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LM5122 Wide-Input Synchronous Boost Controller With Multiple Phase Capability
1 Features 2 Applications

Maximum Input Voltage: 65 V

Output Voltage up to 100 V

Bypass (Vout = Vi) Operation

1.2-V Reference with +1% Accuracy
Free-Run and Synchronizable Switching to 1 M
Peak-Current-Mode Control

Robust 3-A Integrated Gate Drivers
Adaptive Dead-Time Control

Optional Diode-Emulation Mode
Programmable Cycle-by-Cycle Current Limit
Hiccup-Mode Overload Protection
Programmable Line UVLO

Programmable Soft Start

Thermal Shutdown Protection

Low Shutdown Quiescent Current: 9 pA
Programmable Slope Compensation

Programmable Skip-Cycle Mode Reduces
Standby Power

Allows External VCC Supply

Inductor DCR Current Sensing Capability
Multi-phase Capability

Thermally Enhanced 20 or 24-Pin HTSSOP

the WEBENCH® Power Designer

Minimum Input Voltage: 3 V (4.5 V for Start-Up)

Hz

Create a Custom Design Using the LM5122 With

12-V, 24-V, and 48-V Power Systems
Automotive Start-Stop

Audio Power Supply

High-Current Boost Power Supply

3 Description

The LM5122 is a multi-phase capable synchronous
boost controller intended for high-efficiency
synchronous boost regulator applications. The control
method is based upon peak-current-mode control.
Current-mode control provides inherent line feed
forward, cycle-by-cycle current limiting, and ease of
loop compensation.

The switching frequency is programmable up to
1 MHz. Higher efficiency is achieved by two robust N-
channel MOSFET gate drivers with adaptive dead-
time control. A user-selectable diode-emulation mode
also enables discontinuous-mode operation for
improved efficiency at light load conditions.

An internal charge pump allows 100% duty cycle for
high-side synchronous switch (bypass operation). A
180° phase shifted clock output enables easy multi-
phase interleaved configuration. Additional features
include thermal shutdown, frequency synchronization,
hiccup-mode current limit, and adjustable line
undervoltage lockout.

Device Information®

PACKAGE BODY SIZE (NOM)
HTSSOP (20) 6.50 mm x 4.40 mm
HTSSOP (24) 7.80 mm x 4.40 mm

PART NUMBER
LM5122
LM51227

(1) For all available packages, see the orderable addendum at
the end of the data sheet.
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NOTE: Page numbers for previous revisions may differ from page numbers in the current version.
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Changes from Revision D (September 2013) to Revision E Page
« Added Pin Configuration and Functions section, Handling Rating table, Feature Description section, Device
Functional Modes, Application and Implementation section, Power Supply Recommendations section, Layout
section, Device and Documentation Support section, and Mechanical, Packaging, and Orderable Information
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5 Pin Configuration and Functions
PWP Package
20-Pin HTSSOP Wi_th Exposed Pad
Top View
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Pin Functions

PIN

NAME

24-Pin

20-Pin

TYPEW

DESCRIPTION

AGND

11

Analog ground connection. Return for the internal voltage reference and analog
circuits.

BST

24

20

High-side driver supply for bootstrap gate drive. Connect to the cathode of the
external bootstrap diode and to the bootstrap capacitor. The bootstrap capacitor
supplies current to charge the high-side N-channel MOSFET gate and should be
placed as close to controller as possible. An internal BST charge pump supplies 200-
MA current into bootstrap capacitor for bypass operation.

COMP

13

11

Output of the internal error amplifier. Connect the loop compensation network
between this pin and the FB pin.

CSN

Inverting input of current sense amplifier. Connect to the negative-side of the current
sense resistor.

CSP

Non-inverting input of current sense amplifier. Connect to the positive-side of the
current sense resistor.

FB

12

10

Feedback. Inverting input of the internal error amplifier. A resistor divider from the
output to this pin sets the output voltage level. The regulation threshold at the FB pin
is 1.2 V. The controller is configured as slave mode if the FB pin voltage is above 2.7
V at initial power-on.

HO

23

19

High-side N-channel MOSFET gate drive output. Connect to the gate of the high-side
synchronous N-channel MOSFET switch through a short, low inductance path.

LO

18

16

Low-side N-channel MOSFET gate drive output. Connect to the gate of the low-side
N-channel MOSFET switch through a short, low inductance path.

MODE

15

13

Switching mode selection pin. 700-kQ pullup and 100-kQ pulldown resistor internal
hold MODE pin to 0.15 V as a default. By adding external pullup or pulldown resistor,
MODE pin voltage can be programmed. When MODE pin voltage is greater than 1.2-
V diode emulation mode threshold, forced PWM mode is enabled, allowing current to
flow in either direction through the high-side N-channel MOSFET switch. When
MODE pin voltage is less than 1.2 V, the controller works in diode emulation mode.
Skip cycle comparator is activated as a default. If MODE pin is grounded, the
controller still operates in diode emulation mode, but the skip cycle comparator will
not be triggered in normal operation, this enables pulse skipping operation at light
load.

OPT

Clock synchronization selection pin. This pin also enables/disables SYNCOUT
related with master/slave configuration. The OPT pin should not be left floating.

PGND

17

15

Power ground connection pin for low-side N-channel MOSFET gate driver. Connect
directly to the source terminal of the low-side N-channel MOSFET switch.

RES

16

14

The restart timer pin for an external capacitor that configures hiccup mode off-time
and restart delay during over load conditions. Connect directly to the AGND when
hiccup mode operation is not required.

SLOPE

14

12

Slope compensation is programmed by a single resistor between SLOPE and the
AGND.

SS

Soft-start programming pin. An external capacitor and an internal 10-pA current
source set the ramp rate of the internal error amplifier reference during soft-start.

SW

22

18

110

Switching node of the boost regulator. Connect to the bootstrap capacitor, the source
terminal of the high-side N-channel MOSFET switch and the drain terminal of the
low-side N-channel MOSFET switch through short, low inductance paths.

SYNCIN/RT

10

The internal oscillator frequency is programmed by a single resistor between RT and
the AGND. The internal oscillator can be synchronized to an external clock by
applying a positive pulse signal into this SYNCIN pin. The recommended maximum
internal oscillator frequency in master configuration is 2 MHz which leads to 1 MHz
maximum switching frequency.

SYNCOUT

Clock output pin. SYNCOUT provides 180° shifted clock output for an interleaved
operation. SYNCOUT pin can be left floating when it is not used. See Slave Mode
and SYNCOUT section.

(1) G =Ground, | = Input, O = Output, P = Power

Copyright © 2013-2017, Texas Instruments Incorporated
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Pin Functions (continued)

PIN

NAME 24-Pin

20-Pin

TYPE®

DESCRIPTION

UVvLO 8

Undervoltage lockout programming pin. If the UVLO pin is below 0.4 V, the regulator
is in the shutdown mode with all functions disabled. If the UVLO pin voltage is
greater than 0.4 V and below 1.2 V, the regulator is in standby mode with the VCC
regulator operational and no switching at the HO and LO outputs. If the UVLO pin
voltage is above 1.2 V, the start-up sequence begins. A 10-pyA current source at
UVLO pin is enabled when UVLO exceeds 1.2 V and flows through the external
UVLO resistors to provide hysteresis. The UVLO pin should not be left floating.

VCC 19

17

P/O/1

VCC bias supply pin. Locally decouple to PGND using a low ESR/ESL capacitor
located as close as possible to controller.

VIN 6

P/l

Supply voltage input source for the VCC regulator. Connect to input capacitor and
source power supply connection with short, low impedance paths.

EP

EP

N/A

Exposed pad of the package. No internal electrical connections. Must be soldered to
the large ground plane to reduce thermal resistance.

NC 3,7,20,21

No electrical contact

6 Specifications

6.1 Absolute Maximum Ratings
Over operating free-air temperature range (unless otherwise noted)™®

MIN MAX UNIT
VIN, CSP, CSN -0.3 75 v
BST to SW, FB, MODE, UVLO, OPT, vCcC® -0.3 15 v
Inpu SW -5 105 v
BST -0.3 115 v
SS, SLOPE, SYNCIN/RT -0.3 7 v
CSP to CSN, PGND -0.3 0.3 v
HO to SW -0.3 BST to SW + 0.3 v
Output® LO -0.3 VCC + 0.3 Y,
COMP, RES, SYNCOUT -0.3 7 v
Thermal Junction temperature -40 150 °C
Storage temperature, Tgyg -55 150 °C

(1) 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 under Recommended Operating
Conditions are not implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability. Unless
otherwise specified, all voltages are referenced to AGND pin.

(2) See Application and Implementation when input supply voltage is less than the VCC voltage.

(3) All output pins are not specified to have an external voltage applied.

6.2 ESD Ratings: LM5122, LM51227

VALUE UNIT

Electrostatic

Vieso) discharge

Human body model (HBM), per JESD22-A114 () +2000

Charged device model (CDM), per JESD22-C101 @ +1000

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
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6.3 Recommended Operating Conditions

over operating free-air temperature range (unless otherwise noted)™®

MIN MAX UNIT

Input supply voltage ? VIN 45 65 Y
Low-side driver bias voltage VCC 14 \%
High-side driver bias voltage BST to SW 3.8 14 \%
Current sense common mode range ? CSP, CSN 3 65 Y
Switch node voltage SW 100 \%
Junction temperature, T, -40 125 °C

(1) Recommended Operating Conditions are conditions under which operation of the device is intended to be functional, but do not ensure
specific performance limits.

(2) Minimum VIN operating voltage is always 4.5 V. The minimum input power supply voltage can be 3 V after start-up, assuming VIN
voltage is supplied from an available external source.

6.4 Thermal Information

LM5122, LM51227
THERMAL METRIC PWP UNIT
20 PINS 24 PINS
Rosa Junction-to-ambient thermal resistance 36 324 °C/W
RoJctop) Junction-to-case (top) thermal resistance 20.1 15.6 °C/IW
Ross Junction-to-board thermal resistance 16.8 7.5 °C/IW
var Junction-to-top characterization parameter 0.4 0.2 °C/W
ViB Junction-to-board characterization parameter 16.7 7.7 °C/IW
Roc(bot) Junction-to-case (bottom) thermal resistance 1.7 1.1 °C/W

6.5 Electrical Characteristics

Unless otherwise specified, these specifications apply for —40°C < T; < +125°C, Vyy = 12 V, Vycc = 8.3V, Ry = 20 kQ, no
load on LO and HO. Typical values represent the most likely parametric norm at T; = 25°C and are provided for reference
purposes only.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
VIN SUPPLY
Ishutoown  VIN shutdown current Vovio =0V 9 17 pA
S Slrent into BT restoy | Vovio =2 V. nom-switching 4 5 mA
VCC REGULATOR
Veereg) VCC regulation No load 6.9 7.6 8.3 \%
Vyin = 4.5V, no external load 0.25 \%
VCC dropout (VIN to VCC)
Vyin = 4.5V, lycc = 25 mA 0.28 0.5 \%
VCC sourcing current limit Vycc =0V 50 62 mA
e VCC operating current (exclude Vvcc =83V 35 5 mA
the current into RT resistor) Vyce =12V 45 8 mA
VCC rising, Vyy =4.5V 3.9 4 4.1 \Y,
VCC undervoltage threshold -
VCC falling, Vyy =4.5V 3.7 \%
VCC undervoltage hysteresis 0.385 \%
UNDERVOLTAGE LOCKOUT
UVLO threshold UVLO rising 1.17 1.2 1.23 \%
UVLO hysteresis current Vuvio =14V 7 10 13 HA
UVLO standby enable threshold UVLO rising 0.3 0.4 0.5 \%
UVLO standby enable hysteresis 0.1 0.125 \%
Copyright © 2013-2017, Texas Instruments Incorporated Submit Documentation Feedback 7
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Electrical Characteristics (continued)

