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TPS2477x 2.5 to 18-V High Performance Hot Swap
1 Features 3 Description

2.5V to 18V Bus Operation (30V abs max)
Programmable Protection Settings:

— Current Limit: £5% at 10mV

— Fast Trip: £10% at 20mV
Programmable FET SOA Protection
Programable Response Time for Fast Trip
Dual Timer (Inrush/Fault)

Analog Current Monitor (1% at 25mV)
Programmable UV and OV

Status Flags for Faults and Power Good
4mm x 4mm 24-pin QFN

70 = Latch, 71 = Retry, 72 = Fast Latch Off

Applications
Enterprise Storage
Enterprise Server
Networking Cards
240 VA Applications

4 Simplified Schematic

HS FET
VIN Rsns

The TPS2477x is a high performance analog Hot
Swap Controller for 2.5 V to 18 V systems. The
precise and highly programmable protection settings
of the TPS2477x aid the design of high power high
availability systems where isolating faults is critical.

Programmable current limit, fast shut down, and fault
timer protect the load and supply during fault
conditions such as a hot - short. The fast shutdown
threshold and response time can be tuned to ensure
a fast response to real faults, while avoiding nuisance
trips. Programmable Safe Operating Area (SOA)
protection and the inrush timer keep the MOSFET
safe under all conditions. After asserting power good,
TPS2477x acts as a circuit breaker and runs the fault
timer during over current events, but doesn’t current
limit. It shuts down after the fault timer expires. Two
independent timers (inrush/fault) allow the user to
customize protection based on system requirements.

Finally, the flexibility of the TPS2477x aid Hot Swap
design for the 240 VA requirement and a design
example is shown in the datasheet.

Device Information®

PART NUMBER PACKAGE BODY SIZE (NOM)
TPS24770
TPS24771 RGE (24) 4.00 mm x 4.00 mm
TPS24772
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(1) For all available packages, see the orderable addendum at
the end of the data sheet.
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6 Device Comparison Table

PART NUMBER® LATCH / RETRY OPTION
TPS24770 Latch
TPS24771 Auto — Retry
TPS24772 Fast Latch Off

(1) For the most current package and ordering information, see the Package Option Addendum at the end of this document, or see the TI
web site at www.ti.com.

7 Pin Configuration and Functions

QFN 24-Pin with Thermal Pad
RGE Package
Top View

SRGRGRORGRY
NC __*f_) (“_g_ HGATE
ENHS [ ™ 3 i 5| SEnm
NC [ & i L 9] FsTP
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nd — S 2
> 0 =
Z o 5 =z I 09
= ~ O o =
Pin Functions
PIN TYPE® DESCRIPTION
NAME NO.
ENHS | Active-high enable input of Hot Swap. Logic input. Connects to resistor divider.
FLTb (@] Active-low, open-drain output indicating various faults.
FSTP 16 | Fast trip programming set pin for Hot Swap. A resistor is connected from positive terminal of Rgng to
FSTP.
GND 10 - Ground.
HGATE 18 (0] Gate driver output for external Hot Swap MOSFET.
IMON 12 110 Analog monitor and current limit program point. Connect Ryyon to ground.
IMONBUF 13 (0] Voltage output proportional to the load current (OV-3.0V).
NC 1,3, 6, NC No connect. Tie to ground or leave floating.
20-24
(1) 1= Input; O = Output ; P = Power, NC = No Connect
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Pin Functions (continued)

PIN TYPE®W DESCRIPTION

NAME NO.

OUTH 19 | Output voltage sensor for monitoring Hot Swap MOSFET's power. Connects to the source terminal of
the Hot Swap N channel MOSFET.

ov 9 | Overvoltage comparator input. Connects to resistor divider. HGATE is pulled low when OV exceeds the
threshold. Connect to ground when not used.

PGHS 5 (@] Active-high, open-drain power-good indicator.

PLIM 11 | Power limit programming pin. A resistor from this pin to GND sets the maximum power dissipation for
the Hot Swap FET. Connect a 4.99 kQ resistor to disable power limit.

SENM 17 | Current-sensing input for the sense resistor. Directly connects to the negative terminal of the sense
resistor.

SET 15 | Current-limit programming set pin for Hot Swap. A resistor is connected from positive terminal of the
sensing resistor.

TFLT 8 1/0 Fault timer, which runs when the device is in regular operation and there is an overcurrent condition.

TINR 7 110 Inrush timer, which runs during the inrush operation (start-up) if the part is in current limit or power limit.

VDD 14 P Power Supply

8 Specifications

8.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted) @

MIN MAX UNIT
VDD,SET, FSTP,SENM, OUTH, ENHS, FLTb, PGHS, OV -0.3 30 \%
HGATE to OUTH -0.3 15 \%
Input Voltage SET to VDD -0.3 0.3 \%
SENM, FSTP to VDD -0.6 0.3 \%
TINR, TFLT, PLIM, IMON -0.3 3.6 \%
IMONBUF -0.3 \%
Sink Current FLTb, PGHS 5 mA
Source Current | IMON, IMONBUF 5 mA
Storage temperature, Tgyg —65 150 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

8.2 ESD Ratings

VALUE UNIT
Ve () Electrostatic Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001®? +1500 v
(ESD) discharge Charged-device model (CDM), per JEDEC specification JESD22-C101©) +500

(1) Electrostatic discharge (ESD) measures device sensitivity and immunity to damage caused by assembly line electrostatic discharges
into the device.

(2) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.

(3) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
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8.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)

MIN MAX | UNIT
VDD, SENM, SET, FSTP 25 18
Input voltage v
ENHS, FLTb, PGHS, OUTH 0 18
Sink current FLTb, PGHS 0 2 mA
Source current IMON 0 1 mA
PLIM 4.99 500 kQ
. IMON 1 6 kQ
External resistance
FSTP 10 4000 Q
SET 10 400 Q
w/o RsteL 10 70
Rimon / Rset With appropriate Rgrg @ 3 10
with CHGATE > 47nF @ 10 200
TINR, TFLT 1 nF
) HGATE, @ 1 UF
External capacitor
IMON 30 pF
IMONBUF 100 pF
Operating junction temperature, T, -40 125 °C
(1) Refer to Rgyg. Requirment for Ryvon / Rset < 10 as described in section Select Rgys and Vgys o Setting.
(2) External capacitance tied to HGATE, should be in series with a resistor no less than 1kQ.
8.4 Thermal Information
RGE
THERMAL METRIC® UNIT
24 PINS
Reia Junction-to-ambient thermal resistance 34.6
ReaJc(top) Junction-to-case (top) thermal resistance 38.4
Ress Junction-to-board thermal resistance 12.9 CIW
Wit Junction-to-top characterization parameter 0.5
Wis Junction-to-board characterization parameter 12.9
Reic(bot) Junction-to-case (bottom) thermal resistance 3.2

(1) For more information about traditional and new thermal metrics, see the IC Package Thermal Metrics application report, SPRA953.

8.5 Electrical Characteristics

Unless otherwise noted these limits apply to the following: -40°C < T;<125°C; 2.5V < Vypp, Vour < 18V; Venus =2 V; Voy =0
V, VHGATE’ VPGHS’ VFLTB’ and V|MONBUF are f|OatIng, C|NR = lnF, CFLT = 1nF, RSET =44.2 Q, R|MON = 2.98k Q, RFSTP =200 Q,

Rpum = 52 kQ.
PARAMETER | TEST CONDITION MIN TYP MAX | UNIT

INPUT SUPPLY (VDD)

Vuvr UVLO threshold, rising 2.2 2.32 2.45 \%
Vuvhyst UVLO hysteresis 0.10 \%
loon Supply current: lypp + loyth Device on, Vgyps = 2V 2.95 4 mA
Hot Swap FET ENABLE (ENHS)

VENHS Threshold voltage, rising 1.3 1.35 14 \%
VENHShyst Hysteresis 50 mV
lENHS Input Leakage Current 0 < Vepps < 30V -1 1 WA
OVER VOLTAGE (0V)

Vovr Threshold voltage, rising 1.3 1.35 14 mV
Vovhyst Hysteresis 50 mV
lov Input leakage current 0 < Voy €30V -1 1 HA
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Electrical Characteristics (continued)

Unless otherwise noted these limits apply to the following: -40°C < T;<125°C; 2.5V < Vypp, Vour < 18V; Venus =2 V; Voy =0
V; Viugate: Veghs: VeLte, @and Vivonsur are floating; Cing = 1nF; Ceir = InF; Rger = 44.2 Q; Ryvon = 2.98K Q; Resrp = 200 Q;

Reuy = 52 KQ.
PARAMETER TEST CONDITION MIN TYP MAX | UNIT
POWER LIMIT PROGRAMING (PLIM)
VbLim BIAS Bias voltage Sourcing 10pA 0.65 0.675 0.7 \%
Reum = 52 KQ; Vsenv-outh=12V 114.75 135 155.25
Rpum = 105 KQ; Veenm-outi=12V 56.95 67 77.05
Vimon,pL Regulated IMON voltage during power limit Rppim = 261 kQ; Vsenm-outh=12V 18.9 27 35.1 mV
RpLm = 105 KQ; Vsenm-outh=2V 341.7 402 462.3
Rpum = 105 KQ; Veenm-outn=18V 38.25 45 5175
SLOW TRIP THRESHOLD (SET)
Vos_set Input referred offset (Vgys to Vivon Scaling) Rser = 44.2Q; Ryyon=3kQ to 1.2kQ (Vsns,cL=10mV -150 150 uv
Vee_set Gain error (Vs to Viyon scaling)® to 25mV) —0.4% 0.4%
FAST TRIP THRESHOLD PROGRAMMING (FSTP)
lestp FSTP input bias current Vestp=12V 95 100 105 HA
Reste = 200 Q, Vsns When Viygate | 18 20 22
VEASTRIP Fast trip threshold Restp = 1 kQ, Vsns When Vigate | 95 100 105 mV
Restp = 4 kQ, Vgns When Vigate | 380 400 420
CURRENT SUMMING NODE (IMON)
Vimon,cL Slow trip threshold at summing node VimonT, When It 7 starts sourcing 660 675 690 mV
lIMON-LKG IMON leakage current Venns =0V, Vivon = 1.5V -200 200 nA
CURRENT MONITOR (IMONBUF)
Vos_IMONBUF Buffer offset Vimon = 50mV to 675mV, Input referred -3 0 3 mV
GAINmoNBUE Buffer voltage gain AVivonsue ! AVivon 2.97 2.99 3.01 \%
BW moNBUE Buffer closed loop bandwidth Cimongur = 75pF 1 MHz
Hot Swap GATE DRIVER (HGATE)
5 < Vypp € 16V; measure VygaTe-ouTH 12 13.6 15.5 \%
V, HGATE output voltage :

. ’ ’ ié5\>/<<\><,\lDZD<<250\\/; measure VyGaTE-OUTH ! 7.9 15 v
VHGATEmax Clamp voltage Inject 10pA into HGATE, measure V(ygate - outH) 12 139 15.5 \%
lHGATESrC Sourcing current VHeaT-ouTH = 2V-10V 44 55 66 HA
IHGATEfastSink Sinking current for fast trip Vheate-out = 2V=15V; V(estp _ senmy = 20mV 0.45 1 1.6 A
lHGATESsuUstSink Sustained sinking current Sustained, Vygate-outH = 2V — 15V; Venps = 0 30 44 60 mA
INRUSH TIMER (TINR)

