EVALUATION KIT AVAILABLE

MAX17548

General Description

The MAX17548 is a dual-output, synchronous step-down
controller that drives nMOSFETs.

The device features a peak-current-mode, constant-
frequency architecture, allowing it to operate up to
2.2MHz. The device can be configured as two single-
phase, independent 10A power supplies or as a dual-
phase, single-output 20A power supply. The device also
provides the ability to run two controllers 180° out-of-
phase to reduce the power loss and noise due to the
input-capacitor ESR.

The IC supports current sensing using either an external
current-sense resistor for accuracy or an inductor DCR
for improved system efficiency. Current foldback limits
MOSFET power dissipation under short-circuit conditions.

The IC provides independent adjustable soft-start for
each output and can start up monotonically into a
prebiased output. The IC can be configured in either
PWM or DCM modes of operation, depending on whether
constant-frequency operation or light-load efficiency is
desired.

The IC operates over the -40°C to +125°C temperature
range and is available in a lead(Pb)-free, 32-pin TQFN,
5mm x 5mm package with an exposed pad.

Applications

e Industrial Power Supplies
Distributed DC Power Systems
Motion Control

Programmable Logic Controllers
Computerized Numerical Control
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42V, Dual-Output, Synchronous
Step-Down Controller

Benefits and Features

e Wide Range of Operation

* Wide 4.5V to 42V Input Voltage Range

+ Wide 0.8V to 24V Output Voltage Range

* RgensEg or Inductor DCR Current Sensing

» Selectable In-Phase or 180° Out-of-Phase
Operation

* Adjustable 100kHz to 2.2MHz Switching Frequency

* Independent Enable and PGOOD

* Available in a Lead(Pb)-Free 32-Pin, 5mm x 5mm
TQFN-EP Package

e Enhances Power Efficiency
* Low-Impedance Gate Drives for High Efficiency
* DCM Operation at Light Loads
* Auxiliary Bootstrap LDO

e Operates Reliably in Adverse Industrial Environments
* Independent Adjustable Soft-Start or Tracking
* Current Foldback Limits MOSFET Heat Dissipation
During a Short-Circuit Condition
» Operates Over the -40°C to +125°C Temperature
Range
» Output Overvoltage and Overtemperature Protections

Ordering Information appears at end of data sheet.
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MAX17548 42V, Dual-Output, Synchronous
Step-Down Controller

Block Diagram
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MAX17548

Absolute Maximum Ratings

42V, Dual-Output, Synchronous
Step-Down Controller

IN 0 GND ..ot -0.3V to +48V PGOOD_ t0 GND ....ooiiiiiiiiiiiniieciieee e -0.3V to +6V
CS_+1t0 GND ..o -0.3V to +40V FB_, COMP_, SS_, RT, SKIP, SEL_PH,

CS_+10 CS - -0.3V to +0.3V ILIM e veereemmeeemee e -0.3V to (VeeInT + 0.3)V
LX_, BST_to PGND ....-0.3V to +48V GND 10 EP...oeeee e -0.3V to +0.3V
BST_ t0 LX i -0.3V to +6V Continuous Power Dissipation at +70°C

BST_ 0 VOGINT --eevvevrerrremmerimemeesieesieesiee s e -0.3V to +48V (multilayer board)..........ccooviiiiiiiiiii e 2758.6mW
DH_ 10 LX i -0.3Vto (VgsT + 0.3)V Power Deration (multilayer board) ............cccceeennee. 34.5 mW/°C
DL_to PGND...... -0.3V to (VgenT + 0.3)V Operating Temperature Range............ ...-40°C to +125°C
EN_t0 GND ..ooiiiiieeee e -0.3V to +6V Maximum Junction Temperature ...........ccccevvieeneeniennnne +150°C
VEOINT 10 GND .o -0.3V to +6V Storage Temperature Range..............c.ccccceeee -65°C to +160°C
VECEXT 10 GND .o -0.3V to +26V Lead Temperature (soldering, 10S) ......ccceevviieeeeiivieaennnnns +300°C
PGND t0 GND .....ooiiiiiiiiieiie e -0.3V to +0.3V

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 Thermal Characteristics (Note 1)

Junction-to-Ambient Thermal Resistance (84a) .............. 29°C/W Junction-to-Case Thermal Resistance (8c).......ccccvvvn.. 1.7°C/W

Note 1: 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 www.maximintegrated.com/thermal-tutorial.

Electrical Characteristics

(VIN =24V, RT = open, CyccInT = 4.7uF, EN_=open, DH_, DL_ = open, Tj =-40°C to +125°C, unless otherwise noted. Typical values
are at Tp = +25°C.) (Note 2)

PARAMETER | SYMBOL | CONDITIONS MIN TYP MAX UNITS
INPUT SUPPLY
Input Voltage R Y 45 2 %
nput Voltage Range IN
VCeINT = VIN 4.5 5.5
SKIP = open, LX_ = PGND, BST_ =5V
EN1 = open, EN2 = GND, Vggq = 0.84V or 0.5 1.5 2.0
EN2 = open, EN1 = GND, Vgg; = 0.84V mA
SKIP = open, LX_ = PGND, BST_ =5V ] ”s .
Operating Supply Current N EN1=EN2 = open, Vrg1 = Vg = 0.84V '
(Note 3) SKIP = Vit LX_ = PGND, BST_ = 5V
EN1 = open, EN2 = GND, Vggq = 0.76V or 1 1.8 35
EN2 = open, EN1 = GND, Vggy = 0.76V mA
SKIP = VN, LX_ = PGND,BST_=5V 15 30 5
EN1 = EN2 = open, Vg1 = Vgg1 = 0.76V ' '
Shutdown Supply Current EN1=EN2 =GND 10 20 MA
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MAX17548

42V, Dual-Output, Synchronous
Step-Down Controller

Electrical Characteristics (continued)
(VIN =24V, RT = open, CyccinT = 4.7uF, EN_=open, DH_, DL_ = open, Ty =-40°C to +125°C, unless otherwise noted. Typical values

are at Tp = +25°C.) (Note 2)

