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Agenda

« Compensation design and objectives

» Explanation of poles and zeros

* Power stage characteristics

 Error amplifier and transconductance amplifier
* Isolated feedback with optocoupler

« Compensation examples

» Circuit limitations and other issues
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Compensation design and objectives

Why do we need feedback and why do we need compensation?

 Feedback is needed to

Power Stage: v Load regulate the output voltage
ViN  |Inductor/Transformer ouT __Load _
. a i | |« The bandwidth of the control
Power Switches !
Modulator i i ik i loop determines the response
: 3 I | | time
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Control loop response

Poor transient response Objective Good transient response
W W

lout | Maximize crossover lout ‘
" frequency for fastest = A ——
transient response vV
ouT ._

] VOUT | ha _.

 Adjust compensation for
best settling behavior

* Response is well
damped with good
settling behavior

* Response is under-
damped causing
oscillatory behavior
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Phase margin and gain margin

Control loop — frequency response
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Phase margin and stability

Sufficient phase margin is needed to
prevent oscillation (45° min.)

Gain margin goal 10 dB min.

Slope of —20 dB/decade when passing
through 0 dB

Bandwidth rule of thumb is 1/5 to 1/10
of switching frequency
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Poles and zeros

. Poe Zero
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Inverted and right-half-plane zeros

Right-half-plane zero
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Complex conjugate pole and ESR zero

Complex conjugate pole With ESR zero
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Control methods and operating modes

* \Voltage-mode control

Control methods « Current-mode control

* Fixed frequency

Operating modes

» Continuous conduction-mode (CCM)

« Switching frequency — f
Switching frequency J1red Y~ lTsw T:L

and period « Switching period — T Fsw
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Buck, boost and buck-boost derived topologies

Buck . * Forward * Push-pull
’ o— """ » Two switch forward * Full bridge
forward, Ve L % #Vour y,, =v,-D * Active clamp forward  « Phase-shifted full
push-pull, [ v 0 + Half bridge bridge .
bridge = Buck Converter Vour =V ,D,N_s Vour =V -2-D-—5
o_rh - * Boost topology On-time duty cycle:
1 D
Vin =V Vour =V —
O—It‘ our T D Off-time duty cycle:
"I Boost Converter D'=1-D
o » Buck-boost derived * Flyback
Buck-boost, \Ol_l—lﬁ EL v v oy D topologies ’ D N
SEPIC, IN E s=Vour Vour =Viw-77 | SEPIC VOUT:V]N'H'N_i
ﬂybaCk T Buck-Boost Cor;)verter * Cuk
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Voltage-mode buck power stage

V,
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Current-mode buck power stage
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Current-mode boost power stage
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Current-mode buck-boost power stage
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Current-mode forward power stage
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Current-mode flyback power stage
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Type | error amplifier

V'OUT 60 \ 135
40 90
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Type Il error amplifier

Viour
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CCOMP RCOMP
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Type Il transconductance amplifier
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Type lll error amplifier
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Isolated feedback with optocoupler
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Voltage-mode buck
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Voltage-mode buck compensation strategy

» Choose a value for Rgr based on bias current and power
dissipation

Pick target bandwidth, typically fg,/10:
(.L)C = 2'ITfC

Find the mid-band gain A, to achieve target bandwidth

Set w,g, and wg, equal to the output filter complex conjugate
pole we:
Wzea = Wrz = Wo

Set wep equal to the output filter zero w,:
Wep = Wz

Set wye equal to half the switching frequency:
wHF = 21TfSW/2

(0]
AVM = €
Ay -,
RCOMP = AVM 'RFBT
1
CCOMP -
Oypq Reop
1
CFF - R
Wpy " Kppr
1
RFF =
Wpp * CFF
1
CHF =
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Voltage-mode buck compensation results

40 45
Power stage W 50— — -
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vOUT 1+L . 1+ s T T T
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Control loop W oo e
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S %] \_ 45 LW
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Isolated current-mode flyback

-4

....".n. 1 'I
."oi,\!p :Ns D1

Vin O_I—E Vour
Cin I Le . Cour Rour
= 5 Resr

MOdUIatOr -:. PWM Logic l€ Q»I".