ITINRsrc Sourcing current Vrinr = OV, In power limit or current limit 8 10.25 12.5 HA
ITINRsink Sinking current Vrinr = 2V, In regular operation 15 2 25 HA
V1iNRup Upper threshold voltage Raise Vg until HGATE starts sinking 1.3 1.35 14 \%
V1iNRIF Lower threshold voltage SR:J?(?"YQT_'NR 10 2V. Reduce Vring until g is 0.33 0.35 0.37 v
RTiNR Bleed down resistance Vypp = 0V, Vg = 2V 70 104 130 kQ
ITINR-PD Pulldown current Vrinr = 2V, when Vgyps = OV 2 4.2 7 mA
RETRYcveLe Cycle number # of timer cycles before retry (TPS24771 only) 64 64 64
TFLT and TINR connected (TPS24771 only) 0.70%
RETRYpyty Retry duty cycle
TFLT and TINR not connected (TPS24771 only) 0.35%
ViMONTINR giﬁsﬁﬂ;gﬂigg Start - lycare and TINR :ﬁé%@;ﬁ:& XﬁsNrAéc_orleYMc\J/ﬁuwh;noT\llNgaslf:rts 47.75 90 13225 mv
sourcing current.
Vivon L ggﬁs?jé';gnigg Start - lyate and TINR Sgﬁyg; gﬁﬁ?égéé”m%ﬁ \;hjéi\/I’Hszies{a’\frg\éinking 114.75 135 15525| mv
current.
AVivon,TINR giislinSel;gtiisfst Start - lueare and TINR AVivonTINR = ViMoNPL - ViIMON,TINR 23 45 67 mv

(1) Specified by characterization.
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Electrical Characteristics (continued)

Unless otherwise noted these limits apply to the following: -40°C < T;<125°C; 2.5V < Vypp, Vour < 18V; Venus =2 V; Voy =0

V; Viugate: Veghs: VeLte, @and Vivonsur are floating; Cing = 1nF; Ceir = InF; Rger = 44.2 Q; Ryvon = 2.98K Q; Resrp = 200 Q;

Reuy = 52 KQ.
PARAMETER TEST CONDITION MIN TYP MAX | UNIT
FAULT TIMER (TFLT)
ITELTsre Sourcing current V1eLr = OV, PGHS is high and in overcurrent 8 10.25 12.5 HA
I TELTsink Sinking current V1eLT = 2V, Not in overcurrent 15 2 25 HA
V1eLTup Upper threshold voltage Raise Vyg 7 until HGATE starts sinking 1.3 1.35 14 \%
RyeLt Bleed down resistance Venns = OV, Vipr = 2V 70 104 130 kQ
ITFLT-PD Pulldown current V1eLr = 2V, when Vgyps = OV 2 5.6 7 mA
HOT SWAP OUTPUT (OUTH)
louTH, BiAS Input bias current Vouth = 12V 30 70 HA
FAULT INDICATOR (FLTb)
VoL FLTb Output low voltage Sinking 2 mA 0.11 0.25 \%
leLTh Input leakage current VL = 0V, 30V -1 0 1 uA
VHsFLT IMON Vimon threshold to detect Hot Swap FET short | Vgnus = OV, Measured Vyon T to GND when FLTb | 88 101 115 mV
VHsFL_hyst Hysteresis 25 mV
HOT SWAP POWER GOOD OUTPUT (PGHS)
VpGHsth PGHS Threshold Measure Vsgnm-outH | when PGHS? 170 270 375 mV
VpGHshyst PGHS hysteresis Vsenm-ouTH T 80 mV
VoL pcHs PGHS Output low voltage Sinking 2mA 0.11 0.25 \%
IpgHs PHGS Input leakage current Vpens=0V to 30V -1 0 1 HA
THERMAL SHUTDOWN (OTSD)
Torsp Thermal shutdown threshold Temperature rising 140 °C
ToTspHYsT Hysteresis 10 °C
8.6 Timing Requirements
PARAMETER | TEST CONDITION MIN TYP MAX UNIT
INPUT SUPPLY (VDD)
DEGLyyvi o UVLO deglitch | Both rising and falling 14 us
HOT SWAP FET ENABLE (ENHS)
DEGLgnks Deglitch time | Both rising and falling 2.2 3.8 55 us
OVER VOLTAGE (OV)
DEGLov Deglitch time | Both rising and falling 2.2 3.9 5.7 us
FAST TRIP (FSTP)
trastofiDly Fast turn-off delay Vieste - senw) 1 ~SMV' 10 SV, Choare = 0 PF 600 ns
V(estp - senm) - -20mV to 20mV Cygare = 0 pF 300
trastoffour Strong pull down current duration 53 63 73 us
INRUSH TIMER (TINR)
NRreTRY Number of TINR cycles before retry TPS24741 only 64
Tinr NOt connected to Tg 1 0.35%
RETRYputy Retry duty cycle
Tinr CcOnnected to T 1 0.7%
FAULT INDICATOR (FLTb)
tFLT degl Fault deglitch Both rising and falling 2.2 3.9 5.3 ms
HOT SWAP POWER GOOD OUTPUT (PGHS)
. . Rising 0.7 1 13
tpaHSdeg! PGHS deglitch time Falling - p ms
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8.7 Typical Characteristics

Unless otherwise noted these cureves apply to the following: -40°C < T;<125°C; 2.5V < Vypp, Vout < 18V; Venns =2 V; Voy =
O V, VHGATE! VPGHS’ VFLTBI and VlMONBUF are f|0atlng, ClNR = 1I’1F, CFLT = 1nF, RSET = 44.2 Q, RlMON = 2.98'( Q, RFSTP = 200 Q,
Rpum = 52 kQ.

10 ——T=240C 20 T=-40°C
T=25C —T=25T
s T=125C T =125C
15
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~ 6 z
< 3
E 7 10 ,
=, B /
| 2
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Figure 1. Figure 2.
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Figure 5. Figure 6.
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Typical Characteristics (continued)

Unless otherwise noted these cureves apply to the following: -40°C < T;<125°C; 2.5V < Vypp, Vour < 18V; Venus =2 V; Voy =
0 V; Vigate: Veghs: Veite, and Vivonsur are floating; Ciyg = 1nF; Ceir = InF; Reer = 44.2 Q; Ryyon = 2.98K Q; Resrp = 200 Q;
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9 Detailed Description

9.1 Overview

The TPS2477x Hot Swap features a programmable current limit, power limit, and fast trip threshold. It also has
dual timers: one for inrush and one during over current faults. Finally it features an analog current monitor that
can be used to provide current information to a microcontroller.

9.2 Functional Block Diagram
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9.3 Feature Description

9.3.1 Enable and Over-voltage Protection

The part is enabled when the ENHS pin voltage exceeds 1.35V and is disabled when the pin voltage falls under
1.3V providing 50mV of hysteresis. A resistor divider can be connected to these pins to turn on the TPS2477x at
a certain bus voltage. The part will turn off if the OV pin exceeds 1.35V.

9.3.2 Current Limit and Power Limit during Start-up

The current limit and power limit of the TPS2477x are programmable to protect the load, power supply, and the
Hot Swap MOSFET. During start-up the active control loop will regulate the gate to ensure that the current
through the MOSFET and the power dissipation of the MOSFET is below their respective pre-programmed
thresholds. The maximum current allowed through the MOSFET (I.,y) is determined with the equation below.
I m.cL is the programmed current limit, P, is the programmed power limit, and Vpg is the drain to source voltage
across the Hot Swap MOSFET.

P
lm = M'“‘('um,cv%}
DS (1)

This results in an IV curve shown in Figure 12. Iy p. denotes the maximum allowed MOSFET current (Ips) when
the part is in power limit. As Vpg increases, Iy p_ decreases and Iy p wn denotes the lowest Iy p., Which
occurs at the largest Vps (Vpsmax). The TPS2477x enforce this by regulating the voltage across Rgys (Vsns).
Vsns pL denotes Vgys when power limiting is active. Similarly to I pL, Vsns,pL decreases as Vpg increases and
Vsns pLmin COrresponds to the lowest Vgys pr, Which occurs at Vps wax- Vsns,cL IS @ current limiting sense voltage,
which is programmable in the TPS2477x.

A A

ILIM,CL ]

ILim
Vsns

ILIM,PL,MIN7

VSNS,PL,MIN

v

[
>

Vbs Vbs,Max Vbs Vbs,max

Figure 12. Current vs Vpg and Vgys VS Vps Programmed by Power Limit Engine.

The current and power limit can be programmed using the equations below.

0675 X RSET

VsnscL =
’ Rimon 2

[ _ VsnscL _ 0.675xRgey
LIMCL = =

Rsns Rsns (3)
RpLim X Rsns xRimon (4)
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Feature Description (continued)

Note, that the error is largest at Vgys pmin due to offset of the internal amplifier. Also the operation at Vpg max IS
most critical because it corresponds to the short circuit condition and has the biggest impact on start time. Thus it
is critical to consider Vgys p iy during design. Equation 5 shows the relationship of Vgys pmn @s a function of
Pums lumelr Vsnscl, and Vpsmax. Note that I wc. and Vpsmax are usually determined by the system
requirements. The designer will have control over P and VgyscL- In general, there will be a desire to reduce
the power limit to allow for smaller MOSFETs and to reduce the VgyscL to improve efficiency (lower Rgys).
However, this will also reduce Vsyspomn a@nd the designer should ensure that it's above the minimum
recommended value of 1.5mV.

PLim % VSNS,CL

V =
SNSPLMIN ™ Vos max < lmet (5)

9.3.3 Two Level Protection During Regular Operation

After the TPS2477x has gone through start-up it will no longer actively control the gate. Instead it will run the
timer when the current is between the current limit and the fast trip threshold. Once the timer has expired the
gate will be pulled down. If the current ever exceeds the fast trip threshold, the gate will be pulled down
immediately.

9.3.4 Dual Timer (TFLT and TINR)

TPS2477x has two timer pins to allow the user to customize the protection. The TINR pin will source 10.25 pA
when the device is in start-up mode and is actively regulating the gate to limit the MOSFET power or current. It
will sink 2 pA otherwise. The TFLT pin will source 10.25 pA when the device is in regular operation and the FET
current exceeds the current limit. It will sink 2 pA otherwise. If either of the timer pins exceeds 1.35, the
TPS2477x will time out. The TPS24770 and TPS24772 will latch off. The TPS24771 will go through 64 cycles of
TINR and attempt to start-up again.

Since the TINR usually runs when the MOSFET is being stressed, TINR should be sized to maintain the FET
within its SOA. In general TFLT runs when the load is drawing more current than expected, which can stress the
load and the power supply. Thus TFLT should be programmed to have the right protection settings for the power
supply and the load. In some systems the load is allowed to draw current above the current limit for 250ms or 1s.
In that case a large TFLT is required, but a short TINR may still be desired to minimize the worst case FET
stress. In other applications a long TINR may be required to due to large downstream capacitances, but drawing
excessive current from the power supply for more than 5ms is not desired. In that case a short TFLT and a long
TINR should be used. Finally, many applications can use the same TINR and TFLT setting, in which case the
pins can be tied together and a single capacitor can be used. The two different options are shown in Figure 13.
TINR TFLT TINR TFLT
1 1

1

T T 1
T T o

Figure 13. Timer Configurations

If two separate timer capacitors are used their values can be computed with the equations below:

If a single capacitor is used Cyyr can be computed with Equation 8.
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Feature Description (continued)

9.3.5 3 Options for Response to a Fast Trip

The TPS24770, TPS24771, and TPS24772 have difference responses to a fast trip event to accommodate
different design requirements. When the current exceeds the fast trip threshold, the gate is quickly pulled down to
minimize damage that can be caused due to a short circuit. Figure 14 shows the response of the variout devices
options to a hot short on the output. The TPS24770 (latch) will attempt to re-start once after the hot-short is
observed and then stay off, the TPS24771 will continuously retry with a duty cycle of ~0.5% (0.7% if Tg r and
TNk @re connected, 0.35% if T 1 and T\yr are not connected), and the TPS24772 (fast latch off) will shut off and
never retry again. In general the TPS24772 will place the least amount of stress on the MOSFET, but is the least
likely to recover from a nuissance trip.

