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HIGH-FREQUENCY, MULTIPHASE CONTROLLER

FEATURES
] PW PACKAGE
« Two-, Three-, or Four-Phase Operation (TOP VIEW)
¢ 5-Vto 15-V Operating Range
. . cs1 110 24 [TT1 EN/SYNC
¢ Programmable Switching Frequency Up to cs2 12 23 [T VIN
1-MHz/Phase cs3 13 22 1771 BP5
. cs4 [1]4 21 [T PWM1
¢ Current Mode Control With Forced Current cscN s 20 E1 PWM2
Sharing® ILIm CT 6 19 [T PWM3
DROOP [T 7 18 [T PWM4
@) patent pending. REF 18 17 (11 GND
. 9 - COMP 19 16 [T RT
1% I_ntgrnal_0:7 V Reference B 0 10 15 O ss
* Resistive Divider Set Output Voltage DIFFO CT 11 14 [T PGOOD
* True Remote Sensing Differential Amplifier vouT L2 13 - GNDS

¢ Resistive or DCR Current Sgnsmg RHD PACKAGE
¢« Current Sense Fault Protection (BOTTOM VIEW)

¢ Programmable Load Line .05 o
* Compatible with UCC37222 Predictive Gate 3333 &8 §

Drive™ Technology Drivers ] YT I
e 24-Pin Space-Saving TSSOP Package cs2 [z | FB
* 28-Pin QFN Package CNS; ; g 3:::
* TPS40090: Binary Outputs e b il ne
e TPS40091: 3-State Outputs ENISYNC 28D iz GNDS

VIN [22D 3] pGooD

APPLICATIONS Besfz> L | calne
* Internet Servers RRAEM[M
« Network Equipment g % % :§: 2@

e Telecommunications Equipment
« DC Power Distributed Systems

DESCRIPTION

The TPS4009x is a two-, three-, or four-phase programmable synchronous buck controller that is optimized for
low-voltage, high-current applications powered by a 5-V to 15-V distributed supply. A multi-phase converter
offers several advantages over a single power stage including lower current ripple on the input and output
capacitors, faster transient response to load steps, improved power handling capabilities, and higher system
efficiency.

Each phase can be operated at a switching frequency up to 1-MHz, resulting in an effective ripple frequency of
up to 4-MHz at the input and the output in a four-phase application. A two-phase design operates 180 degrees
out-of-phase, a three-phase design operates 120 degrees out-of-phase, and a four-phase design operates 90
degrees out-of-phase as shown in Figure 1.

The number of phases is programmed by connecting the de-activated phase PWM output to the output of the
internal 5-V LDO. In two-phase operation the even phase outputs should be de-activated.

2 Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of Texas
Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

Predictive Gate Drive is a trademark of Texas Instruments.

PRODUCTION DATA information is current as of publication date. Copyright © 2003-2006, Texas Instruments Incorporated
Products conform to specifications per the terms of the Texas

Instruments standard warranty. Production processing does not

necessarily include testing of all parameters.
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A These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘%\ during storage or handling to prevent electrostatic damage to the MOS gates.

DESCRIPTION CONTINUED

The TPS4009x uses fixed frequency, peak current mode control with forced phase current balancing. When
compared to voltage mode control, current mode results in a simplified feedback network and reduced input line
sensitivity. Phase current is sensed by using either current sense resistors installed in series with output
inductors or, for improved efficiency, by using the DCR (direct current resistance) of the filter inductors. The
latter method involves generation of a current proportional signal with an R-C circuit (shown in Eigure 10).

The R-C values are selected by matching the time constants of the R-C circuit and the inductor; R-C = L/DCR.
With either current sense method, the current signal is amplified and superimposed on the amplified voltage
error signal to provide current mode PWM control.

An output voltage droop can be programmed to improve the transient window and reduce size of the output
filter. Other features include a single voltage operation, a true differential sense amplifier, a programmable
current limit, soft-start and a power good indicator.

SIMPLIFIED TWO-PHASE APPLICTION DIAGRAM
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ORDERING INFORMATION
Ta PACKAGE® OUTPUT PART NUMBER
. Binary TPS40090PW
Plastic TSSOP (PW)®@
3-State TPS40091PW
40°C to 85°C
TPS40090RHDR
QFN (RHD)®
TPS40091RHDR

(1) For the most current package and ordering information, see the Package Option Addendum at the end of this document, or see the Tl

Web site at [yww.tr.com.

(2) The PWP package is available taped and reeled. Add a R suffix to the device type (i.e., TPS40090PWR).
(3) The RHD package is available taped and reeled. Add a R suffix to the device type (i.e., TPS40090RHDR) to order quantities of 3000
parts per reel. Add a T suffix to the device type (i.e., TPS40090RHDT) to order quantities of 250 parts per reel.

