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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

General Description

The MAX5060/MAX5061 pulse-width modulation (PWM)
DC-DC controllers provide high-output-current capability
in a compact package with a minimum number of exter-
nal components. These devices utilize an average-cur-
rent-mode control that enables optimal use of low
RDs(ON) MOSFETs, eliminating the need for external
heatsinks even when delivering high output currents.

Differential sensing (MAX5060) enables accurate control
of the output voltage, while adaptive voltage positioning
provides optimum transient response. An internal regula-
tor enables operation with 4.75V to 5.5V or 7V to 28V
input voltage ranges. The high switching frequency, up
to 1.6MHz, allows the use of low-output inductor values
and input capacitor values. This accommodates the use
of PC-board-embedded planar magnetics.

The MAX5060 features a clock output with 180° phase
delay to control a second out-of-phase converter for
lower capacitor ripple currents. The MAX5060 also limits
the reverse current if the bus voltage becomes higher
than the regulated output voltage. The MAX5060 is
specifically designed to limit current sinking when multi-
ple power-supply modules are paralleled. The
MAX5060/MAX5061 offer an adjustable 0.6V to 5.5V out-
put voltage. The MAX5060 offers an overvoltage protec-
tion, power-good signal, and an output enable function.

The MAX5060/MAX5061 operate over the automotive
temperature range (-40°C to +125°C). The MAX5060 is
available in a 28-pin thin QFN package while the
MAX5061 is available in a 16-pin TSSOP package.

Applications

Servers and Workstations

Point-of-Load Telecom DC-DC Regulators
Networking Systems

RAID Systems

High-End Desktop Computers

Features

4.75V to 5.5V or 7V to 28V Input Voltage Range
Adjustable Output Voltage from 0.6V to 5.5V

Up to 30A Output Current

Can Parallel Outputs For Higher Output Current

* & & o o

Programmable Adaptive Output Voltage

Positioning

4 True-Differential Remote Output Sensing
(MAX5060)

4 Average-Current-Mode Control

e Superior Current Sharing Between Paralleled
Modules

* Accurate Current Limit Eliminates MOSFET
and Inductor Derating

4 Limits Reverse Current Sinking in Paralleled
Modules (MAX5060)

4 Programmable Switching Frequency from 125kHz
to 1.5MHz

4 Integrated 4A Gate Drivers

4 Clock Output for 180° Out-of-Phase Operation
(MAX5060)

4 Voltage Signal Proportional to Output Current for
Load Monitoring (MAX5060)

4 Output Overvoltage Crowbar Protection
(MAX5060)

4 Programmable Hiccup Current-Limit Threshold
and Response Time

4 Overtemperature Thermal Shutdown

Ordering Information

Selector Guide PART  TEMPRANGE  PIN-PACKAGE ~ >
PART OUTPUT MAX5060ATI -40°C to +125°C 28 TQFN-EP* T2855+3
Average-Current-Mode DC-DC Controller MAX5060ETI  -40°C to +85°C 28 TQFN-EP* T2855+3
MAX5060 for 5V/12V/24V Input Bus with CLKOUT, MAX5061AUE -40°C to +125°C 16 TSSOP-EP*  U16E+3
Load Monitoring, Overvoltage, EN Input, MAX5061EUE  -40°C to +85°C 16 TSSOP-EP*  U16E+3
SYNC Input, and PGOOD Output *EP = Exposed pad.
Average-Current-Mode DC-DC Controller Pin Configurations appear at end of data sheet.
MAX5061 for 5V/12V/24V Input with SYNC/ENABLE
Input
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

ABSOLUTE MAXIMUM RATINGS

INTO SGND ...ttt -0.3V to +30V All Other Pins to SGND.........coooiiiiiii -0.3V to (Ve + 0.3V)
BSTtOSGND ... -0.3V to +35V Continuous Power Dissipation (Ta = +70°C)

DHto LX ..o -0.3Vto [(VBsT - Vix ) + 0.3V] 16-Pin TSSOP (derate 21.3mW/°C above +70°C)*...... 1702mwW
DL to PGND (MAX5060) -0.3V to (Vpp + 0.3V) 28-Pin TQFN (derate 34.5mW/°C above +70°C)*......2758mW
DL to PGND (MAX5061) -0.3Vto (Vcc + 0.3V) Operating Temperature Range

BST 10 LX oot -0.3V to +6V MAXB5060A_ _ and MAX5061A_ _ .....ccoee. -40°C to +125°C
VEC 1O SGND ..o, -0.3V to +6V MAXB5060E_ _ and MAXB061E_ _......cccoeen -40°C to +85°C
Ve, VDD IO PGND . -0.3V to +6V Maximum Junction Temperature

SGNDto PGND .................. ...-0.3V to +0.3V Storage Temperature Range............... .

Current Sink in PGOOD ......ooooiiiiiiiicceeee BmMmA Lead Temperature (soldering, 10S) .......ccocvevviiiiviiieenn. +300°C

*Per JEDEC 51 standard.

Stresses beyond those listed under “Absolute Maximum Ratings” may cause permanent damage to the device. These are stress ratings only, and functional
operation of the device at these or any other conditions beyond those indicated in the operational sections of the specifications is not implied. Exposure to
absolute maximum rating conditions for extended periods may affect device reliability.

PACKAGE INFORMATION
MAX5061 - 16 TSSOP

Package Code U16E+3
Outline Number 21-0108
Land Pattern Number 90-0120
Thermal Resistance:

Junction to Ambient (84) 47°C/W
Junction to Case (6,¢), max 3°C/W

MAXS5060 - 28 TQFN

Package Code T2855+3
Outline Number 21-0140
Land Pattern Number 90-0023
Thermal Resistance:

Junction to Ambient (8 a) 47°C/W

Junction to Case (8,¢), max 2°C/wW

For the latest package outline information and land patterns (footprints), go to the Package Index on the Analog Devices website. Note that a “+”, “#”, or “-” in the package code
indicates RoHS status only. Package drawings may show a different suffix character, but the drawing pertains to the package regardless of RoHS status.

Package thermal resistances were obtained using the method described in JEDEC specification JESD51-7, using a four-layer board. For detailed information on package thermal
considerations, refer to Thermal Characterization of IC Packages.

www.analog.com Analog Devices | 2
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

ELECTRICAL CHARACTERISTICS

(Vce =5V, Vpp = Vee (MAX5060 only), Ta = Ty = TMmIN to TmAx, unless otherwise noted. Typical specifications are at Ta = +25°C.)
(Note 1)

PARAMETER | SYMBOL | CONDITIONS MIN TYP MAX I UNITS
SYSTEM SPECIFICATIONS
7 28
Input Voltage Range VIN Short IN and Ve together for 5V input 475 5.50 v
operation
Quiescent Supply Current o) EN = Vcc or SGND, not switching 2.7 55 mA
Efficiency n ILoAaD = 20A, VIN = 12V, VouT = 3.3V 920 %

OUTPUT VOLTAGE

No load, Vcc = 4.75V to 5.5V,
594 . .
fow = 500kHZ 0.59 0.6 0.606 v

No load, V|N = 7V to 28V, fsw = 500kHz | 0.594 0.6 0.606

SENSE+ to SENSE- Accuracy
(MAX5060) (Note 2)

Clock

Soft-Start Ti t 1024
oft-Start Time SS Cycles

No load, Vcc = 4.75V to 5.5V, 0.591 06 0.606
VREF no switching ' ' ' v

No load, VN = 7V to 28V, no switching 0.591 0.6 0.606

EAN Reference Voltage
(MAX5061)

STARTUP/INTERNAL REGULATOR

Vcc Undervoltage Lockout UVvVLO V¢ rising 4.1 4.3 4.5 Y
Vce Undgrvoltage Lockout 200 "y
Hysteresis

Vcc Output Voltage VIN = 7V to 28V, IsoURcE = 0 to 60mA 4.85 51 5.30 Vv

MOSFET DRIVERS

Low or high output,

Output-Driver Impedance R 11 3 Q
P P ON ISOURCE/SINK = 20mA

Output-Driver Source/Sink Current IpH_, IpL_ 4 A

Nonoverlap Time tNO CDH/DL = 5nF 35 ns

www.analog.com Analog Devices | 3

F90SXVIN/O90SXVIN



0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

ELECTRICAL CHARACTERISTICS (continued)

(Vce =5V, Vpp = Vee (MAX5060 only), Ta = Ty = TmIN to Tmax, unless otherwise noted. Typical specifications are at Ta = +25°C.)