D= ]I\;OUT A VsLope _ R
Viv =5 +Vour + =R .':"O‘VCC .
v w3 L
e 7 :Error
N, : :
: ! 5 ] : . g
Vit Vour ! CPI o Reins iamplifier

Optlmal VSLOPE = VOUT'Ri'T/LP'N

Peak current-mode flyback ~ “TL431 I
p/Nsg : o,

au®®
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Current-mode flyback compensation strategy

Choose a value for Regt based on bias current and power

dissipation

Find the modulator transconductance in A/V

Find the RHPZ frequency at minimum input voltage and

maximum load current

Set the target bandwidth to 1/4 of the RHPZ frequency:
we = 2:mf; = wgr/4

Find the mid-band gain A, to achieve target bandwidth
Adjust Ry, Rp and Cq ;1 as required

Set w g, equal to 1/10 the target crossover frequency:
Wyea = W/10

Set wye equal to the lower of the RHP or ESR zero

frequency:
Wye = WR OF W5

G, (mod) = 2&
R N,
_ Rour D" . Np
* L,-D | N
_ 9 Cour
™G (mod)
R, =CTR- Ry
VM
1
Ceomr =
" RFBT "Wz,
1
C,=
RP "Oyp

T
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Current-mode flyback compensation results

40 45
Power stage W 90 =4 O T @ [0 o
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UL~ 4, - 9 740 | 2.1 - -135 o
C 1+i . 1+i E '60 T T T T '180
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e 270
Error amplifier w o] y 27
) \ ™ <
14 Pzea 2~ 01 m———— - 180 W
Do ) L = 2-20 | — Oy - 135 <
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our 1+ — S -60 ‘ ‘ | | 45
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60 135
Control loop T [ %0 &
S _ 20 | L 45 LW
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~r oA A O 7-20 a)C - 45 o
Vour  Yc¢  Your g 40 ‘ o — ‘ : - -90
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Bandwidth vs. transient response

Current-mode bandwidth

60 135
w40 | - 90
a) 3
S 20 | - 45 ]
Eo 7))
Z E 0 ] B 0 <
2 -20 s - 45 &
= .40 | | | -90

100 1,000 10,000 100,000 1,000,000
FREQUENCY (Hz)
With no ESR, slew rate or duty cycle limiting: > =
Current-mode single pole approximation: Vp=
Current-mode critically damped: Vp=—
Voltage-mode: Vp =
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Current-mode transient response

=
Al
N
TTRINTTTRL T ‘“:FLI { MHM
>l e 1:|:> .
[
1 tp = 1 __ 25us
e 4-10kHz
Al V, = 54 =180mV
2.7 f-Copy 2.7 -10kHz - 440 uF
Al 54
e foCopr P e r A0kt - 4dor  0m shown above
54
v, = =140mV
8- f.-Coyp " 8-10kHz - 440 uF "
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Switching regulator with poor compensation

. oy
U ol - Power stage: phase at —180° Transient response
Vin BOOT Vour indicates high internal slope |
VIN PH : ) ouT
16 yF - l compensation R
GND 3 47 yF: .
E by ENeE " l » Error amplifier: zero appears ) Vv
] COMP . . P ouT
SSITR priciK high and mid-band gain is 3 dB ’
22 yF . .
10nFT 100 m% sfiectve | | ¢ Control loop: f; is 95 kHz with
capacitance, . r
only 20° phase margin —