Unless otherwise specified, these specifications apply for —40°C < T; < +125°C, Vyy = 12 V, Vycc = 8.3V, Ry = 20 kQ, no
load on LO and HO. Typical values represent the most likely parametric norm at T, = 25°C and are provided for reference
purposes only.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
MODE
Diode emulation mode threshold | MODE rising 12 1.24 1.28 \%
Diode emulation mode hysteresis 0.1 \%
Default MODE voltage 145 155 170 mV
. COMP rising, measured at COMP 1.290 \%
Default skip cycle threshold -
COMP falling, measured at COMP 1.245 \%
Skip cycle hysteresis Measured at COMP 40 mV
ERROR AMPLIFIER
VREr FB reference voltage Measured at FB, Vgg = Vcomp 1.188 1.2 1.212 \%
FB input bias current Vg = VRer nA
Von COMP output high voltage lsource = 2 MA, Vvee =45V 275 v
Isource = 2 MA, Vycc = 12V 34 \Y
VoL COMP output low voltage Isink = 2 mA 0.25 \%
AoL DC gain 80 dB
faw Unity gain bandwidth 3 MHz
Slave mode threshold FB rising 2.7 3.4 \%
OSCILLATOR
fswi Switching frequency 1 Rt =20 kQ 400 450 500 kHz
fsw2 Switching frequency 2 Rt =10 kQ 775 875 975 kHz
RT output voltage 1.2 \%
RT sync rising threshold RT rising 25 2.9 \%
RT sync falling threshold RT falling 1.6 2 \%
Minimum sync pulse width 100 ns
SYNCOUT
SYNCOUT high-state voltage Isyncout = —1 mA 3.3 4.3 \%
SYNCOUT low-state voltage Isyncout = 1 mA 0.15 0.25 \%
OPT
tSh);ggELcl)glzatlon selection OPT rising 5 3 4 Vv
SLOPE COMPENSATION
SLOPE output voltage 1.17 1.2 1.23 \%
e e | s s aem| v
Vsiope  Slope compensation amplitude
Rsiope= 20 kQ, fsyy= 100 kHz, 50% duty 14 1.65 19 Vv
cycle, T; = 25°C
SOFT START
Iss.source SS current source Vg =0V 7.5 10 12 HA
SS discharge switch Rps.on 13 Q
PWM COMPARATOR
. Vycc =55V 330 400 ns
tlo.orr  Forced LO off-time
Vycc =45V 560 750 ns
ton-min' Minimum LO on-time Rsiope = 20 kO 150 ns
RsLope = 200 kQ 300 ns
T; =-40°C to 125°C 0.95 1.1 1.25 \%
COMP to PWM voltage drop
T;=25°C 1 1.1 1.2 \%
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Electrical Characteristics (continued)

Unless otherwise specified, these specifications apply for —40°C < T; < +125°C, Vyy = 12 V, Vycc = 8.3V, Ry = 20 kQ, no
load on LO and HO. Typical values represent the most likely parametric norm at T, = 25°C and are provided for reference
purposes only.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
CURRENT SENSE / CYCLE-BY-CYCLE CURRENT LIMIT
v Cyc|e_by_cyc|e current limit CSP to CSN, TJ =-40°C to 125°C 65.5 75 87.5 mV
CSTHL  threshold CSP to CSN, T, = 25°C 67 75 86| mv
. CSP to CSN, rising mV
Ves.zep  Zero cross detection threshold -
CSP to CSN, falling 0.5 12 mV
Current sense amplifier gain 10 VIV
lcsp CSP input bias current 12 pA
lesn CSN input bias current 11 pA
| -1 -1.75 1 3.75
Bias current matching cSP LS HA
lcsp — lesn (LM51222 only) -2.5 1 8.75
CS to LO delay Current sense / current limit delay 150 ns
HICCUP-MODE RESTART
VREs Restart threshold RES rising 1.15 12 1.25 \%
v RES rising 4.2 \Y
HCP- i .
Hiccup counter upper threshold
UPPER p pp RES rising, 3.6 v
Vvin = Vyec =45V
v RES falling 2.15 \%
HCP- Hiccup counter lower threshold i
LOWER P RES ialllng, _ 1.85 \%
Vvin = Vycc =45V
IRes- RES current sourcel Fault-state charging current 20 30 40 HA
SOURCEL
Ires-sinkt  RES current sink1 Normal-state discharging current 5 HA
Ires- RES current source2 Hiccup-mode off-time charging current 10 HA
SOURCE2
IRes-sink2  RES current sink2 Hiccup-mode off-time discharging current pA
Hiccup cycle Cycles
RES discharge switch Rps.on 40 Q
Ratio of hiccup mode off-time to
! 122
restart delay time
HO GATE DRIVER
VouH HO high-state voltage drop lyo =—100 MA, Voun = Vest —VHo 0.15 0.24 \%
VoLH HO low-state voltage drop lyo =100 mA, Vo = Vho —Vsw 0.1 0.18 \%
HO rise time (10% to 90%) CLoap = 4700 pF, VgsT =12V 25 ns
HO fall time (90% to 10%) CiLoap = 4700 pF, Vggr = 12V 20 ns
Vo =0V, Vgyw =0V, V, =45V 0.8 A
loHH Peak HO source current HO SW BST
Vo =0V, Vgw =0V, Vggr = 7.6 V 1.9 A
Vo =V =45V 1.9 A
loLH Peak HO sink current HO BST
Vyo = Vast= 7.6 V 3.2 A
lgsT BST charge pump sourcing _ _ _
Vuin =Vsw =9.V, VgsT - Vsw =5 V 100 200 PA
current
Bst 10 SW, Igst= 70 puA, 5.3 6.2 675 v
) Vvin =Vsw =9V
BST charge pump regulation
BST to SW, IBST =-70 },I,A, 7 8.5 9 Vi
Vvin = Vsw =12V '
BST to SW undervoltage 2 3 35 \%
BST DC bias current Vest— Vew =12V, Vg =0V 30 45 pA
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Electrical Characteristics (continued)

Unless otherwise specified, these specifications apply for —40°C < T; < +125°C, Vyy = 12 V, Vycc = 8.3V, Ry = 20 kQ, no
load on LO and HO. Typical values represent the most likely parametric norm at T, = 25°C and are provided for reference
purposes only.

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
LO GATE DRIVER
VoHL LO high-state voltage drop lLo =—=100 mA, Vonr = Vyee —Vio 0.15 0.25 \%
VouL LO low-state voltage drop lLo =100 mA, VoL = V.0 0.1 0.17 \%
LO rise time (10% to 90%) CLoap = 4700 pF 25 ns
LO fall time (90% to 10%) CLoap = 4700 pF 20 ns
lonL Peak LO source current Vio =0V, Vvec =45V 08 A
Vio=0V 2 A
loLL Peak LO sink current Vio=Vvec =45V L8 A
Vio = Vvee 32 A
SWITCHING CHARACTERISTICS

. No load, 50% to 50% 50 80 115
toLH LO fall to HO rise delay ns

No load, 50% to 50% (LM5122Z only) 50 80 145
tDHL HO fall to LO rise delay No load, 50% to 50% 60 80 105 ns

THERMAL
Tsp Thermal shutdown Temperature rising 165 °C
Thermal shutdown hysteresis 25 °C
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6.6 Typical Characteristics
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Typical Characteristics (continued)
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Figure 7. VVCC VS IVCC
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Typical Characteristics (continued)
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7 Detailed Description

7.1 Overview

The LM5122 wide input range synchronous boost controller features all of the functions necessary to implement
a highly efficient synchronous boost regulator. The regulator control method is based upon peak current mode
control. Peak current mode control provides inherent line feedforward and ease of loop compensation. This
highly integrated controller provides strong high-side and low-side N-channel MOSFET drivers with adaptive
dead-time control. The switching frequency is user programmable up to 1 MHz set by a single resistor or
synchronized to an external clock. The 180°-shifted clock output of the LM5122 enables easy multi-phase
configuration.

The control mode of high-side synchronous switch can be configured as either forced PWM (FPWM) or diode-
emulation mode. Fault protection features include cycle-by-cycle current limiting, hiccup mode over load
protection, thermal shutdown and remote shutdown capability by pulling down the UVLO pin. The UVLO input
enables the controller when the input voltage reaches a user selected threshold, and provides a tiny 9-pA
shutdown quiescent current when pulled low. The device is available in a 20 and 24-pin HTSSOP package
featuring an exposed pad to aid in thermal dissipation.

7.2 Functional Block Diagram

VIN
D Py s Py Py I\/\/\’ Py
CiN — LT Lin
VIN CSP CSN LM5122
10 uA%%
Ruvz T ) STANDBY o
] —: =
UvLO V cs VIN vee 1Lveel
Ruvi 0.4v/0.3V >_> AMP Regulator L]
T N SHUTDOWN
= SLOPE BST Charge Pump DBST!! Cvce
R
SLOPE SLOPE @ -
Generator | -2 2 71=" 6x 10° y Vsenser
CHF v P QH ouT
—| 12V 'SENSE2 CesT ¢
LI COMP |I L4
el
"—| L 750 mv Level Shift
Ccomp Rcowmp FB ZCD threshold Diode Emulation Cout
H +ERR [ f
AMP Comparator
QL =
Adaptive
C PWM PWM Ti
S_S_,___[ 10 UA Comparator S Q imer
1 R 3
- 12v Skip Cycle Rrg2 §
émo K 20my Comparator — 30 UA
MODE +| |- Restart _bg%w uA
I: | Timer R
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7.3 Feature Description

7.3.1 Undervoltage Lockout (UVLO)

The LM5122 features a dual level UVLO circuit. When the UVLO pin voltage is less than the 0.4-V UVLO
standby enable threshold, the LM5122 is in the shutdown mode with all functions disabled. The shutdown
comparator provides 0.1 V of hysteresis to avoid chatter during transition. If the UVLO pin voltage is greater than
0.4 V and below 1.2 V during power up, the controller is in standby mode with the VCC regulator operational and
no switching at the HO and LO outputs. This feature allows the UVLO pin to be used as a remote shutdown
function by pulling the UVLO pin down below the UVLO standby enable threshold with an external open collector
or open drain device.

— UVLO Hysteresis

Current
g% UvLO

Ruv2 Threshold

UvLO

STANDBY

UVLO Standby

1 °
hd LT
} Ruvi Enable Threshold A
STANDBYJﬁ SHUTDOWNJﬂ T +m SHUTDOWN

Figure 16. UVLO Remote Standby and Shutdown Control

If the UVLO pin voltage is above the 1.2-V UVLO threshold and VCC voltage exceeds the VCC UV threshold, a
startup sequence begins. UVLO hysteresis is accomplished with an internal 10-pA current source that is switched
on or off into the impedance of the UVLO setpoint divider. When the UVLO pin voltage exceeds 1.2 V, the
current source is enabled to quickly raise the voltage at the UVLO pin. When the UVLO pin voltage falls below
the 1.2-V UVLO threshold, the current source is disabled causing the voltage at the UVLO pin to quickly fall. In
addition to the UVLO hysteresis current source, a 5-us deglitch filter on both rising and falling edge of UVLO
toggling helps preventing chatter upon power up or down.

An external UVLO setpoint voltage divider from the supply voltage to AGND is used to set the minimum input
operating voltage of the regulator. The divider must be designed such that the voltage at the UVLO pin is greater
than 1.2 V when the input voltage is in the desired operating range. The maximum voltage rating of the UVLO
pin is 15 V. If necessary, the UVLO pin can be clamped with an external zener diode. The UVLO pin should not
be left floating. The values of Ry, and Ryy, can be determined from Equation 1 and Equation 2.

Ry, = _ Vhys [ ]
10pA (1)
1.2V xR
R =y U\/21 2V [2]
IN(STARTUP) —1- (2
where

*  Vyuys is the desired UVLO hysteresis
*  VinsTarTup) IS the desired startup voltage of the regulator during turn-on.