(Note 1)
PARAMETER | symeoL | CONDITIONS MIN TYP  MAX | UNITS
OSCILLATOR
Switching Frequency Range 125 1500 kHz
Rt = 500kQ 121 125 129
Switching Frequency fsw RT = 120kQ 495 521 547 kHz
RT = 39.9kQ 1515 1620 1725
o 120kQ < R < 500kQ -5 +5
Switching Frequency Accuracy %
40kQ < RT < 120kQ -8 +8
CLKOUT Phase Shift (MAX5060) OCLKOUT fgw = 125kHz 180 degrees
CLKOUT Output Low Level _
(MAX5060) VCLKOUTL ISINK = 2mA 0.4 \
CLKOUT Output High Level _
(MAX5060) VCLKOUTH | ISOURCE = 2mA 4.5 \
L : RT/SYNC (MAX5060), RT/SYNC/EN
SYNC Input-High Pulse Width tSYNC (MAX5061) 200 ns
. RT/SYNC (MAX5060), RT/SYNC/EN
SYNC Input Clock High Threshold VSYNCH (MAX5061) 2.0 Vv
RT/SYNC (MAX5060), RT/SYNC/EN
SYNC Input Clock Low Threshold VsYNCL (MAX5061) 0.4 Vv
VRT/SYNC = OV (MAX5060),
SYNC Pullup Current | 250 750 A
P SYNC-OUT | verisyNc/en = OV (MAX5061) g
SYNC Power-Off Level VSYNC_OFF 0.4 Vv
CURRENT LIMIT
Average Current-Limit Threshold VoL CSP to CSN 24.0 26.9 28.2 mV
Reverse Current-Limit Threshold VCLR CSP to CSN (MAX5060) -3.2 -2.3 -0.1 mV
Cycle-by-Cycle Current Limit CSP to CSN 60 mV
Cycle-by-Cycle Overload B
Response Time Vcsp to Vs = 75mV 260 ns
Hiccup Divider Ratio LIM to Vcm, no switching 0.547 0.558 0.565 VIV
Hiccup Reset Delay 200 ms
LIM Input Impedance LIM to SGND 55.9 kQ
CURRENT-SENSE AMPLIFIER
CSP to CSN Input Resistance Rcs 4 kQ
Common-Mode Range VCMR(CS) VIN = 7V to 28V 0 55 Vv
Input Offset Voltage Vos(cs) 0.1 mV
Amplifier Gain Av(Cs) 34.5 VIV
3dB Bandwidth f3dB 4 MHz

www.analog.com
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

ELECTRICAL CHARACTERISTICS (continued)

(Vce =5V, Vpp = Vee (MAX5060 only), Ta = Ty = TmIN to Tmax, unless otherwise noted. Typical specifications are at Ta = +25°C.)

(Note 1)
PARAMETER | SYMBOL CONDITIONS MIN TYP MAX | UNITS

CURRENT-ERROR AMPLIFIER (Transconductance Amplifier)
Transconductance ac 550 uS
Open-Loop Gain AVOL(CE) No load 50 dB
DIFFERENTIAL VOLTAGE AMPLIFIER (DIFF, MAX5060 only)
Common-Mode Voltage Range VCMR(DIFF) 0 +1.0 \
DIFF Output Voltage Vcwm VSENSE+ = VSENSE- = OV 0.6 V
Input Offset Voltage VOS(DIFF) -1 +1 mV
Amplifier Gain AV(DIFF) 0.994 1 1.006 VIV
3dB Bandwidth f3dB CDIFF = 20pF 3 MHz
Minimum Output-Current Drive |OUT(DIFF) 4 mA
gig‘;i:ctg SENSE- Input Rvs VSENSE. = OV 50 100 kQ
V_IOUT AMPLIFIER (V_IOUT, MAX5060 only)
Gain-Bandwidth Product Vv_jouT = 2.0V 4 MHz
3dB Bandwidth Vv_jouT = 2.0V 1.0 MHz
Output Sink Current 30 HA
Output Source Current 90 pA
Maximum Load Capacitance 50 pF
Offset Voltage 1 mV
VOLTAGE-ERROR AMPLIFIER (EAOUT)

Open-Loop Gain AVOLEA 70 dB
Unity-Gain Bandwidth faBwW 3 MHz
VEAN = 2.0V (MAX5060)

EAN Input Bias Current IB(EA) VEAN = 0.4V, VEAOUT = GND -0.2 0.03 +0.2 HA

(MAX5061)
R el i o S I I
POWER-GOOD AND OVERVOLTAGE PROTECTION (MAX5060 only)
PGOOD Trip Level Vv ;i?gr Es%(;%s lowwhen Voutisbelow | g7 5 95 925 | %vour
PGOOD Output Low Level VPGLO ISINK = 4mA 0.4 V
PGOOD Output Leakage Current PG PGOOD = Vce 1 pA
OVI Trip Threshold OVPTH With respect to SGND 1244 1276 1.308 \
OVI Input Bias Current lovi 0.2 pA

www.analog.com

Analog Devices | 5



0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

ELECTRICAL CHARACTERISTICS (continued)

(Vce =5V, Vpp = Vee (MAX5060 only), Ta = Ty = TmIN to Tmax, unless otherwise noted. Typical specifications are at Ta = +25°C.)
(Note 1)

PARAMETER | SYMBOL | CONDITIONS MIN TYP MAX | UNITS

ENABLE INPUTS

EN Input High Voltage (MAX5060) VEN EN rising 2.437 25 2.562 V
EN Input Hysteresis (MAX5060) 0.28 \Y
EN Pullup Current (MAX5060) IEN 13.5 15 16.5 HA
e el v
giTs/aSg::C(;KAEEx?(?eUf)LOW Yolege  vamsveren L 04 v
THERMAL SHUTDOWN

Thermal Shutdown Temperature rising +150 °C
Thermal-Shutdown Hysteresis 30 °C

Note 1: Specifications at Ta = +25°C are 100% tested. Specifications over the temperature range are guaranteed by design.
Note 2: Does not include an error due to finite error amplifier gain (see the Voltage-Error Amplifier section).
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,

Average-Current-Mode DC-DC Controllers

(Ta = +25°C, Figures 1 and 2, unless otherwise noted.)
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

(Ta = +25°C, Figures 1 and 2, unless otherwise noted.)
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MAX5060/MAX5061

SINK CURRENT (A)

