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ABSTRACT

Since the present day, there are many choices of energy options. The number of
choice is energy from solar cell. We can use energy from solar cells as a choice that we can
install at the place where the electricity doesn’t reach, such as wilderness, mountain, etc.
Apart from solar cells, we want to use battery that has a good efficiency in order to be able
to keep electric current. But the battery that we used may decline from charging. Thus, we
will think to make a charge-controlled. circuit. The maker will design a battery charge -
controlled circuit from solar cell, Using LT3652 to control charging the battery for bring
energy to keep in the battery while that place has many solar and bring energy that the
battery retained to use when that place has little solar. In addition to, it also extends the

battery life. It can bring this knowledge to develop to continue using solar cells.
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2.3.1 A0V
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va 19 L 12 SW
g5:20] 11 BOOST
SHON 3 (110 SENSE
ARG 40 9 BAT
AT 5 8 NIC
TIMER 6 D7 Vg
DD PACKAGE MSE PACKAGE
12-LEAD (3mm x 3mm) PLASTIC DFN 12:LEAD PLASTIC MSOP
Towax = 125°C, 00 = 43°CM O = 3°CW T = 125°C, 6w 43°CWL g = 3°CW
EXPOSED PAD (PIN 13) IS GND, MUST B€ SOLDERED TO PCB EXPOSED PAD (PIN 13) 1S GND, MUST BE SOLDERED T0 PCB
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2.3.3 N15YN9IUVRINAAZY
-Vin (PIN1)

o P '3 5 a o o = . 2/ i i
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at IJ ] s Aal v Ve ﬂy
wsssiulwifivnean (Vbat ) 3.3V dwmdumsisuduiildauldie (Vin-vbat) » 0.75V 19950y
Liifn (Vboost-VSW) > 2V Vin wagagdlen Ivin Uszanas 0.85 uA néaanmsviaduanas

-Vin_REG (PIN2)

[
=l o 1

msmuauusiulning 1Bt nszudlwanisgignazanandouwssdiueiiining
2.7V msidendedsuniuaine Vin Witnnivihliamsasvuaussdulidia vin Wranns
Waonlilneiidiosiign Tﬂﬂﬁ’ﬂﬂmiﬁwumLL'sqﬁ'ulwﬁ"lqeqmﬁ'm%'uucad‘ﬂfhwaé LT3652
wilenszuageaiitomslilunisinwissiuussiulnin vin Adenldmuiiimunlilay
Kumasaduliiii Vin_REG fiaggans 2.7v wnlallaldsumn vin REG ausaideusteit
Y Vin el

-SHDN (PIN3)

g A “” .7 =Y -] L& - ;4 - -
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' - « o 7 e - £ ¢ 1 e
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-CHRG (PIN4)
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- L7 = | '~ 2/ d =y g L
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10mA Wailanslaau Tusgninesounisvisauunmes anszualiihfidesnisiiaiuinnda
A Q‘; - 5 - al L o
1/10 voanszuageganialy CHRG szgnialinas Sudnldnumnsadunainigluasyily
(] ] G: =i
danseualwiilosnin 1710 laefiva CHRG xliAAUIUEY

-FAULT (PIN5)

A01ULIBUAT OIS AT TR R s UR A E LU s a9 donuseni
amsaRssFUlNTUlUR Vin 18letinnnsTé o wazaninsoannsyualdss 10mA deuds
msldau idzuanediianinzanuinuniluseuinesounstisauunmad &8s
A593ua1N8 U ﬁww%’u%qamsﬁmu awhiAndaunndoswosunmes oravilvani
gﬂﬁaaavmﬂlﬁﬁf&'aulwil’aﬁmwmm U1 FAULT 9uilnnusumiugs
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-TIMER (PIN6)

dyd nsl ] ﬂv s v v - 173 v
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Uisqﬁm'maum'ﬁ
tEOC = CTIMER « 4.4 « 1076

a a a - 4 Mo s @ d e w0 o I
LuneeIvznnANURAUNRTL winwumwasitaiusalesuussaulndafsvualiatamsnla

mMu1lusg vee tEOC vie
tPRE = CTIMER » 5.5 « 10A5

lagunfudvgldiufiuusey 0.68uF Feazdumatamduna EOC fnanawdalus
<o i o = 1= s Y v W < ar Y
uwaghanimunamiiRe 22,501 mnlidinisivungndugavesdaduna feidunisdu
- ) L ar - =y fo oW
waraggniamslisulasnisdedniue TIMER fu GND detiaflarduduiainisuiey
- = s '
dugmaadionszualnanassinit C/10 w3e Ichg(MAX)/10

-Vfb (PIN7)

Toyadredaieatuussiulifgosuuningd Heddunisensevauiitelils
usswiulwinanyinedl 3.3v vunil ussddlwihiuusnesvieen (Vbat) wgnimunalagldd
sumuyssiuliily Vbat annsarmunusiulate 14.07 aadnvuianiimsnluliee
Buduseumssialudifioussiulilaiion vib anashniiusedulagness 2.5%

Y909 Vib finseuawiniu 110 nA msldasmsumulunswdsidanviasus
v v o a v aa i o v
AUNTUYWVINYT Vb 9UIR 250K dvSUENTERaTUITIRANAIN ANANAIUIETIdBINIS
Tuniseenwuu Vbat Wudsauns

R1 = (VBAT(FLT) » 2.5 » 1015)/3.3 (Q)
R2 = (R1 + 2.5 « 10A5)/(R1 = (2.5 « 1045)) (QQ)
R1 \ioun BAT U Vib way R2 #a9iA Vb a9 GND

-NTC (PIN8)

Fhunilnsaesevgumgivesiunne vnilazdedunnda NTC Failmesfiamesiy
193nTaadeugangll Haddudesinisldaulaenisidonseddruniumes ianes
10k ,B=3380 NTC 21191 NCT U GND a¢ilnszua 50uA uazasiadaunsesulnieumes
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HIJ o/ e o 5 EJ s o
vgatATILarsEiuNNIln Msrstendunihnudnasadeussiuliihves NTC ndu

AUSLIUNSIEIY 0.29V B4 1.36V
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-BAT (PIN9)
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-SENSE (PIN10)

Wuriiiinsuianseua Tnemsideonsetusamiloniuasdamuniuaine SENSE
Uén BAT Fausedulniifinnaseudiumussidudaimanssualnilaonds dn
Usragean (Ichg(MAX)) aseriu 100mV rrusasinumiu Rsense) dagiumuilanunsasanly
nszudlnithgeanléi 24

RSENSE = 0.1/ICHGMAX) (Q)

ler99sY i aAuamaINTHLABLYYDIY SENSE 9¥anasiufl < 0.1uA ifeannisene
Ussi;l,mmma?lwmzﬁm‘%’mﬁﬁ%ﬁ'}ﬁwiaagj
-BOOST (PIN11)

\Wumsnglndwmivaing wildelunisdushvemsudamesaing Tnsnisdedaiiu
Uszq 1uF 99091 BOOST Wefaw1 SW dasmsvieiuasuniifie oV e 8.5V gredafunn sw
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wsedulniuudaiudsequuunendaasisudulndilaloatverluniineldouius
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wseiuliihaneenuumineivisunasneuenuazualnefiousaiiur BOOST

-SW (PIN12)

unaindveaemiyn vilsulusindusaveweninnuarasandesiudinmes

- £ = d - L4 L) 1 1 1 " o -
vomswAanesaing WelWanisldvaindreunasinglnazdeia Sw luda vin 2sasladv
dmsuiausssiuliogmtoundsdel vin Tiuuwnasdrglnund drgliaindoudlaognad

UseaAndnnaagn
-GND (PIN13)

< dy a & a v o al 1 v as | & o &
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2.3.4 Jayan1suszendldanu
- Vin Input Supply

LT3652 1a5Uludansainumnassrendanu e Vin - undsdnefisnadilu sl
Anszuaaindguilofoimsnunings nslddufuussauuy low ESR (equivalent series
resistance) 1 uBfivsvrganussiuiianatniidrunluasesld Tae AAulsEquuy
decoupling  Tuszmoeganszuaainddensuiiionlursasianun luseninennda nszua
NSYABULUY RMS (Icvin(RMS)) fuaniann

lcvin(RMS)= Ichg(MAX)s (Vbat / Vin)s([Vin / Vbat] - 1) 1

e Ichg(MAX) fienseuadsgeaaiiannsavnsald (100mV/RSENSE) fn Vin g4gn
aziAndu 2 Wihee Vbat iile CVINRMS) = Iche(MAX)2 Tun1sduiamaen C faviunld
Tur99s milsanauns