40 Power stage . 60 Error amplifier 270 60 Control loop 135
020 1 -0 | 40 - 2255_\ 040 - - 90 —
= 0] 450 =20 | - 180 =20 | 45
I%20— - 90 E, 0 —t 1352 § 0 0 <
g-4o . L 135 L29—20 - L g0 & %20 l (| oas™
<60 ‘ ‘ ‘ -180 | | <40 ‘ ‘ . 45 <40 ‘ ‘ ———+ 90
= 01 1 10 100 1000 = 01 1 10 100 1000 = 01 1 10 100 1000

FREQUENCY (kHz) FREQUENCY (kHz) FREQUENCY (kHz)
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Switching regulator with revised compensation

pasasan - Power stage: cannot change Transient response -
1v5.NIJF o BOOT __ Vour slope compensation ] lout )
&GNB " ml  Error amplifier: decrease
e l Rcomp @nd rescale Cooyp Vour
[ ke .+ | |+ Control loop: now fg is 30 kHz
T ko% s | With 67° phase margin

]

40 Power stage . 60 Error amplifier 270 60 Control loop 135
%\20 & - 0 —~ %\40 8 - 225C %\40 . - 90
~ 0 - 45| | 20 - 180w | | 20 - 45
a) o B 20 &

20 - L .90< 0 - 135 0 - -0
= IilE ~— ZE
=40 - L 135 | =-20 - 90 =.20 - L 45
O o O
<§(—60 : : : -180 <§t-40 ‘ ‘ . 45 <§L4o : : : -90

0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000
FREQUENCY (kHz) FREQUENCY (kHz) FREQUENCY (kHz)
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Practical limitations

Error amplifier bandwidth Optocoupler bandwidth Switching frequency

' Error amplifier BW limit Opto frequency response Voltage-mode control loo
P 270 20 P 9 y P 45 80 g p180ﬁ
225 -0 _| | 60 135>
~ | o o
18 - =451 —40 - - 90 o2
77} g ll <
13 90| | 520 - N 45 =
ol E \ L
" 18 O s200k2N [ ° 2
m 4
E‘ZO T T T T 45 %‘80 ! ! ! -1 80 %‘20 T i T T T "45n'
001 04 1 10 100 1000 1 10 100 1000 001 04 1 10 100 1000
FREQUENCY (kHz) | FREQUENCY (kHz) | FREQUENCY (kHz)
* Error amp BW can limit * Resistance seen by output * Maximum f; is a fraction
maximum f. transistor forms a pole in of fs\
* Wider BW op amp needed kHz range e Rule of thumb is 1/5 to
for voltage-mode due to  More of an issue for forward 1/10 of f
sw

Type Il compensation topologies at higher f;
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DCM vs. CCM characteristics

DCM duty cycle

Discontinuous vs. continuous conduction-mode

Current-mode buck power stage Voltage-mode buck power stage
40 90 90 * Buck
%~20— - 45 - A5 | D= 2-L- fo Lour Vour
2 o0 -0 T -0 L Ve Vo =Vour)
w W w IN IN our
9-20 - 45 0 - -45 g
o CCM Phase > 135
<-60 1 S - 135 | | &
= DCM N = DCM nUlL L
-80 . . . — -180 -80 - T T ) -180 \/Z'L'fSW'IOUT'(VOUT_VIN)
001 01 1 10 100 1000 001 01 1 10 100 1000 b= %
FREQUENCY (kHz) FREQUENCY (kHz) w
« Discontinuous conduction-mode (DCM) occurs when the inductor Buck-boost
current dwells at zero before the end of the switching cycle N
. . . . D _ fSW our our
» This causes a reduction in the bandwidth = v

» Generally, if the loop is stable in CCM, it will be stable in DCM
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Filter considerations

Input filter stability Second stage filters

I
<« Zout | Zn—>

I-IN RL

Cp L

Vour

I
I
V
Vin l I =- | = Rout
Rc : IN
, 1
!

INPUT FILTER CONVERTER

For stability: Filter Z5,; << Converter Z,

L

« Characteristic impedance 4s = c
« Damping factor

1 (RL+RC+QJ

é’:E. ZS ZIN
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Court J‘ Cour2 J_
2 Rour
Resr1 Resr2

Capacitors: make Cq 14 smaller than Cq1,
Inductors: make L, smaller than L,
Resonance: make second stage filter
resonance 3 times f.