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

(Ta = +25°C, Figures 1 and 2, unless otherwise noted.)
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Typical Operating Characteristics (continued)

(Ta = +25°C, Figures 1 and 2, unless otherwise noted.)
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Pin Description

PIN

NAME FUNCTION
MAX5060 MAX5061
’ 3 PGND Power Ground. Connect PGND, low-side synchronous MOSFET's source, and
Vbp (MAX5060)/Vcc (MAX5061) bypass capacitor returns together.
2,7 8 N.C. No Connection. Not internally connected.
3 4 DL Low-Side Gate-Driver Output. Synchronous MOSFET gate driver.
Boost Flying-Capacitor Connection. Reservoir capacitor connection for the high-
4 5 BST side MOSFET driver supply. Connect a 0.47uF ceramic capacitor between BST
and LX.
Inductor Connection. Source connection for the high-side MOSFETs. Also serves
5 6 LX : . . :
as the return terminal for the high-side driver.
6 7 DH High-Side Gate-Driver Output. Drives the gate of the high-side MOSFET.
8 29 25 16 SGND Signal Ground. Ground connection for the internal control circuitry. Connect
T SGND and PGND together at one point near the input bypass capacitor return.
9 . CLKOUT Oscillator Output. Rising edge of CLKOUT is phase-shifted from rising edge of
DH by 180°.
Power-Good Output. PGOOD is an open-drain output that goes low when the
10 — PGOOD programmed output voltage falls out of regulation. The power-good comparator
threshold is 90% of the programmed output voltage.
Output Enable. Drive EN high or leave unconnected for normal operation. Drive
11 — EN EN low to shut down the power drivers. EN has an internal 15pA pullup current.
Connect a capacitor from EN to SGND to program the hiccup mode duty cycle.
Switching Frequency Programming and Chip-Enable Input. Connect a resistor
12 — RT/SYNC from RT/SYNC to SGND to set the internal oscillator frequency. Drive RT/SYNC
externally to synchronize the switching frequency with system clock.
13 o Vv 10UT Voltage-Source Output Proportional to the Output Load Current. The voltage at
- V_IOUT is 135 x ILoAD X Rs.
Current-Limit Setting Input. Connect a resistor from LIM to SGND to set the
14 10 LIM hiccup current-limit threshold. Connect a capacitor from LIM to SGND to ignore
short output overcurrent pulses.
Overvoltage Protection Circuit Input. Connect OVI to DIFF. When OVI exceeds
15 — ovI +12.7% above the programmed output voltage, DH is latched low and DL is
latched high. Toggle EN low to high or recycle the power to reset the latch.
Current-Error-Amplifier Output. Compensate the current loop by connecting an
16 11 CLP
RC network to ground.

www.analog.com
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Pin Description (continued)

PIN
NAME FUNCTION

MAX5060 MAX5061

Voltage-Error-Amplifier Output. Connect to the external gain-setting feedback
17 12 EAOUT resistor. The error-amplifier gain-setting resistors determine the amount of
adaptive voltage positioning.

Voltage-Error-Amplifier Inverting Input. Receives a signal from the output of the
18 13 EAN differential remote-sense amplifier (MAX5060). Connect the center tap of the
resistor-divider from the output to SGND (MAX5061).

Differential Remote-Sense Amplifier Output. DIFF is the output of a precision

19 o DIFF unity-gain amplifier whose inputs are SENSE+ and SENSE-.

Current-Sense Differential Amplifier Negative Input. The differential voltage
20 14 CSN between CSN and CSP is amplified internally by the current-sense amplifier
(gain = 34.5) to measure the inductor current.

Current-Sense Differential Amplifier Positive Input. The differential voltage
21 15 CSP between CSP and CSN is amplified internally by the current-sense amplifier
(gain = 34.5) to measure the inductor current.

Differential Output-Voltage-Sensing Negative Input. SENSE- is used to sense a

2 — ENSE-
3 SENS remote load. Connect SENSE- to VouT- or PGND at the load.
Differential Output-Voltage-Sensing Positive Input. SENSE+ is used to sense a
o4 . SENSE+ remote load. Connect SENSE+ to VouT+ at the load. The device regulates the
difference between SENSE+ and SENSE- according to the preset reference
voltage of 0.6V.
26 1 IN Supply Voltage Connection. Connect IN to V¢ for a +5V system.

Internal +5V Regulator Output. Vcc is derived from the IN voltage. Bypass Vcc
27 2 Vce to SGND with 4.7uF and 0.1uF ceramic capacitors. For MAX5061, connect an
additional 0.1puF bypass capacitor from Vg to PGND.

Supply Voltage for Low-Side and High-Side Drivers. Connect a parallel
28 — VDD combination of 0.1uF and 1pF ceramic capacitors to PGND and a 1Q resistor to
V¢ to filter out the high peak currents of the driver from the internal circuitry.

Switching Frequency Programming and Chip-Enable Input. Connect a resistor
from RT/SYNC/EN to SGND to set the internal oscillator frequency. Drive

o 9 RT/SYNC/EN RT/SYNC/EN externally to synchronize the switching frequency with system
clock. If RT/SYNC/EN is held low for 50us, the device turns off the output drivers.
. . Ep Exposed Paddle. Connect the exposed paddle to a copper pad (SGND) to

improve power dissipation.
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Typical Application Circuit

Vin=12V
C1,02
T R13
pIN RH
c3
R IN SENSE- SENSE+ CSN CSP R
EXT 3-C7
LIM DH —| o T
c4 =
X . - o
‘ | —L Lcwz —Lm +_
0—| DL —|
S v e MAXIM D1 ; ; Vour =06V T0
o — | MAX5060 LOAD |1 5.5V AT 208
V_IOUT = D3
(VOLTAGE o lguT) \é;'lom BST
RiN Vee A g A g
DIFF —Lcwo J—cn =
R3
EAN
EAOUT Voo
Re RT/ L
CLP  PGND SGND PGOOD SYNC T

= < s
- UL

C6 c7
3E R11

PGOOD

Figure 1. Typical Application Circuit, Vin = 12V (MAX5060)
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Typical Application Circuit (continued)

ViN=12V
c1,C2
T R13
e RC1 C13
c3
1 IN CSN CSP
. RT/SYNC/EN o
Vour=0.6V TO
. 5.5V AT 20A
= T X
+
F MNAXIMN 10 11
] MAX5061 DL T
Rex = =
LOAD
c4 LIM
BST 1L
o . Vee Vee -
c7* c8 c9
v v T
CLP -
3 PGND SGND EAN EAOUT

= &
— Re
b R
RL
* USE C13 = 47pf AND C7 = 4.7uF/6.3V (CERAMIC).