Hotshort Occurs

HGATE . TPS24770 - Latch

w]

‘ >
i Retries
HGATE ! Continuously. ~ TPS24771 - retry
0.5% duty cycle
VIN /
‘ . /1 >
HGATE | Shuts Off and no 1BS24772 =
Retry Fast Latch Off
VIN /
>

Figure 14. TPS24770/1/2 Response to a Short Circuit

9.3.6 Using Soft Start - lygate @and TINR Considerations

During start-up the TPS2477x regulates the HGATE to keep the FET power dissipation within P . This is
accomplished by an amplifier that monitors the IMON voltage and an internal reference voltage. The TPS2477x
will source current into HGATE if VIMON is lower than the reference voltage and will sink current into HGATE if
VIMON is above the reference voltage. In steady state, the V oy Will be regulated to the V,yonpL point, where
IheaTe €quals zero. Note that Vyon po iS @ determined by Rp v and Vsenw — VouTh-

The same amplifier feeds into the inrush timer circuitry to run the timer when the part is in power limit. The V,yon
threshold at which the timer starts to source current is denoted as V\yon, Ting. NoOte that Viyon ming IS lower than
Vimon,pL t0 account for tolerances and ensure that the timer is always active when the device is in power limit.
The difference between the two thresholds is defined as AV\yon, Tinr. Refer to Figure 11 for a typical lygare and
TNk VS Vimon CUrve.
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Feature Description (continued)

Current

Figure 15. ITlNR and IHGATE VS VlMON (VDS = 12V, RPLlM = 52kQ)

It is critical to consider AV\yon, Ting @nd Figure 15 if a soft start circuit is used. Typically, the soft start is
implemented by limiting the gate dv/dt with a capacitor, which in turn limits the inrush current to the output
capacitor. Often times, the inrush current is kept below I,y p to keep the timer from running. Note that the I,y p.
is based on the VyonpL threshold and thus Tyg can be activated even if the inrush current is below Iy p . TO
prevent the timer from running unintentionally, the P, should be chosen above Py mnss, Which can be
computed as shown below. As an example consider the usage case where the maximum inrush current (Iiyg max)
is 2A, the maximum input voltage (Viymax) i 13V and Rser, Rjyon, and Rsys are 100Q, 2.7kQ, and 1mQ
respectively. For that case the power limit should be set to at least 58.3 W + P, tolerance to ensure that the
inrush timer doesn’t run.

Rset
PLmMINss = [IINR,MAX + AVIMONTINR MAX X Re vRewe x VINMAX
IMON X RgNs

1000

=|2A+67TMVXx—F—
2.7kQx1mQ

jx 13V =58.3W
©

9.3.7 Analog Current Monitor

The TPS2477x also features two analog current monitoring outputs: IMON and IMONBUF. Each has their own
advantages and disadvantages. The IMON is more accurate, because it doesn’t have the error added from the
second stage. However it is a high impedance output and leakage current on that node would result in
monitoring error. In addition it can only support 30pF of capacitance and its full scale range is 675mV (this is
where current limit kicks in). The IMONBUF takes the IMON signal and buffers it 3x. This introduces more error,
but the output is low impedance, has a larger full scale range, and can drive up to 100pF of capacitance.
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Feature Description (continued)

HS FET
Vin +Vgns — J—K}—l
| -
SNS
o
2]
24
SET SENM HGATE OUTH
15 [17] 18 19
I_‘_I | —
X
I 3x
TPS2477x
2] 13
IMON IMONBUF
R\MON

Figure 16. Current Monitoring Circuitry

9.3.8 Power Good Flag

The TPS2477x has a power good flag, which should be used to turn on downstream DC/DC converters. This
reduces the stress on the Hot Swap MOSFET during start-up. The PGHS pin of the TPS2477x is asserted (with
1 ms deglitch) when both:

» Hot Swap is enabled and
* Vpg of Hot Swap MOSFET is below 240 mV.

PGHS is de-asserted (with 8 ms deglitch) when either:

e Hot Swap is disabled.

e VDS of Hot Swap MOSFET is above 310 mV

* In an overcurrent condition that causes the timer to time out and latch off.

9.3.9 Fault Reporting

TPS2477x will assert a fault by pulling down on the FLTb pin if any of the following occur:
» Hot Swap MOSFET Shorted Fault ( ENHS = LO, but VIMON > 101 mV)

» Hot Swap timer times out.

» Over Temperature Shut Down (OTSD)
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9.4 Device Functional Modes

9.4.1 Hot Swap Functional Modes

The state machine for the Hot Swap section is shown in Figure 17. After a POR / UVLO event the Hot Swap
enters the Inrush up. Once operational the Hot Swap has the following functional modes:

Inrush Mode (INR): In this state the Hot Swap controller is actively regulating the HGATE to meet the current
limit and power limit settings. The inrush timer is running if the controller is in power or current limiting. If the
inrush timer times out the gate will be pulled down. The TPS24770 and TPS24772 will go to latched mode
and TPS24771 will go into retry mode.

Regular Operation Mode (REG): In this mode everything is operating properly so both the timers are
discharged and the HGATE is high. If there is an overcurrent condition (Vsys > VsnscL), the device will go
into fault mode. If there is a fast trip condition (Vgnys > Veste), the gate will be pulled down with a 1A / 63 us
pulse. The TPS24772 will go to the latched state and the TPS24770 and TPS24771 will go back to inrush for
a retry.

Fault Mode (FLT): In this mode the TPS2477x runs the fault timer. Once the timer expires the TPS24770
and TPS24772 will go to latch mode while TPS24771 will go to retry mode. If the overcurrent condition is
removed the controller will go back to the regular operation mode.

Latched Mode (Latched): In the latched mode the HGATE is low, the timer is being discharged, and the
FLTb is asserted. If there is a rising edge on ENHS the part will discharge the timers and go to the inrush
mode.

Retry Mode (Retry): Here the part will charge and discharge the inrush timer 64 times before attempting
another retry.

ILO: Immediate Latch Off. OTP setting

for no re-start after Fast Trip

¢ TPS24770/1 A TPS24772 +
FSTRP=1 [
Latched RSt
= RST EN_RE
INR: REG: TP524770/2 :T'”R - 3“2 EN_RE | Discharge | q——
=1: = IteLr = -2UA p{ lrrT = -2 — '
LMT =1: bnng = 10uA | poisog LT HGATE: Low Timers
LMT=0: lrng =0 | ——m lring = -2UA i
lteir = -2UA EN_AMP=0 A
EN_AMP=1 HGATE: High o
HGATE: regulating Q L IPON !
% } Auto Ch Count=63 Retry Mode }
- |
oc=1 0c=0 s 1| ik = 10UA |
Legend: Vrng>1.35 ] her=-2uA | g COUNt<63 !
Legend. [ I | HGATE: Low |
LMT: In power or current limit | !
OC: Over Current (Vimon>675mV) ELT ! Vrne>1.35 \
- . |
EN_RE: Rising edge on ENHS lTIFLT __ﬂé?;A Vier>1.35 | |
e . TINR = = |
TO: Timer Timed Out EN_AMP=0 igp] Auto Disch fvp2<0.35|  count +1 }
EN_AMP: Enable current limit and HGATE: High TP 247‘71 ITing = -2UA | = Hmw }
power limit amplifier, which actively S ltrLT = -2UA ’ |
regulates the sense voltage. HGATE: Low }
FSTRP: Fast trip comparator is tripped }
|
|
|
|

Figure 17. Hot Swap State Machine
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10 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.

10.1 Application Information

The TPS2477x is a highly configurable Hot Swap controller that can be fine-tuned for the application

requirement. When designing a Hot Swap 3 key scenarios should be considered:

» Start-up.

* Output of a Hot Swap is shorted to ground when the Hot Swap is on. This is often referred to as a “Hot-
Short”.

« Powering up a board when the output and ground are shorted. This is usually called a “start into short”.

All of these scenarios place a lot of stress on the Hot Swap MOSFET and special care must be taken when
designing the Hot Swap circuit to keep the MOSFET within its Safe Operating Area (SOA). Note that the
component selection can often be iteratively and it's recommended to use the publically available excel
calculators to crunch the numbers. See the TPS24770 Design Calculator in the Tools & Software link on the
Product folder.

10.2 Typical Application

Three application examples are provided. The first one is for a 100A Hot Swap with 5,500 pF of output
capacitance that uses standard power limited based start-up. Then there are two examples of designing for the
240 VA design requirment. One uses the CSD16415Q5B, which is an older generation MOFSET with great SOA.
The second one uses the CSD17573Q5B, which has lower SOA, but is more cost effective (price vs Rpson)-

10.2.1 12V, 100 A, 5,500 pF Analog Hot Swap Design
The diagram below shows the application schematic for this design example.

05mQx3 CSD16415 x 4
V|N Rens VOUT
D1 l Crst C
C1l Rser . é onE Ruc ouT D2
SMDJ14 0.1uF FSTP 1uF
l M 73.20Q] 2490 | | 100 M i MBRS330T3G
VDD SET FSTP SENM HGATE OUTH
Rowvi
PGHS —»
ENHS L5
TPS2477x FLTD
IMONBUF —>»
ov
Cenns PLIM IMON  GND TINR TFLT
33nF ReLim R Cinr i CFLTL
5.62kQ 118kQ) IMON
2.67kQ 47nF i 2.2uF$
Figure 18. Application Schematic for 100 A Hot Swap
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Typical Application (continued)

10.2.2 Design Requirements

Table 1 summarizes the design parameters that must be known before designing a Hot Swap circuit. When
charging the output capacitor through the Hot Swap MOSFET, the FET's total energy dissipation equals the total
energy stored in the output capacitor (1/2CV?). Thus both the input voltage and output capacitance will determine
the stress experienced by the MOSFET. The maximum load current will drive the current limit and sense resistor
selection. In addition, the maximum load current, maximum ambient temperature, and the thermal properties of
the PCB (Rgca) Will drive the selection of the MOSFET Rpgon and the number of MOSFETS used. Rgep IS @
strong function of the layout and the amount of copper that is connected to the drain of the MOSFET. Air cooling
will also reduce Rgca. It's also important to know if there are any transient load requirements. Finally, whether
current monitoring is needed and its accuracy requirement will drive the selection of Rgys, Rimon: and Rser.