Typical shutdown voltage during turn-off can be calculated as follows:
VinesHuTDOWN) = VingsTARTUP) ~ Vhys[V] @)

7.3.2 High Voltage VCC Regulator

The LM5122 contains an internal high voltage regulator that provides typical 7.6 V VCC bias supply for the
controller and N-channel MOSFET drivers. The input of VCC regulator, VIN, can be connected to an input
voltage source as high as 65 V. The VCC regulator turns on when the UVLO pin voltage is greater than 0.4 V.
When the input voltage is below the VCC setpoint level, the VCC output tracks VIN with a small dropout voltage.
The output of the VCC regulator is current limited at 50 mA minimum.
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Feature Description (continued)

Upon power-up, the VCC regulator sources current into the capacitor connected to the VCC pin. Tl recommends
a capacitance range for the VCC capacitor of 1 uF to 47 pF, and capacitance is recommended to be at least 10
times greater than Cggt value. When operating with a VIN voltage less than 6 V, the value of VCC capacitor
must be 4.7 uF or greater.

The internal power dissipation of the LM5122 device can be reduced by supplying VCC from an external supply.
If an external VCC bias supply exists and the voltage is greater than 9 V and below 14.5 V. The external VCC
bias supply can be applied to the VCC pin directly through a diode, as shown in Figure 17.

vCe External
VCC Supply
Cvcc

Figure 17. External Bias Supply when 9V < Vgy1< 145V

Shown in Figure 18 is a method to derive the VCC bias voltage with an additional winding on the boost inductor.
This circuit must be designed to raise the VCC voltage above VCC regulation voltage to shut off the internal VCC
regulator.

VCC

"
nxVn
+
nxVourt I M
+

nx(Vour -Vin)

Figure 18. External Bias Supply using Transformer

The VCC regulator series pass transistor includes a diode between VCC and VIN that must not be fully forward
biased in normal operation, as shown in Figure 19. If the voltage of the external VCC bias supply is greater than
the VIN pin voltage, an external blocking diode is required from the input power supply to the VIN pin to prevent
the external bias supply from passing current to the input supply through VCC. The need for the blocking diode
should be evaluated for all applications when the VCC is supplied by the external bias supply. Especially, when
the input power supply voltage is less than 4.5 V, the external VCC supply should be provided and the external
blocking diode is required.
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Feature Description (continued)

External
VCC Supply

i_ VIN LM5122
$
OIS
$

Figure 19. VIN Configuration when Vyy < Vycc

7.3.3 Oscillator

The LM5122 switching frequency is programmable by a single external resistor connected between the RT pin
and the AGND pin. The resistor should be located very close to the device and connected directly to the RT pin
and AGND pin. To set a desired switching frequency (fsy), the resistor value can be calculated from Equation 4.

fsw )

7.3.4 Slope Compensation

For duty cycles greater than 50%, peak current mode regulators are subject to sub-harmonic oscillation. Sub-
harmonic oscillation is normally characterized by observing alternating wide and narrow duty cycles. This sub-
harmonic oscillation can be eliminated by a technique, which adds an artificial ramp, known as slope
compensation, to the sensed inductor current.

A

Additional slope

| Sensed Inductor Current
— ton—P = ILN*xRsx10

: >

Figure 20. Slope Compensation

The amount of slope compensation is programmable by a single resistor connected between the SLOPE pin and
the AGND pin. The amount of slope compensation can be calculated as follows:

6 x 10°

VsLope = fo xRa o F D' [V]
sw X RsLoPE
where
D=1 N
. Vout (5)
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Feature Description (continued)
Rsi opg Value can be determined from Equation 6 at minimum input voltage:
Ly x 6x10°
IN X0 X [QJ
KxVourt - VIN(MIN):| xRg x10

RsLope = [

where
¢ K=0.82~1 as a default (6)

From Equation 6, K can be calculated over the input range as follows:

9
K:[1+ Ly x 6 x 10 JXD'

Vin X Rg x 10 x Rgopg

where

D'— Vin

. ~ Vour (7)

In any case, K should be greater than at least 0.5. At higher switching frequency over 500 kHz, K factor is
recommended to be greater than or equal to 1 because the minimum on-time affects the amount of slope
compensation due to internal delays.

The sum of sensed inductor current and slope compensation should be less than COMP output high voltage
(Vop) for proper startup with load and proper current limit operation. This limits the minimum value of Rg gpg tO

be:
5.7x10° VIN(MIN)
SW ouT

e This equation can be used in most cases

8x10°
RsLope > : [Q]
Sw

» Consider this conservative selection when Vygun) < 5.5V

The SLOPE pin cannot be left floating.

7.3.5 Error Amplifier

The internal high-gain error amplifier generates an error signal proportional to the difference between the FB pin
voltage and the internal precision 1.2-V reference. The output of the error amplifier is connected to the COMP pin
allowing the user to provide a Type 2 loop compensation network.

Rcomp: Ccomp and Cye configure the error amplifier gain and phase characteristics to achieve a stable voltage
loop. This network creates a pole at DC, a mid-band zero (f; ga) for phase boost, and a high frequency pole
(fo_ga). The minimum recommended value of Rcomp is 2 kQ. See the Feedback Compensation section.

1

f = [Hz]
Z_EA
- 2nxRcomp % Ccomp ©
1
fo ga = c c [Hz]
CcCoMP X “HF
2TE X RCOMP X
Ccomp* Che (10)
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Feature Description (continued)
7.3.6 PWM Comparator

The PWM comparator compares the sum of sensed inductor current and slope compensation ramp to the
voltage at the COMP pin through a 1.2-V internal COMP to PWM voltage drop, and terminates the present cycle
when the sum of sensed inductor current and slope compensation ramp is greater than Veoup —1.2 V.

R
AN SLOPE SLOPE
Generator

REF
RrB2
-1+ +
}_ - FB L
L
Ermor N | m m————————— -
12V

Amplifier

| |
COMP[ ! | !

| | |

| |

: : %er

| CHr (optional) | L

Type 2 Compensation Components

1

Comparator

Figure 21. Feedback Configuration and PWM Comparator

7.3.7 Soft-Start

The soft-start feature helps the regulator to gradually reach the steady state operating point, thus reducing start-
up stresses and surges. The LM5122 regulates the FB pin to the SS pin voltage or the internal 1.2-V reference,
whichever is lower. The internal 10-pA soft-start current source gradually increases the voltage on an external
soft-start capacitor connected to the SS pin. This results in a gradual rise of the output voltage starting from the
input voltage level to the target output voltage. Soft-start time (tss) which varies by the input supply voltage and is
calculated from Equation 11.

C 1.2V V,
tsg = S8 X x[l IN J[sec]

When the UVLO pin voltage is greater than the 1.2-V UVLO threshold and VCC voltage exceeds the VCC UV
threshold, an internal 10-pA soft-start current source turns on. At the beginning of this soft-start sequence, allow
Vg to fall down below 25 mV using the internal SS pulldown switch. The SS pin can be pulled down by external
switch to stop switching, but pulling up to enable switching is not allowed. The start-up delay (see Figure 22)
must be long enough for high-side boot capacitor to be fully charged up by internal BST charge pump.

The value of Cgg must be large enough to charge the output capacitor during soft-start time.

Ces JL0uAxVour . Cour [F]
1.V lout (12)
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Feature Description (continued)

Standby

I' '
Shut down—)l I
|

VvCC

'\ 10pA

=== 12V current

source
SS

05w fAnnnnnAnn

VOuUT
Figure 22. Startup Sequence

7.3.8 HO and LO Drivers

The LM5122 contains strong N-channel MOSFET gate drivers and an associated high-side level shifter to drive
the external N-channel MOSFET switches. The high-side gate driver works in conjunction with an external boot
diode DggsT, and bootstrap capacitor Cggy. During the on-time of the low-side N-channel MOSFET driver, the SW
pin voltage is approximately 0 V and the Cggr is charged from VCC through the Dgst. Tl recommends a 0.1-pF
or larger ceramic capacitor, connected with short traces between the BST and SW pin.

The LO and HO outputs are controlled with an adaptive dead-time methodology which insures that both outputs
are never enabled at the same time. When the controller commands LO to be enabled, the adaptive dead-time
logic first disables HO and waits for HO-SW voltage to drop. LO is then enabled after a small delay (HO fall to
LO rise delay). Similarly, the HO turnon is delayed until the LO voltage has discharged. HO is then enabled after
a small delay (LO fall to HO rise delay). This technique insures adequate dead-time for any size N-channel
MOSFET device, especially when VCC is supplied by a higher external voltage source. Be careful when adding
series gate resistors, as this may decrease the effective dead-time.

Exercise care when selecting the N-channel MOSFET devices threshold voltage, especially if the VIN voltage
range is below the VCC regulation level or a bypass operation is required. If the bypass operation is required,
especially when output voltage is less than 12 V, a logic level device should be selected for the high-side N-
channel MOSFET. During start-up at low input voltages, the low-side N-channel MOSFET switch’s gate plateau
voltage must be sufficient to completely enhance the N-channel MOSFET device. If the low-side N-channel
MOSFET drive voltage is lower than the low-side N-channel MOSFET device gate plateau voltage during startup,
the regulator may not start up properly and it may stick at the maximum duty cycle in a high power dissipation
state. This condition can be avoided by selecting a lower threshold N-channel MOSFET switch or by increasing
VinsTarTup) With the UVLO pin voltage programming.
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Feature Description (continued)
7.3.9 Bypass Operation (Voyt = Vin)

The LM5122 allows 100% duty cycle operation for the high-side synchronous switch when the input supply
voltage is equal to or greater than the target output voltage. An internal 200 pA BST charge pump maintains
sufficient high-side driver supply voltage to keep the high-side N-channel MOSFET switch on without the power
stage switching. The internal BST charge pump is enabled when the UVLO pin voltage is greater than 1.2 V and
the VCC voltage exceeds the VCC UV threshold. The BST charge pump generates 5.3-V minimum BST to SW
voltage when SW voltage is greater than 9 V. This requires minimum 9 V boost output voltage for proper bypass
operation. The leakage current of the boot diode should be always less than the BST charge pump sourcing
current to maintain a sufficient driver supply voltage at both low and high temperatures. Forced-PWM mode is
the recommended PWM configuration when bypass operation is required.

7.3.10 Cycle-by-Cycle Current Limit

The LM5122 features a peak cycle-by-cycle current limit function. If the CSP to CSN voltage exceeds the 75-mV
cycle-by-cycle current limit threshold, the current limit comparator immediately terminates the LO output.

For the case where the inductor current may overshoot, such as inductor saturation, the current limit comparator
skips pulses until the current has decayed below the current limit threshold. Peak inductor current in current limit
can be calculated as follows:
75mV
IPEAK(CL) = R—[A]
s (13)

7.3.11 Clock Synchronization

The SYNCIN/RT pin can be used to synchronize the internal oscillator to an external clock. A positive going
synchronization clock at the RT pin must exceed the RT sync rising threshold and negative going
synchronization clock at RT pin must exceed the RT sync falling threshold to trip the internal synchronization
pulse detector.

In Masterl mode, two types of configurations are allowed for clock synchronization. With the configuration in
Figure 23, the frequency of the external synchronization pulse is recommended to be within +40% and —20% of
the internal oscillator frequency programmed by the RT resistor. For example, 900-kHz external synchronization
clock and 20-kQ RT resistor are required for 450-kHz switching in masterl mode. The internal oscillator can be
synchronized by AC coupling a positive edge into the RT pin. A 5-V amplitude pulse signal coupled through 100-
pF capacitor is a good starting point. The RT resistor is always required with AC coupling capacitor with the
Figure 23 configuration, whether the oscillator is free running or externally synchronized.