Figure 2. Typical Application Circuit, ViN = +12V (MAX5061)
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Block Diagram

Vop

BST

DH

LX

DL

PGND

PGOOD

EN
0.5V x Ve S
.
N 5V VLo
> LDO *
v REGULATOR ; TEMP SENSOR
CC
TO INTERNAL MAXIW
CIRCUITS HICCUP MODE MAX5060
LIM CURRENT LIMIT Vew
126.7kQ
L
100k
AAAY
>3
CLP 05 Vouwe 0 RT\%
o 1
CSp Ay=345 0 g
CA ,7
CSN _ \NGVZ
Ay=4
vV_IouT
VeLamP VeLamp
Low HIGH ] a
SGND
M ' ﬁ
2 x5 (V/s)
RT/SYNC CLK
»| 0SCILLATOR i R a DC ~
CLKOUT -
— RAMP
DIFF GENERATOR \
SENSE- +0.6V -
DIFF A N
SENSE+ f\MP 0.1x VRer
EAOUT
ERROR AMP
EAN I 0.12 x VRer OVP LATCH
VEA
. |
LATCH
ot OVP COMP
START 0 Vaer = 0.6V
CLEAR ON UVLO RESET OR
0 Ve (0.6Y) ENABLE LOW
ovl Vv

Figure 3. Functional Diagram (MAX5060)
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Block Diagram (continued)

Vee
Is
0.5V xVee o
.
N 5V UVLO
> LDO ® POR
v REGULATOR ; TEMP SENSOR
cc
TO INTERNAL M A1/
CIRCUITS HICCUP MODE MAX5061
LIM CURRENT LIMIT Ve
126.7kQ
<
100kQ
AVAAY
TN >—1s
0.5 VoLamp 0 RT\%
CLP
1
Csp Ay=345 0 g
CA
CSN B \V4
v,
£C BST
VeLavp
HIGH S Q I: DH
SGND «
4
N e
2 x1g (V/s)
RT/SYNC/EN ol 0SCILLATOR CLK ; B
Q ]\ DL
\
RAMP PGND
GENERATOR J'——
EAOUT
ERROR AMP
EAN
VEA
+
SOFT-
START Vher =06V

Figure 4. Functional Diagram (MAX5061)
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Detailed Description

The MAX5060/MAX5061 are high-performance average-
current-mode PWM controllers. The average-current-
mode control technique offers inherently stable
operation, reduces component derating and size by
accurately controlling the inductor current. This also
improves the current-sharing accuracy when paralleling
multiple converters. The devices achieve high efficiency,
at high current (up to 30A) with a minimum number of
external components. The high- and low-side drivers
source and sink up to 4A for lower switching frequencies
while driving high-gate-charge MOSFETSs.

The MAX5060's CLKOUT output is 180° out-of-phase
with respect to the high-side driver. The CLKOUT drives
a second MAX5060 or a MAX5061 regulator out-of-
phase, reducing the input capacitor ripple current and
increasing the load current capacity. The paralleling
capability of the MAX5060/MAX5061 improves design
flexibility in applications requiring upgrades (higher load).

The MAX5060/MAX5061 consist of an inner average-
current-loop controlled by an outer-voltage-loop voltage-
error amplifier (VEA). The combined action of the inner
current loop and outer voltage loop corrects the output
voltage errors by adjusting the inductor current. The
inductor current is sensed across a current-sense resis-
tor. The differential amplifier (MAX5060) senses the out-
put right at the load for true-differential output voltage
sensing. The sensed voltage is compared against inter-
nal 0.6V reference at the error-amplifier input. The output
voltage can be set from 0.6V to 5.5V (IN > 7V) using a
resistor-divider at SENSE+ and SENSE-.

IN, Vcc, and Vpp
The MAX5060/MAX5061 accept a 4.75V to 5.5V or 7V
to 28V input voltage range. All internal control circuitry
operates from an internally regulated nominal voltage
of 5V (Vce). For input voltages of 7V or greater, the
internal Vcc regulator steps the voltage down to 5V.
The Vcc output voltage is a regulated 5V output capa-
ble of sourcing up to 60mA. Bypass the Vcc to SGND
with 4.7uF and 0.1pF low-ESR ceramic capacitors for
high-frequency noise rejection and stable operation.
The MAX5060 uses Vpp to power the low-side and
high-side drivers, while the MAX5061 uses the Vcc to
power internal circuitry as well as the low- and high-
side driver supply. In the case of the MAX5061, use
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one or more 0.1uF low-ESR ceramic capacitors
between Vcc and PGND to reject the noise spikes due
to high-current driver switching.

The TQFN-28 and TSSOP-16 are thermally enhanced
packages and can dissipate up to 2.7W and 1.7W,
respectively. The high-power packages allow the
high-frequency, high-current buck converter to oper-
ate from a 12V or 24V bus. Calculate power dissipa-
tion in the MAX5060/MAX5061 as a product of the
input voltage and the total Vcc regulator output cur-
rent (Icc). Icc includes quiescent current (IQ) and
gate-drive current (Ipp):

Pb=VINXICC
Ilcc = 1Q + [fsw x (QG1 + QG2)]
where Qa1 and Qg2 are the total gate charge of the
low-side and high-side external MOSFETs at VGATE =

5V, Iq is 3.5mA (typ), and fsw is the switching frequen-
cy of the converter.

Undervoltage Lockout (UVLO)
The MAX5060/MAX5061 include an undervoltage lock-
out with hysteresis and a power-on-reset circuit for con-
verter turn-on and monotonic rise of the output voltage.
The UVLO rising threshold is internally set at 4.35V with
a 200mV hysteresis. Hysteresis at UVLO eliminates
chattering during startup.

Most of the internal circuitry, including the oscillator,
turns on when the input voltage reaches 4V. The
MAX5060/MAX5061 draw up to 3.5mA of current
before the input voltage reaches the UVLO threshold.

Soft-Start
The MAX5060/MAX5061 has an internal digital soft-start
for a monotonic, glitch-free rise of output voltage. Soft-
start is achieved by the controlled rise of error amplifier
dominant input in steps using a 5-bit counter and a 5-bit
DAC. The soft-start DAC generates a linear ramp from 0
to 0.7V. This voltage is applied to the error amplifier at a
third (noninverting) input. As long as the soft-start volt-
age is lower than the reference voltage, the system will
converge to that lower reference value. Once the soft-
start DAC output reaches 0.6V, the reference takes over
and the DAC output continues to climb to 0.7V assuring
that it is out of the way of the reference voltage.
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Internal Oscillator
The internal oscillator generates a clock with the fre-
quency proportional to the inverse of RT. The oscillator
frequency is adjustable from 125kHz to 1.5MHz with
better than 8% accuracy using a single resistor con-
nected from RT/SYNC to SGND (MAX5060) and from
RT/SYNC/EN to SGND (MAX5061). The frequency accu-
racy avoids the over-design, size, and cost of passive
filter components like inductors and capacitors. Use the
following equation to calculate the oscillator frequency:

for 120kQ < RT < 500kQ:

The oscillator also generates a 2Vp-p voltage-ramp sig-
nal for the PWM comparator and a 180° out-of-phase
clock signal for CLKOUT (MAX5060) to drive a second
DC-DC converter out-of-phase.

Synchronization
The MAX5060/MAX5061 can be easily synchronized by
connecting an external clock to RT/SYNC (MAX5060) or
RT/SYNC/EN (MAX5061). If an external clock is pre-
sent, then the internal oscillator is disabled and the
external clock is used to run the MAX5060/MAX5061. If
the external clock is removed, the absence of clock for
32us is detected and the circuit starts switching from

s _ 6:25x 10" the internal oscillator. Pulling RT/SYNC on the MAX5060
T fow or RT/SYNC/EN on the MAX5061 to ground for at least
50us disables the converter.
for 40kQ < R < 120k€: Use an open-collector transistor to synchronize the
10 MAX5060/MAX5061 with the external system clock (see
Rt = 6.40 x 10 Figures 1 and 2).
fow
Rer Cer
CSN | csp CLP Corr

SENSE+
SENSE-

NI
MAX5060

— Rs

DRIVE MY AN 6—9—o

Cout LOAD

“Rr AND Rin ARE EXTERNAL.