ABSOLUTE MAXIMUM RATING

over operating free-air temperature range unless otherwise noted®

TPS40090
TPS40091
EN/SYNC, VIN, 16.5V
Vin Input voltage range
CS1, CS2, CS3, CS4, CSCN, DROOP, FB, GNDS, ILIM, VOUT -0.3Vto6V
Vour Output voltage range REF, COMP, DIFFO, PGOOD, SS, RT, PWM1, PWM2, PWM3, PWM4, BP5 -0.3Vto6V
T, Operating junction temperature range -40°C to 125°C
Tstg Storage temperature -5°C to 150°C

(1) Stresses beyond those listed under "absolute maximum ratings" may cause permanent damage to the device. These are stress ratings
only, and functional operation of the device at these or any other conditions beyond those indicated under "recommended operating
conditions" is not implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

RECOMMENDED OPERATING CONDITIONS

MIN  NOM MAX| UNIT

VN Input voltage 4.5 15 \Y
Ta Operating free-air temperature -40 85 °C
3
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ELECTRICAL CHARACTERISTICS
Tp=-40°C 10 85°C, V|y = 12V, Rgyy = 64.9 kQ, T; = T, (unless otherwise noted)
PARAMETER | TEST CONDITIONS MIN TYP MAX| UNIT
INPUT SUPPLY
VN Operating voltage range, VIN 4.5 15
Vin UVLO Rising Vi 4.25 445 'V
Vin uvLo® Falling V| 4.1 4.35
In Shutdown current, VIN 2 10 pA
In Quiescent current switching Four channels, 400 kHz each, no load 6| mA
OSCILLATOR/SYNCHRONIZATION
Phase frequency accuracy Four channels, Ryt = 64.9 kQ 370 415 455
Phase frequency set range® Four channels 100 1200| kHz
Synchronization frequency range® | Four channels 800 9600
Synchronization input threshold (@) Four channels Vgps/2 \Y
PWM
. 4-phase operation 87.5%
Maximum duty cycle per channel -
2- and 3-phase operation 83.3%
Minimum duty cycle per channel®) 0
Minimum controllable on-time ) 50 100| ns
ERROR AMPLIFIER
Feedback input voltage 0.693  0.700 0.707 \Y
Feedback input bias current Veg = 0.7V 25 150 nA
Vo High-level output voltage lcomp = -1 mA 25 2.9 v
VoL low-level output voltage lcomp =1 mA 0.5 0.8
Ggw Gain bandwidth® 5 MHz
AvoL Open loop gain® 90 dB
SOFT START
Iss Soft-start source current 35 5 6 HA
Vss Soft-start clamp voltage 0.95 1.00 1.05 \Y
ENABLE
Enable threshold voltage 0.8 2 25 v
Enable voltage capability®) ViN(max)
PWM OUTPUT
PWM pull-up resistance lon =5 mA 27 45 o
PWM pull-down resistance loL =10 mA 27 45
likg PWM output leakage @@ 3-State 1| pA
5V REGULATOR
Vour Output voltage External I oap = 2 MA on BP5 4.8 5 5.2 \Y
Pass device voltage drop V|n = 4.5V, No external load on BP5 200 mVv
Short circuit current 10 30| mA

(1) Specified by design. Not production tested.

(2) TPS40091 only.
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ELECTRICAL CHARACTERISTICS (continued)

Tp =-40°C 10 85°C, V|y = 12V, Rgy) = 64.9 kKQ, T; = T, (unless otherwise noted)

PARAMETER | TEST CONDITIONS ‘ MIN TYP MAX| UNIT
CURRENT SENSE AMPLIFIER
Gain transfer 100 mV < V(cg)< 100 mV, Vegrry = 1.5V 4.9 5.4 59| VNV
Gain variance between phases Veg = 100 mV -4% 4%
Input offset variance at zero current |Veg=0V -3.5 0 35| mv
Input common mode ®) 0 4 \%
Bandwidth®) 18 MHz
DIFFERENTIAL AMPLIFIER
Gain 1 VIV
Gain tolerance Vour4Vvs0.7V,Vgnps =0V -0.5% 0.5%
CMRR Common mode rejection ratio® 0.7V<VgousdV 60 dB
Bandwidth®) 5 MHz
RAMP
Ramp amplitude ® 0.4 0.5 0.6 \%
POWER GOOD
PGOOD high threshold wrt VReg 10% 14%
PGOOD low threshold wrt VReg -14% -10%
VoL Low-level output voltage lpgoop = 4 MA 0.35 0.60 \Y
likg PGOOD output leakage Vpgoop =5V 50 80 pA
OUTPUT OVERVOLTAGE/UNDERVOLTAGE FAULT
Vov Overvoltage threshold voltage Vg relative to Vgge 15% 19%
Vv Undervoltage threshold voltage Vg relative to Vgge -18% -14%
LOAD LINE PROGRAMMING
Ibroop  Pull-down current on DROOP 4-phase, Veg = 100 mV 40 pA
(3) Specified by design. Not production tested.
5
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Terminal Functions

TERMINAL
/10 DESCRIPTION
NAME RHD PW

BP5 29 29 Output of an internal 5V regulator. A 4.7-puF capacitor should be connected from this pin to ground. For
5V applications, this pin should be connected to VDD.

COMP 7 9 O | Output of the error amplifier. The voltage at this pin determines the duty cycle for the PWM.

Cs1 27 1 |

cs?2 28 2 I Used to sense the inductor current in the phases. Inductor current can be sensed with an external
current sense resistor or by using an external circuit and the inductor's DC resistance. They are also

Css3 1 3 I | used for overcurrent protection and forced current sharing between the phases.

Cs4 4 |

CSCN 5 | Common point of current sense resistors or filter inductors
Output of the differential amplifier. The voltage at this pin represents the true output voltage without

DIFFO 9 11 O ] .
drops that result from high current in the PCB traces
Used to program droop function. A resistor between this pin and the REF pin sets the desired droop

DROOP 5 7 | value
A logic high signal on this input enables the controller operation. A pulsing signal to this pin

EN/SYN 2 2 | synchronizes the main oscillator to the rising edge of an external clock source. These pulses must be of

C higher frequency than the free running frequency of the main oscillator set by the resistor from the RT
pin.