PARAMETER | SYMBOL | CONDITIONS MIN TYP MAX UNITS
Vceint REGULATOR
6V < V|y <42V, lyceoinT = TmA 4.95 5.1 5.25
VeeinT Output Voltage VceINT 6V < VeeexT < 24V, lyceint = TMA \%
. 4.95 5.1 5.25
(VceinT supplied from VecexT)
VIN = 12V, | = 0mA to 100mA, VCCEXT =
ov (Vec lied from V ° 2 %0
INT IN
VceinT Load Regulation ( supplied from *IN) mV
VyvecexT = 12V, lyceint = OmA to 100mA
} 5 25 50
(VceinT supplied from vecexT)
VIN = 8.5V, VecexT = 0V, VooinT = 4V 120 250 340
VceInT Short-Circuit Output mA
Current Vecex = 8.5V, Vegint = 4V 120 250 340
(VceinT supplied from VocexT)
V|n = 4.5V, load = 75mA, VecexT = 0 50 150 420
Vceint Dropout Voltage VeeinT supplied from VecexT, VN = 24V, 50 150 420 mv
VccexT = 4.7V, load = 75mA
VccexT Switch Overvoltage VccEXT rising 4.55 4.7 4.85 V
VCCEXT .SWItCh Overvoltage 0.2 025 03 Vv
Hysteresis
VceINT rising 4 42 44
Veeint UVLO Vv
Vee falling 35 37 3.9
OSCILLATOR
RT = 62kQ 405 440 475
Switching Frequency fsw RT = VceINT 480 535 590 kHz
RT = GND 325 350 375
RT Pullup Current VRt = 0.5V 9.5 10 10.5 MA
Switching Frequency
Adjustable Range faw 26.5kQ < RT < 280kQ 100 2200 kHz
SKIP
DCM Mode Setting Range 1.25 VeenT v
-1.6
PWM Mode Setting Range VC1C'NT VCCINT v
-15
SKIP Pulldown Resistance 70 100 130 kQ
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MAX17548 42V, Dual-Output, Synchronous

Step-Down Controller

Electrical Characteristics (continued)
(VIN =24V, RT = open, CyccinT = 4.7uF, EN_=open, DH_, DL_ = open, Ty =-40°C to +125°C, unless otherwise noted. Typical values

are at Tp = +25°C.) (Note 2)

PARAMETER | SYMBOL | CONDITIONS MIN TYP MAX UNITS

GATE DRIVER

DH_ to BST_ On-Resistance Sourcing 100mA 0.7 1.3 2.5 Q

DH_ to LX_On-Resistance Sinking 100mA 0.25 0.5 0.9 Q

DL_ to VceinT On-Resistance Sourcing 100mA 0.7 1.3 2.5 Q

DL_ to PGND_ On-Resistance Sinking 100mA 0.35 0.75 1.25 Q

gl:}:\ﬂn:glmum Controlled toN_MIN 120 155 ns

g'f‘ij'i\ﬂr;im“m Controlled toFF_MIN |PWM mode, Vg = 0.84V 80 120 160 ns
DH_ falling to DL_ rising, C| oap = 6nF 30

Dead Time tpT ns
DL_ falling to DH_ rising, C| oap = 6nF 30

DH_ Transition Time PR ising. CLonp = 60 2 ns
DH_ falling, C pap = 6nF 15

DL_ Transition Time DL_"ising, CLoap = 6nF 25 ns
DL_ falling, C_ oap = 6nF 15

SOFT-START

Soft-Start Current Iss Vgg = 0.5V 3.5 5 6.5 MA

ENABLE

EN_ Logic-High Threshold EN_ rising 1.2 1.25 1.3 V

EN_ Hysteresis 90 mV

EN_ Bias Pullup Bias Current Ven_=0.5V 0.9 1.8 2.7 MA

CURRENT-SENSE AMPLIFIER

+ - -

\C/)jt_agé%zﬁggommon Mode 0 24 v

\C/;t—a;fésna:”p“t Operating V\?§§+._ 0<Vgs - <24V -100 +100 mv
ILIM = GND 30 33.3 36.6

Current-Sense Amplifier Gain ILIM = open 18 20 22 VIV
ViLim = VeeInT 12 13.3 14.5

CS_+ Input Bias Current 0<Vgs -<24V, Tp=Ty=+25°C 0.01 1 pA

CS_- Input Bias Current Vcs +=Ves - = 1.2V or 24V 5 600 HA
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MAX17548

42V, Dual-Output, Synchronous
Step-Down Controller

Electrical Characteristics (continued)
(VIN =24V, RT = open, CyccinT = 4.7uF, EN_=open, DH_, DL_ = open, Ty =-40°C to +125°C, unless otherwise noted. Typical values

are at Tp = +25°C.) (Note 2)

PARAMETER | SYMBOL | CONDITIONS MIN TYP MAX UNITS
CURRENT LIMIT
ILIM = open, V|N = 12V, VoyT = 1.25V 425 50 55
gﬁf::;ﬁft%f';’h':s::oﬁs't"’e Vos  |ILIM = GND, Viy = 12V, Vout = 1.25V 23 30 37 mv
ViLiM = VeeINT: VIN = 12V, VouT = 1.25V 65 75 85
ERROR AMPLIFIER
Feedback Regulation Voltage VEB_ 788 800 812 mV
FB _ Input Leakage Current VEg_=0.8V, Tpo=Ty=+25°C -100 0 +100 nA
Transconductance IV 1.7 2 2.3 mA/V
POWER-GOOD OUTPUTS
PGOOD. Threshold Vrg_ rising 103 110 113 % of
Vrg__falling 87 90 93 FB_
PGOOD_ Output Low Level Ipcoop_ = 10mA 0.05 0.15 0.25 \Y
PGOOD_ Leakage Current Vpgoop_=5V, Tao=Ty=+25°C -100 +100 nA
THERMAL SHUTDOWN
Thermal-Shutdown Threshold 160 °C
Thermal-Shutdown Hysteresis 20 °C

Note 2: Limits are 100% tested at Tp = +25°C. Limits over the temperature range and relevant supply voltage range are guaranteed
by design and characterization.

Note 3: This supply current excludes the switching current due to the external MOSFETSs’ gate charge.
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MAX17548

42V, Dual-Output, Synchronous

Typical Operating Characteristics
(VIN = 24V, unless otherwise noted. See Figure 8.)
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MAX17548

Typical Operating Characteristics (continued)
(VIN = 24V, unless otherwise noted. See Figure 8.)