Care should be taken to ensure that the RT pin voltage does not go below —-0.3 V at the falling edge of the
external pulse. This may limit the duty cycle of external synchronization pulse. There is approximately 400-ns
delay from the rising edge of the external pulse to the rising edge of LO.

fsvne

ANV SYNCIN/RT
Rt
LM5122

Figure 23. Oscillator Synchronization Through AC Coupling in Masterl Mode

With the configuration in Figure 24, the internal oscillator can be synchronized by connecting the external
synchronization clock into the RT pin through RT resistor with free of the duty cycle limit. The output stage of the
external clock source should be a low impedance totem-pole structure. Default logic state of fgyyc must be low.
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Feature Description (continued)

| I H © SYNCIN/RT

CsNC S Ry LM5122

Figure 24. Oscillator Synchronization Through a Resistor in Masterl Mode

In master2 and slave modes, this external synchronization clock should be directly connected to the RT pin and
always provided continuously. The internal oscillator frequency can be either of two times faster than switching
frequency or the same as the switching frequency by configuring the combination of FB and OPT pins (see
Table 1).

7.3.12 Maximum Duty Cycle

When operating with a high PWM duty cycle, the low-side N-channel MOSFET device is forced off each cycle.
This forced LO off-time limits the maximum duty cycle of the controller. When designing a boost regulator with
high switching frequency and high duty-cycle requirements, check the required maximum duty cycle. The
minimum input supply voltage that can achieve the target output voltage is estimated from Equation 14 or
Equation 15.

Use Equation 14 if V¢ is greater than 5.5 V or Vy, is greater than 6 V. For low voltage applications that do not
satisfy either of these conditions use Equation 15.

Vinminy = fsw < Vour (400ns +margin) [V] (19)

Vinui) = fsw x Vour x (750ns +margin) [V] (15)

In normal operation, about 100 ns of margin is recommended.

7.3.13 Thermal Protection

Internal thermal shutdown circuitry is provided to protect the controller in the event the maximum junction
temperature is exceeded. When activated, typically at 165°C, the controller is forced into a low-power shutdown
mode, disabling the output drivers, disconnection switch and the VCC regulator. This feature is designed to
prevent overheating and destroying the device.

7.4 Device Functional Modes

7.4.1 MODE Control (Forced-PWM Mode and Diode-Emulation Mode)

A fully synchronous boost regulator implemented with a high-side switch rather than a diode has the capability to
sink current from the output in certain conditions such as light load, overvoltage or load transient. The LM5122
can be configured to operate in either forced-PWM mode (FPWM) or diode emulation mode.

In FPWM, reverse current flow in high-side N-channel MOSFET switch is allowed, and the inductor current
conducts continuously at light or no load conditions. The benefit of the forced PWM mode is fast light load to
heavy load transient response and constant frequency operation at light or no load conditions. To enable FPWM,
connect the MODE pin to VCC or tie to a voltage greater than 1.2 V. In FPWM, reverse current flow is not
limited.

In diode-emulation mode, current flow in the high-side switch is only permitted in one direction (source to drain).
Turnon of the high-side switch is allowed if CSP to CSN voltage is greater than 7 mV rising threshold of zero
current detection during low-side switch on-time. If CSP to CSN voltage is less than 6-mV falling threshold of
zero current detection during high-side switch on-time, reverse current flow from output to input through the high-
side N-channel MOSFET switch is prevented and discontinuous conduction mode of operation is enabled by
latching off the high-side N-channel MOSFET switch for the remainder of the PWM cycle. A benefit of the diode
emulation is lower power loss at light load conditions.
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Device Functional Modes (continued)

12V
L COMP 1
[_| I I 40mvV
Hysteresis
1.2V SkipCycle
700k
é Default 20mv
MODE 150mV +| R Skip Cycle

Comparator

1.2v Diode
100k | | : Emulation

Figure 25. MODE Selection

'lI_Wv e

During start-up the LM5122 forces diode emulation, for start-up into a pre-biased load, while the SS pin voltage
is less than 1.2 V. Forced diode emulation is terminated by a pulse from PWM comparator when SS is greater
than 1.2 V. If there are no LO pulses during the soft-start period, a 350-ns one-shot LO pulse is forced at the end
of soft start to help charge the boot strap capacitor. Due to the internal current sense delay, configuring the
LM5122 for diode emulation mode must be carefully evaluated if the inductor current ripple ratio is high and
when operating at very high switching frequency. The transient performance during full load to no load in FPWM
mode should also be verified.

7.4.2 MODE Control (Skip-Cycle Mode and Pulse-Skipping Mode)

Light load efficiency of the regulator typically drops as the losses associated with switching and bias currents of
the converter become a significant percentage of the total power delivered to the load. In order to increase the
light load efficiency the LM5122 provides two types of light load operation in diode-emulation mode.

The skip-cycle mode integrated into the LM5122 controller reduces switching losses and improves efficiency at
light-load condition by reducing the average switching frequency. Skip-cycle operation is achieved by the skip
cycle comparator. When a light-load condition occurs, the COMP pin voltage naturally decreases, reducing the
peak current delivered by the regulator. During COMP voltage falling, the skip-cycle threshold is defined as
Vmope —20 mV and during COMP voltage rising, it is defined as Vyope +20 mV. There is 40mV of internal
hysteresis in the skip cycle comparator.

When the voltage at PWM comparator input falls below Vyope —20 mV, both HO and LO outputs are disabled.
The controller continues to skip switching cycles until the voltage at PWM comparator input increases to Vyope +
20 mV, demanding more inductor current. The number of cycles skipped depends upon the load and the
response time of the frequency compensation network. The internal hysteresis of skip-cycle comparator helps to
produce a long skip cycle interval followed by a short burst of pulses. An internal 700-kQ pullup and 100-kQ
pulldown resistor sets the MODE pin to 0.15 V as a default. Because the peak current limit threshold is set to
750 mV, the default skip threshold corresponds to approximately 17% of the peak level. In practice the skip level
is lower due to the added slope compensation. By adding an external pullup resistor to SLOPE or VCC pin or
adding an external pulldown resistor to the ground, the skip cycle threshold can be programmed. Because the
skip cycle comparator monitors the PWM comparator input which is proportional to the COMP voltage, skip-cycle
operation is not recommended when the bypass operation is required.

Conventional pulse-skipping operation can be achieved by connecting the MODE pin to ground. The negative
20-mV offset at the positive input of skip-cycle comparator ensures the skip-cycle comparator does not trigger in
normal operation. At light or no load conditions, the LM5122 skips LO pulses if the pulse width required by the
regulator is less than the minimum LO on-time of the device. Pulse skipping appears as a random behavior as
the error amplifier struggles to find an average pulse width for LO in order to maintain regulation at light or no
load conditions.
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Device Functional Modes (continued)

7.4.3 Hiccup-Mode Overload Protection

If cycle-by-cycle current limit is reached during any cycle, a 30-pA current is sourced into the RES capacitor for
the remainder of the clock cycle. If the RES capacitor voltage exceeds the 1.2-V restart threshold, a hiccup mode
over load protection sequence is initiated; The SS capacitor is discharged to GND, both LO and HO outputs are
disabled, the voltage on the RES capacitor is ramped up and down between 2-V hiccup counter lower threshold
and 4-V hiccup counter upper threshold eight times by 10-pA charge and 5-puA discharge currents. After the
eighth cycles, the SS capacitor is released and charged by the 10-pA soft-start current again. If a 3-V zener
diode is connected in parallel with the RES capacitor, the regulator enters into the hiccup-mode off mode and
then never restarts until UVLO shutdown is cycled. Connect RES pin directly to the AGND when the hiccup-
mode operation is not used.

Ires = 10pA Ires = -5pA

20V becee Jeee iDLl . O
| 1
== >
: | Count to Eight
A
RES | Ires = 30pA
[ |
| | Restart Delay tgp :
|
SS Hiccup Mode Off-time  tres ;:/_
1l
Ho 11N \NAnA
o [N A

Figure 26. Hiccup Mode Overload Protection

7.4.4 Slave Mode and SYNCOUT

The LM5122 is designed to easily implement dual (or higher) phase boost converters by configuring one
controller as a master and all others as slaves. Slave mode is activated by connecting the FB pin to the VCC pin.
The FB pin is sampled during initial power-on and if a slave configuration is detected, the state is latched. In the
slave mode, the error amplifier is disabled and has a high impedance output, 10-pA hiccup-mode off-time
charging current and 5-pA hiccup-mode off-time discharging current are disabled, 5-uA normal-state RES
discharging current and 10-pA soft-start charging current are disabled, 30 pA fault-state RES charging current is
changed to 35 pA. 10-pA UVLO hysteresis current source works the same as master mode. Also, in slave mode,
the internal oscillator is disabled, and an external synchronization clock is required.

The SYNCOUT function provides a 180° phase shifted clock output, enabling easy dual-phase interleaved
configuration. By directly connecting masterl SYNCOUT to slavel SYNCIN, the switching frequency of slave
controller is synchronized to the master controller with 180° phase shift. In master mode, if OPT pin is tied to
GND, an internal oscillator clock divided by two with 50% duty cycle is provided to achieve an 180° phase-shifted
operation in two phase interleaved configuration. Switching frequency of master controller is half of the external
clock frequency with this configuration. If the OPT pin voltage is higher than 2.7-V OPT threshold or the pin is
tied to VCC, SYNCOUT is disabled and the switching frequency of master controller becomes the same as the
external clock frequency. An external synchronization clock should be always provided and directly connected to
SYNCIN for master2, slavel and slave2 configurations. See Interleaved Boost Configuration for detailed
information.

Table 1. LM5122 Multiphase Configuration

Cg"ﬁ;gﬁgﬁﬁ%,\l FB oPT ASELRMC:)ER SWITCHING FREQUENCY SYNCOUT
Masterl Feedback GND Enable fsync/2, Free running with RT resistor fsync/2, fsw —180°
Slavel VCC GND Disable fsync, No free running Disable
Master2 Feedback VCC Enable fsync, No free running Disable
Slave2 VCC VCC Disable fsync/2, No free running fsync/2, fsw —180°
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8 Application and Implementation

NOTE
Information in the following applications sections is not part of the TI component
specification, and Tl does not warrant its accuracy or completeness. TI's customers are
responsible for determining suitability of components for their purposes. Customers should
validate and test their design implementation to confirm system functionality.

8.1 Application Information

The LM5122 device is a step-up dc-dc converter. The device is typically used to convert a lower dc voltage to a
higher dc voltage. Use the following design procedure to select component values for the LM5122 device.
Alternately, use the WEBENCH® software to generate a complete design. The WEBENCH software uses an
iterative design procedure and accesses a comprehensive database of components when generating a design.
This section presents a simplified discussion of the design process.

8.1.1 Feedback Compensation

The open loop response of a boost regulator is defined as the product of modulator transfer function and
feedback transfer function. When plotted on a dB scale, the open loop gain is shown as the sum of modulator
gain and feedback gain. The modulator transfer function of a current mode boost regulator including a power
stage transfer function with an embedded current loop can be simplified as one pole, one zero, and one right-
half-plane (RHP) zero system.

Modulator transfer function is defined as follows:

s S
) 1+ xj1-— >
Vour(S) A x Wz _Esr Wz_RHP
5 P
Veowmr (S) [1+ s ]

Wp (F

where

. R '
Ay (ModulatorDCgain) = ——9AD__ D

* RSfEQ xAg 2
we _p(Load pole)= ——2
) ) Loap X Cour
1
W, gsr(ESR zero)= ——————
) ) Resr % Cout
R D )2
w; gryp(RHP zero) = Rioap x(D)”
) ) LN EQ
L R
L =N Ry po=-3
. bn_ee=—"Rs_eq ="
* nis the number of the phase. -

If the equivalent series resistance (ESR) of Coyt (Resr) is small enough and the RHP zero frequency is far away
from the target crossover frequency, the modulator transfer function can be further simplified to one pole system
and the voltage loop can be closed with only two loop compensation components, Rcoup and Ceome, leaving a
single pole response at the crossover frequency. A single pole response at the crossover frequency vyields a very
stable loop with 90 degrees of phase margin.