Gin(BULK) = Ichg(MAX) « (Vbat/Vin)/AVin (uF)

i ar o & ar - I a
Iﬂﬁl AVin ﬂaLﬁ@ﬁuﬂiszalﬁnL{hLWT]SQSuULﬁQﬂuﬂiglwauﬂqLﬁqﬂgﬁaa‘lﬁJLﬂu 0.1v
o 1 A 1 1 é
ATUAIUNIAIVLULIEFUNUIAT 10UF L“N"gﬁqu‘ﬂ

- Charge Current Programming

o . o ' -l ' re o
3899159 LT3652 @30 muafInsslalafgny 2A AINTEMANTIYIIGERTMUR
1A8nNI5 d0nMeUNIU(RSENSE)

Rsense = 0.1/Ichg(max)
- Boost Supply

ar ar =S £ J ] v - 1%
Boost Supply ammmmumwmEJ'luLLazLaammﬂ'lum'm%ma%‘lwaq’luamw
ﬁl Qi 1} o ] 1 af = d 1
BUNT BINNITVNINIUUDIUT Boost WBYITNIN OV 03 8.5V P9899INVIUDY SW BRI
Fufiuuseq (1uF) sewinawn Boost ffu 91 SW

LT3652
BOOST

SENSE

E Rsense

BAT

e

ks

3U#12.8 ATUANNTZUEYI5 MY Rsense

Y
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ussilwihfinnasenuudufivusyy ssgndudubmiinlaleniifitaundadeussly
WSITULUAWDIV0DNWEBUNATILNAINAEUDN LazthaudouRefuA Boost e
nszualwiiadsvedlalonunnnit 0.1A warussiudeunduannay Vin(max) leduusesu
anaseufifaLiuyssyFuln lalonazi3eansyuannuunines vliussfuanuumimedasge
N1 8.4V inanansalddweslaleaiodosiulaldan Boost faeusedulniinilee

sw i\'w\
LT3652
BOOST i
SENSE

BAT

,..1‘_

§U#2.9 n1sriediuaslalondasiuvn Boost

-Vin/BOOST Start-Up Requirement

LT3652 23094924 Vin- 4.95V e 32V athalsfmuaiiudesmsusadulnii
Suduintuilowindnvazvoaing step-down @sliintulunanfisaiu 1¥nsdeuse
wuuiaIathediuiniemnda mnliilunasiieln  Boost #lHle angnieludesld (Vin-
Vsw)> 3.3V ﬁaﬁwuﬂﬁwhjﬁaq'mn Boost Supply ffLfiu (Vboost-Vsw)>2V

- = ¢ Lo | o o @ Velw ¥ et ar

ile LT3652 Lifin1sy3safindu yivn Sw azmﬂwuﬂnmﬂuuummawaawqam Vbat
281U dwmiumsisuau desdrelwly Vin unnnia Vbat agqsios 3.3V illeadunisisudy
494 Boost Supply faiulszgaggnunsa (Vboost-Vsws2v Felaisiaanislild vin u

- Vbat Output Decoupling

useiuvIaenues LT3652 Sulufisndeenmsreididuiafulssaaine BAT U
GND  #afiuuszguuin 10uF - uuvwsiiadvasiududmsunisldauiommn lussuud
A1U13NnEALUAIABIBENNIATRINTIld MITdeInsiiuvesUseqinszerauanaidiud
deamsdmiunisuenanmdwiuanmuunineinlsiduumaes windesmsidnusruulnan
91 LT3652 1ilenanuumimeieandodliniuquiswmaiisndy lusewndiedudszinnions
Aemsdunniyluiazaudurusansafnty Tnglifpafiumuguosiaiulseqlsd
sniiuly dwsunsldoumarilslddiiuusyy 100uF wuu ESR 99 BAT TU GND wasie
vufuiiivdszquismanuugsiasunn 100F lumsifisdufulssguiswiadaluly
ssuuiisioinns iuuawmeimaideudeagfuedasiaduanelneny msliusetulufinion

v 1 v oa v <
Chat FABIUINAITLIIAUNLU L USILH DT
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-Inductor Selection

inarndnidesdulunsidentumvesiamislueiomife L3652 Wunseud
szaonfiadsiuludmieni Wermuavuindimideniudueunds Awileaidasd
nspkaBufiiUMTeIIN NI NsTIAgegRTasA ek vunad el
foen1svesAnioniniu peakto-peak  nrsduveINsTUAANNTIUTEALlERINAI Y
Aeadoety
L = (10 «Rense/ AlL/ Ichg(MAX)) « (Vbat(FLT))e (1~ Vbat(FLT)/ Vin(MAX)) (uH)

lupmudiniusianan Vinax) Aeussiulnihldnuligean nisduvenszuaazey
melutae 25% e 30% U3 IchgMAX) Fafuruiatesainitiamsofmuslaontsds
Afuiuaufe 0.25< AIL/ICHGIMAX) < 0.35 Furowivdninegsyyfamienniid RMS
QuPuazszAUNsEUABUsh denfwmtienihiiflsyiuaradusiviowiiondt (1+ AMAX/2)
« ICHG(MAX) uaz3ziu RMS  nilondn Ichg(MAX) damileidesmilauiu Voltsecond
qaqm%eLﬂuuﬁﬂﬁmﬁﬁﬂmwﬁmmimnﬁqﬂ mn?’}aﬁwwuﬂﬁiﬁaQIuLLﬁu%’an&aﬂaaﬁa
wilsnhlivinwiduedelmullaimandueg voltsecond llafivuingeaaiiuainnis
PONUULTDIAAL HARATISITIFDINTS Voltsecone fo Vbat(FLT) » (1 ~ Vbat(FLT)/ Vin(MAX))
(V +uS)0

-Rectifier Selection

laleavaneasiFpanseuasinut SW Gaw1 GND veswumines L3652 (Judumis
nszualiiinszuaddy WoaindlumdngnUaldaiu \n3eadiseslnazgnideniuagify
ussdulwihdounduuaznszuagegn Sndusiodldfonilalenidosainussiilimsshdanari
Iigdendenumgauasiussansamagn lalomssanssuaszdoadissfunisuusadu
dounduuinniiusaiulningegaves Vin + Ardiannisveansuualalevsiisziu
(IDIODE(MAX)) fiwdausenszudlivioengsdn (ICHGIMAX) Vin ildauldgeaauardsoand
anmznounu (VBAT(PRE), %38 0.7+ VBAT(FLT)) fMumain

Idiode (MAX) >Ichg(MAX) « Vin(MAX) - Vbat(PRE) Vin(MAX) (A)

e

snfathadulaleniioinsyuaii 7.2v 2A Aifluswuduwngean 25v

LV |

Idiode(MAX) >2A « 25V-0.7(7.2V) 25V or Idiode(MAX) >1.6A
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-Battery Float Voltage Programming

ol 4 d“ ! o 3 :J 1 1
wssiulwiuunmeIutean (VBAT(FLT)) muaulagNsBNiaMA uNIuTneAIaL

991 BAT U971 VFB VBAT anunsoseenladeta.av

3
-

AT
LT3652
Vi

~vYvy
A
B

|ll_‘AA

= o
JUY2.10 AUANLTIAUI9RTVDIYT BAT

Vo W LTI P v & -J ] -,
nﬂ‘s’L'aimm‘umuuanﬂum'zmuw’lw'}w'm‘m VEB @um 250K 98 9289aL08R1NUNANAIAUDY

mMsenseualnmng
RFB1 = (VBAT(FLT) « 2.5 » 105)/3.3(Q))

RFB2 = (RFB1.+ (2.5 » 105))/(RFB1 - (2.5  105)) (Q)

Haidunsviiessiugagaiiaidotiousafuiiv: VFB 3.3V auaud@nisianisn
w s a v 1o - o i ar d
ﬂmIUQJﬂ"ﬂzlsuﬂUiaUﬂ"li‘ﬂ']{"ﬂl‘lﬂliﬂ'ﬂ'l VFB anag 2.5% ‘tldﬂ‘]ﬂ’.l’il.ﬁﬂﬂﬂﬂﬁ@ﬂ Lﬁaﬁﬁ]"lﬂ

o A ] 5 s lll a LT ar 1 ‘:‘
u‘saﬂu‘lw‘vadu;umma‘sagm'swmmmuammm%mLﬁ‘uﬂsxq VBAT(FLT) fiauustiazf
q' s A L
nszualwanuunwes (RFB) Tudnsiitos IRFB = 3.3/RFB2

rrmgndesildnudisununingroadudessn dmsunsldauiy VoatELT)
wasueitsneldfadumiuliadluns Feedback fumsiindadumiu (RFB3) el
Widramusunuiigunin 250K nisrefdumusfnugt aansaannugasnluns
Lﬁana’unisna'uuaz/w‘i‘al,ﬁumml,n,aiue?wmLmﬁu‘lﬂﬁnmﬁﬂwlﬁ finsdrevesnseua