Damping: make second stage filter damped
to a Q of 1
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Summary

* |dentify poles and zeros of the power stage
« Cancel with zeros and poles in the error amp
 Adjust the gain for best performance
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Resources and references

“Closing the Feedback Loop” by Lloyd Dixon, SEM300

“Current-Mode Control of Switching Power Supplies” by Lloyd Dixon, SEM400

“The Right-Half-Plane Zero -- A Simplified Explanation” by Lloyd Dixon, SEM500

“Isolating the Control Loop” by Robert Mammano, SEM700

“Control Loop Design” by Lloyd Dixon, SEM800

“Control Loop Cookbook” by Lloyd Dixon, SEM1100

“A More Accurate Current-Mode Control Model” by Ray Ridley, SEM1300

“Designing Stable Control Loops” by Dan Mitchell and Bob Mammano, SEM1400
“Current-Mode Modeling — Reference Guide” by Robert Sheehan, SNVA542
“Understanding and Applying Current-Mode Control Theory” by Robert Sheehan, SNVA555

“Frequency Compensation and Power Stage Design for Buck Converters to Meet Load
Transient Specifications” by S. Bag, R. Sheehan, et al., APEC 2014
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Appendix

« Current-mode buck compensation

» Current-mode boost compensation

« Current-mode buck-boost compensation
* |solated compensation techniques

* |solated forward converter compensation

Texas Instruments — 2016/17 Power Supply Design Seminar
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Current-mode buck
............... ﬁVIN
[ '“’x“ L
Logic "—-v”‘"‘l ’ o Vour
= Cour
Modulator A& lRESR Rout
v i 4 !
D=2 Error
IN o
..amplifier

.
.
.
.
o*
.
.
.
.

gy n®
L] LA
-------------------

Peak current-modé buck ]
Optlmal Vsiore = Vour'Ri'T/L =
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Current-mode buck compensation strategy

Choose a value for Regt based on bias current and power
dissipation

Find the modulator transconductance in A/V

Pick target bandwidth, typically fg,/10:
(.L)C = 2'ITfC

Find the mid-band gain A, to achieve target bandwidth

Set w ¢, equal to 1/10 the target crossover frequency:
Wyea = W/10

Set wy equal to the ESR zero frequency:
Wy = Wz

1

G, (mod)=—
(mod) =
_ ¢ -Couyr
™G, (mod)

Reovp = Ay - Rigr (0p amp)

Reowp =—7— (g amp)
COMP ¢ K, m

m

1

CCOMP = R
Wzpy  Keoyp

1
CHF -

Oy Reoup
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Current-mode buck compensation results

40 90
Power stage w 4 >
% 20 == yc 0, - 45 0
A 1+ 5 Fo 0*_\a)P 2.7 2.7 [0 2
Vour 4 . Wy £ o0 | 2.7 L 45 T
5 7 2 \ o
¢ [1+ SJ . (1+ S] = -40 ‘ ‘ — ‘ -90
@p @ 10 100 1,000 10,000 100,000 1,000,000
Error amplifier y ¥ Dy 22
o 20 4, e - 180 ©
Dzr4 2~ | ] I T
5 1+ E@ 0 , 135 &
S~ =4y, s 5 S-20 Dy 90 T
v N < o
our 1+~ S  -40 ‘ 2. ‘ : 45
Oy 10 100 1,000 10,000 100,000 1,000,000
60 - 135
Control loo W ~
) ) ) 2 20| - 45 U
Vour _ Your | Ve z2 28 1 o, i 045 <
o o o = N - - o
Vour  Yc¢  Your g -40 | ‘ 2.1 — ‘ - -90
10 100 1,000 10,000 100,000 1,000,000
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Current-mode boost

VN o—e P R . o Vour
Cp Lo = J lCOUT
Rout
<R[ 3 Ress
Modulator | wd L

5 : Error
D= Vour =Vin Logic tz/ /I VSLQPE.