FB 8 10 | Inverting input of the error amplifier. In closed loop operation, the voltage at this pin is the internal
reference level of 700 mV. This pin is also used for the PGOOD and OVP comparators.

GND 17 17 Ground connection to the device.

GNDS 12 13 | Inverting input of the differential amplifier. This pin should be connected to ground at the point of load.
Used to set the cycle-by-cycle current limit threshold. If ILIM threshold is reached, the PWM cycle is
terminated and the converter delivers limited current to the output. Under these conditions the

ILIM 4 6 | undervoltage threshold is reached eventually and the controller enters the hiccup mode. The controller
stays in hiccup mode for seven consecutive cycles. At the eighth cycle the controller attempts a full
start-up sequence.

PGOOD 13 14 o Power good‘ indicator of the output voltage. This open-drain output connects to the supply via an
external resistor.

PWM1 21 21 O . . ) . .

Phase shifted PWM outputs which control the external drivers. The high output signal commands a

PWM2 20 20 O | PWM cycle. The low output signal commands controlled conduction of the synchronous rectifiers.

PWM3 19 19 O | These pins are also used to program various operating modes as follows: for three-phase mode, PWM4
is connected to 5 V; for two-phase mode, PWM2 and PWM4 are connected to 5 V.

PWM4 18 18 O

REF 6 8 O | Output of an internal 0.7-V reference voltage.

RT 16 16 | Connecting a resistor from this pin to ground sets the oscillator frequency.

VIN 23 23 | Power input for the chip. De-coupling of this pin is required.

VOUT 10 12 | Il\é(;gmvertlng input of the differential amplifier. This pin should be connected to VOUT at the point of

SS 15 15 | Provides user programmable soft-start by means of a capacitor connected to the pin.

11,
NC 14, - - | No connect pins
25, 26
6
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FUNCTIONAL BLOCK DIAGRAM
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APPLICATION INFORMATION
FUNCTIONAL DESCRIPTION

The TPS4009x is a multiphase, synchronous, peak current mode, buck controller. The controller uses external
gate drivers to operate N-channel power MOSFETs. The controller can be configured to operate in a two-,
three-, or four-phase power supply.

The controller accepts current feedback signals from either current sense resistors placed in series with the filter
inductors or current proportional signals derived from the inductors' DCR.

Other features include an LDO regulator with UVLO to provide single voltage operation, a differential input
amplifier for precise output regulation, user programmable operation frequency for design flexibility, external
synchronization capability, programmable pulse-by-pulse overcurrent protection, output overvoltage protection,
and output undervoltage shutdown.

DIFFERENTIAL AMPLIFIER

The unity gain differential amplifier with high bandwidth allows improved regulation at a user-defined point and
eases layout constraints. The output voltage is sensed between the VOUT and GNDS pins. The output voltage
programming divider is connected to the output of the amplifier (DIFFO). The differential amplifier can be used
only for output voltages lower then 3.3 V.

If there is no need for a differential amplifer, or if the output voltage required is higher than 3.3-V, the differential
amplifier can be disabled by connecting the GNDS pin to the BP5 pin. The voltage programming divider in this
case shoudl be connected directly to the output of the converter.

CURRENT SENSING AND BALANCING

The controller employs a peak current-mode control scheme, which naturally provides a certain degree of
current balancing. With current mode, the level of current feedback should comply with certain guidelines
depending on duty factor, known as slope compensation to avoid sub-harmonic instability. This requirement can
prohibit achieving a higher degree of phase current balance. To avoid the controversy, a separate current loop
that forces phase currents to match is added to the proprietary control scheme. This effectively provides high
degree of current sharing independently of properties of controller's small signal response.

High-bandwidth current amplifiers can accept as an input voltage either voltage drop across dedicated precise
current-sense resistors, or inductor's DCR voltage derived by an R-C network, or thermally compensated voltage
derived from the inductor's DCR. The wide range of current-sense settings eases the cost and complexity
constraints and provides performance superior to those found in controllers using low-side MOSFET current
sensing.
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APPLICATION INFORMATION (continued)
SETTING CONTROLLER CONFIGURATION

By default, the controller operates at four-phase configuration. The alternate number of active phases is
programmed by connecting unused PWM outputs to BP5. (See For example, for three-phase
operation, the unused fourth phase output, PWM4, should be connected to BP5. For two-phase operation, the
second, PWM2, and the fourth, PWM4, outputs should be connected to BP5.

POWER UP

Capacitors connected to the BP5 pin and the soft-start pin set the power-up time. When EN is high, the
capacitor connected to the BP5 pin gets charged by the internal LDO as shown in Eigure 2.

