

To have the highest output voltage accuracy, the output volt-
age sense trace should be connected as close as possible to
the load.

Place the compensation components (R, C, and CP) as
close as possible to the COMP pin. Place vias to the GND
plane as close as possible to these components.

Place the bootstrap capacitor (Cgoot) near the BOOT pin and
keep the routing from this capacitor to the SW polygon as
short as possible.

When connecting the input and output ceramic capacitors,
use multiple vias to GND and place the vias as close as pos-
sible to the pads of the components.

To minimize PCB losses and improve system efficiency, the
input and output traces should be as wide as possible and be
duplicated on multiple layers, if possible.

To improve thermal performance, place multiple vias to the
GND plane around the anode of the asynchronous diode.

The thermal pad under the device must connect to the GND
plane using multiple vias. More vias will ensure the lowest
junction temperature and highest efficiency.

EMI/EMC issues are always a concern. Allegro recommends
having component locations for an RC snubber from SW to
ground. The resistor should be 1206 size.
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CIN2

Vo@

LOAD

Figure 17: Typical Buck Converter with Critical Paths/Loops Shown

Loop 1 (red): At the instant Q1 turns on, Schottky diode D1, which is

very capacitive, must be very quickly shut off (only 5 to 15 ns of charging
time). This spike of charging current must come from the local input
ceramic capacitor, CIN1. This spike of current is quite large and can be an
EMI/EMC issue if the loop is not minimized. Therefore, the input capacitor
CIN1 and Schottky diode D1 must be placed be on the same (top) layer,
be located near each other, and be grounded at virtually the same point on
the PCB.

Loop 2 (magenta): When Q1 is off, freewheeling inductor current must flow

from ground through diode D1 (SW will be at -V ), into the output inductor,
out to the load and return via ground. While Q1 is off, the voltage on the
output capacitors will decrease. The output capacitors and Schottky diode
D1 should be placed on the same (top) layer, be located near each other,
and be sharing a good, low-inductance ground connection.

Loop 3 (blue): When Q1 is on, current flows from the input supply and
input capacitors through the output inductor and into the load and the
output capacitors. At this time, the voltage on the output capacitors
increases.

Figure 18: Example PCB Component Placement and Routing
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PACKAGE OUTLINE DRAWING

For Reference Only - Not for Tooling Use
(Reference JEDEC MO-229)
Dimensions in millimeters — NOT TO SCALE
Exact case and lead configuration at supplier discretion within limits shown
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Figure 19: Package EJ, Wettable Flank DFN-10 with Exposed Thermal Pad
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