Figure 5. MAX5060 Control Loop
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Control Loop
The MAX5060/MAX5061 use an average-current-mode
control scheme to regulate the output voltage (Figure 5).
The main control loop consists of an inner current loop
and an outer voltage loop. The inner loop controls the
output current (IPHASE), while the outer loop controls the
output voltage. The inner current loop absorbs the
inductor pole reducing the order of the outer voltage
loop to that of a single-pole system.

The current loop consists of a current-sense resistor
(RseNSE), a current-sense amplifier (CA), a current-
error amplifier (CEA), an oscillator providing the carrier
ramp, and a PWM comparator (CPWM) (Figure 6). The
precision CA amplifies the sense voltage across RS by
a factor of 34.5. The inverting input to the CEA senses
the CA output. The CEA output is the difference
between the voltage-error-amplifier output (EAQOUT)
and the amplified voltage from the CA. The RC com-
pensation networks connected to CLP provide external
frequency compensation for the CEA. The start of every

clock cycle enables the high-side drivers and initiates a
PWM ON cycle. Comparator CPWM compares the out-
put voltage from the CEA with a 0 to 2V ramp from the
oscillator. The PWM ON cycle terminates when the
ramp voltage exceeds the error voltage.

The MAX5060 outer voltage control loop consists of the
differential amplifier (DIFF AMP), reference voltage, and
VEA. The unity-gain differential amplifier provides true-
differential remote sensing of the output voltage. The dif-
ferential amplifier output connects to the inverting input
(EAN) of the VEA. For MAX5061, the DIFF AMP is
bypassed and the inverting input is available to the pin
for direct feedback. The noninverting input of the VEA is
internally connected to an internal precision reference
voltage. The MAX5060/MAX5061 reference voltage is set
to 0.6V. The VEA controls the inner current loop (Figure
4). Use a resistive feedback network to set the VEA gain
as required by the adaptive voltage-positioning circuit
(see the Adaptive Voltage Positioning section).

Voo

PEAK-CURRENT
COMPARATOR

60mV

CLP

CSP

Om =550uS

CSN

PWM

GMy COMPARATOR

RAMP /]/]

2 xfs (V/s)

CLK

N AKX
MAX5060

BST

DH

LX

SHDN

DL

COTH>
o

RANA

PGND

Figure 6. Phase Circuit
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Current-Sense Amplifier
The differential current-sense amplifier (CA) provides a
DC gain of 34.5. The maximum input offset voltage of
the current-sense amplifier is 1mV and the common-
mode voltage range is 0 to 5.5V (IN = 7V to 28V). The
current-sense amplifier senses the voltage across a
current-sense resistor. The maximum common-mode
voltage is 3.6V when V|N = 5V. The common-mode volt-
age range determines the maximum output voltage of
the buck converter.

Peak-Current Comparator
The peak-current comparator provides a path for fast
cycle-by-cycle current limit during extreme fault condi-
tions such as an output inductor malfunction (Figure 5).
Note the average current-limit threshold of 26.9mV still
limits the output current during short-circuit conditions.
To prevent inductor saturation, select an output inductor
with a saturation current specification greater than the
average current limit. Proper inductor selection ensures
that only the extreme conditions trip peak-current com-
parator, such as a broken output inductor. The 60mV
threshold for triggering the peak-current limit is twice the
full-scale average current-limit voltage threshold. The
peak-current comparator has only a 260ns delay.

Current-Error Amplifier
The MAX5060/MAX5061 has a transconductance cur-
rent-error amplifier (CEA) with a typical gm of 550uS
and 320pA output sink- and source-current capability.
The current-error amplifier output CLP, serves as the
inverting input to the PWM comparator. CLP is external-
ly accessible to provide frequency compensation for
the inner current loops (Figure 5). Compensate (CEA)
so the inductor current down slope, which becomes the
up slope to the inverting input of the PWM comparator,
is less than the slope of the internally generated voltage
ramp (see the Compensation section).

PWM Comparator and R-S Flip-Flop
The PWM comparator (CPWM) sets the duty cycle for
each cycle by comparing the output of the current-error
amplifier to a 2Vp-p ramp. At the start of each clock
cycle, an R-S flip-flop resets and the high-side driver
(DH) turns on. The comparator sets the flip-flop as soon
as the ramp voltage exceeds the CLP voltage, thus ter-
minating the ON cycle (Figure 5).

Differential Amplifier (MAX5060)
The differential amplifier (DIFF AMP) facilitates output-
voltage remote sensing at the load (Figure 5). It pro-
vides true-differential output voltage sensing while
rejecting the common-mode voltage errors due to high-
current ground paths. Sensing the output voltage
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directly at the load provides accurate load voltage
sensing in high-current environments. The VEA pro-
vides the difference between the differential amplifier
output (DIFF) and the desired output voltage. The dif-
ferential amplifier has a bandwidth of 3MHz. The differ-
ence between SENSE+ and SENSE- is regulated to
0.6V for the MAX5060. Connect SENSE+ to the center
of the resistive divider from the output to SENSE-.
Connect SENSE- to PGND near the load.

Voltage-Error Amplifier
The VEA sets the gain of the voltage control loop. The
VEA determines the error between the differential
amplifier output and the internal reference voltage.

The VEA output clamps to 930mV relative to the inter-
nally generated common-mode voltage (Vcm, 0.6V),
thus limiting the maximum output current. The maxi-
mum average current-limit threshold is equal to the
maximum clamp voltage of the VEA divided by the gain
(84.5) of the current-sense amplifier. This results in
accurate settings for the average maximum current for
each phase. Set the VEA gain using RF and RIN (see
Figures 1 and 2) for the amount of output voltage posi-
tioning required within the rated current range as dis-
cussed in the Adaptive Voltage Positioning section. The
finite gain of the VEA introduces an error in the output
voltage setting. Use the following equation to calculate
the output voltage at no load condition.

MAX5060:

R Ry +R
VouT(Ny) = (1 + RI—FNJ X (%) X VREF

where RH and RL are the feedback resistor network
(see the Typical Application Circuits) and VREF = 0.6V.

MAX5061:

The error amplifier output (EAOUT), which is compared
against the output of the current amplifier (CA), may not
reduce down to zero due to the saturation voltage of its
output stage. This requires the converter to be loaded
with a minimum load to prevent it from slipping out of
regulation. The minimum load requirement can be elim-
inated by adding some DC bias voltage between CSP
and CSN. See the Typical Application Circuit (Figure 2).
Use RC1 and RC2 to generate approximately 3mV DC
bias at CSP with respect to CSN. Use the following
equation to calculate the values of RC1 and RC2.

_ (Vcc —Vour)xRC2
(0.002)+(0.25x Al xRsgnsE)
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

where AlL = peak-to-peak inductor current. Choose
RC2 = 10Q, Vcc = 5.1V, and RSENSE is a current-
sense resistor. Note that the current limit of MAX5061 is
reduced by 3mV / RSENSE.

The no-load output voltage depends on the RH, RF,
VREF (0.6V) and the fixed DC bias voltage at CSP -
CSN. The following equation assumes a 3mV bias volt-
age at CSP - CSN.

VReF , VRer —0.1
V = +
ouTtiny) =I( RL R )

xRyl+ VRer

Adaptive Voltage Positioning
Powering new-generation processors requires new
techniques to reduce cost, size, and power dissipation.
Voltage positioning reduces the total number of output
capacitors to meet a given transient response require-
ment. Setting the no-load output voltage slightly higher
than the output voltage during nominally loaded condi-
tions allows a larger downward-voltage excursion when
the output current suddenly increases. Regulating at a
lower output voltage under a heavy load allows a larger
upward-voltage excursion when the output current sud-
denly decreases. Allowing a larger voltage-step excur-
sion reduces the required number of output capacitors
or allows for the use of higher ESR capacitors.