COINCIDENT TRACKING AT STARTUP
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Vin =24V, Vours = 5V, lours = 5A, Vi = 24V, Vourp = 3.3V, loyrp = 0.1A to 5A
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42V, Dual-Output, Synchronous

Step-Down Controller
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MAX17548

42V, Dual-Output, Synchronous

Typical Operating Characteristics (continued)
(VN = 24V, unless otherwise noted. See Figure 8.)
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MAX17548 42V, Dual-Output, Synchronous
Step-Down Controller

Typical Operating Characteristics (continued)
(VN = 24V, unless otherwise noted. See Figure 8.)
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MAX17548

Pin Configuration

42V, Dual-Output, Synchronous
Step-Down Controller

a % &
TOP VIEW P, =z 8 5 & &
8 2z 2 25 8
2iinsliz2) i i20] 1918 117
Lx1 |25 | 16| Lxe
oHils; 11 ifsfow
pcooD1 |27} | . 114 Pcoop2
w2l maxazsas | 3]s
st} | - 12| cowrz
comPt |30} | i Fe2
FB1 31 + 777777777777777777777777 10 Ccs2+
cs1+]32 ] 19 | cse2-
e e
&
TQFN
(5mm x 5mm)
Pin Description
PIN NAME FUNCTION
Current-Sense Amplifier Negative Input of Controller 1 and Controller 2, Respectively. Connect to
1,9 CS1-, CS2- . . X ) .
negative terminal of current-sense signal. See Figure 5 and Figure 6.
Switching-Frequency Programming Resistor Connection. Connect a resistor between RT and GND
2 RT to set the switching frequency. See Figure 3. Connect to VgINT to program switching frequency of
535kHz. Connect to GND to program switching frequency of 350kHz.
Phase-Selection Input. The SEL_PH pin programs the phase shift between the two controllers of
3 SEL_PH .
the device.
4 TEST Connect to GND
Connect SKIP to Vo nT to select PWM mode of operation. Pull up SKIP with 100kQ to Voo nT Or
5 SKIP connect to a voltage between 1.25V and Vg nT - 1.5V to program DCM mode of operation. SKIP
is internally pulled down to GND by 100kQ.
6 GND Signal Ground Connection. GND should connect to the PGND plane at a single point. Refer to the
MAX17558 evaluation kit data sheet PCB layout for an example grounding scheme.
Enable Input for Controller 1 and Controller 2. Either leave unconnected or connect to a voltage
7,8 EN1, EN2 between 1.25V and 5.5V to enable corresponding controller. Connect to GND to disable

corresponding controller.

www.maximintegrated.com
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MAX17548

42V, Dual-Output, Synchronous
Step-Down Controller

Pin Description (continued)

PIN NAME FUNCTION
10, 32 CS2+, CS1+ Current-Sense Ampllfler Posmye Input of Cc?ntroller 2 and Controller 1. Connect to positive terminal
of current-sense signal. See Figure 5 and Figure 6.
1 31 FB2 FB1 Feedback Voltage Input of Controller 2 and Controller 1. Connect the FB_ pins to the midpoint of a
’ ’ resistor-divider from output to GND. See the circuit of Figure 4 for details.
12 30 COMP2, Error-Amplifier Output and Compensation Network-Connection Node for Controller 2 and Controller
’ COMP1 1. Connect the COMP__ pins to the compensation network as shown in the circuit of Figure 7.
Output-Voltage Soft-Start Time Programming Pins. Connect a capacitor from SS_ to GND to
13.29 SS2 SS1 program output-voltage soft-start time. Alternatively, a resistor-divider on another voltage supply
’ ’ connected to this pin allows the device output to track the other supply during startup. See the
Shutdown and Startup (EN_ and SS_) and Soft-Start Capacitor sections for more details.
1427 PGOOD?2, Open-Drain Power-Good Pins of Controller 2 and Controller 1. Pull up with external resistor to a
’ PGOOD1 maximum of 5.5V.
15. 26 DH2. DH1 High-Side MOSFET Gate-Driver Output of Controller 2 and Controller 1. Connect to gate of
’ ’ respective high-side MOSFET.
16, 25 LX2, LX1 Swﬂghmg Node Connection Input of Controller 2 and Controller 1. Connect to respective output-
filter inductors.
17 24 BST2 BSTA Bootstrap Capacitor Connection Input of Controller 2 and Controller 1. Connect a capacitor between
’ ’ BST_ and corresponding LX_. See the Bootstrap Capacitor Selection section for more details.
Low-Side MOSFET Gate-Driver Output of Controller 2 and Controller 1. Connect to gate of
18, 23 DL2, DL1 . .
respective low-side MOSFET.
19 Vv Internal LDO Output. Connect a minimum 4.7uF low-ESR ceramic capacitor between Voo NT
CCINT and PGND.
External Power-Supply Input for Internal LDO. Apply a voltage between 4.85V and 24V to
20 VCCEXT disconnect the LDO that operates from IN, and power internal circuitry with the LDO connected to
VccexT- A minimum of 0.1uF local decoupling for the VocexT pin is recommended.
Power Ground. Connect to the source terminal of the external low-side MOSFETs and VCCINT
21 PGND bypass capacitor return terminal. Refer to the MAX17558 evaluation kit data sheet PCB layout for
an example.
22 IN Supply Input. Bypass with minimum 1uF low-ESR ceramic capacitor to PGND.
28 ILIM Current-Limit Selection Input for Both Controllers. See the Peak Current-Limit Programming (ILIM)
section for a more detailed description.
Exposed Pad. Connect to GND pin of the IC. Connect to a large copper plane with multiple vias to
— EP improve thermal performance. Refer to the MAX17558 evaluation kit data sheet PCB layout for an

example grounding scheme and thermal via arrangement.
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MAX17548

Detailed Description

The MAX17548 is a dual-output synchronous step-
down controller that operates from a 4.5V to 42V wide
input supply range with programmable output volt-
age ranging from 0.8V to 24V. The IC uses constant-
frequency, peak current-mode control for the control loop.
The frequency of the device can be adjusted from 100kHz
to 2.2MHz using a resistor at the RT pin. Input capacitor
size can be minimized by running the two outputs 180°
out-of-phase.