. _ 45X Cpg
BPS ~ g x 10-3 @

|_| BP5

4-Phase
Operation

I_I 1 ss
-1 M 0.7 |
= [1 'L

Operation

BP5
PGOOD

t-Time
2-Phase BPS
Operation I—I
BP5
Figure 1. Programming Controller Configuration Figure 2. Power-Up Waveforms
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APPLICATION INFORMATION (continued)

When the BP5 pin voltage crosses its lower undervoltage threshold and the power-on reset function is cleared,
the calibrated current source starts charging the soft start capacitor. The PGOOD pin is held low during the start
up. The rising voltage across the capacitor serves as a reference for the error amplifier assuring start-up in a
closed loop manner. When the soft start pin voltage reaches the level of the reference voltage Vgee = 0.7 V, the
converter's output reaches the regulation point and further rise of the soft start voltage has no effect on the
output.

o 0.7 x Cqg
SS 5x 10-6 (2

When the soft-start voltage reaches level of 1 V, the power good (PGOOD) function is cleared and reported on
the PGOOD pin. Normally, the PGOOD pin goes high at this moment. The time from when SS begins to rise to
when PGOOD is reported is:

tpg = 1.43 X Tgg 3)

OUTPUT VOLTAGE PROGRAMMING

The converter output voltage is programmed by the R1/R2 divider from the output of the differential amplifier.
The center point of the divider is connected to the inverting output of the error amplifier (FB), as shown in
Figure d.

R1

Vour = 0.7V x (@ + 1) @

CURRENT SENSE FAULT PROTECTION

Multiphase controllers with forced current sharing are inherently sensitive to failure of a current sense
component. In the event of such failure, the whole load current can be steered with catastrophic consequences
into a single channel where the fault has happened. The dedicated circuit in the TPS4009x controller prevents it
from starting up if any current sense pin is open or shorted to ground. The current-sense fault detection circuit is
active only during device initialization, and it does not provide protection should a current-sense failure happen
during normal operation.

OVERVOLTAGE PROTECTION

If the voltage at the FB pin (Vgg) exceeds Vgee by more than 16%, the TPS4009x enters into an overvoltage
state. In this condition, the output signals from the controller to the external drivers is pulled low, causing the
drivers to force all of the upper MOSFETSs to the OFF position and all the lower MOSFETs to the ON position.
As soon as Vg returns to regulation, the normal operaing state resumes.

10 bubmit Documentation FeedbacH


http://focus.ti.com/docs/prod/folders/print/tps40090.html
http://focus.ti.com/docs/prod/folders/print/tps40091.html
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLUS578B&partnum=TPS40090

X3 Texas PSZ0090
INSTRUMENTS PS40091]

www.ti.com

SLUS578B-OCTOBER 2003—-REVISED MAY 2006

APPLICATION INFORMATION (continued)
OVERCURRENT PROTECTION

The overcurrent function monitors the voltage level separately on each current sense input and compares it to
the voltage on the ILIM pin set by a divider from the controller's reference. In case a threshold of V /2.7 is
exceeded the PWM cycle on the associated phase is terminated. The voltage level on the ILIM pin is determined
by the following expression:

Viem = 27 X lpymayy X Res ©)

| ) N (VIN - VOUT) X Vour

(6)
where:

*  Ipn(max is @ maximum value of the phase current allowed

* Rcsis a value of the current sense resistor used

If the overcurrent condition continues, each phase's PWM cycle is terminated by the overcurrent signals. This
puts a converter in a constant current mode with the output current programmed by the ILIM voltage. Eventually,
the supply and demand equilibrium on the converter output fails and the output voltage declines. When the
undervoltage threshold is reached, the converter enters a hiccup mode. The controller is stopped and the output
is not regulated any more, the softstart pin function changes. It now serves as a timing capacitor for a fault
control circuit. The soft-start pin is periodically charged and discharged by the fault control circuit. After seven
hiccup cycles expire, the controller attempts to restore normal operation. If the overload condition is not cleared,
the controller stays in the hiccup mode indefinitely. In such conditions, the average current delivered to the load
is roughly 1/8 of the set overcurrent value.

UNDERVOLTAGE PROTECTION

If the FB pin voltage falls lower than the undervoltage protection threshold (84.5%), the controller enters the
hiccup mode as it is described in the Overcurrent Protection section.

FAULT-FREE OPERATION

If the SS pin voltage is prevented from rising above the 1-V threshold, the controller does not execute nor report
most faults and the PGOOD output remains low. Only the overcurrent function and current-sense fault remain
active. The overcurrent protection continues to terminate PWM cycle every time when the threshold is exceeded
but the hiccup mode is not entered.
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APPLICATION INFORMATION (continued)
SETTING THE SWITCHING FREQUENCY

The clock frequency is programmed by the value of the timing resistor connected from the RT pin to ground.
_ 3., £—1.041
Rer = Kpy X (39.2 x 10° x 15,1041 — 7)

(7)
where:

Kpy is a coefficient that depends on the number of active phases. For two-phase and three-phase
configurations, Kpp= 1.333. For four-phase configurations, Kpy= 1. fpy is a single phase frequency, kHz. The
RT resistor value is returned by the last expression in kQ.

To calculate the output ripple frequency, use the following equation:

F N

reL = Npy X fpy ®

where:
* Npy is a number of phases used in the converter.

The switching frequency of the controller can be synchronized to an external clock applied to the EN/SYNC pin.
The external frequency should be somewhat higher than the free-running clock frequency for synchronization to
take place.

SWITCHING FREQUENCY

VS
TIMING RESISTANCE
10000

AN

N

fsw - Switching Frequency - kHz

S

0 50 100 150 200 250 300

100

Rt - Timing Resistance - kQ

Figure 3.
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Rproop =

where:

APPLICATION INFORMATION (continued)
SETTING THE OUTPUT VOLTAGE DROOP

In many applications, the output voltage of the converter is intentionally allowed to droop as load current
increases. This approach (sometimes referred to as active load line programming) allows for better use of the
regulation window and reduces the amount of the output capacitors required to handle the same load current
step. A resistor from the REF pin to the DROOP pin sets the desired value of the output voltage droop.