Voltage positioning may require the output to regulate
away from a center value. Define the center value as
the voltage where the output drops (AVouT/2) at one
half the maximum output current (Figure 7).

Set the voltage-positioning window (AVouT) using the
resistive feedback of the voltage-error amplifier (VEA).
Use the following equations to calculate the voltage-
positioning window (Figure 5):

MAX5060:
AVOUT = lour x Rin . RH+RL
GC X RF RL
0.0289
Ge =
Rs
MAX5061:
I x R
Mour = FSRE
C

RIN and RF are the input and feedback resistors of
VEA. Gc is the current-loop transconductance and Rs
is the current-sense resistor.
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Figure 7. Defining the Voltage-Positioning Window

MOSFET Gate Drivers (DH_, DL )
The high-side (DH) and low-side (DL) drivers drive the
gates of external n-channel MOSFETs (Figures 1 and 2).
The drivers’ 4A peak sink- and source-current capability
provides ample drive for the fast rise and fall times of the
switching MOSFETSs. Faster rise and fall times result in
reduced cross-conduction losses. For modern CPU volt-
age-regulating module applications, where the duty
cycle is less than 50%, choose high-side MOSFETs (Q1)
with a moderate RDS(ON) and a very low gate charge.
Choose low-side MOSFETs (Q2) with very low RDS(ON)
and moderate gate charge. Size the high-side and low-
side MOSFETs to handle the peak and RMS currents
during overload conditions.

The driver block also includes a logic circuit that provides
an adaptive nonoverlap time to prevent shoot-through
currents during transition. The typical nonoverlap time is
35ns between the high-side and low-side MOSFETSs.

BST
The MAX5060 uses VpD to power the low- and high-side
MOSFET drivers. The low- and high-side drivers in the
MAX5061 are powered from Vcc. The high-side driver
derives its power through a bootstrap capacitor and Vpp
supplies power internally to the low-side driver. Connect a
0.47uF low-ESR ceramic capacitor between BST and LX.
Connect a Schottky rectifier from BST to Vpp on the
MAX5060, or to Vcc on the MAX5061. Reduce the PC
board area formed by the boost capacitor and rectifier.
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0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Protection
The MAX5060 includes a power-good generator
(PGOOD) for undervoltage protection (UVP), and a
reverse current-limit protection; the MAX5060/MAX5061
include a hiccup current-limit protection to prevent dam-
age to the powered electronic circuits. Additionally, the
MAX5060 includes output overvoltage protection (OVP).

PGOOD Generator (MAX5060)
A PGOOD comparator compares the differential ampli-
fier output (DIFF) against 0.90 times the set output volt-
age for undervoltage monitoring (see Figure 8). Use a
10kQ pullup resistor from PGOOD to a voltage source
less than or equal to Vcc.

Current Limit
The VEA output is clamped to 930mV with respect to the
common-mode voltage (VcwMm). Average current-mode
control has the ability to limit the average current sourced
by the converter during a fault condition. When a fault
condition occurs, the VEA output clamps to 930mV with
respect to the common-mode voltage (0.6V) to limit the
maximum current sourced by the converter to ILiMIT =
26.9mV/Rs.

The hiccup current limit overrides the average current
limit. The MAX5060/MAX5061 include hiccup current-
limit protection to reduce the power dissipation during
a fault condition. The hiccup current-limit circuit derives
inductor current information from the output of the cur-
rent amplifier. This signal is compared against one half
of VCcLAMP(EA). With no resistor connected from the LIM
pin to ground, the hiccup current limit is set at 90% of
the full-load average current limit. Use RexT to increase
the hiccup current limit from 90% to 100% of the full-
load average limit (see Figures 1 and 2). The hiccup
current limit can be disabled by connecting LIM to
SGND. In this case, the circuit will follow the average
current-limit action during overload conditions.

An internal clamp (MAX5060) limits the continuous
reverse current the buck converter sinks when a higher
voltage is applied at the output. The reverse current limit
translated at the current-amplifier input is -2.3mV (typ).
The maximum reverse current the converter sinks
depends on the current-sense resistor. Normally it is
about 10% of the full load current.

Overvoltage Protection (OVP) (MAX5060)
The OVP comparator compares the OVI input to the over-
voltage threshold. The overvoltage threshold is typically
+12.7% above the internal 0.6V reference voltage. A
detected overvoltage event latches the comparator output
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forcing the power stage into the OVP state. In the OVP
state, the high-side MOSFET turns off and the low-side
MOSFET latches on. Connect DIFF to OVI for differential
output sensing and overvoltage protection. Alternately,
use a separate sensing network from VouTt to SGND.
Connect QVI to the center tap of a resistor-divider from
VouT to SGND. In this case, the center tap is compared
against 1.276V. Add an RC delay to reduce the sensitivity
of the overvoltage circuit and avoid nuisance tripping of
the converter (Figure 9). Disable the overvoltage function
by connecting OVI to SGND.

PGOOD
DIFF

INAXIN
= MAX5060

Figure 8. PGOOD Generator

R

ovl

NAXIN
MAX5060  DIFF

EAN

EAOUT

Figure 9. Overvoltage Protection Input Delay
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MAX5060/MAX5061

0.6V to 5.5V Output, Parallelable,
Average-Current-Mode DC-DC Controllers

Parallel Operation
For applications requiring large output current, parallel
two or more MAX5060s (multiphase operation) to
increase the available output current. The paralleled
converters operate at the same switching frequency
but different phases keep the input capacitor ripple
RMS currents to a minimum. The MAX5060 provides
the clock output (CLKOUT), which is 180° out-of-phase
with respect to DH. For the MAX5061, the out-of-phase
clock can be easily generated using a simple inverter
and driving it from the LX node. Use CLKOUT to drive
the second DC-DC converter to double the effective
switching frequency and reduce the input capacitor
ripple current (see Figure 10).

To drive multiple converters out-of-phase, use a delay
circuit to set 90° of phase shift (4 paralleled converters),
or 60° of phase shift (6 converters in parallel). Designate
one converter as master and the remaining converters
as slaves. Connect the master and slave controllers in a
daisy-chain configuration as shown in Figure 11.
Choose the appropriate phase shift for minimum ripple
currents at the input and output capacitors. The master
controller senses the output differential voltage through
SENSE+ and SENSE- and generates the DIFF voltage.
Disable the voltage sensing of the slaved controllers by
leaving DIFF unconnected (floating). Figure 11 shows a
typical application circuit using four MAX5060s. This cir-
cuit provides two phases at a 12V input voltage and a
0.6V to 5V output voltage range.

|
SENSE- SENSE+
CSN
cSP
Vin
MM
Vin I MAX5060 DH _‘
VWA O X A\
EAN
L/\M EAQUT DL _i
RT/SYNC =
PGND  SGND CLKOUT
=
A4
RT/SYNC CSN
csp
Vin
MAXIM
N MAX5060 DH _‘
—] orFF L AAN, Vour
LX * e
= T
EAOUT oL _i T T
1 © 7 o
= PGND SGND
= v

Figure 10. Parallel Configuration of MAX5060
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ViN