The phase shift between the two controllers of the IC
can be selected using the SEL_PH pin. The device
provides independent adjustable soft-start and can start
up monotonically with a prebiased output voltage. It also
features selectable DCM/PWM mode of operation. Other
features include independent open-drain PGOOD_
outputs and independent enable (EN_) inputs.

Internal LDO (VcCINT)

The IC has two internal 100mA low-dropout (LDO) linear
regulators that power Ve nT. One regulator is powered
from IN, while the other is powered from VccexT. At any
time, one of the two regulators is in operation depending
on the voltage levels at VccexT- If VoccexT voltage is
greater than 4.7V (typ) then VccnT is powered from the
VccexT regulator. If VocexT is lower than 4.55V (typ),
then VcenT is powered from the IN regulator. Powering
VceInT from VocexT increases efficiency at higher input
voltages. VcceEXT can be connected to one of the switch-
ing regulator outputs if that output voltage is greater than
4.7V (typ). The maximum voltage limit on VccexT is 24V.

VceINT output voltage powers the gate drivers and
internal control circuitry. VooinT should be decoupled to
PGND with at least a 4.7uF low-ESR ceramic capacitor.
The IC employs an undervoltage-lockout (UVLO) circuit
that forces both the regulators off when VcgnT falls
below 3.8V (typ). The regulators are enabled again when

VceINT > 4.2V (typ).
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Low-Side Gate Driver (DL_)

Low-side external MOSFET gate drivers are powered
from VccinT- Under normal operating conditions, the low-
side gate-driver output (DL_) is always the complement of
the high-side gate-driver output (DH_). On each controller,
dedicated circuitry monitors the DH_ and DL_ outputs
and prevents either gate-drive signal from turning on until
the other gate-drive signal is fully off. Thus, the circuit
allows DH_ to turn on only when DL_ has been turned
off. Similarly, it prevents DL_ from turning on until DH_
has been turned off.

There must be a low-impedance path from the DL_ and
DH_ pins to the external MOSFET gates to ensure that
the gate driver’s circuitry works properly. To minimize
impedance, very short, wide traces should be used in the
PCB layout. The internal pulldown transistor that drives
the DL_ low is robust with a 0.75Q (typ) on-resistance.
This low on-resistance helps prevent DL_ from being
pulled up during the fast rising of the LX_ node, due to
capacitive coupling from the drain to the gate of the low-
side synchronous rectifier MOSFET.

High-Side Gate Driver (DH_)

High-side gate drivers are powered from the bootstrap
capacitors connected between BST_and LX . The boot-
strap capacitor normally gets charged to VgogonT during
each switching cycle through an external Schottky diode,
when the low-side MOSFET turns on.

The high-side MOSFET is turned on by closing an
internal switch between BST_ and DH_. This provides the
necessary gate-to-source voltage to turn on the high-side
MOSFET. See the Bootstrap Capacitor Selection section
to choose the right size of the bootstrap capacitor.

Maxim Integrated | 13
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Shutdown and Startup (EN_ and SS_)

The two controllers of the IC can be independently shut
down and enabled using the EN1 and EN2 pins. Pulling
either of these pins below 1.25V (typ) shuts down the
corresponding controller. Pulling both EN1 and EN2
below 0.7V disables both controllers and most internal
circuits, including the VggonT LDOs. In this state, the
device draws only 10pA (typ) of quiescent current.

The EN_ pin can be open or externally pulled up to a
voltage between 1.25V (typ) and 5.5V to turn on the
corresponding controller. Figure 1 shows the possible
EN_ pin configurations.

The startup of each controller’'s output voltage is
controlled by the voltage on the relevant SS_ pin for that

42V, Dual-Output, Synchronous
Step-Down Controller

controller. When the voltage on the SS_ pin is less than
the 0.8V internal reference, the device regulates the FB_
voltage to the SS_ pin voltage instead of the 0.8V internal
fixed reference. This allows the SS_ pin to be used to
program the output-voltage soft-start time by connecting
an external capacitor from the SS_ pin to GND. An internal
5uA pullup current charges this capacitor, creating a
voltage ramp on the SS_ pin. As the SS_ voltage rises
linearly from O to 0.8V, the output voltage rises smoothly
from zero to its final value.

Alternatively, the SS_ pin can be used to track the output
to that of another supply at startup. This requires connect-
ing the SS_ pin to an external resistor-divider from the
supply that needs to be tracked to GND. Figure 2 shows
the possible ways of configuring the SS__ pin.

4.5V TO 42v
IN

MAX17548

ALWAYS-ON CONFIGURATION

4.5V TO 42V
IN

>1.25V (typ)

R
o —EN_

MAX17548

TURN ON/OFF BY
LOGIC SIGNAL

VIN_MIN TO VIN_MAX

MAX17548
EN_

R2

ENABLE AS INPUT UVLO

ViN_max
A < 44
ViN_min
VIN_MIN TO VIN_MAX
IN
R1
MAX17548
EN_
D1
av g
= ENABLE AS INPUT UVLO
\
NVAX
Vin_min

Figure 1. Possible EN_ Pin Configurations
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Light-Load Current Operation (SKIP)

The MAX17548 can be configured to operate either in
discontinuous-conduction (DCM) mode for high light-load
efficiency or fixed-frequency pulse-width-modulation (PWM)
mode. To select DCM mode of operation, connect the SKIP
pin to a DC voltage between 1.25V and VeenT - 1.5V. To
select PWM mode of operation, connect SKIP to VcgINT-

DCM Mode

In DCM mode, the IC turns off the low-side MOSFET
of the regulator close to the zero-crossing of the
inductor current in each switching cycle. This operation
minimizes negative current in the inductor, reducing loss
due to current flowing from the output to the input.
Therefore, the inductor current in each cycle is a triangular
waveform whose peak is proportional to the load current
demand. The controller operates at a constant frequency
while adjusting the peak current in the inductor for load
and input-voltage variations. However, under light-load and/
or high input-voltage conditions, there exists a minimum
on-time constraint for the controller. The minimum on-time
is the smallest controllable pulse width that the controller
can generate. This imposes a lower limit on the peak
inductor current that can be programmed in the inductor
and causes a fixed amount of energy to be delivered
to the output, regardless of the energy requirement of
the load. If the load is such that the amount of energy
delivered during minimum on-time is more than the
load energy, the output voltage rises above its nominal
set value. This results in skipping of switching cycles
to regulate the average output voltage to the set point.
This operation results in an effective switching frequency
that is lower than the programmed switching frequency,
which improves the regulator efficiency. As the load
current increases to a point where the valley of the
inductor current rises above zero, the regulator operation
moves into PWM mode.