2500 Npyy X Vproop

VREF —

2500 Npyy X Vproop

R2

X
lout X Res

*  Vproor is the value of droop at maximum load current lgyt
¢ Npy is number of phases

¢ Rgs is the current-sense resistor value

Vour Vest + Ves2 T Vess + Vesa

R1 + R2

e 2500 Q is the inversed value of transconductance from the current sense pins to DROOP
* V¢, are the average voltages on the current sense pins

OUTPUT VOLTAGE
Vs
OUTPUT CURRENT

VOUT

VDROOP

Differential
Amplifier

Vour - Output Voltage -V

1
COMP |
9

L

l

loyt - Output Current - A

Figure 4.

IOUT(max)

§ R1 J_ IbrooOP
C1
Error
R3 FB Amplifier
0] -
+
DROOP
§ R2
7 IbrOOP
Rproopr
REF
+
: 8
700 mV

Figure 5.

©

bubmit Documentation Feedback

13


http://focus.ti.com/docs/prod/folders/print/tps40090.html
http://focus.ti.com/docs/prod/folders/print/tps40091.html
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLUS578B&partnum=TPS40090

PS40090 W3 Texas
PS40091] INSTRUMENTS

www.ti.com

SLUS578B -~ OCTOBER 2003—REVISED MAY 2006
APPLICATION INFORMATION (continued)
FEEDBACK LOOP COMPENSATION

The TPS4009x operates in a peak current mode and the converter exhibits a single pole response with ESR
zero for which Type |l compensation network is usually adequate, as shown in Eigure 7.

The following equations show where the load pole and ESR zero calculations are situated.
1 1
21 X Royt X Coyr 2m X Regr X Coyr (10)

fop = fesrz =

To achieve desired bandwidth the error amplifier must compensate for modulator gain loss on the crossover
frequency and this is facilitated by placing the zero over the load pole. The ESR zero alters the modulator's -1
slope at higher frequencies. To compensate for that alteration, the pole in-error amplifier transfer function should
be added at frequency of the ESR zero as shown in Figure @.

Modulator Lout

/\/\/\/I_X 008

C1

Rout

Figure 6.

The following equations help in choosing components of the error amplifier compensation network. Fixing the
value of the resistor R1 first is recommended as it simplifies further adjustments of the output voltage without
altering the compensation network.
7GDMAG
R2=R1><10< 20 ); c1= 1 . C2= 1
(2n x Fop x R2) (2m x Fegry X R2) 1)

where:
*  Gouac is the control to output gain at desired sytem crossover frequency.

Introduction of output voltage droop as a measure to reduce amount of filter capacitors changes the transfer
function of the modulator as it is shown in the Figure g.
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APPLICATION INFORMATION (continued)
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Figure 7. Figure 8.
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APPLICATION INFORMATION (continued)

The droop function, as well as the output capacitor ESR, introduces zero on some frequency left of the
crossover point.

1

Fproopz = v
o (I DROOP

OUT(max)

) X Cour
(12)

To compensate for this zero, pole on the same frequency should be added to the error amplifier transfer
function. With Type Il compensation network a new value for the capacitor C2 is required compared to the case
without droop.

c2 = €l

21 X R2 X C1 X (Fproopz — 1)

(13)

When attempting to close the feedback loop at frequency that is near the theoretical limit, use the above
considerations as a first approximation and perform on bench measurements of closed loop parameters as
effects of switching frequency proximity and finite bandwidth of voltage and current amplifiers may substantially
alter them as it is shown in Eigure 9.

GAIN AND PHASE
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60 FREQUENCY 80
L Phase
/r -\\ -
Ind
\n'\\\ { ‘/\.\\ .’\ | 60
40 \\ \
N \
o [ \ \
2 30 140 »
. / h \ o
§ 20 N \
' o
© AN \ 20
R | \
10 Gain N
\
0
0
_lo [ VIN =12V
VOUT =15V
|OUT: 100 A
-20 [ -20
100 1k 10k 100 k 1M

f - Frequency - Hz

Figure 9.
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APPLICATION INFORMATION (continued)
THERMAL COMPENSATION OF DCR CURRENT SENSING

Inductor DCR current sensing is a known lossless technique to retrieve a current proportional signal.
Equation 14 and Equation 13 show the calculation used to determine the DCR voltage drop for any given
frequency. (See Figure 10)

_ DCR
Vier = (Vin = Vour) % DCR + o X L (14)
1
Ve = (VIN - VOUT) x 1
o X C X (R + )
wxC (15)

Voltage across the capacitor is equal to voltage drop across the inductor DCR, V. = Vpcg When time constant of
the inductor and the time constant of the R-C network are equal:
V. = 1 _ DCR ) L
C - - L
wax(R+ 1) DCR +w x L’ DCR
o XC

=R XC, Tpcr. = Tre

(16)

The output signal generated by the network shown in is temperature dependant due to positive
thermal coefficient of copper specific resistance as determined using Equation 17. The temperature variation of
the inductor coil can exceed 100°C in a practical application leading to approximately 40% variation in the output

signal and in turn, respectively move the overcurrent threshold and the load line.
K(T) = 1 4+ 0.0039 x (T — 25) 17)

The relatively simple network shown in (made of passive components including one NTC resistor) can
provide almost complete compensation for copper thermal variations.