The feedback transfer function includes the feedback resistor divider and loop compensation of the error
amplifier. Rcomp, Ccomp, and optional C,e configure the error amplifier gain and phase characteristics, create a
pole at origin, a low frequency zero and a high frequency pole.

Feedback transfer function is defined as follows:
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Application Information (continued)
- 1+ S
3 VACOMP ~ Apg % Wz _Ea
V,
out sx| 1+ S
Wp_EA
where
. 1
Agg (Feedback DC gain) =
. re2 *(Ccomp +Chi)
w7 ga(Low frequency zero) = _
. - Rcomp % Ccomp
wp ga(High frequency pole) = 1
. - Rcowmp * Cr (17)

The pole at the origin minimizes the output steady state error. Place the low frequency zero to cancel the load
pole of the modulator. The high frequency pole can be used to cancel the zero created by the output capacitor
ESR or to decrease noise susceptibility of the error amplifier. By placing the low frequency zero an order of
magnitude less than the crossover frequency, the maximum amount of phase boost can be achieved at the
crossover frequency. The high frequency pole should be placed beyond the crossover frequency since the
addition of C adds a pole in the feedback transfer function.

The crossover frequency (open loop bandwidth) is usually selected between one twentieth and one fifth of the
fsw- In a simplified formula, the estimated crossover frequency can be defined as:

R
fcross = CoME xD' [Hz]
T X RSfEQ xRggy x Ag xCqoyt
where
D = Vin
. Vout (18)

For higher crossover frequency, Rcomp Can be increased, while proportionally decreasing Ccomp. Conversely,
decreasing Rcomp While proportionally increasing Ccomp, results in lower bandwidth while keeping the same zero
frequency in the feedback transfer function.

The modulator transfer function can be measured by a network analyzer and the feedback transfer function can
be configured for the desired open loop transfer function. If the network analyzer is not available, step load
transient tests can be performed to verify acceptable performance. The step load goal is minimum
overshoot/undershoot with a damped response.

8.1.2 Sub-Harmonic Oscillation

Peak current mode regulator can exhibit unstable behavior when operating above 50% duty cycle. This behavior
is known as sub-harmonic oscillation and is characterized by alternating wide and narrow pulses at the SW pin.
Sub-harmonic oscillation can be prevented by adding an additional slope voltage ramp (slope compensation) on
top of the sensed inductor current. By choosing K = 0.82~1, the sub-harmonic oscillation is eliminated even with
wide varying input voltage.

In time-domain analysis, the steady-state inductor current starting from an initial point returns to the same point.
When the amplitude of an end cycle current error (dl;) caused by an initial perturbation (dly) is less than the
amplitude of dly or dl;/dl, > -1, the perturbation naturally disappears after a few cycles. When dl,/dly < -1, the
initial perturbation no longer disappeatr, it results in sub-harmonic oscillation in steady-state.

26 Submit Documentation Feedback Copyright © 2013-2017, Texas Instruments Incorporated
Product Folder Links: LM5122


http://www.ti.com/product/lm5122?qgpn=lm5122
http://www.ti.com
http://www.ti.com/product/lm5122?qgpn=lm5122
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVS954H&partnum=LM5122

13 TEXAS

INSTRUMENTS
LM5122
www.ti.com SNVS954H —FEBRUARY 2013—-REVISED JUNE 2017
Application Information (continued)
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Figure 27. Effect of Initial Perturbation when dl/dly < -1
dly/dly can be calculated as:
dl 1
-1 _1-=
dl, K (19)
The relationship between dl;/dl, and K factor is illustrated graphically in Figure 28.
3
2
1
% /——-—-_
= 0
© K=1
1 ™
K=0.5

2 /
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00 05 10 15 20 25
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Figure 28. dl,/dly vs K Factor

The absolute minimum value of K is 0.5. When K < 0.5, the amplitude of dl, is greater than the amplitude of dl,
and any initial perturbation results in sub-harmonic oscillation. If K = 1, any initial perturbation is removed in one
switching cycle. This is known as one-cycle damping. When -1 < dly/dly < 0, any initial perturbationis under-
damped. Any perturbation is over-damped when 0 < dl,/dly < 1.

In the frequency-domain, Q, the quality factor of sampling gain term in modulator transfer function, is used to
predict the tendency for sub-harmonic oscillation, which is defined as:

1
Q -

The relationship between Q and K factor is shown in Figure 29.
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Application Information (continued)
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Figure 29. Sampling Gain Q vs K Factor

The recommended absolute minimum value of K is 0.5. High gain peaking when K is less than 0.5 results sub-
harmonic oscillation at fg,/2. A higher value of K factor may introduce additional phase shift near the crossover
frequency, but has the benefit of reducing noise susceptibility in current loop. The maximum allowable value of K
factor can be calculated by the maximum crossover frequency equation in frequency analysis formulas in

Table 2.

Table 2. Boost Regulator Frequency Analysis

SIMPLIFIED FORMULA

COMPREHENSIVE FORMULA @

S S

RN

[1+ s
w

MODULATOR TRANSER Vour (8) ®7_gsr ®7_RHP Vour (s) Zeon Wze
= = Ay X = = Ay X
FUNCTION Veorp(s) ™ Veowr (5) s s s &
comp 1+ comp 1+ x| 1+ x| 1+ +—
Op |F Wp 1 F Wp_Esr Wp HF Wy
. R D'
Modulator DC gain @ Ay =——-tORD =
RstQ xAg 2
w2
RHP zero @ Wy e = Roao X0
- LINfEQ
ESR zero w = ! w = 1
Z ESR — 5 _ ~ Z ESR — 5  _ ~
- Resr *Cour - Resr1* Coura
ESR pole Not considered w, = !
P P-ESR RESRIX(COUTII/COUTZ)
. 2
Dominant load pole Wp =
- RiLoap % Cour

fSW

w, ==
P_HF " K-05

Sampled gain inductor pole

Not considered

or

Wp_pr = Qxw,

Quality factor Not considered

Q= Tl:(K

-05)

1

(1) Comprehensive equation includes an inductor pole and a gain peaking at fsyy / 2, which is caused by sampling effect of the current
mode control. Also, it assumes that a ceramic capacitor Coyto (No ESR) is connected in parallel with Coyt1. Resr1 represents ESR of

Couri-

@

With multiphase configuration, n,
number of phases. As is the current sense

L
Lin_eq = - Rs_Eq

R Vour
==S Rioap =
n

amplifier g’ain.

lour of each phase xn ‘and Cqyt = Coyt Of each phase x n, where n =
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Application Information (continued)

Table 2. Boost Regulator Frequency Analysis (continued)

SIMPLIFIED FORMULA COMPREHENSIVE FORMULA(®
Wsw
= =mxf
n > X Tsw
Sub-harmonic double pole Not considered or
f
f = SW
"2
9
K factor K=1 K=|1+ Ly 3610 xD
Vin ¥Rg x10xRg| ope
B 1+ s
FEEDBACK TRANSFER | _Veowr(S) _ 5 wz_ea
FUNCTION V, S
out(s) o1y S
Wp A
Feedback DC gain App = !
FB —
Reg2 % (Ccomp +Crir)
. . R
Mid-band Gain Arg wip = —=2MP.
B Reg2
Low frequency zero w = !
Z_EA T 5 _~
- Rcowmp % Ccomp
. 1 1
High frequency pole Wp g = Wp_ga =

Rcomp * Cre Reomp *(Cere / /Ccomp )

OPEN LOOP RESPONSE

s s s
1+ x| 1- 1+ 1+ —2 x|1-—3 142
Wz _Esr Wz _RrHP Wz ega Wz _Esr Wz _RrHP W7 Ea
% _ _

T(s) = Ay xAgg x x
1+ s sx| 1+ s
Wp |k Wp_ga

T(S) = Ay x Apg X

Crossover frequency @
(Open loop band width)

2
142 X142 ><1+S+S2 s><[1+ s ]
Wp_1F Wp_ESR Wp. Wy Wp_ga
R .
COMP xD

Use graphic tool
X RSfEQ xRpgy x Ag xCoyr

fCROSS =

Maximum cross over

f f 2
foross_max = 4SXWO><( 1+4xQ —1)

fsw Wz RrupP or

4 f == whichever is smaller
frequency( ) CROSS_MAX 5 Dxnxd Wz Rrep
2xmx4
, whichever is smaller
. W2 RHP Cooup = Rioap * Cour D= _Un
(8) Assuming Wz_ea =Wp_f, Wp_Ea =Wz esr, CROSS T 5,710, 4xRcowp , and Vour.

(4) The frequency at which 45° phase shift occurs in modulator phase characteristics.
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8.1.3 Interleaved Boost Configuration

Interleaved operation offers many advantages in single output, high current applications such as higher
efficiency, lower component stresses and reduced input and output ripple. For dual phase interleaved operation,
the output power path is split reducing the input current in each phase by one-half. Ripple currents in the input
and output capacitors are reduced significantly since each channel operates 180 degrees out of phase from the
other. Shown in Figure 30 is a normalized (Izrms/lout) Output capacitor ripple current vs duty cycle for both a
single phase and dual phase boost converter, where Igys is the output current ripple RMS.

40 I
35

T
[
|

Single Phase.

lRMSI IOUT
N
o

/
1.0 7

L~ A

=" /°|™ Dual Phase
1 1 |

0.0
0001020304050607080910
Duty Cycle

05

Figure 30. Normalized Output Capacitor RMS Ripple Current

To configure for dual phase interleaved operation, configure one device as a master and configure the other
device in slave mode by connecting FB to VCC. Also connect COMP, UVLO, RES, SS and SYNCOUT on the
master side to COMP, UVLO, RES, SS and SYNCIN on slave side, respectively. The compensation network is
connected between master FB and the common COMP connection. The output capacitors of the two power
stages are connected together at the common output.
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Figure 31. Dual Phase Interleaved Boost Configuration
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Shown in Figure 32 is a dual phase timing diagram. The 180° phase shift is realized by connecting SYNCOUT on

the master side to the SYNCIN on the slave side.
o e
Free running when no SYNCIN(MASTER) I\L I\L I\I, I\L I\I, I\I,
external synchronization.

GND
) Csyne Master Internal
Optional fsync
(5Ver) (W SYNCIN/RT CLK(MASTER)
SYNCOUT

rRr |OPT=GND —| : : :

Duty cycle of fsync SW(MASTER) H ' !

Should be controlled —_— — —
for RT not to go below GND Slave SYNCOUT(MASTER)
SYNCIN/RT SYNCIN(SLAVE)
OPT=GND (50%Duty-cycle)

Internal M ] M
CLK(SLAVE)
SW(SLAVE) : : :

Figure 32. Dual Phase Configuration and Timing Diagram

Each channel is synchronized by an individual external clock in Figure 33. The SYNCOUT pin is used in
Figure 34 requiring only one external clock source. A 50% duty cycle of external synchronization pulse should be
always provided with this daisy chain configuration.

Current sharing between phases is achieved by sharing one error amplifier output of the master controller with
the 3 slave controllers. Resistor sensing is a preferred method of current sensing to accurately balance the
phase currents.

fsync should be always provided
(5Vee) Master

SYNCIN/RT
OPT=VCC

fSVNCl
SYNCIN_MASTER
Slavel

SYNCIN/RT femca
OPT=GND SYNCIN_SLAVE1

fsynct

fSYNCZ

fSVNCS
Slave2 SYNCIN_SLAVE2
SYNCIN/RT

OPT=GND fsvnca _|
SYNCIN_SLAVE3

Slave3

SYNCIN/RT
OPT=GND

fsyncs

fsynca

I A

Figure 33. 4-Phase Timing Diagram Individual Clock
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Master
fsvnc should be always provided AN SYNCIN SYNCOUT
5VPP
— —— 1 e [T UL
|_—l SYNC
IEs
> Q SYNCIN SYNCIN_MASTER
OPT=GND
SYNCIN_SLAVEL
Slave2
AMA— synein
Ry SYNCOUT
OPT=VCC _l SYNCIN_SLAVE2
|_ Slave3 SYNCIN_SLAVE3
SYNCIN ___
OPT=GND

Figure 34. 4-Phase Timing Diagram Daisy Chain

8.1.4 DCR Sensing

For the applications requiring lowest cost with minimum conduction loss, inductor DC resistance (DCR) is used to
sense the inductor current rather than using a sense resistor. Shown in Figure 35 is a DCR sensing configuration
using two DCR sensing resistors and one capacitor.