PWM Mode

Each controller of the device operates in PWM mode
whenever SKIP is connected to VgonT. The inductor
current is allowed to go negative in this mode. In PWM
mode, under normal operating conditions, the high-side
MOSFET turns on at an edge of the internal clock. An
internal error amplifier compares the feedback voltage at
the FB_ pin to a fixed internal reference voltage and gen-
erates an error current. This error current flows through
the compensation network at the COMP__ pin and gener-
ates control voltage for the inner current loop. The on-time
of the high-side MOSFET in a switching cycle is deter-
mined by comparing the control voltage at the COMP_
pin with the sum of the current-sense voltage at CS_+,
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CS_-, and the internal slope-compensation voltage. The
inductor current ramps up during high-side MOSFET turn-
on time. Once the high-side MOSFET is turned off, the
low-side MOSFET is turned on. During low-side MOSFET
turn-on time, the inductor current ramps down. The low-
side MOSFET remains on until the next clock edge. PWM
mode of operation has the advantages of low output-
voltage ripple and constant-frequency operation, which
is beneficial in applications that are sensitive to operating
frequency. Under minimum on-time conditions described
in the DCM Mode section, the device skips high-side turn-
on events in PWM mode also, to regulate the output voltage.
This results in low-frequency operation with regard to
inductor current and output-voltage-ripple waveforms.

Frequency Selection (RT)

The selection of switching frequency is a tradeoff between
efficiency and component size. Low-frequency operation
increases efficiency by reducing MOSFET switching
losses and gate-drive losses, but requires a larger
inductor and/or capacitor to maintain low output-ripple
voltage. The switching frequency of the device can be
programmed between 100kHz and 2.2MHz using the RT
pin. Connect RT to VcgNT to program a default frequency
of 535kHz switching frequency, and to GND to program
350kHz switching frequency. Figure 3 shows the switching
frequency for different RT values.

The following formula can be used to find the required
resistor for a given switching frequency.
_ fgw + 133

8.8

0 to 180° Phase Operation

The IC allows the user to configure the phase shift between
the two output channels of the device. Table 1 gives selecta-
ble phase-shift configurations based on SEL_PH.

The advantages of operation with 180° phase shift
between channels are:

RRT

e Reduction of input and output capacitor RMS current.
e |ower input-voltage ripple.

Table 1. Configuring Phase Shift Using
SEL_PH

SEL_PH LX1/LX2 PHASING
VeeINT 0°/0°
Open 0°/180°
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Output Overvoltage Protection

The output overvoltage-protection circuit protects the load
under output overvoltage conditions. If the output voltage
rises by more than 10% of its nominal value, the high-side
MOSFET is turned off until the overvoltage condition clears.

The state of the low-side MOSFET during output
overvoltage conditions depends on the selected operating
mode. If PWM mode of operation is selected, the low-
side MOSFET remains on until the output overvoltage
condition clears. In this case, the current through the low-
side MOSFET can reach a large value depending on the
amount of overvoltage and output capacitance. If DCM
mode of operation is selected, the low-side MOSFET is
turned off whenever inductor current reaches zero. In this
mode, the low-side MOSFET is turned on every 10 clock
cycles to refresh the BST_ capacitor. This causes a slight-
ly negative average inductor current that, in addition to
the load current present, can slowly discharge the output.

Power-Good (PGOOD1 and PGOOD2) Pins
The IC features independent open-drain power-good
(PGOOD1, PGOOD2) pins. The PGOOD_ pins pull low
when the corresponding FB_ pin voltage is outside £10%
of the 0.8V reference voltage. During soft-start, PGOOD_
is low. When the FB_ pin voltage is within -10% of the ref-
erence voltage, PGOOD _ can be pulled up by an external
resistor to a source voltage no greater than 6V.

Foldback Current Limit

Under overload conditions, when the output voltage falls
to less than 70% of its nominal level, foldback current

SWITCHING FREQUENCY
vs. RT RESISTANCE
2000 //
T
g /1
© pd
& 1500 ,
g /|
w
i /
2 1000 /1
5 /
e
= yd
% 500 /,
/|
0
0 100 200 300
RRT (kQ)

Figure 3. RT vs. Switching Frequency
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limiting is activated. In this mode, the peak inductor
current is progressively lowered from 100% to 50% of
programmed value, in proportion to the FB_ voltage.
Foldback current-limit mode is disabled during the soft-
start duration.

Peak Current-Limit Programming (ILIM)

The IC provides cycle-by-cycle peak current limiting
based on the ILIM pin setting. ILIM is a three-level
logic input. Table 2 gives cycle-by-cycle peak positive
current-limit thresholds based on the ILIM pin
configuration.

The internal current-sense amplifier gain depends on the
ILIM pin configuration. Table 3 gives current-sense amplifier
gain for different ILIM pin configurations.

Under overload or short-circuit conditions, the IC regulates
the cycle-by-cycle peak current-sense voltage across the
current-sense pins to the peak current-limit threshold set
using the ILIM pin until output voltage falls to approximately
70% of its nominal value. If the output voltage falls below
70% of its nominal value, foldback current-limit operation
commences, where the peak current-limit threshold is
lowered proportional to the fall in the output voltage, as
measured at the FB_ pin.

Startup Into Prebiased Output

The IC supports monotonic startup into a prebiased out-
put voltage. During startup, if the FB_ pin voltage is higher
than the SS_ pin voltage, the high-side MOSFET is held
off and the low-side MOSFET is turned on for a duration
of 150ns for every 10 clock cycles to refresh the BST_
capacitor. This causes a slightly negative average inductor
current that can slowly discharge the output. Once the
SS_ pin voltage reaches FB_ voltage, normal soft-start

Table 2. Peak Current-Limit Thresholds for
Different ILIM Settings

ILIM PIN POSITIVE CURRENT-LIMIT
CONFIGURATION THRESHOLD (TYP)
VceINT 75mv
Open 50mV
GND 30mV

Table 3. Current-Sense Amplifier Gain for
Different ILIM Settings

ILIM PIN CURRENT-SENSE
CONFIGURATION AMPLIFIER GAIN
VceINT 13.3
Open 20
GND 33.3
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operation occurs, and the output voltage smoothly ramps
up from the prebiased value.