Vber L

o) B ee
ViN —"—m ’?/C\;\/ Vour .
Wy —

Ve R1
Rntc
RtHe
Figure 10. Figure 11.
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APPLICATION INFORMATION (continued)

The following algorithm and expressions help to determine components of the network.

1. Calculate the equivalent impedance of the network at 25°C that matches the inductor parameters in
Equation 18. Use of COG type capacitors for this application is recommended. For example, for L = 0.4 pH,
DCR = 1.22 mQ, C = 10 nF; Rg = 33.3 kQ. It is recommended to keep Rg < 50 kQ as higher values may
produce false triggering of the current sense fault protection.

L
DCR
R, = ==
E C (18)

2. It is necessary to set the network attenuation value Ky,,/(25) at 25°C. For example, Ky,/(25) = 0.85. The
attenuation values Kp,/(25) > 0.9 produces higher values for NTC resistors that are harder to get from
suppliers. Attenuation values lower 0.7 substantially reduce the network output signal.

3. Based on calculated R and Ky,,(25) values, calculate and pick the closest standard value for the resistor R
= Re/Kp(25). For the given example R = 33 kQ/ 0.85 = 38.8 kQ. The closest standard value from 1% line is
R =39.2 kQ.

4. Pick two temperature values at which curve fitting is made. For example T1 = 50°C and T2 = 90°C.
5. Find the relative values of Ry, required on each of these temperatures.

R _ Rye(T1) R _ Riue(T2)
THEL Rrue(25) THE2 Rrpe(25) (19)
Kyn/(T Knn(25
Ry = piv(T) X R  Koy(T) = piv(25)
1 — Kp(TM 1 + 0.0039 x (t — 25) (20)

For the given example Ryg;= 0.606, Ryyye,=0.372.

6. From the NTC resistor datasheet get the relative resistance for resistors with desired curve. For the given
example and curve 17 for NTHS NTC resistors from Vishay Ryrc;= 0.3507 and Ry¢,= 0.08652.

7. Calculate relative values for network resistors including the NTC resistor.

(RNT01 - RNTCZ) X Rgq X Rgp = Rypep X Rgp X (1 - RNTCZ) + Ryreo X Rggp X (1 - RNTCl)

R1, =
R Ryrer X Rgg X (1 - RNTCZ) — Ryre2 X Rgp X (1 - RNTCl) - (RNTC1 - RNTCZ)
(21)
. -1
28 = (1~ Farcs) ll _1R1R  Re N_TcélR] (22)
-1
RNTC, = [(1 Rlg) (RZR)_l] 2
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APPLICATION INFORMATION (continued)

For the given example R1,= 0.281, R2; = 2.079, and RNTC, = 1.1.
8. Calculate the absolute value of the NTC resistor as Ry(25). In given example Ry = 244.3 kQ.

9. Find a standard value for the NTC resistor with chosen curve type. In case the close value does not exist in
a desired form factor or curve type. Chose a different type of the NTC resistor and repeat steps 6 to 9. In the
example, the NTC resistor with the part number NTHS0402N17N2503J with Ryrc5(25) = 250 kQ is close
enough to the calculated value.

10. Calculate a scaling factor for the chosen NTC resistor as a ratio between selected and calculated NTC
value and. In the example k = 1.023.

RNTCg
RNTC, (24)
11. Calculate values of the remaining network resistors.
Rl = Ryye(25) x [((1 = K) + k x Rig)] 25)

For the given example, R1-.= 58.7 kQ and R2. = 472.8 kQ. Pick the closest available 1% standard values:
R1 = 39.2 kQ, and R2 = 475 kQ, thus completing the design of the thermally compensated network for the
DCR current sensor.

illustrates the fit of the designed network to the required function.
CURRENT SENSE IMPEDANCE

VS
AMBIENT TEMPERATURE
40

\
‘ Measured
= Acquired

m \\
N

RTHE (T°c) - Current Sense Impedance - kQ

10 20 40 60 80 100 120
Ta - Ambient Temperature - °C
Figure 12.
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APPLICATION INFORMATION (continued)
Operation with Output Voltages Higher Than 3.3V

The TPS40090/91 controllers are designed to operate in power supplies with output voltages ranging from 0.7 V
to 3.3 V. To support higher output voltages, mainly in 12 V to 5 V power supplies, the BP5 voltage needs to be
increased slightly to provide enough headroom to ensure linearity of current sense amplifiers. The simple circuit
on shows a configuration that generates a 6-V voltage source to power the controller with increased
bias voltage. Both the VIN and BP5 pins should be connected to this voltage source. The differential amplifier
normally excessive for higher-output voltages can be disabled by connecting GNDS pin to the BP5 pin.

12V

TPS4009x [
1.1kQ
EN/SYNC m

13.7 kQ
+—AM—

4.7 uF
7 H«

TLA431 § 10 kO

N 7
Figure 13. Biasing the TPS4009x with a 5-V Power Supply

High-Impedance State of TPS40091 Outputs

The TPS40091 controller has 3-state enabled outputs to interface various gate drivers and DRMOS devices
capable of turning all MOSFETSs in the power supply into high-impedance state while remaining active. The
common binary output commands the control MOSFET on when the PWM signal is high. Alternatively, the
synchronous MOSFET is commanded on when the PWM signal is low.