LANTUNIUNITLUILSIPUE DUNAY

BAT
LT3852 o Lt
< R =
fm ¢ i i
VH VWA —_
‘b
—— < Repz

o ' a i 1 )
31]71211 N19Ma RFB3 LWNLﬁaLLUQLLS\iﬂu
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o o s 2 A 1 s L s s 2/
FANTURIMUNUNADAUZAT FNITOMIANFURNUSIARIN

RFB2/RFB1 = 3.3/(VBAT(FLT) - 3.3)

sda &

< ] a a = v
LU®391NU1 VFB LUUTWU@@QJWLLﬂu‘UV]l.lﬂ"lﬂ'}qﬂﬁlqquu@ﬂ’ﬂﬁﬂ')iaﬂsﬂuqWGU'P]\W]'JmU

[

P 1 v [ =Y a s s < o 1 e o
Usganuid isnmsbinnuauladuiiimeiudufuvdssgdium VGRERERET RV GTRIRTY
meueaniiunBaunsondndyy nsuniuilifsUstasiuie ripple navesruansoly
nsgadesinazanaslaenisiiuduiulssatounduruaidn (20pF to 50pF) 91091 Vbat

Tufin VFB

misliruszinsy Tuduiaslusendnimsusznovuns msvudeuduuuvesa ns

ﬂg’ -] 1 4 ) ot ol s 2
vuleuamsmhlugnmsiasunlasegiifeddgylunssiulwineen msldunsnisns
o ar 4 d s 4 -]
mAMEzRIIMRIMsUsTRaUI@mIMATMINgaiaeaiumsUuileuvasus fauazuuzi

Tnidinsluavesueaunaifniniss s
-Input Supply Voltage Regulation

LT3652 ﬁmsﬁgmsaﬁuﬁ'ﬂ']‘[ﬁmmmﬁa'u'lf'ﬁﬁUmsmwumu?uﬁuﬁwwﬁ
useulniheinld nsideusiefadumusine Vin - lue Vin_REG  ¥relnanunsaitiou
Wsunsuussiulviirdummengalasyniagldlusunsuusadulviagedmivunslodnivad
n's:LLﬁm%i]qaqmzaﬂaaLﬁam Vin_REG AnIusITuEduT 2.7v

duvasdrenszualiidnbiasalimdsauiivame ilensvaussnanudainisves
ARean$a L3652 Irusastilwithasimanuas ussulifindildisudumsieusdhanauns
vildfedudaosiilusunsalasnssssseuunassngnhumussiasummugusesuli
dushiivn Vin REG ity 2.7V LT3652 Anszudmsalnuiengeaaiasnynsadulwiig
1 Vin_REG wiegenh 2.7V msifeulusunsuussiulwihdusiidasnisvildlaensdeuse
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-Status Pins
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-Timer Termination
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4.1 YaiNevinAn Maximum Power Point Tracking Solar Cell
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A9 4.1 wansmsemINu IR uNUNSELavaILNulYawad

wsea Ul (V) nsyualin (A) maaluii (W)
14.9 0.325 4.843
15.82 0.30 4,746
16.38 0.27 4.423
16.55 0.25 4.138
174 0.20 3.48
17.85 0.15 2.678
184 0.10 1.84
18.75 0.05 0.938
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035 3 A= 2 .
03 | T Ny
025
| 02
| i | pe N nrzualvivi (A)
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| \
0.05 | 0.05
0 |
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4.2 nInedau Load Regulation

3Uﬁ4.3 WaN1INAEHaU Load Regulation
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4.3 n15vAdaU Line Regulation

imsiauswiuemiwniienaaeuindelidunnuwiasisiuudnawinniing
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Wasuwlaseeals

o \ b i ¢
f1919% 4.2 WEARIALTIAUBUNNLAZLDININY

Vin (V) Vout (V)
ov Qv
2V 2.5mV
av 2.5mV
6V 1.545V
8V 1.572v
10V 1.59Vv
12v 1.619V
14V 1.641V
16V 1.663V
18V 13.46V
20V 13.64V
22V 13.64V
24V 13.6V
26V 13.6V
28V 13.6V

3U94.4 wan15agau Line Regulation



4.4 nMsnadaUdI Pulse Width Modulation
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7'_ t ’\D LT3652

TECHNOLOGY  power Tracking 2A Battery

FEATURES

= [nput Supply Voltage Regulation Loop for Peak
Power Tracking in (MPPT) Solar Applications

= Wide Input Voltage Range: 4.95V to 32V (40V Abs Max)

= Programmable Charge Rate Up to 2A

= User Selectable Termination: C/10 or On-Board
Termination Timer

= Resistor Programmable Float Voltage Up to 14.4V
Accommodates Li-lon/Polymer, LiFeP0,, SLA
Chemistries

= No V\y Blocking Diode Required for Battery

Voltages < 4.2V

1MHz Fixed Frequency

0.5% Float Voltage Reference Accuracy

5% Charge Current Accuracy

2.5% C/10 Detection Accuracy

Binary-Coded Open-Collector Status Pins

Thermally Enhanced 12-Lead 3mm x 3mm DFN and

MSE Packages

APPLICATIONS

= Solar Powered Applications

= Remote Monitoring Stations

LiFePOy4 (Lithium Phosphate) Applications
Portable Handheld Instruments

12V to 24V Automotive Systems

Charger for Solar Power
DESCRIPTION

The LT®3652 is a complete monolithic step-down bat-
tery charger that operates over a 4.95V to 32V input
voltage range. The LT3652 provides a constant-current/
constant-voltage charge characteristic, with maximum
charge current externally programmable up to 2A. The
charger employs a 3.3V float voltage feedback reference,
so any desired battery float voltage up to 14.4V can be
programmed with a resistor divider.

TheLT3652 employsaninputvoltage regulation loop, which
reduces charge current if the input voltage falls below a
programmed level, set with a resistor divider. When the
LT3652 is powered by a solar panel, the input regulation
loop is used to maintain the panel at peak output power.

The LT3652 can be configured to terminate charging
when charge current falls below 1/10 of the programmed
maximum (G/10). Once charging is terminated, the LT3652
enters a low-current (85pA) standby mode. An auto-re-
charge feature starts a new charging cycle if the battery
voltage falls 2.5% below the programmed float voltage.
The LT3652 also contains a programmable safety timer,
used to terminate charging after a desired time is reached.
This allows top-off charging at currents less than C/10.

AL, LT, LTC, LTM, Linear Technology and the Linear logo are registered trademarks and
PowerPath is a trademark of Linear Technology Corporation. All other trademarks are the
property of their respective owners.

“

TYPICAL APPLICATION

2A Solar Panel Power Manager With 7.2V LiFeP0, Battery

Solar Panel Input Voltage
Regulation, Tracks Max Power
Point to Greater Than 98%

. 22 T T
and 17V Peak Power Tracking Th = 25°C |
CMSH1-40MA il | —T |
SOLAR PANEL INPUT = 2 —=
—f SYSTEM LOAD = L —
(<40V OC VOLTAGE) ) _]_ cMSHs = E = L1
o I sns 5 18 <—>—==100% TO 98% PEAK POWER
530k CMSH3-40MA 2 /1
< —] Vin W =
Vin necmmnouST Ll—_m <— jw“H 2 16 L
b 2 =
100k —{ SHON SENSE 3 // 98% T0 95% PEAK POWER
e BAT —- : / T
= "R NTC f— 542k __L_qu = /
J___ TIMER Vig AAA = 12
- 459 =
2 10k == 10
‘Dszmn - 02 04 06 08 1 12 14 16 18 2
CHARGER OUTPUT CURRENT (A)
2-GELL LiFePOy4 (2 = 3.6V) BATTERY PACK = - 3652 TAOTE
3652fe
¥ LINEAR e 1
L TLEICHNOLOGY For more information www.linear.com/LT3652
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ABSOLUTE MAXIMUM RATINGS

(Note 1)

Voltages: BAT-SENSE ..o -0.5V to +0.5V
N 0 RS pms e Rs SRR 40V NTC, TIMER, ..o, 2.8V
V||\3 REG: SHDN, CHRG, FAULT ............ V|N + 0.5V 40V VFB .......................................................................... oV
SW e 40V Operating Junction Temperature Range
SWV N i, 4.5V 1] -40°C to 125°C
BOOST ..o, SW+10V, 50V Storage Temperature Range................... -65°C to 150°C
ST YR 2 T R ———— sasnse HV

= e S T e s |
TOP VIEW
S — TOP VIEW
N -4 B o Vin 105 12 swW
Vin_res [ 2] 1 | {11} Boost i
SN IS | o | fiof kst 4R 3 Do sewse
cARG [4) | SNDy 9] gar CARG 4 C (39 BAT
FAOT [5) | BE FAULT 50 8 NTC
rimen [6) _— | {_-7_.&8 TIMER 6 O O7 Ve
DD PACKAGE MSE PACKAGE
12-LEAD (3mm x 3mm) PLASTIC DFN 12-LEAD PLASTIC MSOP
= 125°C, 64 = 43°C/W, ¢ = 3°C/W Tamax = 125°C, Oy = 43°CIW,. B0 = 3°C/W
EXPOSED PAD (PIN 13) 15 GND MUST BE SDLDEHEDTU PCB EXPOSED PAD (PIN 13) IS GND, MUST BE SOLDERED TO PCB

LEAD FREE FINISH TAPE AND REEL PART MARKING* PACKAGE DESCRIPTION TEMPERATURE RANGE

LT3652EDD#PBF LT3652EDD#TRPBF LFHT 12-Lead Plastic DFN 3mm x 3mm -40°C to 125°C

LT3652IDD#PBF LT3652IDD#TRPBF LFHT 12-Lead Plastic DFN 3mm x 3mm -40°C to 125°C

LT3652EMSE#PBF LT3652EMSE#TRPBF 3652 12-Lead Plastic MSOP -40°C to 125°C

LT3652IMSE#PBF LT3652IMSE#TRPBF | 3652 12-Lead Plastic MSOP -40°C to 125°C

Consult LTC Marketing for parts specified with wider operating temperature ranges.