Vout

r—-———-="="—"—-—-=———7—77— |
LiN Rpcr |
_______________

AS

UV

g
TAaT TIT_\
Vi

SW HO LO

LM5122

Figure 35. DCR Sensing

Rcsny and Cper selection must meet Equation 21 because this indirect current sensing method requires a time
constant matching. Cpcr is usually selected to be in the range of 0.1 pF to 2.2 pF.

Lin
0 " Cpcr * Resn
DCR 1)

Smaller value of Regn Minimizes the voltage drop caused by CSN bias current, but increases the dynamic power
dissipation of Rcgy. The DC voltage drop of Regy can be compensated by selecting the same value of Reqgp, but
the gain of current amplifier, which is typically 10, is affected by adding Rcgp. The gain of current amplifier with
the DCR sensing network can be determined as:

Due to the reduced accuracy of DCR sensing, Tl recommends FPWM operation when DCR sensing is used.
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8.1.5 Output Overvoltage Protection

Output overvoltage protection can be achieved by adding a simple external circuit. The output overvoltage
protection circuit shown in Figure 36 shuts down the LM5122 when the output voltage exceeds the overvoltage
threshold set by the zener diode.

Vout

LM5122

UVLO

Figure 36. Output Overvoltage Protection

8.1.6 SEPIC Converter Simplified Schematic

VsuppLY Vout

D—ll——wh—m'i:'r _

LO HO
LM5122
CSN FB
‘[ CSP COMP
‘$ VIN RES
> — SYNCOUT SS

UVLO OPT
PGND

SLOPE
AGND

SYNCIN/RT
% MODE VCC BST SW

Figure 37. Sepic Converter Simplified Schematic
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8.1.7 Non-Isolated Synchronous Flyback Converter Simplified Schematic

VsuppLy 9V ~36V Vout 12V
744851101

ST 3 Eis’:s:iz I
I . I
1 f

—] csp —]
L VIN RES
—| syncour ssl—_ |

3

>
uvLO OPT I I
SLOPE igzg = =
SYNCINRT

‘i MODE VCC BST SW

Figure 38. Non-Isolated Synchronous Flyback Converter Simplified Schematic

+Vour

8.1.8 Negative to Positive Conversion
VWA YT Y L

ing ]
'V'NDI \{' VCC BST sw 1

RY
LO IN
CSN HO
CsP COMP —|
VIN FB

UVLO RES
SLOPE ss
SYNCINRT  MODE b __
—|syncouT  PGND Vi Vi
AGND
LM5122 OPT Vi
_VIN 'VIN

Copyright © 2016, Texas Instruments Incorporated

Figure 39. Negative to Positive Converter Simplified Schematic
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8.2 Typical Application

{Zﬂ TEXAS
INSTRUMENTS

www.ti.com

sz8 4667 AT
k%\ 49 Iy 92H
A
I
4 NNQ:o AL'89
1 sty
9Z0 anNov
adoge paN
i
[4e)
anNod  aNov 45°9€: 4o o A90'8g 49004
anov et YZOT= €20== 12y 0z0==
S
LTS o
zzo= 3
b W00 % 84
7T 3dO1s anov 3 4dooL
ANOd ] 300N LNAS :|\uz>m >
610
L e 88
s ONod 0N 5
ELIRS e [oa] NIA 5
1L
i 7] 990 4s0 Ty
810 | £°¢, 4667
ms NSO
& B | ey oLy
FTTEN 5 OH 1do 3 Lo
i| o IS8 LNOONAS H—
9L n
anod HWZZISWT anov z z
aNod 5 3
2 2
el o . . . . 2 s va E 3 QNod
[, E s OOA  §HL'HID0L09DINd AN
b= B o A
z g B o%m 00} edL
arioee arlose. < E ‘_|e ES 4
EUS ey OFO3F gy | oy | 4ror | 4roy 3 S Fe
20 rlose 89 P 99 6o: B e ? aiee | aree | aree | aree
LOF e O POo= €0== 0=/ o=
2dl g‘ mvm ¥y, 001 19SSEYPL . LaL
o g m..m_m,m s NN ¥00°0 o)
¢ ¢ : = T
< n o
. jd
F% v$'¥ ®AYZ LNdLNO 0 7 XVIN VL ® OAA0Z-6  LNdNI
5%

S0

35

Submit Documentation Feedback

Figure 40. Single Phase Example Schematic
Product Folder Links: LM5122

Copyright © 2013-2017, Texas Instruments Incorporated


http://www.ti.com/product/lm5122?qgpn=lm5122
http://www.ti.com
http://www.ti.com/product/lm5122?qgpn=lm5122
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVS954H&partnum=LM5122

13 TEXAS
INSTRUMENTS
LM5122

SNVS954H —FEBRUARY 2013—-REVISED JUNE 2017 www.ti.com

Typical Application (continued)

8.2.1 Design Requirements

DESIGN PARAMETERS VALUE
Output voltage (Vour) 24V
Full load current (IoyT) 45 A
Output Power 108 W
Minimum input voltage (Vinminy) 9V
Typical input voltage (Vineryp)) 12V
Maximum input voltage (Vinmax)) 20V
Switching frequency (fsy) 250 kHz

8.2.2 Detailed Design Procedure

8.2.2.1 Custom Design With WEBENCH® Tools

Click here to create a custom design using the LM5122 device with the WEBENCH® Power Designer.

1. Start by entering the input voltage (V,y), output voltage (Voyt), and output current (Igyt) requirements.
2. Optimize the design for key parameters such as efficiency, footprint, and cost using the optimizer dial.
3. Compare the generated design with other possible solutions from Texas Instruments.

The WEBENCH Power Designer provides a customized schematic along with a list of materials with real-time
pricing and component availability.

In most cases, these actions are available:

* Run electrical simulations to see important waveforms and circuit performance

* Run thermal simulations to understand board thermal performance

» Export customized schematic and layout into popular CAD formats

» Print PDF reports for the design, and share the design with colleagues

Get more information about WEBENCH tools at www.ti.com/WEBENCH.

8.2.2.2 Timing Resistor Ry

Generally, higher frequency applications are smaller but have higher losses. Operation at 250 kHz is selected for
this example as a reasonable compromise between small size and high-efficiency. The value of Ry for 250 kHz
switching frequency is calculated as follows:

9 9
:9><10 _9x10 ~36.0 kKO

Ry =

A standard value of 36.5 kQ is chosen for Ry.

8.2.2.3 UVLO Divider Ryys, Ruvi

The desired startup voltage and the hysteresis are set by the voltage divider Ryy,, Ryy:. The UVLO shutdown
voltage should be high enough to enhance the low-side N-channel MOSFET switch fully. For this design, the
startup voltage is set to 8.7 V which is 0.3 V below Vywny. Vhys is set to 0.5 V. This results 8.2 V of
VinsHuTDowny)- The values of Ryy,, Ryy: are calculated as follows:

V, .
uvz2 = 10 pA
HYS K (24)
R __ L12VxRyp _12Vx50KQ _g\
uvi = - -
VinsTarTup) ~ 1.2V 8.7V -12V (25)

A standard value of 49.9 kQ is selected for Ryy». Ryy; is selected to be a standard value of 8.06 kQ.
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8.2.2.4 Input Inductor Ly

The inductor ripple current is typically set between 20% and 40% of the full load current, known as a good
compromise between core loss and copper loss of the inductor. Higher ripple current allows for a smaller inductor
size, but places more of a burden on the output capacitor to smooth the ripple voltage on the output. For this
example, a ripple ratio (RR) of 0.25, 25% of the input current was chosen. Knowing the switching frequency and
the typical output voltage, the inductor value can be calculated as follows:

Ly = Vin_ 1 x[l— Vin j: 12V D x(l_lz—vjﬂo.? uH
Iy xRR  fgyy Vour ) 108W .5 250 kHz 24V
12v

(26)
The closest standard value of 10 uH was chosen for L.

The saturation current rating of inductor should be greater than the peak inductor current, which is calculated at
the minimum input voltage and full load. 8.7 V startup voltage is used conservatively.

1 Vn {1— Vi j:24V><4.5A 1 8.7V (_8.7V

| =ly+= > 24V
PEAK = IN x 8.7V 2 10 uyHx250 kHz>< 24V

=135A
2 L|N XfSW

Vout @7

8.2.2.5 Current Sense Resistor Rg

The maximum peak input current capability should be 20~50% higher than the required peak current at low input
voltage and full load, accounting for tolerances. For this example, 40% is margin is chosen.

Rg=vestH __T5MV___ 5497110
IPEAK(CL) 135 Ax1.4 (28)

A closest standard value of 4 mQ is selected for Rg. The maximum power loss of Rg is calculated as follows.
PLossrs) = "R =(13.5 Ax1.4)* x4 mQ =1.43 W 29)

8.2.2.6 Current Sense Filter Resep, Reseny Ces

The current sense filter is optional. 100 pF of Ccg and 100 Q of Resep, Reseny @are normal recommendations.
Because CSP and CSN pins are high impedance, Ccg should be placed physically as close to the device.

VIN Rs

CSN

LM5122

CsP

Figure 41. Current Sense Filter

8.2.2.7 Slope Compensation Resistor Rg opg

The K value is selected to be 1 at the minimum input voltage. Rg ope Should be carefully selected so that the
sum of sensed inductor current and slope compensation is less than COMP output high voltage.

8x10°  8x10°

R > = =32 kQ
SLOPE ™ fw 250 kHz (30)
RsLope = 610 = 10 pH>6x10 =100 kQ
[KxVour = Vingamy |¥Rs x10  (1x24V -9V)x4mQ x10 -
A closest standard value of 100 kQ is selected for Rg_opE-
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8.2.2.8 Output Capacitor Cqyr

The output capacitors smooth the output voltage ripple and provide a source of charge during transient loading
conditions. Also the output capacitors reduce the output voltage overshoot when the load is disconnected
suddenly.

Ripple current rating of output capacitor should be carefully selected. In boost regulator, the output is supplied by
discontinuous current and the ripple current requirement is usually high. In practice, the ripple current
requirement can be dramatically reduced by placing high-quality ceramic capacitors earlier than the bulk
aluminum capacitors close to the power switches.

The output voltage ripple is dominated by ESR of the output capacitors. Paralleling output capacitor is a good
choice to minimize effective ESR and split the output ripple current into capacitors.

In this example, three 330 pF aluminum capacitors are used to share the output ripple current and source the
required charge. The maximum output ripple current can be simply calculated at the minimum input voltage as
follows:

RIPPLE _MAX(COUT) = Vinuiy ) 2 v
2x——"—— “2av
Vour 24V &

Assuming 60 mQ of ESR per an output capacitor, the output voltage ripple at the minimum input voltage is
calculated as follows:

| 1 45A (60mQ 1
vV, = _OUT JIReep + = x + =0.252V
RIPPLE_MAX(COUT) ™ Vinwivy ( ESR T 4% Cour * fow ] oV [ 3 4x3x330 pFx250 kHzJ
24V

Vour
(33)

In practice, four 10-uF ceramic capacitors are additionally placed earlier than the bulk aluminum capacitors to
reduce the output voltage ripple and split the output ripple current.