Table 1. Design Requirements for a 12V, 100A, 5500uF Hot Swap Design

DESIGN PARAMETER EXAMPLE VALUE
Input voltage range 11v-13V
Maximum DC load current 100A
Maximum Output Capacitance of the Hot Swap 5500 pF
Maximum Ambient Temperature 55°C
MOSFET Rgca (function of layout) 50°C/W
Transient load requirement 130A for 250 ms
Pass “Hot-Short” on Output? Yes
Pass a “Start into short"? Yes
Is the load off until PG asserted? Yes
Can a Hot Board be plugged in or Power Cycled? No
IC used TPS24772
Analog Current Monitor Used No

10.2.3 Detailed Design Procedure

10.2.3.1 Select Rgys and Vgys oL Setting

TPS2477x has a programmable Vgys o With a recommended range of 10 mV to 67.5 mV. It can be used with a
Vsns.cL Up to 200 mV, but that requires a resistor between SET and SENM to ensure stability of an internal loop.
This is shown in Figure 19. Rgrg, can be computed using the equation below.
STBL = Rimon X Rset
10xRset ~Rimon (10)

For high power applications a lower Vgys L leads to better efficiency so 20 mV is targeted for this design.
Targeting a current limit of 110A to allow margin for the load, the sense resistor can be calculated as follows:

VsnsTeT _ 20 mV

R = = =0.18 mQ
SNS,CLC w 110 A

(11)

Since 0.18 mQ resistors aren’t available, the closest standard resistor should be chosen. To have better
efficiency, three 0.5mQ resistors are used in parallel. Next the Vgys ¢ should be computed based on the actual
Rsns and then used to compute Rger and Ryyon. Rset IS chosen to target 250 pA of current through SET and
IMON pins during current limit.

VSNS,CL = IL||V| X RSNS =110 Ax0.1667 mQ =18.37 mV (12)

Vsns.cL
R =2 _733Q
SETCLC = 250 A 13

Chose Rger to equal 73.2 Q, which is the closest available standard resistor. Next obtain the calculated R;yon
(Rimon,cLc) as follows:

Rser X675 mV _7320x675mV _, o

RIMON,CLC =
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Choose 2.67kQ resistor for Ryyon, Which is the closest available standard resistor. Since accurate current
monitoring is not needed a 2512 2 terminal sense resistor can be used.

Finally, compute the actual current limit (I ;y c.) and the analog current monitoring scaling factor V yon cain (Vimon

VS lL.0aD)
0.675VxRger  0.675Vx73.20Q

lLmeL = = =111A
Rimon xR 0.1667 mQ x 2.67 kQ
VIMON.GAIN = IMFQ NS 7320 =6.08 mV/A
SET . (16)
HS FET
ViN Rsns I—M—l
C1 E< B
0.1 yF ‘3w ICIFST Ric
11
ANVN—
RstBL
VDD SET FSTP SENM  HGATE
ENHS
ENOR TPS2477x
ov
IMON PLIM

Rimon
ReLim

GND
Figure 19. Adding Rgtg. for Vgns oL > 67.5mV

10.2.3.2 Selecting the Fast Trip Threshold and Filtering

The TPS2477x allows the user to program the fast trip threshold. When this threshold is exceeded the gate is
quickly pulled down (<1ps). In addition Cestp can be added to include some filtering into the comparator. The
selection of the fast trip threshold and filtering is influenced by the systems environment and requirements. In
general, picking a larger threshold and larger filtering time will result in more immunity to nuisance trips, but also
a slower response (possibly inadequate) to real fault conditions. It's best to fine tune these threshold after testing
the real system. As a starting point it is recommended to set the fast trip threshold at least 1.25x larger than then
current limit. For this design example a 150A fast trip threshold along with a 500ns filtering time constant were
targeted to ensure that the transient requirement will be passed. The value for Rgstp and Cestp can be computed
as shown below:

IFSTP XRSNS _ 150 A><01667 mQ

=250 Q

FSTP 77400 pA 100 pA (17)
c _ testp _500ns _ 2 nE
FeTe Restp 250 Q (18)

The next closest standard resistor and capacitor values should be chosen. In this case Rrstp = 249Q and
Crstp=2nF
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10.2.3.3 Selecting the Hot Swap FET(s)

It is critical to select the correct MOSFET for a Hot Swap design. The device must meet the following
requirements:

» The Vpg rating should be sufficient to handle the maximum system voltage along with any ringing caused by
transients. For most 12V systems a 25 V or 30V FET is a good choice.

e The SOA of the FET should be sufficient to handle all usage cases: start-up, hot-short, start into short.

*  Rpson should be sufficiently low to maintain the junction and case temperature below the maximum rating of
the FET. In fact, it is recommended to keep the steady state FET temperature below 125°C to allow margin to
handle transients.

* Maximum continuous current rating should be above the maximum load current and the pulsed drain current
must be greater than the current threshold of the circuit breaker. Most MOSFETSs that pass the first three
requirements will also pass these two.

* A Vgs rating of +16 V is required, because the TPS2477x can pull up the gate as high as 15.5 V above
source.

For this design the CSD16415Q5B was selected for its low Rpgoy and superior SOA. After selecting the
MOSFET, the maximum steady state case temperature can be computed as follows:

T _T R 2 Rpson (TJ)
cMax = Tamax +Reca XlLoapMax X ———%

n (19)
In the equation above n is the number of FETs used in parallel. For this example 4 FETS are used in parallel to
prevent over- heating and improve efficiency. Note that the Rpgon IS @ strong function of junction temperature,
which for most MOSFETS will be very close to the case temperature. A few iterations of the above equations
may be necessary to converge on the final Rpsony and T wax value. According to the CSD16415Q5B datasheet,
its Rpson iS about 1.3x greater at 100°C compared to room temperature . The equation below uses this Rpgon
value to compute the T¢ yax. Note that the computed T¢ wax iS close to the junction temperature assumed for
Rpson- Thus no further iterations are necessary. For this example an Rgcp of 50°C/W was used since there are 4
FETs close together and it's expected that they will heat each other up. It's highly recommended to test the
board at full load and double check the thermals with the calculations.

_Eroc . 500C 2 (1.3><1mQ%: .
Temax = 55°C +50°C4) x (100A) (2 =956C o0

10.2.3.4 Select Power Limit

In general, a lower power limit setting is preferred to reduce the stress on the MOSFET. However, at low power
limit levels both the Vgys and Viyon become very low, which results in more error caused by offsets. It is
recommended to keep Vgyg above 1.5mV and V,,on above 27mV to ensure reasonable accuracy of the power
limit engine. Based on these requirements the minimum power limit can be computed as shown below.

ViNMAX Vimonmin X Rser
PLmvmin = R’ xMIN| Vgns mins :

SNS Rimon
__ BV MIN[15my 2 MYx73.20Q) oy
0.1667 mQ 2.67 kQ (21)

In most applications the power limit can be set to P N USINg the equation below. Here Rgys and Rpyr are in
Qs and Py is in Watts.

84375xRger 84375x73.2 Q 1186 KO

ReLy = -
PLM ™ Rons *Rivon ¥ Py~ 0.1.667 mQ x 2.67 kQx117 W 22)

The closest available resistor should be selected. In this case it is a 118 kQ.
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10.2.3.5 Set Fault Timer

The inrush timer runs when the Hot Swap is in power limit or current limit, which is the case during start-up. Thus
the timer has to be sized large enough to prevent a time-out during start-up. If the part starts directly into current

limit (I,m X Vps < P m) the maximum start time can be computed with the equation below:
) _ Cout x Vinmax

start,max — |—
LIM,CL (23)

For most designs (including this example) Iy c. X Vps > Pm so the Hot Swap will start in power limit and
transition into current limit. In that case the maximum start time can be computed as follows:

_Cour | Vikmax _ Puw |_5500uF [(13V)° 117 W
startmax = o, 2 1M7W (110 A)?

t =4.0 ms

2
Pom  KimcL (24)
Note that the above start-time is based on typical current limit and power limit values. To ensure that the timer
never times out during start-up it is recommended to set the fault time (TINR) to be 1.5X tsit max OF 6 ms. This will
account for the variation in power limit, timer current, and timer capacitance.

Next the designer should decide if having equal TINR and TFLT is acceptable. Note that to pass the load
transient the fault timer needs to be longer than 200 ms. If the inrush time is this long, it will place too much
stress on the MOSFET during a start into short. For this reason, it's ideal to have two separate timers. To ensure
proper start up and to pass the load transient a target inrush time (T\nr1et) Of 6 ms and a target fault time
(TeLt ToT) Of 250ms is used. Cing cic and Cg 1 c is computed as follows:

Crircle = 7-59 WF /sxTg r1gr = 7.59 pF / $x 250 ms = 1898 nF (26)

The next largest available C,\ is chosen as 47 nF and the next largest available Cg, 1 is chosen as 2.2uF

Next, the actual T,yg and Tg 1 can be computed as shown below: Once the Cyyg is chosen the actual
programmed time out can be computed as follows.

C|NR _ 47 nF

T = = =6.2 ms
™R ™ 759 uF/s 7.59 uF/s @7)

Top——onr __228F 594 g
759 uF/s 7.59 uF/s (28)

10.2.3.6 Check MOSFET SOA

Once the power limit and fault timer are chosen, it's critical to check that the FET will stay within its SOA during
all test conditions. For this design example the TPS24772 is used, which does not retry during a hot-short. Thus
the worst condition is a start-up into a short circuit. In this case the TPS24772 will start into a power limit and
regulate at that point for 6.2 ms (T,yg)- Based on the SOA of the CSD16415Q5B, it can handle 13 V, 15 A for 10
ms and it can handle 13 V, 100 A for 1 ms. The SOA for 6.2 ms can be extrapolated by approximating SOA vs
time as a power function as shown below:

lsoa (t)=axt"
|n[1OOAJ
_ In(iso (t1)/1soa (t2 )): 15A ) _ 82

In(t;/ty) In(1msj

10 ms

| t
a= SOAm( 1) = 100_/282 =100 A><(m3)0'82
t (1 ms) ’
lsoa (6.2 ms)=100 A x(ms)’®% x(6.2 ms) %82 = 22.4 A (29)
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Note that the SOA of a MOSFET is specified at a case temperature of 25°C, while the case temperature can be
hotter during a start into a short. It is important to understand the hottest temperature that a MOSFET can be
during a start-up (Tc max, sTarT)- If @ board has been off for a while and then it's turned on Ta, MAX is a good
estimate for Tc wax, starT- HOWever, if a board is on and then gets power cycled or a hot board is unplugged and
plugged back in Tc yax should be used for T¢maxstarT- This will depend on system requwements For this
design example it's assumed that the board can only be plugged in cold and Tauax iS used to estimate

TC,MAX START:

lsoa (6:2 ms, Tepax starT )= lson (6:2 ms,25°C)x

T o o
Ty nesmax — Tamax _ 924 Ax 150°C - 55°C 17 A
TJ ABSMAx — 25°C 150°C - 25°C (30)

Based on this calculation the MOSFET can handle 17 A, 13 V for 6.2 ms at 55°C elevated case temperature, but
is only required to handle 9A during a start into short. Thus there is good margin and this will be a robust design.
In general, it is recommended that the MOSFET can handle 1.3x more than what is required during a hot-short.
This provides margin to cover the variance of the power limit and fault time.

10.2.3.7 Choose Under Voltage and Over Voltage Settings

The TPS2477x has comparators with 1.35V threshold on the ENHS, ENOR, and OV pins. A resistor divider can
be used to set Undervoltage and Overvoltage thresholds for the bus. For this design example 10V and 14V were
chosen as the limits to allow some margin for the 11V to 13V input bus. Once these limits are known, Ry, and
Rpys can be computed using the equations below. Rpy, was set to 49.9 kQ, which keeps the power
consumption reasonable low without being too susceptible to leakage currents.