For more information on lead free part marking, go to: http://www linear.com/leadfree/
For more information on tape and reel specifications, go to: hitp:/www.linear.com/tapeandreel/. Some packages are available in 500 unit reels through

designated sales channels with #TRMPBF suffix.
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GLGCTRICHL CH ﬂ ﬂ ﬂCTGﬂ |ST|CS The e denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at T = 25°C (Note 2). Vjy = 20V, Boost - SW = 4V, SHDN = 2V, Vgg =3.3V, Crymer = 0.68pF.

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
Vin Vin Operating Range Vpar = 4.2 (Notes 3, 4) ] 4.95 32 V
V) Start Voltage Vgar = 4.2 (Note 4) ® 75 Vv
VinovLo) OVLO Threshold Vin Rising e 32 35 40 v
OVLO Hysteresis 1 V
VinguvLoy UVLO Threshold Vi Rising 46 4.95 v
UVLO Hysteresis 0.2 v
Ves(rLm) Float Voltage Reference (Note 6) 3.282 83 3.318 Vv
® | 326 3.34 V
AVRECHARGE Recharge Reference Threshold Voltage Relative to Veg(r7) (Note 6) 82.5 mvV
Veg(PRE) Reference Precondition Threshold Ve Rising (Note 6) 23 Vv
Ves(prEnYST) Reference Precondition Threshold Voltage Relative to Vigpre) (Note 6) 70 mV
Hysteresis
VIN_REG(TH) Input Regulation Reference Vg = 3V, Vsense — Vaar = 50mV ] 2.65 2.7 275 v
In_REG Input Regulation Reference Bias Current | Viy peg = VIN_REG(TH) @ 35 100 nA
lvin Operating Input Supply Current CC/CV Mode, lgy =0 a 25 35 mA
Standby Mode 85 HA
Shutdown (SHDN = 0) 15 LA
IBoosT BOOST Supply Current Switch On, lgy =0, 20 mA
25.¢< Vtgggs'r ~swy< 8.5
lz0osT/Isw BOOST Switch Drive lsw = 2A 30 mA/A
VSW(ON) Switch-On Voltage Drop Vin=Vsw, lgw = 2A 350 mV
[swimax) Switch Current Limit ® 2.5 3 A
VSENSE(PRE) Precondition Sense Voltage Vsense = Vaar; Vg = 2V 15 my
Vsense(ne) Maximum Sense Voltage Vsense — Vaar: Veg =3V (Note 7) @ 95 100 105 mV
Vsense(c/10) C/10 Trigger Sense Voltage Vsense = Vpar. Falling ® 75 10 2.5 mV
IBAT BAT Input Bias Current Charging Terminated 0.1 1 PA
Isense SENSE Input Bias Current Charging Terminated 0.1 1 A
|REVERSE Charger Reverse Current Vin=0; Vgar = Vgense = Vew = 4.2V 1 pA
Igar + Isense + Isw
lvra Vg Input Bias Current Charging Terminated 65 nA
lves Vg Input Bias Current CV Operation (Note 5) 110 nA
VNTC(H) NTC Range Limit (High) Virc Rising e 1.25 1.36 1.45 v
Vireq NTC Range Limit (Low) Vyrc Falling ® | 027 029 0315 v
VNTC(HYST) NTC Threshold Hysteresis % of threshold 20 %
Rureois) NTC Disable Impedance Impedance to ground L] 250 500 kQ
Inte NTC Bias Current Vyrg = 0.8V ® | 475 50 52.5 pA
VsroN Shutdown Threshold Rising ®| 115 1.2 1.25 v
VSHON(HYST) Shutdown Hysteresis 120 mv
IsHoR SHDN Input Bias Current -10 nA
Verre, Vo Status Low Voltage 10mA Load ] 0.4 v
ITIMER Charge/Discharge Current 25 PA
VTIMER(DIS) Timer Disable Threshold e O0f 0.25 v

3652fe
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GLGCTHICHL CH HBHCTEBISTICS The e denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C (Note 2). Vjy = 20V, Boost — SW =4V, SHDN = 2V, Vg = 3.3V, Crimer = 0.68yF.

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
tTmMER Full Charge Cycle Timeout 3 hr
Precondition Timeout 22.5 min
Timer Accuracy e | -10 10 %
fo Operating Frequency 1 MHz
DC Duty Cycle Range Continuous Operation ® 15 90 %

Note 1: Stresses beyond those listed under Absolute Maximum Ratings
may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended periods may affect device
reliability and lifetime.

Note 2: The LT3652EDD is guaranteed to meet performance specifications
from 0°C to 125°C junction temperature. Specifications over the -40°C

to 125°C operating junction temperature range are assured by design,
characterization, and correlation with statistical process controls. The
LT36521DD specifications are guaranteed over the full =40°C to 125°C
operating junction temperature range. Note that the maximum ambient
temperature consistent with these specifications is determined by specific
operating conditions in conjunction with board layout, the rated package
thermal impedance and other environmental factors.

Note 3: Viy minimum voltages below the start threshold are only
supported if (Vgoost-Vsw) > 2V

Note 4: This parameter is valid for programmed output battery float
voltages < 4.2V, Vy operating range minimum is 0.75V above the
programmed output battery float voltage (Vaar(um) + 0.75V). Vi Start
Voltage is 3.3V above the programmed output battery float voltage
(VBar(rLry + 3.3V).

Note 5: Output battery float voltage (Vgsr(rir)) programming resistor
divider equivalent resistance = 250k compensates for input bias current.
Note 6: All Veg voltages measured through 250k series resistance.

Note 7: Vsensg(oc) is reduced by thermal foldback as junction temperature
approaches 125°C.

3652fe

4 For more information www.linear.com/LT3652

LT IR



L13652

D ————————— R i i tiseti
T"PICHL PEﬂFOﬂﬂ'IﬂﬂCG CHHRRCTGI'“STICS Ty =25°C, unless otherwise noted.
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TYPICAL PERFORMANCE CHARACTERISTICS T, - 25°C, unless otherwise noted.
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PIN FUNCTIONS

Vin (Pin 1): Charger Input Supply. V| operating range
is 4.95V to 32V. Viy must be 3.3V greater than the pro-
grammed output battery float voltage (Var(rLr)) for reli-
able start-up. (Viy — Var(eLr)) 2 0.75V is the minimum
operating voltage, provided (Vgoost — Vsw) = 2V. lyjy ~
85pA after charge termination.

Vin_reg (Pin 2): Input Voltage Regulation Reference.
Maximum charge currentis reduced when this pin s below
2.7V. Connecting a resistor divider from Vjy to this pin
enables programming of minimum operational V;y voltage.
This is typically used to program the peak power voltage
forasolar panel. The LT3652 servos the maximum charge
current required to maintain the programmed operational
Vi voltage, through maintaining the voltage on Viy geg
at or above 2.7V. If the voltage regulation feature is not
used, connect the pin to Vjy.

SHDN (Pin 3): Precision Threshold Shutdown Pin. The
enable threshold is 1.2V (rising), with 120mV of input
hysteresis. Wheninshutdown mode, all charging functions
are disabled. The precision threshold allows use of the
SHDN pin to incorporate UVLO functions. If the SHDN pin
is pulled below 0.4V, the IC enters a low current shutdown
mode where V) currentis reduced to 15pA. Typical SHDN
pin input bias current is 10nA. If the shutdown function
is not desired, connect the pinto V.