‘ g YR lifier
VOUT ““’ PWM - :: "““‘ b3 RFBT ~...a m p e

y ICHF Rcomp

Peak current-.r.r.{c')'c'i'é -E)“C-)OS’[ !
Optimal Vsiope = (Vout - Vin)'Ri-TIL ™., lCcomp
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Current-mode boost compensation strategy

. C.ho.ose.a value for Regr based on bias current and power G (mod) = D
dissipation R,
* Find the modulator transconductance in A/V o, = R, D"
* Find the RHPZ frequency at minimum input voltage and L
maximum load current _ 0 Coyr
. Set the target bandwidth to 1/4 of the RHPZ frequency: " G, (mod)
we = 2 = wglé Reoup = Apyy - Regr (0p amp)
» Find the mid-band gain A, to achieve target bandwidth Rooypr = Ay (9,, amp)
« Set w4 equal to 1/10 the target crossover frequency: S °K1F3
Wzen = Wel10 Coour = D24 Reoup
+ Set wye equal to the lower of the RHP or ESR zero frequency: 1
WHr = Wr OF Wz Cor = Oy Reour
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Current-mode boost compensation results

40 45
Power stage W o0 I=d Or @y ~
) G 2. 5 -0 o
s s 2 0 @ 4 T g 45 W
. 1= 1+ E @y | P ) L 90 %
Your Dp Wy S 2-1 L =
R Ay 2 -40 1 2.7 15
VC 1+i . 1+i E '60 T T T T '180
wp w, 10 100 1,000 10,000 100,000 1,000,000
Error amplifier w5 ] p [ 598 &
o 2 e — ™o o
= M 5 G =40 | > o g0 *
our 1+7 E '60 T T T T 45
Opr 10 100 1,000 10,000 100,000 1,000,000
60 135
Control loop T [ %0 &
) ) ) 220 - 45 U
Vour _ Your . Ve zo 0 -0 <
~r oA ey O 7-20 a)C - 45 o
Vour  Yc¢  Your g 40 ‘ 2. — ‘ : - -90
10 100 1,000 10,000 100,000 1,000,000
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Current-mode buck-boost

“““__...--......:j)..le
19 . . L
Logic . MT_ 1
fi< E Cout R
; R/ 2 Rout
Modulator :/ : 2 Resr
: — ~—0 -Vour
_ Vour
VIN + VOUT
, . Error
D=—"n % amplifier
Viv +Vour . 3 p
Peak current-mode buick- boost - js
Optimal VsLore = Vour'Ri T/L T """"" I..(.?SOMP ..... |
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Current-mode buck-boost compensation strategy

» Choose a value for Rz based on bias current and power G (mod) = D’
dissipation " l.
» Find the modulator transconductance in A/V R, D"
« Find the RHPZ frequency at minimum input voltage and ’ L-D
maximum load current _ 0 Coyr
VM
. Set the target bandwidth to 1/4 of the RHPZ frequency: G,,(mod)
we = 2-f = wg/4 Reovp = Ay - Ripr (0p amp)
: : : : : A
* Find the mid-band gain A, to achieve target bandwidth conp = . Vlf‘é (9., amp)
» Set w5 equal to 1/10 the target crossover frequency: " 1FB
wZEAz w0/10 CCOMP = R
ZE4 "~ *comp
+ Set wye equal to the lower of the RHP or ESR zero frequency: 1

Wye = Wk OF W, Chr =

Oy Reoup
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Current-mode buck-boost compensation results