Operating Input Voltage Range

For a step-down converter, the minimum and maximum
operating input voltages for a given output voltage should
be calculated as follows:

Vout * lLoabvax) X (Ros(on) Low + DCR)
1 -fsw_max X torFr_mIN

VIN_MIN =

+ 1L oap(max) X (Rps(on)_Hi- Rps(on)_Low)

Vout
fsw_max X ton_mIN)

VIN_MAX :(

where Voyr is the steady-state output voltage, I oAD(MAX)
is the maximum load current, DCR is the DC resistance
of the inductor, fgyw max is the maximum switching
frequency, RDS(ON)_I-_H are the on-state resistances of
the high-side and low-side MOSFETSs, torr MmN is the
worst-case minimum off-time (160ns), and toN MmN is the
worst-case minimum on-time (155ns) from the Electrical
Characteristics table.

Thermal-Overload Protection

Thermal-overload protection limits total power dissipation
in the IC. When the junction temperature of the device
exceeds +160°C, an on-chip thermal sensor shuts down
the device, allowing it to cool. The thermal sensor turns
the device on again after the junction temperature cools
by 20°C. The device restarts with soft-start when recovering
from thermal shutdown.

Applications Information

Setting the Input Undervoltage-Lockout Level
The EN_ pins can be used as input undervoltage-lockout
detectors with a typical hysteresis of 100mV. As shown in
Figure 1, the input voltage at which each controller of the
IC turns on, can be set with a resistor-divider connected
to corresponding EN_ from IN to GND.

Select R2 = 10kQ and calculate R1 based on the
following equation:

(VINgyLo - 1.25)

R1=R2x 125

where VINyyLo is the input voltage at which the controller
should be enabled.
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Setting the Output Voltage

The output voltage of each controller is set by connecting
a resistor-divider to FB_ from the corresponding output to
GND (Figure 4). Select R1 using the following equation,
based on the offset introduced on the output voltage by
the FB_ leakage. Let a be the offset introduced on the
output voltage:
R1<—2
IFB_

where |Igg is the FB_ leakage current (+100nA max). For
example, for VoyT = 5V, a = 0.1% of Vout (= 5mV).

R1< 5mV
0.1pA
R1 < 50kQ
Calculate R2 with the following equation:
R2-_ R1
Vour
0.8
Vout_
MAX17548 R

FB_

R2

Figure 4. Output-Voltage Programming
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Soft-Start Capacitor

Soft-start time is programmed by connecting a capacitor
from the SS_ pin to GND. An internal 5uA current source
charges the capacitor at the SS_ pins providing a linear
ramping voltage for output-voltage reference. The soft-start
time is calculated based on the following equation:

0.8V
tgg =C
S8 SRe 5uA

Inductor Selection

Three key inductor parameters must be specified to select
output inductor:

1) Inductance (L).
2) Inductor saturation current (IsaT).
3) DC resistance of inductor (DCR).

The required inductance (L) is calculated based on the
ratio of inductor peak-to-peak ripple AC current to its
DC average current (LIR). A good compromise between
size and loss is a 30% peak-to-peak ripple current to
average-current ratio (LIR = 0.3). The switching frequency,
input voltage, output voltage, and selected LIR then
determine the inductor value as follows:

__Vour x(1-D)
LIRXILOAD XfSW

where VoyT is the output voltage, D is the operating duty
cycle (= VouT/VIN): ILoAD is the full-load current, and
fsw is the operating switching frequency.

The minimum inductor saturation current should be equal
to or greater than maximum inductor peak current given
by the following equation:

Maximum Inductor _

Peak Current Maximum Load Current + Al_pk_pk (Max)

where Al pk.pk(max) is the maximum inductor ripple
current and can be calculated as follows:

Vv
Vour {FOUT}
VINMAX

L xfgw

Al pk-pk(max) =
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Selecting an inductor with lower DCR improves efficiency,
but there is a lower limit for DCR based on the minimum
peak-to-peak current-sense signal required at the current-
sense pins, as described in the Current Sensing (CS_+

and CS_-) section.

Current Sensing (CS_+ and CS_-)

The CS_+ and CS_- pins are the inputs to the internal
current-sense amplifiers. The common-mode operating
voltage range on these pins is 0 to 24V, enabling the IC
to regulate output voltages up to a nominal 24V.

Whether the current sensing is done by an external
current-sense resistor or inductor DCR, the desired
current-sense resistance is calculated using the following
equation:

Vcs

| Al pg-pk(max)
LOAD(MAX) + >

RsensE =

where:
RseNSE is the desired current-sense resistor,

Vs is the selected current-limit threshold based on ILIM
pin setting,

ILOAD(MAX) is the maximum load current.

To ensure that the application delivers full-load current
over the full operating temperature range, select the
minimum value for the Vg parameter from the Electrical
Characteristics table.

It should be noted that the magnitude of current-sense
ripple voltage is critical for a good signal-to-noise ratio
to ensure minimum duty-cycle jitter. The worst-case
current-sense ripple voltage occurs at minimum
operating input voltage, and should be set in the 7mV
to 12mV range. The following equation can be used to
calculate the worst-case current-sense ripple voltage at
the CS_+, CS_- pins:

AV csmin = Al pk—pk (Min) xRseNsE

where Al pk-pK(min) is the minimum inductor current
ripple, which occurs at minimum operating input voltage.
Al pk-pK(min) can be calculated using the following
equation:

Vour * [1 - Your }
VINMIN

LXfSW

Al pK-pk (min) =
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If AVcsmin is less than the target value, the selected
output inductance should be lowered, and Rsense
should be iteratively recalculated until AVcsmiN is
equal to or greater than the target value (7mV to
10mV, depending on PCB layout), and Vgcgmax, as
calculated by the following equation is less than the
selected Vg from the Electrical Characteristics table.

Al pk_pk (max)
Vesmax =RsensE [ILOADMAX + %}

Because of PCB layout-related noise, operation at the
minimum operating voltage should be checked for jitter
before finalizing the worst-case current-sense voltage.
Care should be taken to ensure that current-sense
filter components should be placed close to the IC’s
current-sense pins. The current-sense traces should be
short and differentially routed.