CHRG (Pin 4): Open-Collector Charger Status Output:
typically pulled up through a resistor to a reference volt-
age. This status pin can be pulled up to voltages as high
as Viy when disabled, and can sink currents up to 10mA
when enabled. During a battery charging cycle, if required
charge current is greater than 1/10 of the programmed
maximum current (C/10), CHRG is pulled low. A tem-
perature fault also causes this pin to be pulled low. After
C/10 charge termination or, if the internal timer is used
for termination and charge current is less than C/10, the
CHRG pin remains high-impedance.

FAULT (Pin 5): Open-Collector Charger Status Output;
typically pulled up through a resistor to a reference volt-
age. This status pin can be pulled up to voltages as high
as Vy when disabled, and can sink currents up to 10mA
when enabled. This pin indicates fault conditions during a
battery charging cycle. Atemperature fault causes this pin

to be pulled low. If the internal timer is used for termina-
tion, a bad battery fault also causes this pin to be pulled
low. If no fault conditions exist, the FAULT pin remains
high-impedance.

TIMER (Pin 6): End-Of-Cycle Timer Programming Pin.
If a timer-based charge termination is desired, connect
a capacitor from this pin to ground. Full charge end-of-
cycle time (in hours) is programmed with this capacitor
following the equation:

teoc = Crimer * 4.4 « 108
A bad battery fault is generated if the battery does not

achieve the precondition threshold voltage within one-
eighth of tggc, or:

tpR = Crimer * 5.5 * 10°

A 0.68pF capacitor is typically used, which generates a
timer EOC at three hours, and a precondition limit time of
22.5 minutes. If a timer-based termination is not desired,
the timer function is disabled by connecting the TIMER
pin to ground. With the timer function disabled, charging
terminates when the charge current drops below a C/10
threshold, or Igyg(max)/10

Veg (Pin7): Battery Float Voltage Feedback Reference. The
charge function operates to achieve a final float voltage of
3.3V on this pin. Qutput battery float voltage (VBaT(rLT))
is programmed using a resistor divider. Vgar(i7) can be
programmed up to 14.4V.

The auto-restart feature initiates a new charging cycle
when the voltage at the Vg pin falls 2.5% below the float
voltage reference.

The Vg pin input bias current is 110nA. Using a resistor
divider with an equivalent input resistance at the Vpg pin
of 250k compensates for input bias current error.

Required resistor values to program desired Vgar(riT)
follow the equations:

nl= (VBAT(FLT} w29 105)/3.3 (Q)
R2=(R125¢10%/R1-(25+10%) (Q)

R1 is connected from BAT to Vg, and R2 is connected
from Vg to ground.

3652fe
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PIN FUNCTIONS

NTC (Pin 8): Battery Temperature Monitor Pin. This pin is
the input to the NTC (Negative Temperature Coefficient)
thermistortemperature monitoring circuit. This functionis
enabled by connecting a 10kQ, B = 3380 NTC thermistor
from the NTC pin to ground. The pin sources 50pA, and
monitors the voltage across the 10kQ thermistor, When
the voltage on this pin is above 1.36 (T < 0°C) or below
0.29V (T > 40°C), charging is disabled and the CHRG and
FAULT pins are both pulled low. If internal timer termina-
tion is being used, the timer is paused, suspending the
charging cycle. Charging resumes when the voltage on NTC
returns to within the 0.29V to 1.36V active region. There
isapproximately 5°C of temperature hysteresis associated
with each of the temperature thresholds. The temperature
monitoring function remains enabled while the thermistor
resistance to ground is less than 250k, so if this function
is not desired, leave the NTC pin unconnected.

BAT (Pin 9): Charger Output Monitor Pin. Connect a
10pF decoupling capacitance (Cgar) to ground. Depend-
ing on application requirements, larger value decoupling
capacitors may be required. The charge function operates
to achieve the programmed output battery float voltage
(VBat(rL)) at this pin. This pin is also the reference for
the current sense voltage. Once a charge cycle is termi-
nated, the input bias current of the BAT pin is reduced to
< 0.1pA, to minimize battery discharge while the charger
remains connected.

SENSE (Pin 10): Charge Current Sense Pin. Connect the
inductor sense resistor (Rsgnse) from the SENSE pin to the
BAT pin. The voltage across this resistor sets the average

charge current. The maximum charge current (lcHa(max))
corresponds to 100mV across the sense resistor. This
resistor can be set to program maximum charge cur-
rent as high as 2A. The sense resistor value follows the
relation:

Rsenst = 0.1/IcHa(max) ()

Onceacharge cycle is terminated, the input bias current of
the SENSE pin is reduced to < 0.1pA, to minimize battery
discharge while the charger remains connected.

BOOST (Pin 11): Bootstrapped Supply Rail for Switch
Drive. This pinfacilitates saturation of the switch transistor.
Connect a 1pF or greater capacitor from the BOOST pin
to the SW pin. Operating range of this pin is 0V to 8.5V,
referenced to the SW pin. The voltage on the decoupling
capacitor is refreshed through a rectifying diode, with
the anode connected to either the battery output voltage
oran external source, and the cathode connected to the
BOOST pin.

SW (Pin 12): Switch Qutput Pin. This pin is the output
of the charger switch, and corresponds to the emitter of
the switch transistor. When enabled, the switch shorts
the SW pin to the Vi supply. The drive circuitry for this
switch is bootstrapped above the Viy supply using the
BOOST supply pin, allowing saturation of the switch for
maximum efficiency. The effective on-resistance of the
boosted switch is 0.175Q.

GND (Pin 13): Ground Reference and Backside Exposed
Lead Frame Thermal Connection. Solder the exposed lead
frame to the PCB ground plane.

3652fe
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APPLICATIONS INFORMATION

Overview

LT3652 is acomplete monolithic, mid-power, multi-chem-
istry buck battery charger, addressing high input voltage
applications with solutions that require aminimum of exter-
nal components. The IC uses a 1MHz constant frequency,
average-current mode step-down architecture.

The LT3652 incorporates a 2A switch that is driven by
a bootstrapped supply to maximize efficiency during
charging cycles. Wide input range allows operation to full
charge fromvoltages as high as 32V, A precision threshold
shutdown pin allows incorporation of UVLO functionality
using a simple resistor divider. The IC can also be putinto
a low-current shutdown mode, in which the input supply
bias is reduced to only 15pA.

The LT3652 employs an input voltage regulation loop,
which reduces charge current if a monitored input volt-
age falls below a programmed level. When the LT3652 is
powered by a solar panel, the input regulation loop is used
to maintain the panel at peak output power,

The LT3652 automatically enters a battery precondition
mode if the sensed battery voltage is very low. In this mode,
the charge currentis reduced to 15% of the programmed
maximum, as set by the inductor sense resistor, Rsgpse.
Once the battery voltage reaches 70% of the fully charged
float voltage, the IC automatically increases maximum
charge current to the full programmed value.

The LT3652 can use a charge-current based C/10 termina-
tion scheme, which ends a charge cycle when the battery
charge current falls to one tenth of the programmed
maximum charge current. The LT3652 also contains an
internal charge cycle control timer, for timer-based termina-
tion. When using the internal timer, the IC combines C/10
detection with a programmable time constraint, during
which the charging cycle can continue beyond the C/10
level to top-off a battery. The charge cycle terminates
when a specific time elapses, typically 3 hours. When
the timer-based scheme is used, the IC also supports bad
battery detection, which triggers a system fault if a battery
stays in precondition mode for more than one eighth of
the total charge cycle time.

Once charging is terminated, the LT3652 automatically
enters a low-current standby mode where supply bias
currents are reduced to 85pA. The IC continues to monitor
the battery voltage while in standby, and if that voltage
falls 2.5% from the full-charge float voltage, the LT3652
engages an automatic charge cycle restart. The IC also
automatically restarts a new charge cycle after a bad bat-
tery fault once the failed battery is removed and replaced
with another battery.

The LT3652 contains provisions for a battery temperature
monitoring circuit. This feature monitors battery tempera-
ture using a thermistor during the charging cycle. If the
battery temperature moves outside a safe charging range
of 0°C to 40°C, the IC suspends charging and signals a
fault condition until the temperature returns to the safe
charging range.

The LT3652 contains two digital open-collector outputs,
which provide charger status and signal fault conditions.
These binary-coded pins signal battery charging, standby
or shutdown modes, battery temperature faults, and bad
battery faults.

General Operation (See Block Diagram)

The LT3652 uses average current mode control loop
architecture, such that the 1C servos directly to average
charge current. The LT3652 senses charger output voltage
through a resistor divider via the Vg pin. The difference
between the voltage on this pin and an internal 3.3V volt-
age reference is integrated by the voltage error amplifier
(V-EA). This amplifier generates an error voltage on its
output (lyy), which corresponds to the average current
sensed across theinductor current sense resistor, Rsense,
which is connected between the SENSE and BAT pins.
The Ity voltage is then divided down by a factor of 10,
and imposed on the input of the current error amplifier
(C-EA). The difference between this imposed voltage and
the current sense resistor voltage is integrated, with the
resulting voltage (V) used asathreshold thatis compared
against an internally generated ramp. The output of this
comparison controls the charger’s switch.