Power stage TR @ @, a5
) — vc 2 2 - 0 N
s s P~ 01 @ 7 T 45 W
N 1= 1+ — S @0 P @ L 90 2
Vour W @, Z3 2. L <
UL ~ Ay - O 740 2. - -135 o
Ve s s < 43
1+7 . 1_{_7 E '60 T T T T '180
wp o, 10 100 1,000 10,000 100,000 1,000,000
‘e 40 270
Error amplifier W 0] 225 &
o S _ 0] 180 LU
~ 14 2t o %
Ve o4 . s = 5-20 135 <
5T < Q40 0 &
our 1+ E '60 T T T T 45
e 10 100 1,000 10,000 100,000 1,000,000
60 135
Control loop T [ %0 &
X X X 220 - 45 U
Vour _ Your . Ve zo O o -0 <
Dor Ve g 20 L - 45 &
our c our s  -40 | 2. ‘ ‘ ‘ - -90
10 100 1,000 10,000 100,000 1,000,000
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Isolated compensation techniques

Simplest method: Optocoupler with shunt regulator

* CTR — Current transfer
ratio

* Cp —Includes opto
parasitic capacitance.
This creates a pole with
gain setting resistor Rp

Vee Viour
Rpl IRo
Ve IC*% :’¢ I ‘IB
+ |
CPT F‘QL VEk 2 Rais
|
= 2 Rrar
= Ccomp
TL431 I { I
J% Rres
1
~ 1+
Ve ~_CTR. R, s- Ceowp* Resr
G'OUT R, 1+5-C, R,

Texas Instruments — 2016/17 Power Supply Design Seminar

Rp — Connected to V7
creates a feedback path
even when Cgqyp rolls off
the gain

TL431 — Cathode cannot

pull lower than the
reference voltage
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Primary side compensation

Primary side compensation High bandwidth configuration

VC VCC VCC

—| |—— o VC o
Wt | Rp |
M R + = Wy pyS

I
< w1 | ) |
+_VREF %RE T VREF %RE
» Uses primary side inverting amplifier to * Opto emitter is at virtual ground of Vgee
implement frequency compensation * This minimizes pole due to opto

parasitic capacitance
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Secondary side compensation

ESR zero compensatlo Phase boost

n
]. R I V'our é | ]. V'our
Rp |Cs S 2 Ro, CFF'
] | Sy | |
L _ §_ - ! R I
| RFE_ _ _
hts ey
T Ccowmp TRFBT ’f T Ccowmp % Rear
TL431 %RFBB TL431 % Reag
* An RC pole to the opto can « Feed-forward across Ry adds
be used to cancel the output phase boost for increased
capacitor ESR zero bandwidth

Texas Instruments — 2016/17 Power Supply Design Seminar

| | OUT
éRD |Zsf Rs I

Ccomp Rcomp
%L431 i’ Ress

« Zener bias for Ry eliminates
the high frequency feedback
path for secondary-side
compensation
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Isolated current-mode forward

T1
Np:Ns D1 .-L
Vino Vour
Modulator
pVor Ny
Viv Ny
N Rp...
V] _VOUT P .
D' = Ny e
Vi < >
‘+ ] RE%
Peak current-mode forward ~ “-Vrer = TL431  Renes” ’
Optimal Vsiope = VourR-TILNg/Ne e V0 3
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Current-mode forward compensation strategy
» Choose a value for Rgr based on bias current and power
dissipation G, (mod) = %-&
 Find the modulator transconductance in A/V L
+ Pick target bandwidth, typically fg,/10: = g,c,, (riglg)
we = 2:mf;
 Find the mid-band gain A, to achieve target bandwidth R, =CTR- Ry
Adjust Ry, Rp and C 7 as required Avm
« Set w A equal to 1/10 the target crossover frequency: Covr = 1
Woea = W/10 Rpgr - gy
« Set w, equal to the ESR zero frequency: c - 1
Whe = Wy YRy oy

Texas Instruments — 2016/17 Power Supply Design Seminar
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Current-mode forward compensation results