Row:x1.35V  49.9 kQx1.35 V

Rpiv23 =Rowvz +Rpvs = Y =7.79 kQ
u

v-135V  10V-135V (31)

R +R x1.35V (499 kQ+7.79 kQ)x1.35V
( DIV1 DIV2,3) _ ( )X 556 kO

RDIV3 =

Choose closest available resistors standard 1% resistors: Rpy, = 2.21 kQ and Rpy3 = 5.62 kQ. The actual Under
Voltage and Over Voltage settings can be computed for the chosen resistors as follows:

VUV act = 1.35V x RD|V1 +RD|V2 +RD|V3 —1.35Vx 2.21kQ+5.62 kQ+49.9 kQ —9.95V
- Rpiv2 +Roivs 2.21kQ+5.62 kQ (34)
R R R . . .
Voy aq =1.35 Vx oivi * Rowv2 +Rpivs :1.35V><221 kQ+5.62 kQ+499kQ=13.87V
- Rpwa 5.62 kQ (35)

10.2.3.8 Selecting C; and Cqoyt

It is recommended to add ceramic bypass capacitors to help stabilize the voltages on the input and output. Since
Cin Will be charged directly on hot-plug, its value should be kept small. 0.1uF is a good target. Since Coyr
doesn'’t get charged during hot-plug, a larger value such as 1 pF could be used.

10.2.3.9 Adding Cenus

When the ENHS pin is pulled below its threshold and raised back up the IC will reset. Note that during a hot
short the input voltage can easily droop below the UV threshold and cycle the ENHS pin. For the TPS24770 and
TPS24771 ICs this will not change the behavior. However, when using the TPS24772 the cycling of the ENHS
will result in the IC attempting to restart, which is undesired (this is the main reason why someone would use the
TPS24772). To avoid this behavior a capacitor should be added to the ENHS to provide filtering. 33 nF was
chosen for this example.
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10.2.3.10 Selecting D1 and D2

During hot plug and hot short events there could be significant transients on the input and output of the Hot
Swap that could cause operation outside of the IC specifications. To ensure reliable operation a TVS on the input
and a Schottkey diode on the output are recommended. In this example a SMDJ14A and MBRS330T3G are
used.

10.2.3.11 Checking Stability

For most applications, the TPS2477x is stable without any additional components. However in some cases
additional Cgs gxt is required as shown in the following figure to help stabilize the current and power limit loop.
Typically this is for low current limits and low sense voltages. It is easy to check whether these extra components
are needed using the equations below. Note that the transconductance (also referred to as gm and gfs) of the
FET will vary based on the current and thus gm' is used in the equations as a normalizing parameter. The
CSD16415Q5B has a gm of 168 siemens at 40A of Ips, resulting in gm' of 26.56. For this example, Cgs min (PEr
FET) was computed to be 0.25nF, while the C,gg of the CSD16415Q5B is 3.15nF providing plenty of margin for
the design. In general it is recommended to have a 2x margin from the typical Ciss and Cggmn t0 account for
any variation that the FET would have. If the C,g5 of the MOSFET isn't large enough an external RC should be
added as shown in the figure below.

1.5
R
Casmin =6.54 x10712 x gm'X{RlMON ] . VRsns

RSET \/H (36)
. |
Om :M:@zzaﬂg
bs /40 37)
15
Casin = 6.54x10712 x 26.56 x (2'67") (NO1667m _ s o5nE
‘ 73.2 J4 38)
g |
i!l
pr— CGS,EXT
Rue
1kQ
HGATE

Figure 20. Adding Cgsext to Ensure Stability

10.2.3.12 Compute Tolerances

After finishing a design it is often desired to know the variations of each setting. Often times there are multiple
error sources and there are two common ways to analyze the circuit. One is worst case, which adds all of the
error sources and the other one is root sum square (RSS), which is less conservative. When error sources are
independent, using the RSS method provides a more statistically accurate view of the tolerances. This method is
used in this section. Note that the error calculations are quite long and tedious and it's recommended to use TI's
excel tools, which support both worst case and RSS analysis. For this example the below tolerances are
assumed. The following table lists the assumptions for the component tolerances. Note that the sense resistor
itself is 1% accurate, but multiple two terminal 2512 resistors are used so additional error is introduced from
solder resistance and layout limitations of paralleling resistors. For this example 3% is assumed as the total error
of the sensing network.
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Table 2. Component Tolerances

COMPONENTS TOLERANCE
Rimon and Rset 1%
Rsns(Including Layout + Soldering) 3%
Rpivi: Roiva, Rova: ReLim: Rest 1%
Cinrs CrLT 10%

First, the tolerance of the current monitoring and current limit is computed.

There are 5 error sourcing contributing to the current monitoring accuracy on the IMON pin: tolerance of Rget
(ERsgT), tolerance of Ryon (ERmon), tolerance of Rgys (Ersns), the IC gain error (ERgan), and the IC offset
error (ERps). All of these errors are in % with the exception of the offset error. To get a percent error due to the
offset error (ERpsy,) Simply divide the offset by the sense voltage. For the TPS2477x, ERgan 1S 0.4%, and ERgg
is 150 pV.

Based on these values the full scale (Ies grr imon) CUrrent monitoring accuracy at the Imon pin can be computed
with the following equations.

2
2 2 2 2 ER
les ERR IMON = \/(ERSET ) +(ERsns ) + (ERmon ) + (ERgan ) + (¢]
Rsns *ILim

= \/1 %2 +3%2 +1%2 +0.4%2 + (150 pV /18.34 mV Y’ =3.4% (39)
Note that the TPS2477x detects the current limit when the IMON pin exceeds 675 mV. Thus the current limit
error Iy er IS @ combination of the lgs grr mon @Nd the current limit error at the lyon PN (Ium errimon)- The 675
mV threshold varies up to 15 mV so Iy errmon 1S 2.3% and the current limit error can be computed as follows:

lLimERR = \/(IFS,ERR,IMON)Z + (ILIM,ERR,IMON)2 =V3.4%° +2.3%° =4.1% (40)

Next the power limit error is computed. This error is made up of three sources: the error from external
components (ERcopp), the error when translating the sense voltage to IMON (Ip| grr, mon), @nd the error of the
power limit engine at IMON (ERyonpL). Both ERgys and ERyon. pL @re a function of the operating point of the
power limit engine. Note that this error is greatest at largest Vps, since Vgys p is smallest (refer to Figure 12).
For this example Vpg is largest when V| = 13 V (maximum V) and Vgoyr = 0 V and the error is computed at this
operating point. The sense voltage (Vsys) and the voltage at the IMON pin (Viyon) Should be computed for this
operating point using the equations below:

_ PL|M XRSNS _ 117 W x0.1667 mQ _

Vsns = = 1.5 mV
Vps 13V (1)
V||\/|QN _ VSNS XRIMON _ 1.5 mV x2670 Q —54.7 mV
RseT 73.2Q (42)
The Ip_ err,mon CaN be computed similarly to Igs gerr imon USING the equation below.
ERye | 150 pv )2
2 oS 2
lbLErRRIMON = 1| (ERGAIN +( J = \/(0-4%) +[ j =10%
VSNS 1.5 mV (43)

The tolerance of the power limit engine is specified at three V yon points in the datasheet: 135 mV (£20.3 mV),
67.5 mV (£10.1 mV), and 27 mV (£8.1 mV). To get the % error at the real operating point, the absolute error
should be extrapolated and divided by V,yon @s shown in the equation below. This is graphically depicted in
Figure 23.
10.1 mV-8.1mV
8.1mV +(54.7 mV - 27 mV)xiﬁr5 W27V _ 17 30,
54.7 mV ' (44)

ERRmonpL =
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Figure 21. Extrapolating Power Limit Error

Once ER\yonpL @nd lp_grrimon are known the total power limit error (PLgrr1o1) Can be computed using the
equation below. The component error (3.5%) comes from Rgys (3%), Rpym (1%), Rset (1%), and Ryyon (1%).

Plerr 10T = \/ (ERRIMON,PL )2 + (IPL,ERR,IMON )2 + (ERRCOMP )2

= JA7.3%) + (10% ) +(3.5% ) =20.3%

(45)

After computing the fast trip voltage threshold to be 24.9 mV (100 pA x 249 Q), the fast trip threshold error
resulting from the IC (FSTgrr |c) can be computed using a similar extrapolation method as used for power limit.
The component error of Rgys and Rest should be added to obtain the total fast trip error (FSTgrg 1o1). BOth
equations are shown below.
2mV+ (249 mV-20 mV)x&)mvﬁ

mvV-20 mV_ _ 8.8%

FST, =
ERRIC 24.9 mV (46)

FSTerrror = (8:8% ) + (1% + (3% =9.4% -

The IC error of the UV / OV threshold is always 3.7% (0.05 V / 1.35 V). Assuming that all resistors have a 1%
error the component error is 1.41% (2 resistors). When using the RSS method the total error is 4%. For the timer
error, the IC contributes 22% and 10% comes from the component. When using the RSS method the total error
becomes 24.2%.

The table below summarizes the final tolerances of the design:

Table 3. Design Tolerances

SETTINGS ACCURACY
Current Limit 4.1%
Fast Trip 9.4%
Power Limit 20.3%
TFLT, TINR 24.2%
uv/ov 4.0%
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10.2.4 Application Curves

v v 4

Figure 22. Start up (Coyt=5500uF)
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Figure 24. Start Up with Output Shorted to GND
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Figure 25. Load Step 100A to 120A
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Figure 26. Hot Short on Output with Full Load
(zoomed out)
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Figure 27. Hot Short on Output with Full Load
(zoomed in)
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Figure 28. Hot Short on Output with No Load (zoomed out) Figure 29. Hot Short on Output with No Load (zoomed in)
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10.2.5 240 VA Application Using CSD16415Q5B

The diagram below shows the application schematic for this design example. See the TPS24770 Design
Calculator to help with these calculations.

0.5 mQ CSD16415
V|N RSNS VOUT
| I W1l 1 >
D1 l c1 Crst Cour D2
SMDJ14 0.1pF RET 2 Resre & 240F Rie L
“H"1100Q] 2000 4 100 W MBRS330T3G

—
VDD SET  FSTP SENM HGATEOUT—I—

H

RDIV1

PGHS —»
Reow

121kQ ENHS FLTb [—>

TPS2477x

IMONBUF —> 1K §
ov

PLIM IMON  GND TINR TFLT

CDVDT
ReLim Rimon Cinr l CFLTL 100nE =
4.99kQ
3.48kQ 1nF i 2.2uF$
N

Figure 30. Application Schematic for 240VA Design with CSD16415Q5B

CENHS

33nF | 5.62kQ

10.2.5.1 Design Requirements

The following table summarizes the requirements for this design. Note that the output power cannot exceed
240W for more than 250 ms.
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Table 4. Design Requirements for a 240 VA Design using CSD16415Q5B

DESIGN PARAMETER EXAMPLE VALUE
Input voltage range 10.8 V -13.2V
Output Power Limit (VA limiting) 240 W
Maximum Output Capacitance of the Hot Swap 2500 uF
Maximum Ambient Temperature 55°C
MOSFET Rgca (function of layout) 35°C/wW
Transient load requirement? POUT is allowed to surpass 240W for <250 ms
Pass “Hot-Short” on Output? Yes
Pass a “Start into short™? Yes
Is the load off until PG asserted? Yes
IC used TPS24772
Analog Current Monitor Used No
MOSFET CSD16415Q5B
Can a Hot Board be plugged in or Power Cycled? Yes

10.2.5.2 Theory of Operations

Before going into the details of the design it's important to understand the impact that Rpoy has on the circuit.

Refer to Figure 31 for this discussion.