10
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APPLICATIONS INFORMATION

The Iy error voltage corresponds linearly to average
current sensed across the inductor current sense resistor,
allowing maximum charge current control by limiting the
effective voltage range of Iry. A clamp limits this voltage
to 1V which, in turn, limits the current sense voltage to
100mV. This sets the maximum charge current, or the
current delivered while the charger is operating in con-
stant-current (CC) mode, which corresponds to 100mV
across Rsense. The Ity voltage is pulled down to reduce
this maximum charge current should the voltage on the
ViN_Reg pin falls below 2.7V (VIN_REG{TH)) or the die tem-
perature approaches 125°C.

If the voltage on the Vgg pin is below 2.3V (Ve(PRE)):
the LT3652 engages precondition mode. During the
precondition interval, the charger continues to operate in
constant-current mode, but the maximum charge current
is reduced to 15% of the maximum programmed value
as set by Rsense.

When the charger output voltage approaches the float volt-
age, orthe voltage onthe Vg pinapproaches 3.3V (Ve(rLr)),
the charger transitions into constant-voltage (CV) mode
and charge current is reduced from the maximum value.
As this occurs, the Iy voltage falls from the limit clamp
and servos to lower voltages. The IC monitors the Iy volt-
age as it is reduced, and detection of C/10 charge current
is achieved when Iy = 0.1V, If the charger is configured
for G/10 termination, this threshold is used to terminate
the charge cycle. Once the charge cycle is terminated,
the CHRG status pin becomes high-impedance and the
charger enters low-current standby mode.

The LT3652 contains an internal charge cycle timer that
terminates a successful charge cycle after a programmed
amount of time. This timer is typically programmed to
achieve end-of-cycle (EOC) in 3 hours, but can be con-
figured for any amount of time by setting an appropriate
timing capacitor value (Ctjmegr). When timer termination
is used, the charge cycle does not terminate when C/10
is achieved. Because the CHRG status pin responds to

the C/10 current level, the IC will indicate a fully-charged
battery status, but the charger continues to source low
currents into the battery until the programmed EOC time
has elapsed, at which time the charge cycle will terminate.
At EQC when the charging cycle terminates, if the battery
did not achieve at least 97.5% of the full float voltage,
charging is deemed unsuccessful, the LT3652 re-initiates,
and charging continues for another full timer cycle.

Use of the timer function also enables bad-battery detec-
tion. This fault condition is achieved if the battery does
not respond to preconditioning, such that the charger
remains in (or enters) precondition mode after 1/8th of
the programmed charge cycle time. A bad battery fault
halts the charging cycle, the CHRG status pin goes high-
impedance, and the FAULT pin is pulled low.

When the LT3652 terminates a charging cycle, whether
through C/10 detection or by reaching timer EOC, the
average current mode analog loop remains active, but
the internal float voltage reference is reduced by 2.5%.
Because the voltage on a successfully charged battery is
at the full float voltage, the voltage error amp detects an
over-voltage condition and Iy is pulled low. When the
voltage error amp output drops below 0.3V, the IC enters
standby mode, where most of the internal circuitry is dis-
abled, and the V)y bias current is reduced to 85pA. When
the voltage on the Veg pin drops below the reduced float
reference level, the output of the voltage error amp will
climb, at which point the IC comes out of standby mode
and a new charging cycle is initiated.

Vin Input Supply

The LT3652is biased directly fromthe chargerinput supply
through the Vy pin. This supply provides large switched
currents, so a high-quality, low ESR decoupling capacitor
is recommended to minimize voltage glitches on V,y. The
V) decoupling capacitor (Cyyy) absorbsaallinput switching
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APPLICATIONS INFORMATION

ripple current in the charger, so it must have an adequate
ripple current rating. RMS ripple current (lovingrmg)) is:

lovingrms) = lcHamax) * (Vaar /Vin)*([Vin/ Vear] - 1) 2,

where IcHg(max) is the maximum average charge current
(100mV/Rsgnse). The above relation has a maximum at
Vin = 2 * Vgar, Where:

lovinrMS) = lcHGMAX)/2

The simple worst-case of % ¢ Igygmax) is commonly
used for design.

Bulk capacitance is a function of desired input ripple volt-
age (AV)y), and follows the relation:

CinguLk) = lcHamax) ® (Vear/Vin)/AVjy (uF)

Input ripple voltages above 0.1V are not recommended.
10pF is typically adequate for most charger applica-
tions.

Charge Current Programming

The LT3652 charger is configurable to charge at average
currents as high as 2A. Maximum charge current is set by
choosing an inductor sense resistor (Rggyse) such that
the desired maximum average current through that sense
resistor creates a 100mV drop, or:

Rsense = 0.1/lcHgmax)

where ICHG(MAX) is the maximum average charge current.
A 2A charger, for example, would use a 0.052 sense
resistor,

BOOST Supply

The BOOST bootstrapped supply rail drives the internal
switch and facilitates saturation of the switch transistor.
Operating range of the BOOST pin is 0V to 8.5V, as refer-

‘L

SW
LT3652
BoOST

SENSE

v

<
< Rsense
<

BAT

2852 F

Al

Figure 1. Programming Maximum Charge
Current Using Rgeyse

enced to the SW pin. Connect a 1yF or greater capacitor
from the BOOST pin to the SW pin.

The voltage on the decoupling capacitor is refreshed
through a diode, with the anode connected to either the
battery output voltage or an external source, and the
cathode connected to the BOOST pin. Rate the diode
average current greater than 0.1A, and reverse voltage
greater than VIN{MAX)-

To refresh the decoupling capacitor with a rectifying diode
from the battery with battery float voltages higher than
8.4V, a >100mA Zener diode can be put in series with
the rectifying diode to prevent exceeding the BOOST pin
operating voltage range.

12
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LT3652
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SENSE
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VY

ety

BAT

M52 MR

el

Figure 2. Zener Diode Reduces Refresh
Voltage for BOOST Pin

Vin/BOOST Start-Up Requirement

The LT3652 operates with a Vjy range of 4.95V to 32V,
however, a start-up voltage requirement exists due to
the nature of the non-synchronous step-down switcher
topology used for the charger. [fthere is no BOOST supply
available, the internal switch requires (Viy—Vsy) = 3.3V
to reliably operate. This requirement does not exist if the
BOOST supply is available and (Vgoost = Vsw) > 2V.

When an LT3652 charger is not switching, the SW pin is
at the same potential as the battery, which can be as high
as Var(eLr). As such, for reliable start-up, the Viy supply
must be at least 3.3V above Vgar(r.y). Once switching
begins and the BOOST supply capacitor gets charged
such that (Vgoost — Vsw) > 2V, the Vi requirement no
longer applies.

Inlow V)y applications, the BOOST supply can be powered
by an external source for start-up, eliminating the Vjy
start-up requirement.

Vgar Output Decoupling

An LT3652 charger output requires bypass capacitance
connected from the BAT pin to ground (Cgar). A 10pF
ceramic capacitoris required forallapplications. In systems
where the battery can be disconnected from the charger

output, additional bypass capacitance may be desired for
visual indication for a no-battery condition (see the Status
Pins section).

If it is desired to operate a system load from the [T3652
chargeroutput whenthe battery is disconnected, additional
bypass capacitance is required. In this type of application,
excessive ripple and/or low amplitude oscillations can oc-
cur without additional output bulk capacitance. For these
applications, placea 100pFlow ESR non-ceramic capacitor
(chip tantalum or organic semiconductor capacitors such
as Sanyo 0S-CONs or POSCAPs) from BAT to ground,
in parallel with the 10uF ceramic bypass capacitor, This
additional bypass capacitance may also be required in
systems where the battery is connected to the charger
with long wires. The voltage rating of Cgar must meet or
exceed the battery float voltage.

Inductor Selection

The primary criterion for inductor value selection in an
LT3652 chargeristhe ripple current created in thatinductor.
Oncetheinductance valueis determined, aninductor must
also have a saturation current equal to or exceeding the
maximum peak current in the inductor. An inductor value
(L), given the desired amount of peak-to-peek inductor
ripplecurrent(Aly ) can beapproximated usingthe relation:

10+R VBAT(FLT)
L=ﬂo\f8m. ELT)® 1—_[_
Al g7 Vin(MAX)

(HH)

lcHGMAX)

Intheabove relation, Viyvax) is the maximum operational
voltage. Ripple current is typically set within a range of
25% 10 .35% of IcHgmax). SO an inductor value can be
determined by setting 0.25 < ML/'CHG(MAX) <0.35.