The 3-state output can command both MOSFETSs off when the PWM output is in the high-impedance state. This
feature simplifies design of power supplies capable of starting into precharged output or allows in VR modules
use of gate drivers that do not have the enable input to put VR module off line. Some DRMOS devices like the
Philips PIP202 are also compatible with 3-state outputs of the multiphase controller.

The TPS40091 outputs have high impedance when the EN pin is high but the soft-start sequence has not been
initiated yet. The output impedance is also high when controller is in undervoltage fault condition or disabled.
shows a 12-V, 80-A, all-ceramic power supply capable to start into precharged outputs.

DESIGN EXAMPLE

A design example is available. See the TPS40090EVM-001 user’s guide (SLUUI7T).
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APPLICATION INFORMATION (continued)
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Figure 14. 12-V, 80-A ASIC All-Ceramic, Power Supply
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PACKAGING INFORMATION

Orderable Device status @  Package Package Pins Package Eco Plan ® Lead/Ball Finish MSL Peak Temp ©
Type Drawing Qty
TPS40090PW ACTIVE TSSOP PW 24 60 Green (RoHS & CU NIPDAU Level-1-260C-UNLIM
no Sb/Br)
TPS40090PWG4 ACTIVE TSSOP PW 24 60 Green(RoHS & CU NIPDAU Level-1-260C-UNLIM
no Sh/Br)
TPS40090PWR ACTIVE TSSOP PW 24 2000 Green (RoOHS & CU NIPDAU Level-1-260C-UNLIM
no Sh/Br)
TPS40090PWRG4 ACTIVE TSSOP PW 24 2000 Green (RoHS & CU NIPDAU Level-1-260C-UNLIM
no Sh/Br)
TPS40090RHDR ACTIVE QFN RHD 28 3000 Green (RoHS & CU NIPDAU Level-2-260C-1 YEAR
no Sb/Br)
TPS40090RHDRG4 ACTIVE QFN RHD 28 3000 Green (RoHS & CU NIPDAU Level-2-260C-1 YEAR
no Sb/Br)
TPS40090RHDT ACTIVE QFN RHD 28 250 Green (RoHS & CU NIPDAU Level-2-260C-1 YEAR
no Sh/Br)
TPS40090RHDTG4 ACTIVE QFN RHD 28 250 Green(RoHS & CU NIPDAU Level-2-260C-1 YEAR
no Sh/Br)
TPS40091PW ACTIVE TSSOP PW 24 60 Green(RoHS & CU NIPDAU Level-1-260C-UNLIM
no Sh/Br)
TPS40091PWG4 ACTIVE TSSOP PW 24 60 Green(RoHS & CU NIPDAU Level-1-260C-UNLIM
no Sh/Br)
TPS40091PWR ACTIVE TSSOP PW 24 2000 Green (RoHS & CU NIPDAU Level-1-260C-UNLIM
no Sh/Br)
TPS40091PWRG4 ACTIVE TSSOP PW 24 2000 Green (RoHS & CU NIPDAU Level-1-260C-UNLIM
no Sbh/Br)
TPS40091RHDR ACTIVE QFN RHD 28 3000 Green (RoHS & CU NIPDAU Level-2-260C-1 YEAR
no Sh/Br)
TPS40091RHDRG4 ACTIVE QFN RHD 28 3000 Green (RoHS & CU NIPDAU Level-2-260C-1 YEAR
no Sh/Br)
TPS40091RHDT ACTIVE QFN RHD 28 250 Green (RoHS & CU NIPDAU Level-2-260C-1 YEAR
no Sh/Br)
TPS40091RHDTG4 ACTIVE QFN RHD 28 250 Green (RoHS & CU NIPDAU Level-2-260C-1 YEAR
no Sh/Br)

® 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 Sb/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): TlI'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, Tl 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 Sb/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sbh) based flame
retardants (Br or Sb do not exceed 0.1% by weight in homogeneous material)
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®) MSL, Peak Temp. -- The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder
temperature.

Important Information and Disclaimer:The information provided on this page represents TI'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 TI 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 TI
to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
s |+ KO [¢—P1—
OO0 006 0O T
& © ’H Bo W
Reel X | — l
Diameter
Cavity +I A0 |<—
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 OO0 O OO0 O 07—— Sprocket Holes
1
I
v ® e
4--9--A
Q3 1 Q4 User Direction of Feed
%
T
N
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel A0 (mm) BO (mm) KO (mm) P1 w Pin1
Type |Drawing Diameter| Width (mm) | (mm) |Quadrant
(mm) |W1(mm)
TPS40090PWR TSSOP PW 24 2000 330.0 16.4 6.95 8.3 16 8.0 16.0 Q1
TPS40090RHDR QFN RHD 28 3000 330.0 12.4 5.3 5.3 15 8.0 12.0 Q2
TPS40090RHDT QFN RHD 28 250 180.0 12.4 5.3 5.3 15 8.0 12.0 Q2
TPS40091PWR TSSOP PW 24 2000 330.0 16.4 6.95 8.3 1.6 8.0 16.0 Q1
TPS40091RHDR QFN RHD 28 3000 330.0 12.4 5.3 5.3 15 8.0 12.0 Q2
TPS40091RHDT QFN RHD 28 250 180.0 12.4 5.3 5.3 15 8.0 12.0 Q2
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TAPE AND REEL BOX DIMENSIONS
,/”?/
4
e ~.
/\g\ /)i\
™~ e
- //' "\\ 7
T s
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS40090PWR TSSOP PW 24 2000 346.0 346.0 33.0
TPS40090RHDR QFN RHD 28 3000 346.0 346.0 29.0
TPS40090RHDT QFN RHD 28 250 190.5 212.7 31.8
TPS40091PWR TSSOP PW 24 2000 346.0 346.0 33.0
TPS40091RHDR QFN RHD 28 3000 346.0 346.0 29.0
TPS40091RHDT QFN RHD 28 250 190.5 212.7 31.8
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MECHANICAL DATA