40 90

Power stage W D

o 20 ’-AVC In) W - 45 —

N D ) A L L

- 1+— Em 0’_\ P 2.7 2.0 [0 2

Vour 4 . @y Z3Z 5 2.7 L 45 T

0L~ Ay G =20 <= 45 T
¢ [1+ SJ . (1+ S] = -40 ‘ ‘ — ‘ -90
Wp @y 10 100 1,000 10,000 100,000 1,000,000

Error amplifier u Dy 225

o 20 1 A, > L 180 &

DzE4 2~ ] I %)

5 1+ E@ 0 , 135 &

- C_ ~ ~A4,, - S % Z o0 DzE4 - 90 T

Y% N < o
our 1+ s  -40 | 2.7 ‘ ‘ 45
Oy 10 100 1,000 10,000 100,000 1,000,000
60 - 135

Control loo " ~

< o ——%¢

A ~ A FEo i 7

Vour _ Your | Ve z2 28 o, i 045 <

o o o = - - D_
vOUT vC vOUT g -40 T T 2 T T T ~ '90
10 100 1,000 10,000 100,000 1,000,000
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Tl Worldwide Technical Support

Internet

Tl Semiconductor Product Information Center Home Page
support.ti.com

TI E2E™ Community Home Page

e2e.ti.com
Product Information Centers
Americas Phone +1(512) 434-1560
Brazil Phone 0800-891-2616
Mexico Phone 0800-670-7544
Fax +1(972) 927-6377
Internet/Email support.ti.com/sc/pic/americas.htm
Europe, Middle East, and Africa
Phone
European Free Call 00800-ASK-TEXAS
(00800 275 83927)
International +49 (0) 8161 80 2121
Russian Support +7(4)9598 10 701

Note: The European Free Call (Toll Free) number is not active in all countries.
If you have technical difficulty calling the free call number, please use the
international number above.

Fax +(49) (0) 8161 80 2045
Internet www.ti.com/asktexas
Direct Email asktexas@ti.com
Japan
Phone Domestic 0120-92-3326
Fax International +81-3-3344-5317
Domestic 0120-81-0036
Internet/Email International support.ti.com/sc/pic/japan.htm
Domestic www.ij.co.jp/pic
The platform bar and E2E are trademarks of Texas Instruments. I TEXAS

All other trademarks are the property of their respective owners.

INSTRUMENTS

Asia

Phone
International +91-80-41381665
Domestic Toll-Free Number

Note: Toll-free numbers do not support mobile and IP phones.

Australia 1-800-999-084
China 800-820-8682
Hong Kong 800-96-5941
India 000-800-100-8888
Indonesia 001-803-8861-1006
Korea 080-551-2804
Malaysia 1-800-80-3973
New Zealand 0800-446-934
Philippines 1-800-765-7404
Singapore 800-886-1028
Taiwan 0800-006800
Thailand 001-800-886-0010
International +86-21-23073444
Fax +8621-23073686
Email tiasia@ti.com or ti-china@ti.com
Internet support.ti.com/sc/pic/asia.htm

Important Notice: The products and services of Texas Instruments Incorporated and its
subsidiaries described herein are sold subject to TI's standard terms and conditions of sale.
Customers are advised to obtain the most current and complete information about Tl
products and services before placing orders. Tl assumes no liability for applications
assistance, customer’s applications or product designs, software performance, or
infringement of patents. The publication of information regarding any other company’s
products or services does not constitute TI's approval, warranty or endorsement thereof.
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IMPORTANT NOTICE FOR TI DESIGN INFORMATION AND RESOURCES

Texas Instruments Incorporated (‘TI”) technical, application or other design advice, services or information, including, but not limited to,
reference designs and materials relating to evaluation modules, (collectively, “Tl Resources”) are intended to assist designers who are
developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.

You understand and agree that you remain responsible for using your independent analysis, evaluation and judgment in designing your
applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have all the necessary expertise to create and implement safeguards that (1)
anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such Tl products as used in such applications. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.

You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the Tl product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TlI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
These include; without limitation, TI's standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2018, Texas Instruments Incorporated
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