' A ' >
Rsns
-
g .
x l IseT
SENM
SET
[1e]
115]

Rpow
NV

|Powl

Figure 31. Impact of Rpgy Resistor

Note that the TPS2477x detects overcurrent conditions when Vyon reaches 675mV, which occurs when there is
sufficient current (ion) flowing through Ryyon. Also note that iyon is @ sum of isgr and ipow. If iimon,cLs IseT cLs
and ipow . correspond to these same current when Vyoy reaches 675mV and TPS2477x detects current limit,

the following equations can be written.

. 675 mV . .
imoncL = R simon,cL =IseTcL T Pow,cL
IMON (48)
. 675 mV Vi -675 mV
IseTCL = R - R
IMON POW (49)
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Also note that the amplifier ensures that SET and SENM are equal and thus I, can be derived as follows:

. 675 mV . .
imoncL = R—’llMON,CL =IseT,cL T lPow,CL
IMON (50)
s = feer oL Rser _ Rser X[675mv . 675mvj_ Viy¥RseT
™ Rsns Rsns \ Rmon Reow ) Resns*Rpow 1)

Examining the equation above, it can be seen that Iy reduces as V,y becomes larger. Note that the ultimate

goal is to limit output power. However, when the FET is on, V,y is very close to Voyt and they can be assumed to
be equal.

The figure below compares the ideal I,y VS Vout (Ium =240 W / Vo) profile to that of the Rpoy implementation
shown here. The error is large when the output voltage is far from 12V, but the performance is quite good near
12V. The next figure shows the effective output power limit for output voltages from 10 V to 14 V. It can be seen

that the results are quite good and much better than using a simple 20A current limit, without the Rpgyy resistor to
compensate for Vy variation.

50 Ideal 300 —— VA Limiting with TPS2477x

Linear VA Limiting Regular 20 A ILIM
20 280

HIRNAN

S
< R
= \ 5
3 € 240
= 2
£ 20 N £
3 N 3 220
\ g
10 200
0 180
0 5 10 15 20 25 10 11 12 13 14
Output Voltage (V) cozt Output Voltage (V) co22
Figure 32. Current Limit (with Rpow) vs Output Voltage Figure 33. Output Power Limiting using Rpow Vs Standard

ILIM

10.2.5.3 Design Procedure

10.2.5.3.1 Select VgyscLs Rsns, and Rser Setting

For this example, Vsys oL Of 10 mV was selected to optimize efficiency. Then Rsys can be computed to 0.5mQ.
There is some flexibility in picking the Rser value. In this case targeting 100 pA for lsgr o, Rser is computed to
be 100 Q as shown in the following equation.

Vsnscl 10 mV
iserc. 100 pA

(52)
10.2.5.3.1.1 Select Rpgyw and Ryyon

Rpow controls the slope of the I,y vs V|y curve and thus the ideal slope should be found first before selecting
Rpow- This can be done by taking the derivative of the ideal current limit (I.;y peal) VS Viy curve and evaluating it
at 12V. This is found to be —1.667 A/V as shown in the equations below. Next the derivative of equation 51 is
taken to isolate the terms that influence the slope of I,y vs V|5 curve. Since Rger and Rgyg have already been

selected, Rpow remains the only parameter that can be varied. Thus, Rpgyw iS computed using the last equation
below.

dljmipEAL (VIN -12 V)= M =-1 _667%

dv, 2
IN (12V) (53)
diym _ Reer
dVin - Rsns XRpow (54)
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—Rser -100 Q
R 0.5m Q
Reow,cLc = SNS == 6217/*/ =120 kQ
LIM,IDEAL (VIN =12 V) . Vv
dVin (55)

The closest available standard resistor is chosen for Rpgy, Which is 121kQ.

Next Rvon Should be chosen to ensure that the output power limit is 240 W at 12 V, which is the typical
operating point. Ryyon is computed to be 3.49kQ and the closest available standard resistor of 3.48 kQ is chosen.

12V -0.675V

hmoncL =lseTct +ipow oL =100 pA+———-= ———=193.6 uA (56)
Ruon = MoneL _ 675 MY _ 5 g
imoncL  193.6 pA 57)

10.2.5.3.1.2 Selecting the Hot Swap FET(s)

It is critical to select the correct MOSFET for a Hot Swap design. The device must meet the following
requirements:

» The Vpg rating should be sufficient to handle the maximum system voltage along with any ringing caused by
transients. For most 12V systems a 25 V or 30V FET is a good choice.

e The SOA of the FET should be sufficient to handle all usage cases: start-up, hot-short, start into short.

*  Rpson should be sufficiently low to maintain the junction and case temperature below the maximum rating of
the FET. In fact, it is recommended to keep the steady state FET temperature below 125°C to allow margin to
handle transients.

* Maximum continuous current rating should be above the maximum load current and the pulsed drain current
must be greater than the current threshold of the circuit breaker. Most MOSFETSs that pass the first three
requirements will also pass these two.

* A Vgs rating of +16 V is required, because the TPS2477x can pull up the gate as high as 15.5 V above
source.

For this design the CSD16415Q5B was selected for its low Rpgoy and superior SOA. After selecting the
MOSFET, the maximum steady state case temperature can be computed as follows:

T _T R 2 Rpson (TJ)
cmax = Tamax +Reca X ILoabmax X—n2

(58)
In the equation above n is the number of FETs used in parallel. Note that the Rpgon iS @ strong function of
junction temperature, which for most MOSFETS will be very close to the case temperature. A few iterations of
the above equations may be necessary to converge on the final Rpsony and T umax Value. According to the
CSD16415Q5B datasheet, its Rpgon IS about 1.2 x greater at 75°C compared to room temperature. . The
equation below uses this Rpsony Value to compute the Tcyax. Note that the computed Tc yax iS close to the
junction temperature assumed for Rpgon. Thus no further iterations are necessary.

Tomax = 55°C+35°%X(20A)2 x(1.2x1mQ)=72°C o)

10.2.5.3.1.3 Keeping MOSFET within SOA During Normal Start-up

Next, the designer must ensure that the MOSFET will stay within SOA during start-up and a start-up into short.
Note that the TPS24772 (fast latch off) is used for this design so the MOSFET stress during a hot short is
minimal.

Since Rpoy biases the lyon pin, it interferes with FET power limiting and it's recommended to disable FET power
limiting it by selecting a 4.99kQ resistor for Rpow-
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The inrush current can be limited by adding a capacitor from HGATE to GND (Cpypt) as shown in the application
diagram. This capacitor limits the slew rate of HGATE at start-up, which will in turn limit the slew rate of Vgyr.
Assuming that the load is off until PGHS is asserted, all of the inrush current would be going into Cqyr and be
inversely proportional to the slew rate of V7. Refer to the application plots for a start-up waveform. In addition,
a 1kQ resistor is placed in series with Cpypt to ensure that Cpypt doesn’t slow down the short circuit response of
the Hot Swap.

For this example, a 100 nF capacitor was used for Cpypt. This results in an inrush current (Iyg) of 1.375A, total
inrush time (tygr) of 24.5, and peak FET power dissipation (Prgr peak) Of 18.7W as shown in equations below.
This assumes maximum input voltage of 13.2 V

_ heate XCour _ 55 WA x2500 pF

Ing =1.375 A
Covor 100 nF (60)

t :VIN,MAXXCDVDT :13.2VX100 nF:245mS

INR liGaTE 55 pA ' (61)

Next, it's importation to check that the MOSFET can handle this stress level. Note that the power dissipation of
the MOSFET will start at Pjngmax and will reduce to zero as the Vpg drop across the MOSFET reduces. The
effective stress on the MOSFET can be approximated to be P\yr max for ting/2, which is the equivalent amount of
energy. For this example, the FET stress is 18.7W for 12.3 ms. Looking at the SOA curve of the CSD16415Q5B,
at Vpg of 13.2 V it can handle ~15A for 10ms or ~4A for 100ms. Using the same method as the previous design
example, it can be computed that the MOSFET can handle 13.4A for 12.3 ms when Vpg=13.2 V.

The SOA of a MOSFET is specified at a case temperature of 25°C, while the real case temperature can be
hotter during a start into a short. It is important to understand the hottest temperature that a MOSFET can be
during a start-up (T¢, wax, starT)- If @ board has been off for a while and then it's turned on, T, uax iS @ good
estimate for Tc max, starT:- HOWever, if a board is on and then gets power cycled or gets unplugged and plugged
back in, Tcmax should be used for Tcuaxstart. This will depend on system requirements. For this design
example, it is assumed that a hot board can be power cycled or hot plugged and thus T¢ uax is used to estimate

Tc MAX,START-

T -7
lsoa (12.3 Ms, Topax sarT )=lsoa (12.3 ms, 25°C )x —ASSMAX__CMAXSTART
o Ty aBsmax —25°C

=134 AXM=8.4 A
150°C - 25°C (63)
Based on this calculation the MOSFET can handle 8.4 A, 13.2 V for 12.3 ms at 72°C elevated case temperature,
but is only required to handle 1.375 A. Thus there is good margin and this will be a robust design. In general a
1.3x margin is recommended to cover for variations.

Next, the start into short case is considered. Since the MOSFET power limit is disabled, the current through the
MOSFET will reach 20A before the part starts to regulate and runs the inrush timer. In order to minimize FET
stress, a short inrush timer is chosen (1nF of C\g). Unfortunately, when a very short timer is used and there is a
dv/dt capacitor, the FET stress cannot be simply estimated by T,yg. In the following figure, it is clear that the FET
has both voltage and significant current across it for longer than just T,yg. This occurs because TINR is only
activated when 1IN reaches the current limit threshold, which doesn’t happen immediately due to the slow dv/dt
on the gate and the limited transconductance of the FET.

The current is not a square pulse, which makes it hard to compare the FET stress to the SOA curves. Thus the
stress shown in the following figure needs to be converted to an equivalent square pulse. For this example, the
equivalent pulse was assumed to be 20 A for 1ms. The MOSFET can handle 100A, 13.2 V for 1ms, which can
be derated to 62 A when accounting for elevated case temperature. This provides plenty of margin and ensures
a robust design.

Copyright © 2015, Texas Instruments Incorporated Submit Documentation Feedback 31
Product Folder Links: TPS24772 TPS24771 TPS24770


http://www.ti.com/product/tps24772?qgpn=tps24772
http://www.ti.com/product/tps24771?qgpn=tps24771
http://www.ti.com/product/tps24770?qgpn=tps24770
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVSCZ3&partnum=TPS24770
http://www.ti.com/product/tps24772?qgpn=tps24772
http://www.ti.com/product/tps24771?qgpn=tps24771
http://www.ti.com/product/tps24770?qgpn=tps24770

TPS24772 I} TEXAS

TPS24771 INSTRUMENTS
TPS24770
SLVSCZ3 -MARCH 2015 www.ti.com

Ty nsmax — Temax START
ISOA (1 ms, 720C)X . . -

Isoa (1 MS, Tomax sTART )= S
( Y ) T ABsmax —25°C

=100 AXM =62 A
150°C - 25°C (64)
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Figure 34. Start-up Into Short

10.2.5.3.1.4 Choose Fault Timer
To pass the load transient, a target fault time (Tg 1 7o) Of 250ms is used. Cg 1 ¢\ c iS computed as follows:

CFLT,CLC = 759 HF / S X TFLT,TGT = 759 H,F / S X 250 ms = 1898 nF (65)
The next largest available Cg, 1 is chosen as 2.2uF, which results in a TFLT of 290ms as shown below.
759 uF/s 7.59 uF/s (66)

10.2.5.3.1.5 Choose Under Voltage and Over Voltage Settings

For this design example 10V and 14V were chosen as the limits to allow some margin for the 10.8V to 13.2V
input bus. These are identical to the previous design example. See Choose Under Voltage and Over Voltage
Settings section for programming these thresholds.