3652fe
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Figure 3. 7.2V at 1.5A Switched Inductor Values

Magnetics vendors typically specify inductors with
maximum RMS and saturation current ratings. Select an
inductor that has a saturation current rating at or above
(1+ Alyax/2) lcHgmax). and an RMS rating above
lcHg(Max)- Inductors must also meet a maximum volt-
second product requirement. If this specification is not
in the data sheet of an inductor, consult the vendor to
make sure the maximum volt-second product is not
being exceeded by your design. The minimum required
volt-second product is:

1 = VBar(rLr
VBAT(FLT) '(WJ (Veps)

Rectifier Selection

The rectifier diode from SW to GND, in a LT3652 battery
charger provides a current path for the inductor current
when the main power switch is disabled. The rectifier is
selected based upon forward voltage, reverse voltage, and
maximum current. A Schottky diode is required, as low

forward voltage yields the lowest power loss and highest
efficiency. The rectifier diode must be rated to withstand
reverse voltages greater than the maximum Vjy voltage.

The minimum average diode current rating (IpioDE(MAX))
is calculated with maximum output current (IcHa(mAx)),
maximum operational V}y, and output at the precondition
threshold (ng‘[png), or0.7« VBAT(FLT)):

Vingwax) — VBaT(PRE) A)
Vinmax)

Ipionevax) > lcHamAx) ®

For example, a rectifier diode for a 7.2V, 2A charger with
a 25V maximum input voltage would require:
25V-0.7(7.2V)
| 2Ae——~ or
DIODE(MAX) > 25V
Ipiope(vax) >1.6A

Battery Float Voltage Programming

The output battery float voltage (Vgar(rir)) is programmed
by connecting a resistor divider from the BAT pin to Vg.
Vgar(rr) €an be programmed up to 14.4V,

BNT AT
| 13352 -

+

R =

AA
v

. Vm —

Rep2

LAI.A
vy

Figure 4. Feedback Resistors from BAT to Vg
Program Float Voltage

3652fe
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Using aresistor divider with an equivalent input resistance
at the Vg pin of 250k compensates for input bias current
error. Requiredresistorvalues to program desired VBar(FLT)
follow the equations:

Reg1 = (VBar(sLr) * 2.5+ 10%)/3.3 (€)
Regz = (Rep1 * (2.5 10°))/(Regs - (25°10%) (Q)

The charge function operates to achieve the final float
voltage of 3.3V on the Vg pin. The auto-restart feature
initiates a new charging cycle when the voltage at the Vg
pin falls 2.5% below that float voltage.

Because the battery voltage is across the VBar(FLT) Pro-
gramming resistor divider, this divider will draw a small
amount of current from the battery (lpgg) at a rate of:

|rrs = 3.3/Rep2

Precision resistors in high values may be hard to ob-
tain, so for some lower Vgar(r.1) applications, it may be
desirable to use smaller-value feedback resistors with an
additional resistor (Reg3) to achieve the required 250k
equivalent resistance. The resulting 3-resistor network,
as shown in Figure 5, can ease component selection
and/orincrease output voltage precision, at the expense of
additional current through the feedback divider.

BAT
LT3652 <
R34
vFﬂ VA

>
3652 F05 :p
>

Figure 5. A Three-Resistor Feedback Network Can
Ease Component Selection

For a three-resistor network, Regy and Rpgy follow the
relation:

Rrgo/Rrg1 = 3.3/(Vaar(rir) — 3.3)
Example:
For Vear(Lr) = 3.6V
Rre2/Regy = 3.3/(3.6 - 3.3) = 11.
Setting divider current (Igpg) = 10pA vields:
Rego = 3.3/10pA
Rrg2 = 330k
Solving for Regy:
Rrg1 = 330k/11
Reg1 = 30k
The divider equivalent resistance is:
Rrp1[|Rrs2 = 27.5k
To satisfy the 250k equivalent resistance to the Veg
pin:
Rrg3 = 250k - 27.5k
Rrg3 = 223k.

Because the Vg pin is a relatively high impedance node,
stray capacitances at this pin must be minimized. Special
attention should be given to any stray capacitances that
can couple external signals onto the pin, which can pro-
duce undesirable output transients or ripple. Effects of
parasitic capacitance can typically be reduced by adding
a small-value (20pF to 50pF) feedforward capacitor from
the BAT pin to the Vgg pin.

Extra care should be taken during board assembly. Small
amounts of board contamination can lead to significant
shifts in output voltage. Appropriate post-assembly board

3652fe
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cleaning measures should be implemented to prevent
board contamination, and low-leakage solder flux is
recommended.

Input Supply Voltage Regulation

The LT3652 contains a voltage monitor pin that enables
programming a minimum operational voltage. Connect-
ing a resistor divider from Vjy to the Vy_geg pin enables
programming of minimum input supply voltage, typically
used to program the peak power voltage for a solar panel.
Maximum charge currentis reduced whenthe Viy_geg pin
is below the regulation threshold of 2.7V

Ifan input supply cannot provide enough power to satisfy
the requirements of an LT3652 charger, the supply voltage
will collapse. A minimum operating supply voltage can
thus be programmed by monitoring the supply through
a resistor divider, such that the desired minimum volt-
age corresponds to 2.7V at the Viy_geg pin. The LT3652
servos the maximum output charge current to maintain
the voltage on Viy reg at or above 2.7V

Programming of the desired minimum voltage is ac-
complished by connecting a resistor divider as shown in
Figure 6. The ratio of Ryy4/Rin2 for a desired minimum
voltage (Vinmin)) is:

Rint/Rinz = (Vinminy/2.7) = 1

If the voltage regulation feature is not used, connect the
Vin_Reg Pin to V.

INPUT
SUPPLY

Vi
LT3652

A
YV

= )
Ring =

ViN_REG

3652 FO6.

>
Ring

Figure 6. Resistor Divider Sets Minimum Vy

MPPT Temperature Compensation

Atypicalsolarpanelis comprised ofanumber of series-con-
nected cells, each cell being aforward-biased p-njunction.
As such, the open-circuit voltage (V) of a solar cell has
a temperature coefficient that is similar to a common p-n
diode, or about —2mV/°C. The peak power point voltage
(Vp) for acrystalline solar panel can be approximated as
a fixed voltage below Vg, so the temperature coefficient
for the peak power point is similar to that of V.

Panel manufacturers typically specify the 25°C values for
Voc, Ve, and the temperature coefficient for Vo, making
determination of the temperature coefficient for Vyp of a
typical panel straight forward.

The LT3652 employs a feedback network to program the
Viy input regulation voltage. Manipulation of the network
makes for efficientimplementation of various temperature
compensation schemes foramaximum peak power track-
ing (MPPT) application. As the temperature characteristic
for a typical solar panel Viyp voltage is highly linear, a

Voo TEMP CO.
=}
gy b ] ey | |
= ar Ll Voo
= Vocgeseg) 7
: = L
o [~ =
; Vmp(2s°e) ST
= Vip = Vac - Ve
5 15 25 35 45 55

TEMPERATURE (°C)

2652 Fa7

Figure 7. Temperature Characteristics for Solar Panel
Output Voltage
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simple solution for tracking that characteristic can be
implemented using an LM234 3-terminal temperature
sensor. This creates an easily programmable, linear tem-
perature dependent characteristic.

In the circuit shown in figure 8,

V
" M234
Ui
. >
Riny :: G D R n
'S Reer
¥ Vm,;RI%(_i-
> ¥
ﬂmzj; LT3652

858 For

Figure 8. MPPT Temperature Compensation Network

Rint =—Rsgt * (TC * 4405), and
Rine=Rint/({{Vip2sec) + Rint * (0.0674/Rser)I/Vin_greg! — 1)

Where: TC = temperature coefficient (in V/°C), and
VMmp(25°c) = maximum power voltage at 25°C

For example, given acommon 36-cell solar panel that has
the following specified characteristics:

Open Circuit Voltage (Vgc) = 21.7V
Maximum Power Voltage (Vyp) = 17.6V

Open-Circuit Voltage Temperature Coefficient (Vqg) =
—-78mV/°C

As the temperature coefficient for Vyp is similar to that
of Vo, the specified temperature coefficient for Vgg
(TC) of =78mV/°C and the specified peak power voltage
(VMp(25°c)) 0f 17.6V can be inserted into the equations to
calculate the appropriate resistor values for the tempera-
ture compensation network in Figure 8. With Rggt equal
to 1000€2, then:

Rser = 1k
Rint =—1k ¢ (=0.078 = 4405 ) = 344k

Rinz = 344K/({[17.6 + 344k » (0.0674/1K))/2.7) - 1)
- 24.4k

Battery Voltage Temperature Compensation

Some battery chemistries have charge voltage require-
ments that vary with temperature. Lead-acid batteries in
particular experience a significant change in charge volt-
age requirements as temperature changes. For example,
manufacturers of large lead-acid batteries recommend
a float charge of 2.25V/cell at 25°C. This battery float
voltage, however, has a temperature coefficient which is
typically specified at —3.3mV/°C per cell.