SENSE- SENSE+
90° PHASE DELAY
CSN CIRCUIT RI/SYNG CSN
CcSP CcSP
ViN ViN
MAXIMN _l MAXIMN
" MAX5060 DH _| " MAX5060 DH _|
rvw-«— DIFF X —] DIFF X
EAN EAN
I—/VW—— EAQUT oL _| EAQUT oL _|
RT/SYNC — —
PGND  SGND CLKOUT PGND  SGND
I J I
L— RT/SYNC CSN
cSP
ViN
MAXIMN
N MAX5060 H _|
—] oiFf X
04\% EAN
EAQUT oL _|
— y Vour
PGND  SGND CLKOUT L L 4
I J IT[
7 Lo
Py
L
90° PHASE DELAY | —— RT/SYNC CSN
CIRCUIT osp
ViN
MAXIM
N MAX5060 DH _|
— DIFF X
EAN
EAOUT oL _|
Q PGND  SGND =

I1H

Figure 11. Parallel Configuration of Multiple MAX5060s
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Applications Information

Inductor Selection
The switching frequency, peak inductor current, and
allowable ripple at the output determine the value and
size of the inductor. Selecting higher switching frequen-
cies reduces the inductance requirement, but at the
cost of lower efficiency. The charge/discharge cycle of
the gate and drain capacitances in the switching
MOSFETs create switching losses. The situation wors-
ens at higher input voltages, since switching losses are
proportional to the square of the input voltage. The
MAX5060 can operate up to 1.5MHz, however for V|N >
+12V, use lower switching frequencies to limit the
switching losses.

Use the following equation to determine the minimum
inductance value:

(Mnmax -VouT)x VouT
VINMAX X fow x Al

Lmin =

Choose AlL equal to approximately 40% of the output
current. Since AlL affects the output-ripple voltage, the
inductance value may need minor adjustment after
choosing the output capacitors. Higher values reduce
the output ripple, but at the cost of degraded transient
response. Lower values have higher output ripple but
better transient response. Also, lower inductor values
correspond to smaller magnetics.

Choose inductors from the standard high-current, surface-
mount inductor series available from various manufac-
turers. Particular applications may require custom-
made inductors. Use high-frequency core material for
custom inductors. High AlL causes large peak-to-peak
flux excursion, which increases the core losses at higher
frequencies. The high-frequency operation coupled with
high Al reduces the required minimum inductance and
even makes the use of planar inductors possible. The
advantages of using planar magnetics include low-profile
design, excellent current-sharing between modules due
to the tight control of parasitics, and low cost.

For example, calculate the minimum inductance at
VIN(MAX) = 13.2V, VouT = 1.8V, AlL = 8A, and fsw =
330kHz:

(13.2-1.8)x1.8

Lyt = —0.6uH
MN= 335 % 330k x 8 ™
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The average-current-mode control feature of the
MAX5060/MAX5061 limits the maximum peak inductor
current and prevents the inductor from saturating. Choose
an inductor with a saturating current greater than the
worst-case peak inductor current. The hiccup current-limit
circuit is masked during startup to avoid unintentional
hiccup when large output capacitors are used.

Use the following equation to determine the worst-case
inductor current:

Ve Al
LLPEAK = %JrT

where Rs is the sense resistor and VgL = 0.0282V.

Switching MOSFETs
When choosing a MOSFET for voltage regulators, con-
sider the total gate charge, RDS(ON), power dissipation,
and package thermal impedance. The product of the
MOSFET gate charge and on-resistance is a figure of
merit, with a lower number signifying better perfor-
mance. Choose MOSFETs optimized for high-frequen-
cy switching applications.

The average current from the MAX5060/MAX5061 gate-
drive output is proportional to the total capacitance it
drives at DH and DL. The power dissipated in the
MAX5060/MAX5061 is proportional to the input voltage
and the average drive current. See the IN, Vcc, and
Vpp section to determine the maximum total gate
charge allowed from the combined driver outputs.

The gate charge and drain capacitance (CV2) loss, the
cross-conduction loss in the upper MOSFET due to finite
rise/fall time, and the 12R loss due to RMS current in the
MOSFET Rps(ON) account for the total losses in the
MOSFET. Estimate the power loss (PDM0S_) caused by
the high-side and low-side MOSFETs using the following
equations:

PDmos-HI = (Qg x Vobp X fow)+

Vin % lout X (tR +tF) X fsw
4

]+ (1 -4RDS(ON) X |2RMS_H|)

where QaG, RDS(ON), tR, and tF are the upper-switching
MOSFET’s total gate charge, on-resistance at +25°C,
rise time, and fall time, respectively.
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IRMS_HI =\/(I2DC+I2PK+IDC ><|PK)><%

where D = VOUT/VIN, Ipc = (louT - AlL/2) and Ipk =
(louT + AlL/2).

PDmos-Lo = (Qg % Vbp X few)+

[2 x Coss X VIN® X fow
3

]+ (1 -4RDS(ON) X |2R|\/|S_|_O)

1-D)
3

RMS-LO = J (IZDC +PPK +Ipg |PK) o

where Coss is the MOSFET drain-to-source capaci-
tance.

For example, from the typical specifications in the
Applications Information section with Vout = 1.8V, the
high-side and low-side MOSFET RMS currents are 7.8A
and 18.5A, respectively for 20A. Ensure that the ther-
mal impedance of the MOSFET package keeps the
junction temperature at least +25°C below the absolute
maximum rating. Use the following equation to calcu-
late maximum junction temperature:

Ty = (PDMOS x 8Ja) + TA

where 6Ja and Ta are the junction-to-ambient thermal
impedance and ambient temperature, respectively.

Input Capacitors
The discontinuous input-current waveform of the buck
converter causes large ripple currents in the input capac-
itor. The switching frequency, peak inductor current, and
the allowable peak-to-peak voltage ripple reflected back
to the source dictate the capacitance requirement.
Increasing switching frequency or paralleling multiple out-
of-phase converters lowers the peak-to-average current
ratio, yielding a lower input capacitance requirement for
the same load current.

The input ripple is comprised of AVQ (caused by the
capacitor discharge) and AVESR (caused by the ESR of
the capacitor). Use low-ESR ceramic capacitors with
high-ripple-current capability at the input. Assume the
contributions from the ESR and capacitor discharge are
equal to 30% and 70%, respectively. Calculate the input
capacitance and ESR required for a specified ripple
using the following equation:
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AVESR
ESRjy = (—AI)|_
('OUT + 2)
Cin = lOUT X D(T—D)
IN AVQ X fSW

where loUT is the output current of the converter.

For example, at Vout = 1.8V, the ESR and input capac-
itance are calculated for the input peak-to-peak ripple
of 100mV or less yielding an ESR and capacitance
value of 1.25mQ and 110uF.

Output Capacitors
The worst-case peak-to-peak and capacitor RMS ripple
current, the allowable peak-to-peak output ripple volt-
age, and the maximum deviation of the output voltage
during step loads determine the capacitance and the
ESR requirements for the output capacitors.

In buck converter design, the output-current waveform
is continuous and this reduces peak-to-peak ripple cur-
rent in the output capacitor equal to the inductor ripple
current. Calculate the capacitance, the ESR of the out-
put capacitor, and the RMS ripple current rating of the
output capacitor based on the following equations.

AV,
ssrour = 21088

Al
8 x AVpq X fgw

Cour =

where AVOESR and AVoQ are the output-ripple contri-
butions due to ESR and the discharge of output capaci-
tor, respectively.