MTSS001C — JANUARY 1995 — REVISED FEBRUARY 1999

PW (R-PDSO-G**)
14 PINS SHOWN

PLASTIC SMALL-OUTLINE PACKAGE

14 8
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4, )
4,30 6,20

50 6,6

o

“«—— A —»

L

e

HlHHHHHHY_J

0,15 NOM

!
:

Gage Plane i

— 120 MAX o [=]010 |
0,05
PINS **
8 14 16 20 24 28
DIM
A MAX 3,10 5,10 5,10 6,60 7,90 9,80
A MIN 2,90 4,90 4,90 6,40 7,70 9,60

4040064/F 01/97

NOTES: A.

OOw

All linear dimensions are in millimeters.

This drawing is subject to change without notice.
Body dimensions do not include mold flash or protrusion not to exceed 0,15.

Falls within JEDEC MO-153
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MECHANICAL DATA

RHD (S—PQFP—N28) PLASTIC QUAD FLATPACK
B
515
4,85
28
/‘1
PIN 1
INDEX AREA
g% 0,20 REF
|
ST0.08IC oo-h0-nnnon 5 SEATING PLANE
0,05
0,00
2y 202
1 § om
Jutuuuu_|
28 [ =
D) ([
— (e
= =  «E
— -
D) —
Ana0nnNn
EXPOSED THERMAL PAD 30
28X 575
(60,01 ®[C]A[B]
4204400/C 07/07

NOTES: A. All linear dimensions are in millimeters. Dimensioning and tolerancing per ASME Y14.5M—-1994.
B. This drawing is subject to change without notice.
C. QFN (Quad Flatpack No—Lead) Package configuration.
@ The package thermal pad must be soldered to the board for thermal and mechanical performance.
See the Product Data Sheet for details regarding the exposed thermal pad dimensions.
E. Falls within JEDEC MO-220.
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l*';‘ Texas THERMAL PAD MECHANICAL DATA
N wwticom RHD (S—PQFP—-N28)

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,
Quad Flatpack No—Lead Logic Packages, Texas Instruments Literature No. SCBAO1/. This document is available

at www.ti.com.

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

8
| —— Exposed Thermal Pad

o

3,15£0,10

|

TUUYUUT
100ARIY

Bottom View

NOTE: All linear dimensions are in millimeters

Exposed Thermal Pad Dimensions

4206358-2/D 08/07




LAND PATTERN

RHD (S—PQFP—N28)

Example Stencil Design

Example Board Layout 0.125mm Stencil Thickness
(Note E)
Note D 4x1,3 square
m 0,95 — — »ﬁ —— 24x%0,5 B
N1 i [ooopong_
=(IBRE! o 18LLIS
5,835,155 - {Fe%—% 9,8 ’ g 23,85 5,75
g o $ o) g 4x0,3 QJ g
‘000000 0000000
/== 3,15 -~
- 38 3,85 —=
/ 5,8 D,/5 —=

68% solder coverage on center pad

Non Solder Mask

J Example Via Layout
i Defined Pad

i I (Note D)
/ __/"/> o~ \__\
// RO,14 g «O,WO‘-\‘ Solder Mask Opening — B’W 5 e
/ R (Note F) Lo 0 O ?
61,0
F 10 * o—0—o013515
\
\ ‘ T—Pad Geometry o O O ¢
\.\\ 0,05 - -—0,28 // (Note C)
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Al linear dimensions are in millimeters.

This drawing is subject to change without notice.

Publication IPC—7351 is recommended for alternate designs.

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. SCBAO17, SLUA271, and also 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>.

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.

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

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements, improvements,
and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

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

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

TI does not warrant or represent that any license, either express or implied, is granted under any TI patent right, copyright, mask work right,
or other Tl intellectual property right relating to any combination, machine, or process in which Tl products or services are used. Information
published by TI regarding third-party products or services does not constitute a license from TI 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 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. Reproduction of this information with alteration is an unfair and deceptive
business practice. Tl is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

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

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the Tl products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications

Amplifiers Emplifier-i.com Audio [pww Ti.com/audid

Data Converters Fataconverterir.com Automotive [vww Tr.com/automofiv

DSP Esp-ii.con Broadband [pww i.com/broadband

Clocks and Timers [www i-com/clocky Digital Control [pww ir-com/digitalcontrol

Interface [nierface-fi.com Medical [pww Ti.com/medical

Logic [ogicircon Military [vww i-com/militany

Power Mgmt power-i.com Optical Networking [xww Ti.com/opficalnetwor

Microcontrollers [nicrocontroller-t.com Security [nww r-com/secur

RFID ‘ i .CO Telephony lvww.tr.com/telephony

RF/IF and ZigBee® Solutions [WWw.ir.com/Ipr Video & Imaging vww Tr.com/vided
Wireless [vww T.com/wirelesy

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
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