Due to the inherent path from input to output, unlimited inrush current can flow when the input voltage rises
quickly and charges the output capacitor. The slew rate of input voltage rising should be controlled by a hot-swap
or by starting the input power supply softly for the inrush current not to damage the inductor, sense resistor or
high-side N-channel MOSFET switch.

8.2.2.9 Input Capacitor Cyy

The input capacitors smooth the input voltage ripple. Assuming high-quality ceramic capacitors are used for the
input capacitors, the maximum input voltage ripple which happens when the input voltage is half of the output
voltage can be calculated as follows:

v _ - = 0.09v
RIPPLE_MAX(AN) ™ 32x Ly xCiy xfyy2  32x10 pHx4x3.3 pF x 250 kHZ? (34

The value of input capacitor is also a function of source impedance, the impedance of source power supply. The
more input capacitor will be required to prevent a chatter condition upon power up if the impedance of source
power supply is not enough low.

8.2.2.10 VIN Filter Ryn, Cuin

An R-C filter (Ryn: Cyin) On VIN pin is optional. It is not required if C,y capacitors are high-quality ceramic
capacitors and placed physically close to the device. The filter helps to prevent faults caused by high frequency
switching noise injection into the VIN pin. A 0.47 uF ceramic capacitor is used this example. 3 Q of Ryy and 0.47
pF of Cyy are normal recommendations. A larger filter with 2.2 u~4.7 uF Cy,y is recommended when the input
voltage is lower than 8 V or the required duty cycle is close to the maximum duty cycle limit.
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VIN

D—W\/'—l— VIN
RvIN CV'NI LM5122

Figure 42. VIN Filter

8.2.2.11 Bootstrap Capacitor Cgst and Boost Diode Dggy

The bootstrap capacitor between the BST and SW pin supplies the gate current to charge the high-side N-
channel MOSFET device gate during each cycle’s turn-on and also supplies recovery charge for the bootstrap
diode. These current peaks can be several amperes. The recommended value of the bootstrap capacitor is 0.1
uF. Cgst Must be a good-quality, low-ESR, ceramic capacitor located at the pins of the device to minimize
potentially damaging voltage transients caused by trace inductance. The minimum value for the bootstrap
capacitor is calculated as follows:

Q
Cosr = g 1

where
e Qg is the high-side N-channel MOSFET gate charge

e AVggr is the tolerable voltage droop on Cgs, Which is typically less than 5% of VCC or 0.15 V,
conservatively (35)

In this example, the value of the BST capacitor (Cggy) is 0.1 pF.

The voltage rating of Dgst must be greater than the peak SW node voltage plus 16 V. A low leakage diode is
mandatory for the bypass operation. The leakage current of Dggr must be low enough for the BST charge pump
to maintain a sufficient high-side driver supply voltage at high temperature. A low leakage diode also prevents
the possibility of excessive VCC voltage during shutdown, in high output voltage applications. If the leakage is
excessive, a zener VCC clamp or bleed resistor may be required. High-side driver supply voltage must be
greater than the high-side N-channel MOSFET switch’s gate plateau at the minimum input voltage.

8.2.2.12 VCC Capacitor Cyc

The primary purpose of the VCC capacitor is to supply the peak transient currents of the LO driver and bootstrap
diode as well as provide stability for the VCC regulator. These peak currents can be several amperes. The value
of Cycc must be at least 10 times greater than the value of Czgt and should be a good-quality, low-ESR, ceramic
capacitor. Place Cyc close to the pins of the device to minimize potentially damaging voltage transients caused
by trace inductance. A value of 4.7 uF was selected for this design example.

8.2.2.13 Output Voltage Divider Regq, Rega
Rrg1 and Rep, set the output voltage level. The ratio of these resistors is calculated as follows:
Reg2 _ Vout 1

Reg; 1.2V (36)

The ratio between Rcomp and Reg, determines the mid-band gain, Agg uip- A larger value for Regg, may require a
corresponding larger value for Reoup. Regz should be large enough fo keep the total divider power dissipation
small. 49.9 kQ in series with 825 Q was chosen for high-side feedback resistors in this example, which results in
a Rgg; value of 2.67 kQ for 24-V output.

8.2.2.14 Soft-Start Capacitor Cgg

The soft-start time (tgs) is the time for the output voltage to reach the target voltage from the input voltage. The
soft-start time is not only proportional with the soft-start capacitor, but also depends on the input voltage. With
0.1 pF of Cgg, the soft-start time is calculated as follows:

C 1.2V \Y/ A uFx1.2V 20V
tssominy = ss X x| 1- —NMAX) |- O.1uFx x(l—_o j: 2 msec
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C 1.2V Vi : )
s = 55 {1_ INQVIN) ] _0.0pFx1.2V {1_&) e e

8.2.2.15 Restart Capacitor Cgeg

The restart capacitor determines restart delay time tgp and hiccup mode off time tres (See Figure 26). tgp must
be greater than tsgmax). The minimum required value of Cres can be calculated at the low input voltage as
follows:

lres *tssuax) 30 WA x 7.5 msec
CresmiN) = Vees = 12V =0.19 pF .

A standard value of 0.47 pF is selected for Crgs.

8.2.2.16 Low-Side Power Switch Q_

Selection of the power N-channel MOSFET devices by breaking down the losses is one way to compare the
relative efficiencies of different devices. Losses in the low-side N-channel MOSFET device can be separated into
conduction loss and switching loss.

Low-side conduction loss is approximately calculated as follows:

Vin JX ( lout * Vour
Vout VIN

2
Pconps) = Dxl2 xRps_ones) x1-3 = [1— j *Rps_ons) *1.3[W]

(40)

Where, D is the duty cycle and the factor of 1.3 accounts for the increase in the N-channel MOSFET device on-
resistance due to heating. Alternatively, the factor of 1.3 can be eliminated and the high temperature on-
resistance of the N-channel MOSFET device can be estimated using the Rpg(ony Vs temperature curves in the N-
channel MOSFET datasheet.

Switching loss occurs during the brief transition period as the low-side N-channel MOSFET device turns on and
off. During the transition period both current and voltage are present in the channel of the N-channel MOSFET
device. The low-side switching loss is approximately calculated as follows:

PswiLs) = 0.5% Vour x Iy x (tg + tg) x foy [W] (a1)
tg and tg are the rise and fall times of the low-side N-channel MOSFET device. The rise and fall times are usually
mentioned in the N-channel MOSFET data sheet or can be empirically observed with an oscilloscope.

An additional Schottky diode can be placed in parallel with the low-side N-channel MOSFET switch, with short
connections to the source and drain in order to minimize negative voltage spikes at the SW node.
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8.2.2.17 High-Side Power Switch Q4 and Additional Parallel Schottky Diode

Losses in the high-side N-channel MOSFET device can be separated into conduction loss, dead-time loss, and
reverse recovery loss. Switching loss is calculated for the low-side N-channel MOSFET device only. Switching
loss in the high-side N-channel MOSFET device is negligible because the body diode of the high-side N-channel
MOSFET device turns on before and after the high-side N-channel MOSFET device switches.

High-side conduction loss is approximately calculated as follows:

Vin ]X ('ow xVour

2
Peonps) = (1-D)xle *Rps_ongs) *1-3 :( j *Rps_ons) x1.3[W]

Vourt Vin (42)
Dead-time loss is approximately calculated as follows:
PorHs) = Vb X in X (tpLH + tpri) X fow [W]
where
« Vpis the forward voltage drop of the high-side NMOS body diode. (43)

Reverse recovery characteristics of the high-side N-channel MOSFET switch strongly affect efficiency, especially
when the output voltage is high. Small reverse recovery charge helps to increase the efficiency while also
minimizes switching noise.

Reverse recovery loss is approximately calculated as follows:

PRR(HS) = Vour % Qrgr * fsw [W] (44)
where
* Qgris the reverse recovery charge of the high-side N-channel MOSFET body diode. (45)

An additional Schottky diode can be placed in parallel with the high-side switch to improve efficiency. Usually, the
power rating of this parallel Schottky diode can be less than the high-side switch’s because the diode conducts
only during dead-times. The power rating of the parallel diode should be equivalent or higher than high-side
switch’s if bypass operation is required, hiccup mode operation is required or any load exists before switching.

8.2.2.18 Snubber Components

A resistor-capacitor snubber network across the high-side N-channel MOSFET device reduces ringing and
spikes at the switching node. Excessive ringing and spikes can cause erratic operation and can couple noise to
the output voltage. Selecting the values for the snubber is best accomplished through empirical methods. First,
make sure the lead lengths for the snubber connections are very short. Start with a resistor value between 5 and
50 Q. Increasing the value of the snubber capacitor results more damping, but this also results higher snubber
losses. Select a minimum value for the snubber capacitor that provides adequate damping of the spikes on the
switch waveform at heavy load. A snubber may not be necessary with an optimized layout.
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8.2.2.19 Loop Compensation Components Ccomes Rcomp, Cur

Rcome: Ccomp @and Cye configure the error amplifier gain and phase characteristics to produce a stable voltage
loop. For a quick start, follow the following 4 steps:

1. Select fCROSS
Select the cross over frequency (fcross) at one fourth of the RHP zero or one tenth of the switching
frequency whichever is lower.
f
=W~ 25 kHz
10 (46)
) Vout x( Vin )2
fz_rp _ Rioapx(®)" _ lour  Vour  _ 5.3 kHz
4 4><2TC><L|N7EQ 4X27T'XLIN7EQ (47)
5.3 kHz of the crossover frequency is selected between two. RHP zero at minimum input voltage should be
considered if the input voltage range is wide.
2. Determine required Reomp
Knowing fcross: Rcowmp is calculated as follows:
V,
Reomp = feross X TxRg xRegy x10x Coyr x —22T = 68.5 kQ
Vin (48)
A standard value of 68.1 kQ is selected for Reomp
3. Determine Ccopp to cancel load pole. Place error amplifier zero at the twice of load pole frequency. Knowing
Rcomps Ccowmp is calculated as follows:
R xC
CCOMP = —LOAD ouT = 202nF
4XRCOMP (49)
A standard value of 22 nF is selected for Ccomp
4. Determine Cye to cancel ESR zero.
Knowing Rcomp, Resg and Ceomp, Che is calculated as follows:
Cur = Resr X Cout X Ccomp — 307 pF
Rcomp X Ccomp —Resr X Cout (50)
A standard value of 330 pF is selected for Cy.
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8.2.3 Application Curves

LaCray|

LeCray|

PHASE lLoAD = 4. 5A

45

[=]
PHASE [

//x
GAIN~

-10 -45
-20 -90
-30 -135
-40 -180
100 1000 10000 100000
FREQUENCY [Hz]
C1:swW VSUPPLY =12V ILOAD =0A

Figure 47. Loop Response

R e Tmetose 00w Tooser @)
'-W‘fﬂ-‘::‘-.w SO0 ks 23‘3:‘;’:: :;:: F:sfu::
C1l: Fsync C2: SW VsuppLy = 12V, VsuppLy = 12V lLoabo=0A
FSYNC =500 kHz
Figure 43. Clock Synchronization Figure 44. Forced PWM
LaCray|
LR e B R R “—t U 1 +
(ST
100
000 pifeat
C1:swW VSUPF’LY =12V ILOAD =0A C1:sw VSUPF’LY =12V ILOAD =0A
Figure 45. Pulse Skip Figure 46. Skip Cycle
40 180 ] LeCray|
VauppLY =12V | o0 [ _7 RN N .

C1: VsyuppLy, C2: Inductor current
C3: VOUT: C4: SS

VsuppLy =12V
lLoap =0 A

Figure 48. Start-Up
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9 Power Supply Recommendations

The LM5122 is a power management device. The power supply for the device is any DC voltage source within
the specified input range.