In the dynamic load environment, the allowable devia-
tion of output voltage during the fast transient load dic-
tates the output capacitance and ESR. The output
capacitors supply the load step until the controller
responds with a greater duty cycle. The response time
(tRESPONSE) depends on the closed-loop bandwidth of
the converter. The resistive drop across the capacitor
ESR and capacitor discharge causes a voltage drop
during a step load. Use a combination of SP polymer
and ceramic capacitors for better transient load and
ripple/noise performance.
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Keep the maximum output voltage deviation less than
or equal to the adaptive voltage-positioning window
(AVouT). Assume 50% contribution each from the out-
put capacitance discharge and the ESR drop. Use the
following equations to calculate the required ESR and
capacitance value:

AV,
ESRoyT =——=1 ESR
STEP

IsTEP_ X tRESPONSE
AVQ

Cout =

where ISTEP is the load step and tRESPONSE is the
response time of the controller. Controller response
time depends on the control-loop bandwidth.

Current Limit
In addition to the average current limit, the
MAX5060/MAX5061 also have hiccup current limit. The
hiccup current limit is set to 10% below the average
current limit to ensure that the circuit goes in hiccup
mode during continuous output short circuit.
Connecting a resistor from LIM to ground increases the
hiccup current limit, while shorting LIM to ground dis-
ables the hiccup current-limit circuit.

Average Current Limit
The average-current-mode control technique of the
MAX5060/MAX5061 accurately limits the maximum out-
put current. The MAX5060/MAX5061 sense the voltage
across the sense resistor and limit the peak inductor
current (IL-pk) accordingly. The ON cycle terminates
when the current-sense voltage reaches 25.5mV (min).
Use the following equation to calculate the maximum
current-sense resistor value:

Re 0.0255
lout
3
PO = 0.75 x 10
Rs

where PDR is the power dissipation in the sense resis-
tors. Select a 5% lower value of Rs to compensate for
any parasitics associated with the PC board. Also,
select a non-inductive resistor with the appropriate
power rating.

Hiccup Current Limit
The hiccup current-limit value is always 10% lower than
the average current-limit threshold, when LIM is left
unconnected. Connect a resistor from LIM to SGND to
increase the hiccup current-limit value from 90% to
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100% of the average current-limit value. The average
current-limit architecture accurately limits the average
output current to its current-limit threshold. If the hiccup
current limit is programmed to be equal or above the
average current-limit value, the output current will not
reach the point where the hiccup current limit can trig-
ger. Program the hiccup current limit at least 5% below
the average current limit to ensure that the hiccup cur-
rent-limit circuit triggers during overload. See the
Hiccup Current Limit vs. RExT graph in the Typical
Operating Characteristics.

Reverse Current Limit (MAX5060)
The MAX5060 limits the reverse current in case VBUS is
higher than the preset output voltage. Calculate the
maximum reverse current based on VCLR, the reverse-
current-limit threshold and the current-sense resistor.

VcLr
IREVERSE = g—s

where IREVERSE is the total reverse current sink into the
converter and VCLR = 2.3mV (typ).

Compensation
The main control loop consists of an inner current loop
and an outer voltage loop. The MAX5060/MAX5061 use
an average current-mode control scheme to regulate
the output voltage (Figure 5). IPHASE is the inner aver-
age current loop. The VEA output provides the control-
ling voltage for this current source. The inner current
loop absorbs the inductor pole reducing the order of
the outer voltage loop to that of a single-pole system.

A resistive feedback network around the VEA provides
the best possible response, since there are no capaci-
tors to charge and discharge during large-signal excur-
sions. RF and R|N determine the VEA gain. Use the
following equation to calculate the value of RF:

R = Jour x RN
=
Gc x AVourt
Go = 202889
Rs

where Gc is the current-loop transconductance and Rs
is the value of the sense resistor.

When designing the current-control loop ensure that
the inductor downslope (when it becomes an upslope
at the CEA output) does not exceed the ramp slope.
This is a necessary condition to avoid sub-harmonic
oscillations similar to those in peak current-mode con-
trol with insufficient slope compensation.
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Use the following equation to calculate the resistor RcF:

fow x L x 10°

RCFS
Vout X Rs

CcF provides a low-frequency pole while RCF provides
a midband zero. Place a zero (fz) to obtain a phase
bump at the crossover frequency. Place a high-fre-
quency pole (fp) at least a decade away from the
crossover frequency to reduce the influence of the
switching noise and achieve maximum phase margin.

Use the following equations to calculate Ccr and CCFF:

y

2x nx fz x Rcg
1

2x mx P x Rgp

Ccr =

Ccrr =

Power Dissipation
The TQFN-28 and TSSOP-16 are thermally enhanced
packages and can dissipate about 2.7W and 1.7W,
respectively. The high-power packages make the high-
frequency, high-current buck converter possible to
operate from a 12V or 24V bus. Calculate power dissi-
pation in the MAX5060/MAX5061 as a product of the
input voltage and the total Vcc regulator output current
(Icc). Icc includes quiescent current (IQ) and gate-
drive current (Ipp):

PD = VINXxIcc
lcc = la + [fsw x (QG1 + QG2)]
where Qa1 and Qg2 are the total gate charge of the
low-side and high-side external MOSFETs at VGATE =
5V, Iq is estimated from the Supply Current (1Q)
vs. Frequency graph in the Typical Operating

Characteristics, and fsy is the switching frequency of
the converter.

Use the following equation to calculate the maximum
power dissipation (PDmAX) in the chip at a given ambi-
ent temperature (TA) :

MAX5060:

PDMAX = 34.5 X (150 -TA).coceevne. mw
MAX5061:

PoMax =21.3 x (150 -TA).coceevne. mw
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PC Board Layout
Use the following guidelines to layout the switching
voltage regulator.

1) Place the IN, Vcc, and Vpp bypass capacitors
close to the MAX5060/MAX5061.

2) Minimize the area and length of the high-current
loops from the input capacitor, upper switching
MOSFET, inductor, and output capacitor back to
the input capacitor negative terminal.

3) Keep short the current loop formed by the lower
switching MOSFET, inductor, and output capacitor.

4) Place the Schottky diodes close to the lower
MOSFETs and on the same side of the PC board.

5) Keep the SGND and PGND isolated and connect
them at one single point close to the negative termi-
nal of the input filter capacitor.

6) Run the current-sense lines CSP and CSN very
close to each other to minimize the loop area.
Similarly, run the remote voltage sense lines
SENSE+ and SENSE- close to each other. Do not
cross these critical signal lines through power cir-
cuitry. Sense the current right at the pads of the
current-sense resistors.

7) Avoid long traces between the Vpp (MAX5060)/Vcec
(MAX5061) bypass capacitors, driver output of the
MAX5060/MAX5061, MOSFET gates, and PGND.
Minimize the loop formed by the Vcc bypass
capacitors, bootstrap diode, bootstrap capacitor,
MAX5060/MAX5061, and upper MOSFET gate.

8) Place the bank of output capacitors close to the load.

9) Distribute the power components evenly across the
board for proper heat dissipation.

10) Provide enough copper area at and around the
switching MOSFETSs, inductor, and sense resistors
to aid in thermal dissipation.

11) Use 40z copper to keep the trace inductance and
resistance to a minimum. Thin copper PC boards
can compromise efficiency since high currents are
involved in the application. Also, thicker copper
conducts heat more effectively, thereby reducing
thermal impedance.
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Pin Configurations
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Chip Information

TRANSISTOR COUNT: 5654
PROCESS: BiICMOS
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