10.2.5.3.1.6 Selecting Cy and Cqoyr

It is recommended to add ceramic bypass capacitors to help stabilize the voltages on the input and output. Since
Cin will be charged directly on hot-plug, it's value should be kept small. 0.1uF is a good target. Since Cgyt
doesn’t get charged during hot-plug, a larger value such as 1 pF could be used.

10.2.5.3.1.7 Selecting D1 and D2

During hot plug and hot short events there could be significant transients on the input and output of the Hot
Swap that could cause operation outside of the IC specifications. To ensure reliable operation a TVS on the input
and a Schottkey diode on the output are recommended. In this example a SMDJ14A and MBRS330T3G are
used.
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10.2.5.3.1.8 Adding Cgnus

When the ENHS pulled below its threshold and raised back up the IC will reset. Note that during a hot short the
input voltage can easily droop below the UV threshold and cycle the ENHS pin. For the TPS24770 and
TPS24771 ICs this will not change the behavior. However, when using the TPS24772 the cycling of the ENHS
will result in the IC attempting to restart, which is undesired (this is the main reason why someone would use the
TPS24772). To avoid this behavior a capacitor should be added to the ENHS to provide filtering. 33 nF was
chosen for this example.

10.2.5.3.1.9 Stability Considerations

Since there is a 100nF Cpypr attached to HGATE, this significantly increases the effective capacitance of
HGATE and guarantees stability for this application.

10.2.5.4 Application Curves
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Figure 35. No Load then Hot Short (Zoomed Out) Figure 36. Full Load then Hot Short (Zoomed In)
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Figure 37. Overcurrent Figure 38. Start Up into Short
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I [

c4 j c4 /
Measure F1:mean(C1) P2mean(C2) F3:mean(C3) P4 F&--- F6- Measure F1:mean(C1) P2mean(C2) P3mean(C3) P4--- P&--- F6-
value 10,806 v 8965V 18170V value 10798V 8955V 16153V
status v v v status v v v

LeCroy 3ml1n111-1444 AM y 37412015 11:19:13 AM -
Figure 39. Start up (Coyt = 2500 pF) Figure 40. Start up showing PGHS and FLTb (Coyt = 2500
F)
Measure P1:mean(C1) PZmeaniCZ P3meaniCH P4 P&- P&---
value 7863V 40980 228V
status v v v
LeCroy
Figure 41. Under Voltage and Over Voltage with V| Rising
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10.2.6 240 VA Application Using CSD17573Q5B

This design example has identical requirements to the previous one, but the CSD17573Q5B is used instead of
the CSD16415Q5B. The CSD17573Q5B is cheaper and offers better Rpgon, but its SOA is not as good. Thus it
was necessary to add Q, and Rge1, to reduce the stress during a start up into a short circuit. Given that Q, is a
small signal PFET that is cheap, the overall BOM cost of this solution should be cheaper than the previous one.
See the TPS24770 Design Calculator to help with these calculations.

100 kQ
05mQ  csD17573
1
VN Rsns Vour
' * * AMN— * —1 >
1 Q 2 Cour l
Dl Cl RSET C D2
FST
SMDJ14 io-luF Reers 1000 Rpswé 2.4nF Ruc 1pF l MBRS330T3G
250 2000 T ' 10Q
SET FSTP SENM HGATE guTH
Rowv1 VDD
R 49.9kQ PGHS —>
POW
121kQ ENHS FLTb [—>
R TPS2477x
DIV2
ov
Rows & Cenns PLIM IMON  GND TINR TFLT
l l Covor
5.62kQ| 33 nF Reum Ruvon Cinr Crar 100nF =
4.99kQ 1nF 2 2|,lF
3.48kQ ’
A4
Figure 42. 240 VA Design Using CSD17573Q5B
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10.2.6.1 Design Requirements
The following table summarizes the requirements for this design.

Table 5. Design Requirements for the 240 VA Design Using CSD17573Q5B

DESIGN PARAMETER EXAMPLE VALUE
Input voltage range 108V -13.2V
Output Power Limit (VA limiting) 240 W
Maximum Output Capacitance of the Hot Swap 2500 pF
Maximum Ambient Temperature 55°C
MOSFET Rgca (function of layout) 35°C/W
Transient load requirement? POUT is allowed to surpass 240W for <250 ms
Pass “Hot-Short” on Output? Yes
Pass a “Start into short"? Yes
Is the load off until PG is asserted? Yes
IC used TPS24772
Analog Current Monitor Used No
MOSFET CSD17573Q5B
Can a Hot Board be plugged in or Power Cycled? Yes

10.2.6.1.1 Choosing C4, Couts Ceit: Cennis: D1y D2, Rsety Rpows Rivons Rsns: Covors Reuv, @and UV/OV Thresholds

These components and settings are chosen in the same fashion as the previous design example. See 240 VA
Application Using CSD16415Q5B.

10.2.6.1.2 Selecting the Hot Swap FET(s)

It is critical to select the correct MOSFET for a Hot Swap design. The device must meet the following
requirements:

» The Vpg rating should be sufficient to handle the maximum system voltage along with any ringing caused by
transients. For most 12V systems a 25 V or 30V FET is a good choice.

» The SOA of the FET should be sufficient to handle all usage cases: start-up, hot-short, start into short.

*  Rpson should be sufficiently low to maintain the junction and case temperature below the maximum rating of
the FET. In fact, it is recommended to keep the steady state FET temperature below 125°C to allow margin to
handle transients.

 Maximum continuous current rating should be above the maximum load current and the pulsed drain current
must be greater than the current threshold of the circuit breaker. Most MOSFETSs that pass the first three
requirements will also pass these two.

* A Vgs rating of +16 V is required, because the TPS2477x can pull up the gate as high as 15.5 V above
source.

For this design the CSD17573Q5B was selected for its low Rpgony and great cost point. After selecting the
MOSFET, the maximum steady state case temperature can be computed as follows:

T T R 2 Rpson (TJ)
cmax = Tamax +Reca X ILoabmAx X—n2

(67)
In the equation above n is the number of FETs used in parallel. Note that the Rpgon iS @ strong function of
junction temperature, which for most MOSFETS will be very close to the case temperature. A few iterations of
the above equations may be necessary to converge on the final Rpsony and T umax Value. According to the
CSD17573Q5B datasheet, its Rpgop is about 1.2 x greater at 65°C compared to room temperature. The equation
below uses this Rpson Value to compute the Tc yax. Note that the computed T¢ uwax is close to the junction
temperature assumed for Rpgon. Thus no further iterations are necessary.

Tomax =95°C + 35°% x(20 AY x(1.2x0.84 mQ)= 69°C -
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10.2.6.1.3 Keeping the MOSFET within SOA

As in the previous example, it is important to ensure that the MOSFET stays within its SOA during both regular
start-up and start-up into short.

First consider the regular start-up. The same Cpypt is used as the last example so the FET is required to handle
18.2W (or 1.38A and 13.2V) for 12.3 ms. Based on the SOA curve of the CSD17573Q55B, at Vpg of 13.2 V it
can handle 4.5 A for 10 ms or 2 A for 100 ms. Using the same method as the previous design example, it can be
inferred that the MOSFET can handle 4.2 A for 12.3 ms when Vpg=13.2 V.

The SOA of a MOSFET is specified at a case temperature of 25°C, while the case temperature can be hotter
during a start into a short. It is important to understand the hottest temperature that a MOSFET can be during a
start-up (Tc, max, starT)- If @ board has been off for a while and then it's turned on T, yax is @ good estimate for
Temax, starT. HOwever, if a board is on and then gets power cycled T¢ yax should be used for Te yax start- This
will depend on system requirements. For this design example, it's assumed that a hot board can be power cycled
or hot plugged and T¢ yax is used to estimate T¢ yax sTaRT-

o\, TABSMAX ~ ToMAX START
lsoa (12.3 Ms, To max sTarT )= lsoa (12:3 ms ,25°C )x —= = ok
JABSMAX ~

x M =27A
150°C - 25°C (69)
Based on this calculation the MOSFET can handle 2.7 A, 13.2 V for 12.3 ms at 69°C elevated case temperature,

but is only required to handle 1.38 A. Thus there is sufficient margin to make this a robust design. Again a 1.3x
margin is recommended to cover for variations.

=42A

Next, consider the start into short condition. Similar to the previous design the MOSFET would need to handle
20A and 13.2 V for ~1ms. Checking the SOA curve of the CSD17573Q5B, it can only handle 10A and 13.2 V for
1ms, so it's SOA is clearly not sufficient.

This is where Q, and Rger, come in. They serve to reduce the current limit during starting up (I start) While
the Vpg of the Hot Swap MOSFET is above V1 of Q, (1V to 2V). The ratio of I,y t0 Iy starT, denoted as Irxatio,
is a function of Rggr and Rser, as shown below. For this example a ratio of 0.2 (I starT=4A) Was targeted to
reduce MOSFET stress, keep the current limit above Iy, and ensure sufficient signal on Vgys to keep the error
reasonable. Once gatio IS chosen, Rgets is computed to be 25 Q as shown below.

lramio = lLimstaRT _ Rser //RseT)
lLim Rser (70)

I .
~IRATIO -y (71)

The start-up into short (with Rget, and Q) is shown in Figure 43 below. The equivalent power pulse is now 4A
for ~0.5ms. The MOSFET can handle 10A, 13.2 V for 1ms, which can be derated to 6.5 A when accounting for
elevated case temperature. Since the MOSFET is only required to handle 4A for 0.5ms there is plenty of margin
in the design.

Iso (1 ms 250(;)X Ty aBsmax — Temax.sTART
A ki

Isoa (1 Ms, Tomax sTART )= -
( T ) T ABsmax —25°C

150°C—69°C _ . . »

=10 Ax——— — =
150°C - 25°C (72)
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Figure 43. Start-up Into Short (with Rger and Q»)

10.2.6.2 Q2 Selection

There is a lot of flexibility when selecting Q,. Any PMOS with a £20V Vgg rating and 20V of Vpg rating is
sufficient. For this example IRLML5203PbF was used. Note that the 100k series resistor along with the C,gg of
Q2 (~500pF) for a filter with a 50 s time constant. This protects Q, in case there is high frequency ringing on V,y
that causes V|y — Vout to exceed 20V. This will usually happened during hot-plug or hot-short.

10.2.6.3 Application Curves

Utilities  Help

HGATE

Utilities  Help

LeCroy 342015 11:26:27 AM

Figure 44. Full Load then Hot Short (Zoomed Out)

T e
A 4
I \ JV
N
“
k‘
vour ca R R
o5 ol n
Lm
c c
Fy
Measure P1:mean(CT) PImean(C2) PImean(C3) Pd--- [ PB--- | Measure P1:mean(C1) PImean(C2) P3mean(C3) Pd--- [ PB--
value 11014 3433V 7524V value 12676 5623V 12561
status v v v status v v v

342015 11:28:45 AM

Figure 45. Full Load then Hot Short (Zoomed In)

38 Submit Documentation Feedback

Copyright © 2015, Texas Instruments Incorporated

Product Folder Links: TPS24772 TPS24771 TPS24770


http://www.ti.com/product/tps24772?qgpn=tps24772
http://www.ti.com/product/tps24771?qgpn=tps24771
http://www.ti.com/product/tps24770?qgpn=tps24770
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVSCZ3&partnum=TPS24770
http://www.ti.com/product/tps24772?qgpn=tps24772
http://www.ti.com/product/tps24771?qgpn=tps24771
http://www.ti.com/product/tps24770?qgpn=tps24770

I,

TEXAS
INSTRUMENTS

www.ti.com

TPS24772
TPS24771
TPS24770

SLVSCZ3 -MARCH 2015

Figure 46. Over Current
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Figure 47. Start Up Into Short

Figure 48. Start up (Coyt = 2500 pF)
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Figure 49. Start up showing PGHS and FLTb (Coyt = 2500
UF)
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status v
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Figure 50.
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11 Power Supply Recommendations

In general, operation is best when the input supply isn’'t noisy and doesn't have significant transients. For noisier
environments filtering on input, output, and fast trip should be adjusted to avoid nuisance trips.