Current Sensing Using an External Sense Resistor

A typical current-sensing circuit using a discrete resistor
is shown in Figure 5. The power rating of RgsensE should
be selected using the following equation for dissipation in

RSENSE:

2
Power losses in RSENSE = [ILOADZ + {%}} % RSENSE

42V, Dual-Output, Synchronous
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Current Sensing Using Inductor DCR

Current sensing using inductor DCR current improves
the system efficiency compared to current sensing using
an external sense resistor. The disadvantage of DCR
current sensing is that the current limit is not as accurate in
comparison to the sense resistor because of wider
variation of inductor DCR over temperature, and initial
tolerance specified by manufacturers. A typical DCR
current-sensing circuit is shown in Figure 6. Place C1
across the CS_ pins. Usually C1 is selected in the 0.1uF
to 0.47uF range. Calculate R1 (if R2 is not used) based
on following equation:

oL
" DCRxC1

R2 is used in applications where DCR of inductor is
greater than the desired current-sense resistance. In this
case, calculate R1 and R2 using the following equation:

RP=_ -
DCRxC1

where RP is the parallel combination of R1 and
R2 (= [R1 x R2]J/[R1 + R2]).

R1— DCRxRP
RSENSE
,_ RIxRP
" R1-RP

VIN

DH
- RSENSE

LX_

MAX17548
DL_

el
v

L“E‘”L
G T

CS_+

Cs_-

DH_+
LX_

MAX17548
DL_+

CS_+

CS_-

Figure 5. Current Sensing Using an External Sense Resistor
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Figure 6. Typical Current Sensing Using Inductor DCR Current
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Input Capacitor Selection

The input filter capacitor reduces peak currents drawn
from the power source and reduces noise and voltage
ripple on the input caused by the circuit's switching. Use
low-ESR ceramic capacitors at the input. For each output
channel, calculate the input capacitance required for a
specified input-ripple AV)|N using the following equations,
by neglecting the ripple component due to ESR of input
capacitor:

_lLoapxDx(1-D)
nxAViNx fawy

where D = (VouT/VIN), M is efficiency of power conversion.

The input capacitor RMS current requirement (CINRMmS)
can be calculated by the following equation:

CINRMs =ILoAaD(MAX) x /D x(1-D)

where I 0AD(MAX) is the maximum value of load current,
D = VouT/VIN-

Output Capacitor Selection

The key selection parameters for the output capacitor
are capacitance value, ESR, and voltage rating. These
parameters affect the overall stability, output-ripple voltage,
and transient response. The steady-state output ripple
(AVoyTtss) has two components (by neglecting the ESL
of the output capacitors): one component is due to the
voltage drop across the ESR (AVoyTesr ss) and the
other component is due to the variation in charge stored
in the output capacitor (AVouTtq ss)- By neglecting the
output-voltage drop due to ESL of output capacitor, approx-
imate output voltage ripple under steady state is given by:

AVouTtss * AVouTesr _ss *AVouta_ss

where AVoyTss is the output-voltage ripple under steady
state:

AVouTesr_ss =AlLpk_pk XESR

AlLpg_pK
AV R — ]
OUTQ_SS =g 5 " Cour

Calculate the required Coyt and ESR based on the
above equations. For ceramic output capacitors, VoyTtq ss
contributes to approximately 80% of the total output-ripple
voltage, AVouyTQss ss. For electrolytic output capacitors,
AVouTtq ss contributes approximately 50% of the total
output-voltage ripple. Low-ESR capacitors should be
used.
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Loop Compensation

The IC uses an internal transconductance error amplifier
with its inverting input and output available to the user for
external frequency compensation. The output capacitor
and compensation network determine the loop stability for
a given output inductor and output capacitor.

The controller uses a peak current-mode control scheme
that regulates the output voltage by forcing the required
current through the external inductor. Current-mode
control eliminates the double pole in the feedback loop
caused by the inductor and output capacitor in the case
of voltage-mode control, resulting in a smaller phase shift
and requiring less elaborate error-amplifier compensation.
Typical type-2 compensation used with peak current-mode
control is shown in Figure 7. Calculate the compensation
resistor (Rz) using the following equation:

_2xnxfco xCout *Gcs xRsENSE
9m *GrB

Rz

where:

fco is the desired crossover frequency that should be
chosen between fgy/10 and fg/20,

CourT is the output capacitance,

Gcs is the current-sense amplifier gain, which depends
on the ILIM setting,

RseNSE is the effective current-sense resistor across the
CS_+and CS_- pins,
gm is the internal transconductance amplifier gain,

Grp is the output-voltage feedback divider gain, which is
equal to (0.8V/output voltage).

Cz is calculated using the following equation:

1
Z_2><TE><fP LoadXRZ

where Fp | oaq is the load-pole frequency approximated
by the following equation:

1

v
2xnxCOUTx[ OUTJ
lLoAD

fp Load =

Calculate Cf using the following equation:

1

Cr =
2xmxRz xfp_gp
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where fp_ga is the pole frequency created by Rz and Cr
given by the minimum of ESR zero frequency calculated
by the following equation or fg\/2:

1

2><TE><COUT x ESR

fz ESR =

When the output capacitor is composed of n identical
capacitors in parallel, the resulting Coyt = n x CouT
(each), and ESR = ESR (each)/n. Note that the location
of fz ggR for a parallel combination of same capacitors is
the same as for an individual capacitor.

Bootstrap Capacitor Selection

The selected high-side nNMOSFET determines the appro-
priate bootstrap capacitance values according to the
following equation:

where AQggte is the total gate charge of the high-
side MOSFET and AVggt is the voltage variation
allowed on the high-side MOSFET driver after turn-on.
Choose AVggT so the available gate-drive voltage is not
significantly degraded (e.g., AVggt = 100mV) when
determining Cgg. The bootstrap capacitor should be a
low-ESR ceramic capacitor. A minimum value of 100nF is
recommended.