10 Layout

10.1 Layout Guidelines

In a boost regulator, the primary switching loop consists of the output capacitor and N-channel MOSFET power
switches. Minimizing the area of this loop reduces the stray inductance and minimizes noise. Especially, placing
high quality ceramic output capacitors as close to this loop earlier than bulk aluminum output capacitors
minimizes output voltage ripple and ripple current of the aluminum capacitors.

In order to prevent a dv/dt induced turn-on of high-side switch, connect HO and SW to the gate and source of the
high-side synchronous N-channel MOSFET switch through short and low inductance paths. In FPWM mode, the
dv/dt induced turnon can occur on the low-side switch. Connect LO and PGND to the gate and source of the low-
side N-channel MOSFET, through short and low inductance paths. All of the power ground connections must be
connected to a single point. Also, all of the noise sensitive low power ground connections must be connected
together near the AGND pin, and a single connection must be made to the single point PGND. CSP and CSN
are high-impedance pins and noise sensitive. Route CSP and CSN traces together with kelvin connections to the
current sense resistor as short as possible. If needed, place 100-pF ceramic filter capacitor close to the device.
MODE pin is also high impedance and noise sensitive. If an external pullup or pulldown resistor is used at MODE
pin, place the resistor close to the device. VCC, VIN and BST capacitor must be as physically close as possible
to the device.

The LM5122 has an exposed thermal pad to aid power dissipation. Adding several vias under the exposed pad
helps conduct heat away from the device. The junction to ambient thermal resistance varies with application. The
most significant variables are the area of copper in the PC board, the number of vias under the exposed pad and
the amount of forced air cooling. The integrity of the solder connection from the device exposed pad to the PC
board is critical. Excessive voids greatly decrease the thermal dissipation capacity. The highest power dissipating
components are the two power switches. Selecting N-channel MOSFET switches with exposed pads aids the

power dissipation of these devices.

==

10.2 Layout Example

Controller

Place controller as
close to the switches

VOuT GND GND VIN

Figure 49. Power Path Layout
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11 Device and Documentation Support

11.1 Device Support
11.1.1 Development Support

11.1.2.1 Custom Design With WEBENCH® Tools

Click here to create a custom design using the LM5122 device with the WEBENCH® Power Designer.

1. Start by entering the input voltage (V|y), output voltage (Voyt), and output current (Ioyt) requirements.
2. Optimize the design for key parameters such as efficiency, footprint, and cost using the optimizer dial.
3. Compare the generated design with other possible solutions from Texas Instruments.

The WEBENCH Power Designer provides a customized schematic along with a list of materials with real-time
pricing and component availability.

In most cases, these actions are available:

* Run electrical simulations to see important waveforms and circuit performance

* Run thermal simulations to understand board thermal performance

» Export customized schematic and layout into popular CAD formats

» Print PDF reports for the design, and share the design with colleagues

Get more information about WEBENCH tools at www.ti.com/WEBENCH.

11.2 Receiving Notification of Documentation Updates

To receive notification of documentation updates, navigate to the device product folder on ti.com. In the upper
right corner, click on Alert me to register and receive a weekly digest of any product information that has
changed. For change details, review the revision history included in any revised document.

11.3 Community Resources

The following links connect to TI community resources. Linked contents are provided "AS IS" by the respective
contributors. They do not constitute Tl specifications and do not necessarily reflect Tl's views; see TlI's Terms of
Use.

TI E2E™ Online Community TI's Engineer-to-Engineer (E2E) Community. Created to foster collaboration
among engineers. At e2e.ti.com, you can ask questions, share knowledge, explore ideas and help
solve problems with fellow engineers.

Design Support Tl's Design Support Quickly find helpful E2E forums along with design support tools and
contact information for technical support.

11.4 Trademarks

E2E is a trademark of Texas Instruments.
WEBENCH is a registered trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

11.5 Electrostatic Discharge Caution

‘ These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘ﬁl\ during storage or handling to prevent electrostatic damage to the MOS gates.

11.6 Glossary

SLYZ022 — Tl Glossary.
This glossary lists and explains terms, acronyms, and definitions.
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12 Mechanical, Packaging, and Orderable Information

The following pages include mechanical, packaging, and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead finish/ MSL Peak Temp Op Temp (°C) Device Marking Samples
@ Drawing Qty @ Ball material ©) (415)
(6)
LM5122MH/NOPB ACTIVE HTSSOP PWP 20 73 ROHS & Green SN Level-1-260C-UNLIM -40to 125 LM5122 Samples
MH
LM5122MHE/NOPB ACTIVE HTSSOP PWP 20 250 RoHS & Green SN Level-1-260C-UNLIM -40to 125 LM5122
MH
LM5122MHX/NOPB ACTIVE HTSSOP PWP 20 2500 RoHS & Green SN Level-1-260C-UNLIM -40to 125 LM5122 Samples
MH
LM5122ZPWPR ACTIVE HTSSOP PWP 24 2000 RoHS & Green NIPDAU Level-3-260C-168 HR ~ -40 to 125 LM51227 Samples
MH
LM5122ZPWPT ACTIVE HTSSOP PWP 24 250 RoOHS & Green NIPDAU Level-3-260C-168 HR ~ -40 to 125 LM51227 Samples
MH

@ The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ RoHS: Tl defines "RoHS" to mean semiconductor products that are compliant with the current EU RoHS requirements for all 10 RoHS substances, including the requirement that RoHS substance
do not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, "RoHS" products are suitable for use in specified lead-free processes. Tl may
reference these types of products as "Pb-Free".

RoHS Exempt: Tl defines "RoHS Exempt" to mean products that contain lead but are compliant with EU RoHS pursuant to a specific EU RoHS exemption.

Green: Tl defines "Green" to mean the content of Chlorine (Cl) and Bromine (Br) based flame retardants meet JS709B low halogen requirements of <=1000ppm threshold. Antimony trioxide based
flame retardants must also meet the <=1000ppm threshold requirement.

® MsL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.
® There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If a line is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.

© ead finish/Ball material - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead finish/Ball material values may wrap to two
lines if the finish value exceeds the maximum column width.
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Important Information and Disclaimer: The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
OTHER QUALIFIED VERSIONS OF LM5122 :

o Automotive: LM5122-Q1

NOTE: Qualified Version Definitions:

o Automotive - Q100 devices qualified for high-reliability automotive applications targeting zero defects
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO
: |
© Bo W
Reel ) l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
BO | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
T Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O QfSprocket Holes
|
T
Q1 : Q2
H4-—-—
Q3 I Q4 User Direction of Feed
[ 8
T
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant
(mm) |W1(mm)
LM5122MHE/NOPB HTSSOP| PWP 20 250 178.0 16.4 6.95 7.1 1.6 8.0 16.0 Q1
LM5122MHX/NOPB  |HTSSOP| PWP 20 2500 330.0 16.4 6.95 | 7.1 1.6 8.0 | 16.0 Q1
LM5122ZPWPR HTSSOP| PWP 24 2000 330.0 16.4 6.95 8.3 1.6 8.0 16.0 Q1
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TAPE AND REEL BOX DIMENSIONS
At
4
-
// S
/\g\ /)i\
. 7
\\ /
. P -
e e
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
LM5122MHE/NOPB HTSSOP PWP 20 250 208.0 191.0 35.0
LM5122MHX/NOPB HTSSOP PWP 20 2500 367.0 367.0 35.0
LM5122ZPWPR HTSSOP PWP 24 2000 350.0 350.0 43.0
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TUBE
T - Tube
height L - Tube length
f
W-Tube _| _ _ _ _ _ _ __ _ _ ___ e _____ 1.
i width
v
— B - Alignment groove width
*All dimensions are nominal
Device Package Name |Package Type Pins SPQ L (mm) W (mm) T (um) B (mm)
LM5122MH/NOPB PWP HTSSOP 20 73 495 8 2514.6 4.06
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PACKAGE OUTLINE

PWP0024J PowerPAD™ TSSOP - 1.2 mm max height
SMALL OUTLINE PACKAGE
e L
A .
PIN 1 INDEX (& ]oa]c] SEATING
AREA 22x[0.65 | PLANE
1 J g 24 F
=
:j
—
—
2X
7.9
—
NOTE 3
—
—
1
12 ===
L [ 13
D R TR  e
2 [ Jo1@[c[a[8]
SEE DETAIL A\/-r? \
. ‘ (0.15) TYP
e IR
N =

2X 2.08 MAX

NOTE 5 ﬁ l=— 4X 0.3 MAX
12:' ) — 13 [ 4X 0.1 MAX
—] — r NOTE S
LI 1
—] — ﬁ
—] —
— -
GAGE PLANE
5.26 —/ 25 1
511 — — \ _
—] :{THERMAL ‘ __
PAD X’ﬁ A—J L
0°-8 0.50 0.05
— — DETAIL A
— — TYPICAL
o i | —
3.20
3.05
4225860/A 04/2020
NOTES: PowerPAD is a trademark of Texas Instruments.

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.15 mm per side.

. Reference JEDEC registration MO-153.

. Features may differ or may not be present.

(G20 w N
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EXAMPLE BOARD LAYOUT

PWP0024J PowerPAD™ TSSOP - 1.2 mm max height
SMALL OUTLINE PACKAGE
(3.4)
NOTE 9
(3.2)
METAL COVERED
24X (L.5) T—T SEMM BY SOLDER MASK
i (N T B % ,,,,,, ) ‘
z4x§&@ [CHE ) e P
(R0.05) TYP /% 3 Q |
P @ (5.26)
22X (0.65) ! ‘
SYMM - ‘ ;
— - + (7.8)
| . ‘TYP NOTE 9
SOLDER MASK f
DEFINED PAD T
@0.2) TYP !
VIA ?
|
LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN
SCALE: 8X
SOLDER MASK VETAL METAL UNDER SOLDER MASK
OPENING\ SOLDER MASK‘\ /  OPENING

”””” \
|
|

EXPOSED METAL

J L* 0.07 MAX

ALL AROUND

NON-SOLDER MASK

|
1 T T——EXPOSED METAL
4 L 0.07 MIN
ALL AROUND

SOLDER MASK

DEFINED DEFINED
SOLDER MASK DETAILS

4225860/A 04/2020

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.
7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
8. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature
numbers SLMA0O02 (www.ti.com/lit/sima002) and SLMA004 (www.ti.com/lit/sima004).
9. Size of metal pad may vary due to creepage requirement.
10. Vias are optional depending on application, refer to device data sheet. It is recommended that vias under paste be filled, plugged
or tented.
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PWP0024J

EXAMPLE STENCIL DESIGN

PowerPAD™ TSSOP - 1.2 mm max height

SMALL OUTLINE PACKAGE

24X (1.5) —]——T
v 1
24X (0.45) i]

(R0.05) TYE
L 1]

22X (0.65)
SYMM
(1;7

0.125 THICK

3:2)
BASED ON

STENCIL

METAL COVERED
/  BY SOLDER MASK

|

(5.26)
BASED ON
0.125 THICK
STENCIL

13

SEE TABLE FOR

! DIFFERENT OPENINGS
FOR OTHER STENCIL
THICKNESSES

SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL

SCALE: 8X

STENCIL SOLDER STENCIL
THICKNESS OPENING
0.1 3.58 X 5.88

0.125 3.20 X 5.26 (SHOWN)
0.15 2.92 X 4.80
0.175 2.70 X 4.45

4225860/A 04/2020

NOTES: (continued)

11. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate

design recommendations.

12. Board assembly site may have different recommendations for stencil design.
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PWP0020A

MECHANICAL DATA
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e 4.220. 15—

HHHHHH
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DIMENSTONS IN ( ) FOR REFERENCE ONLY

MXA20A (Rev C)
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IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATA SHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you
will fully indemnify Tl and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these
resources.

TI's products are provided subject to TI's Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with
such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable warranties or warranty disclaimers for
TI products.

Tl objects to and rejects any additional or different terms you may have proposed.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2022, Texas Instruments Incorporated
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