12 Layout

12.1 Layout Guidelines

When doing the layout of the TPS2477x the following are considered best practice.

» Ensure proper Kelvin Sense of Rgys.

* Keep the filtering capacitor Crg1p as close to the IC as possible.

» Place a Shottky diode and a ceramic bypass capacitor close to the source of the Hot Swap MOSFET
» Do not connect VDD to the Kelvin Sense trace for SET and FSTP

* Note that special care must be taken when placing the bypass capacitor for the VDD pin. During Hot Shorts,
there is a very large dv/dt on input voltage during the MOSFET turn off. If the bypass capacitor is placed right
next to the pin and the trace from Rgyg to the pin is long, an LC filter is formed. As a result a large differential
voltage can develop between VDD and SENM if there is a large transient on Vin. This could result in a
violation of the abs max rating from VDD to SENM. To avoid this, place the bypass capacitor close to RSNS

instead of the VDD pin.
SENM

Trace x

inductance

v

Figure 51. Layout Don't

* When using parallel resistors the layout becomes even more critical. Due to PCB parasitics, the current
through each Rgyg may be different, which results in different sense voltages across the two resistors. It's
important to average these in order to get a proper current measurement. This can be accomplished by
forming a resistor divider with the traces. As long as Disl = Dis2, the final Vgyg Will be an average of the drop
across the two resistors.
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Layout Guidelines (continued)

Power Flow

+ Vsns -

Figure 52. Sense Layout with 2 Rgys
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12.2 Layout Example
Power Flow
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13 Device and Documentation Support

13.1 Related Links

The table below lists quick access links. Categories include technical documents, support and community
resources, tools and software, and quick access to sample or buy.

Table 6. Related Links

PARTS PRODUCT FOLDER | SAMPLE & BUY LSS o N
TPS24770 Click here Click here Click here Click here Click here
TPS24771 Click here Click here Click here Click here Click here
TPS24772 Click here Click here Click here Click here Click here

13.2 Trademarks
All trademarks are the property of their respective owners.

13.3 Electrostatic Discharge Caution

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

13.4 Glossary

SLYZ022 — TI Glossary.
This glossary lists and explains terms, acronyms, and definitions.

14 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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PACKAGE OPTION ADDENDUM

1-Apr-2015

PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
I Drawing Qty @ (6) (3) (4/5)
TPS24770RGER ACTIVE VQFN RGE 24 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 TPS R
& no ShiBr) 24770 L
TPS24770RGET ACTIVE VQFN RGE 24 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 TPS T
& no Sh/Br) 24770 Lt
TPS24771RGER ACTIVE VQFN RGE 24 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 TPS T
& no Sh/Br) 24771 P
TPS24771RGET ACTIVE VQFN RGE 24 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 TPS
& no Sb/Br) 24771 L
TPS24772RGER ACTIVE VQFN RGE 24 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 TPS E e
& no Sb/Br) 24772 L
TPS24772RGET ACTIVE VQFN RGE 24 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40to 125 TPS Eerore:
& no Sb/Br) 24772 L

@ 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.

@ Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sh/Br) - please check http://www.ti.com/productcontent for the latest availability
information and additional product content details.
TBD: The Pb-Free/Green conversion plan has not been defined.
Pb-Free (RoHS): TI's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements for all 6 substances, including the requirement that
lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, TI Pb-Free products are suitable for use in specified lead-free processes.

Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and package, or 2) lead-based die adhesive used between

the die and leadframe. The component is otherwise considered Pb-Free (RoHS compatible) as defined above.

Green (RoHS & no Sh/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight

in homogeneous material)

@ 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.
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http://www.ti.com/product/TPS24770?CMP=conv-poasamples#samplebuy
http://www.ti.com/product/TPS24771?CMP=conv-poasamples#samplebuy
http://www.ti.com/product/TPS24771?CMP=conv-poasamples#samplebuy
http://www.ti.com/product/TPS24772?CMP=conv-poasamples#samplebuy
http://www.ti.com/product/TPS24772?CMP=conv-poasamples#samplebuy
http://www.ti.com/productcontent
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© | ead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish
value exceeds the maximum column width.

Important Information and Disclaimer: The information provided on this page represents Tl'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.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
A |+ KO ’<—P14>1
Y R P T
go W
Reel ) l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
B0 | 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
‘f Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O 0778procket Holes
|
T
Q1 : Q2
H4-—-—
Q3 1 Q4 User Direction of Feed
[ 4
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)
TPS24770RGER VQFN RGE 24 3000 330.0 12.4 425 | 425 | 115 | 8.0 12.0 Q2
TPS24770RGET VQFN RGE 24 250 180.0 12.4 425 | 425 | 1.15 8.0 12.0 Q2
TPS24771RGER VQFN RGE 24 3000 330.0 12.4 425 | 425 | 1.15 8.0 12.0 Q2
TPS24771RGET VQFN RGE 24 250 180.0 12.4 425 | 425 | 1.15 8.0 12.0 Q2
TPS24772RGER VQFN RGE 24 3000 330.0 12.4 425 | 425 | 1.15 8.0 12.0 Q2
TPS24772RGET VQFN RGE 24 250 180.0 12.4 425 | 425 | 1.15 8.0 12.0 Q2
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INSTRUMENTS
www.ti.com 18-Mar-2015
TAPE AND REEL BOX DIMENSIONS
,/”?/
4
// S
/\g\ /)i\
. 7
- //' "\.\ 7
Tu e
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS24770RGER VQFN RGE 24 3000 367.0 367.0 35.0
TPS24770RGET VQFN RGE 24 250 210.0 185.0 35.0
TPS24771RGER VQFN RGE 24 3000 367.0 367.0 35.0
TPS24771RGET VQFN RGE 24 250 210.0 185.0 35.0
TPS24772RGER VQFN RGE 24 3000 367.0 367.0 35.0
TPS24772RGET VQFN RGE 24 250 210.0 185.0 35.0
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MECHANICAL DATA

RGE (S—PVQFN—N24)

PLASTIC QUAD FLATPACK NO—-LEAD

PIN 1 INDEX AREA —
TOP AND BOTTOM

1

,20 REF.

vy

SEATING PLANE

P
a1

0,00
—p 0,50 24y 0,50
w 1 1 ‘ . f 0,30
Jyygtduu_|
24 D 7 T
D THERM ‘L PAD C
D SIZE ANL SHAPE C
75 73}—{07WN ON SﬁPARATE gHF Ei
D) | -
19 ‘ 2
alalaliaNals
18 13 24y 8 fé)
0,10 @M[clalB
@ 0,05 @[C

4204104 /G 07 /11

NOTES:

Al linear dimensions are in millimeters. Dimensioning and tolerancing per ASME Y14.5M—-1994.

This drawing is subject to change without notice.

Quad Flatpack, No—Leads (QFN) package configuration.

The package thermal pad must be soldered to the board for thermal and mechanical performance.

See the additional figure in the Product Data Sheet for details regarding the exposed thermal pad features and dimensions.

Falls within JEDEC MO-220.

w3 TExas
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THERMAL PAD MECHANICAL DATA

RGE (S—PVQFN—N24)

PLASTIC QUAD FLATPACK NO—LEAD

THERMAL INFORMATION

This package incorporates an exposed thermal pad that is designed to be attached directly to an external
heatsink. The thermal pad must be soldered directly to the printed circuit board (PCB). After soldering, the

PCB can be used as a heatsink. In addition, through the use of thermal vias, the thermal pad can be attached
directly to the appropriate copper plane shown in the electrical schematic for the device, or alternatively, can be
attached to a special heatsink structure designed into the PCB. This design optimizes the heat transfer from the

integrated circuit (IC).

For information on the Quad Flatpack No—Lead (QFN) package and its advantages, refer to Application Report,
QFN/SON PCB Attachment, Texas Instruments Literature No. SLUA271. This document is available at www.ti.com.

The exposed thermal pad dimensions for this package are shown in the following illustration.

PIN 1 INDICATOR

(OPTIONAL)
1 6
Juujyuu
S a7
T ) ;/— Exposed Thermal Pad
D) (am
+
2,45%+0,10 = + I
l > (-
o 12
MO NN N M
18 13
< »— 2,4510,10
Bottom View
Exposed Thermal Pad Dimensions
4206344-3/AK 08/15
NOTES: A. All linear dimensions are in millimeters
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http://www.ti.com/lit/slua271

LAND PATTERN DATA

RGE (S—PVQFN—N24) PLASTIC QUAD FLATPACK NO—-LEAD

Example Stencil Design

: Example Board Layout 0.125 Thick Stencil
Pin 1 Vi
Keemeut I:rea (Note E)
0,72mm square U U U U U ZOXO 5 _>| |<—20XO,5
Note D [ = | 2408_’|:J‘U_UUD—93 —
ooo|lcd = ‘ —
(- (- —
NO OO SN T g o M
[D|0 O 0| e e A S =
D N 1 RO,115\ —4x1,0 I— -
g . N —]
NON000S: D000
e S N - 315 —
— 4,8 —— \“\ -~ 475 — |
/,' . (66% Printed Solder Coverage by Area)
/ \‘\\
/ .
,/ Non Solder Mask Defined Pad N Example Via Layout Design
/ . \\ Via qumlJt m:y vqryt deptending
T T . on layout constraints
,////‘ ... Example Solder Mask Opening N\ (Note D, F)

N\
(Note F) N
" 0,08 / ST 245 | —9x00,3
" RO14\- 08 \ W%_O o &

\ 1,5 o | 245
\i\ Pad Geometry + -f_
\ 0,07 _—f

e

(Note C)

\ Al Around / —1—I5 '— 0,75

-------- 4207991-2/U 05/15

NOTES:  A. All linear dimensions are in millimeters.

B. This drawing is subject to change without notice.

C. Publication IPC—7351 is recommended for alternate designs.

D. This package is designed to be soldered to a thermal pad on the board. Refer to Application Note, Quad Flat—Pack
Packages, Texas Instruments Literature No. SLUA271, and dlso the Product Data Sheets
for specific thermal information, via requirements, and recommended board layout. These documents are available at
www.ti.com <http: //www.ti.com>.

E. Laser cutting apertures with trapezoidal walls and also rounding corners will offer better paste release. Customers should
contact their board assembly site for stencil design recommendations. Refer to IPC 7525 for stencil design
considerations.

F.  Customers should contact their board fabrication site for recommended solder mask tolerances and via tenting
recommendations for vias placed in the thermal pad.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Products Applications
Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom  www.ti.com/communications

Data Converters
DLP® Products

DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com

www.dlp.com

dsp.ti.com
www.ti.com/clocks

interface.ti.com

logic.ti.com

power.ti.com
microcontroller.ti.com

www.ti-rfid.com
www.ti.com/omap

Computers and Peripherals
Consumer Electronics
Energy and Lighting
Industrial

Medical

Security

Space, Avionics and Defense
Video and Imaging

Tl E2E Community

www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2015, Texas Instruments Incorporated
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