Vourt

R1

R2 Cr

Rz;

Cz

L

Figure 7. Typical Type-2 Compensation Network
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MOSFET Selection

Each controller drives two external logic-level n-
channel MOSFETs as the circuit switch elements. The key
selection parameters to choose these MOSFETSs include:

¢ On-resistance (Rpg(on))

e Maximum drain-to-source voltage (Vpg(MAX))

e Miller Plateau voltage on HSMOSFET Gate (VmiL)
e Total gate charge (Qgzte)

e Output capacitance (Cpgg)

e Power-dissipation rating and package thermal
resistance

Both nMOSFETs must be logic-level types with guaranteed
on-resistance specifications at Vgg = 4.5V. The duty
cycles for the high-side and low-side external MOSFETs
can be calculated as follows:

High-side MOSFET duty cycle:

Low-side MOSFET duty cycle =1-D
High-side MOSFET losses can be approximated using
the following formula:
PHSMOSFET =PHSMOSFET _Conduction
+PHSMOSFET _Switching

2
PHSMOSFET _Conduction =!LOAD(MAX)
xRps(on) "D

VN xILOAD(MAX)
2
Qsw xRpRr

5 . | Veaint - VML
HSMOSFET =fsw *
_ Switching HVIN x Qpr ] +

(1/2)xCossHs x V|N2]

+[ (112)xCossLs XVINZ]

where:

fsw is the operating switching frequency,

ILoAD(MAX) is the maximum load current in the application,
Qsyy is the switching charge of the high-side MOSFET,
which can be obtained from the MOSFET data sheet,
RpR is the sum of the DH__ pin driver resistance and the
HSMOSFET internal gate resistance,
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VMmiL- Vgs on HSMOSFET gate that produces Ips =
ILOAD(MAX)

Qyr is the reverse-recovery charge of low-side MOSFET
body diode (if external Schottky is not placed across low-
side MOSFET),

CossHs is the effective output capacitance of the high-side
MOSFET,

CossLs is the effective output capacitance of the low-side
MOSFET.

Low-side MOSFET losses can be approximated using the
following formula:

PHSMOSFET =ILoapMAX)” *Rps(on) * (1-D)
+Vp x lLoaDMAX) X tDT X fsw

where Vp is the forward-drop of the LSMOSFET body
diode and tpt is the dead time from the Electrical
Characteristics table.

Take the Rps(oN) variation with temperature into account
while calculating the above losses and ensure that the
losses of each MOSFET do not exceed their power rat-
ing. Using a low Qy Schottky diode across the low-side
MOSFET reduces the high-side MOSFET losses.

Power Dissipation within the MAX17548

Gate-charge losses are dissipated by the drivers.
Therefore, the gate-driver current taken from the internal
LDO regulator and resulting power dissipation must be
checked. If VccexT is not used to power Ve NT, calculate
the approximate IC losses as follows:

Pmax17558 = VIN X[(QGate * fsw) +1IN]

If VcceXT is used to power the VoNT, use the following
equation to calculate the approximate IC losses:

Pmax17558 = VocexT *[(Qgate * fsw) + 1IN

where:

Qgate = Total gate charge of high-side and low-side
MOSFETSs of controller1 + total gate charge of high-side
and low-side MOSFETSs of controller 2,

IIN is the supply current given in the Electrical
Characteristics table.

Calculate the IC junction temperature using the following
equation and ensure that this value does not exceed
+125°C:

Ty =[Pmax17558 xRth ja |+ Ta

www.maximintegrated.com
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where:
Ty is the IC junction temperature,
PmAXx17548 is the power losses in the IC,

Rthya is the IC junction-to-ambient thermal resistance,
which is typically 29°C/W for a multilayer board,

Ta is the maximum ambient temperature.

PCB Layout Guidelines

Careful PCB layout is critical to achieve low losses, low
output noise, and clean and stable operation. Use the
following guidelines for PCB layout:

e Keep input bypass capacitors as close as possible
across the drain of the high-side MOSFET and source
of the low-side MOSFET.

e [f external Schottky diodes are used across the low-
side MOSFET, keep the Schottky very close and right
across the low-side MOSFET.

e Keep IN, VceINT, VecexT bypass capacitors and
BST_ capacitors nearer to IC pins.

e Route high-speed switching nodes (BST_, LX_, DH_,
and DL_) away from the sensitive analog areas (RT,
COMP_, CS_,and FB.).

e The gate current traces must be short and wide. Use
multiple small vias to route these signals if routed from
one layer of the PCB to another layer.

e Route current-sense lines parallel, short, and next to
each other to minimize the loop formed by these lines.

e Keep current-sense filter capacitors nearer to IC
current-sense pins and on the same side of the IC.

e Group all GND-referred and feedback components
close to the IC.

e Keep the FB_ and compensation-network nets as
small as possible to prevent noise pickup.

e If possible, place all power components on the top
side of the board and run the power-stage currents
using traces or copper fills on the top side only, without
adding vias.

e Keep the power traces and load connections short.
This practice is essential for high efficiency. Use thick
copper PCBs (20z or higher) to enhance efficiency
and minimize trace inductance and resistance.

e On the top side, lay out a large PGND copper area
for the output and connect the bottom terminals of the
input bypass capacitors, output capacitors, and the
source terminals of the low-side MOSFET to that area.

o Refer to the MAX17548 evaluation kit data sheet PCB
layout for an example.
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Typical Application Circuits
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Figure 8. Wide-Input Voltage, High-Efficiency, 5V and 3.3V Output Buck Converter with Resistor-Based Current Sensing (R8, R9).
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Typical Application Circuits (continued)
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Figure 9. Wide Input Voltage, High-Efficiency, 5V and 3.3V Output Buck Converter with Inductor DCR Current Sensing (L1, L2).
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Typical Application Circuits (continued)
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Figure 10. Wide Input Voltage, High-Efficiency, Dual-Phase, 3.3V, 20A Output Buck Converter with Resistor-Based Current Sensing
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Package Information

For the latest package outline information and land patterns (foot-
prints), go to www.maximintegrated.com/packages. 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 PACKAGE | OUTLINE LAND
TYPE CODE NO. PATTERN NO.
32 TQFN T3255+4 21-0140 90-0012

www.maximintegrated.com
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Step-Down Controller

Ordering Information

PART TEMP RANGE =~ BUMP-PACKAGE
MAX17548ATJ+ -40°C to +125°C 32 TQFN-EP
(5mm x 5mm)

+Denotes a lead(Pb)-free/RoHS-compliant package.
*EP = Exposed pad.

Chip Information
PROCESS: BICMOS
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