In @ manner similar to the MPPT temperature correction
outlined previously, implementation of linear battery
charge voltage temperature compensation can be ac-
complished by incorporating an LM234 into the output
feedback network.

For example, a 6-cell lead acid battery has a float charge
voltage that is commonly specified at 2.25V/cell at 25°C,
or13.5V anda-3.3mV/°C per celltemperature coefficient,

3652fe
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or =19.8mV/°C. Using the feedback network shown in
Figure 9, with the desired temperature coefficient (TC)
and 25°C float voltage (Vr_oar(2s°c)) specified, and using
a convenient value of 2.4k for Rggr, necessary resistor
values follow the relations:

=—Rger * (TC * 4405)

=—2.4k * (-0.0198 » 4405) = 210k

Rrs2 = Rrg1 / ({[VFLoaT(25°c) + Rrp1 * (0.0674/
Rser)]/ Vegl = 1)
= 210k/({[13.5 + 210k = (0.0674/2.4k)]/3.3} - 1)
=43k
= 250K - Reg1/[Res2

= 250k —210Kk|[43k = 215k (see the Battery Float
Voltage Programming section)

Rrg1

Rrg3

] I
BAT H i
1 LM234 {
I
Reg1 S : \' |
< .
20063 | ! “G%_ =Y
24kS | = !
R : BCELL — |
FB3 I & -
19652 | 215k g Ry | LEAD-ACID T
j:dak |~ BATTERY l h
[}
- : ]
B ] ¥\ o  OF
143
142 \
14.0
13.8 ~19.8mV/"C
= e Dt bl
s
- 13.6 ;
2 134 :
=
13.2
13.0
12.8 \
12.6

-10 0 10 20 30 40 50 60
TEMPERATURE (°C)

3652 FOSb

Figure 9. Lead-Acid 6-Cell Float Charge Voltage vs
Temperature Has -19.8mV/°C Characteristic Using LM234 with
Feedback Network

While the circuit in Figure 9 creates a linear temperature
characteristic that follows a typical —=3.3mV/°C per cell
lead-acid specification, the theoretical float charge voltage
characteristic is slightly nonlinear. This nonlinear charac-
teristic follows the relation VrLoAT(1-CELL) = 4 X 107 (T2)
— 6 x 1073(T) + 2.375 (with a 2.18V minimum), where
T = temperature in °C. A thermistor-based network can
be used to approximate the nonlinear ideal temperature
characteristic across a reasonable operating range, as
shown in Figure 10.

. Fm—————— !
BAT : ¥ |
o | 6-CELL|
196k | LEAD-ACID| 1
B N BATTERY | + |
I — |
kS 1 (S =
i > | \S il |
198k 9 i 9 —1
VH. VW T 22k G
P L ! B-330 _T. I
L 4 |
2 QAT . T T SR
J652 Fita
14.8 -
146
14.4 N
142 \
= “ . | THEORETICAL Vi oar
= 138 Y
[
= 136
13.4 1
1321 PROGRAMMED Vgar£L0AT) -
13.0 ~
12.8

-0, 0~ 107 20 30 40 50 60
TEMPERATURE (°C)

3852 F10b

Figure 10. Thermistor-Based Temperature Compensation
Network Programs Vg gar to Closely Match Ideal Lead-Acid
Float Charge Voltage for 6-Cell Charger
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Status Pins

The LT3652 reports charger status through two open
collector outputs, the CHRG and FAULT pins. These pins
can accept voltages as high as Vjy, and can sink up to
10mA when enabled.

The CHRG pin indicates that the charger is delivering
current at greater that a G/10 rate, or 1/10th of the pro-
grammed maximum charge current. The FAULT pin signals
bad battery and NTC faults. These pins are binary coded,
and signal following the table below, where ON indicates
pin pulled low, and OFF indicates pin high-impedance:

STATUS PINS STATE
CHRG | FAULT CHARGER STATUS
OFF OFF Not Charging — Standby or Shutdown Mode
OFF ON Bad Battery Fault (Precondition Timeout/EQC
Failure)
ON OFF Normal Charging at G/10 or Greater
ON ON NTC Fault (Pause)

If the battery is removed from an LT3652 charger that is
configured for C/10 termination, a sawtooth waveform
of approximately 100mV appears at the charger output,
due to cycling between termination and recharge events,
This cycling results in pulsing at the CHRG output. An
LED connected to this pin will exhibit a blinking pattern,
indicating to the user that a battery is not present. The
frequency of this blinking pattern is dependent on the
output capacitance.

C/10 Termination

The LT3652 supports a low-current based termination
scheme, where a battery charge cycle terminates when the
current output from the charger falls to below one-tenth
of the maximum current, as programmed with Rggygk.
The G/10 threshold current corresponds to 10mV across
Rsense. This termination mode is engaged by shorting
the TIMER pin to ground.

When C/10 termination is used, a LT3652 charger will
source battery charge current as long as the average
current level remains above the C/10 threshold. As the
full-charge float voltage is achieved, the charge current
falls until the C/10 threshold is reached, at which time the
charger terminates and the LT3652 enters standby mode.
The CHRG status pin follows the charger cycle, and is high
impedance when the charger is not actively charging.

When Vgar drops below 97.5% of the full-charged float
voltage, whether by battery loading or replacement of the
battery, the charger automatically re-engages and starts
charging.

There is no provision for bad battery detection if C/10
termination is used.

Timer Termination

The LT3652 supports atimer based termination scheme, in
which a battery charge cycle is terminated after a specific
amount of time elapses. Timer termination is engaged
when a capacitor (Cryer) is connected from the TIMER
pin to ground. The timer cycle EOC (Tgog) occurs based
on Crymer following the relation:

Crimer = Teoc * 2.27 x 107 (Hours)

Timer EOC is typically set to 3 hours, which requires a
0.68pF capacitor.

The CHRG status pincontinues tosignal charging ata C/10
rate, regardless of what termination schemeis used. When
timer termination is used, the CHRG status pin is pulled
low during a charging cycle until the charger output cur-
rent falls below the C/10 threshold. The charger continues
to top-off the battery until timer EOC, when the LT3652
terminates the charging cycle and enters standby mode.

Termination at the end of the timer cycle only occurs if
the charging cycle was successful. A successful charge
cycle is when the battery is charged to within 2.5% of the

3652fe
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full-charge float voltage. If a charge cycle is not successful
at EOC, the timer cycle resets and charging continues for
another full timer cycle.

When Vgar drops below 97.5% of the full-charge float
voltage, whether by battery loading or replacement of the
battery, the charger automatically reengages and starts
charging.

Preconditioning and Bad Battery Fault

A LT3652 has a precondition mode, where charge current
is limited to 15% of the programmed IgHg(max), as set by
Rsense. The precondition current corresponds to 15mV
across Rsense.

Precondition mode is engaged while the voltage on the
Vg pin is below the precondition threshold (2.3V, or
0.7 * Vgar(rLr))- Once the Vg voltage rises above the
precondition threshold, normal full-current charging can
commence. The LT3652 incorporates 70mV of threshold
hysteresis to prevent mode glitching.

Whenthe internal timer is used for termination, bad battery
detection is engaged. There is no provision for bad battery
detection if C/10 termination is used. A bad battery fault
is triggered when the voltage on Vgg remains below the
precondition threshold for greater than 1/8 of a full timer
cycle (1/8 EOC). A bad battery fault is also triggered if a
normally charging battery re-enters precondition mode
after 1/8 EOC.

When a bad battery fault is triggered, the charging cycle
is suspended, so the CHRG status pin becomes high-
impedance. The FAULT pin is pulled low to signal a fault
detection.

Cycling the charger's power or SHDN function initiates a
new charging cycle, but a LT3652 charger does not re-
quire a reset. Once a bad battery fault is detected, a new
timer charging cycle initiates when the Vg pin exceeds
the precondition threshold voltage. During a bad battery

fault, 0.5mA is sourced from the charger, so removing
the failed battery allows the charger output voltage to rise
and initiate a charge cycle reset. As such, removing a bad
battery resets the LT3652, so a new charge cycle is started
by connecting another battery to the charger output.

Battery Temperature Monitor and Fault

The LT3652 can accommodate battery temperature moni-
toring by using an NTC (negative temperature co-efficient)
thermistor close to the battery pack. The temperature
monitoring function is enabled by connecting a 10k<,
B=3380NTC thermistor from the NTC pinto ground. Ifthe
NTC function is not desired, leave the pin unconnected.

The NTC pin sources 50pA, and monitors the voltage
dropped across the 10kQ thermistor. When the voltage
on this pin is above 1.36V (0°C) or below 0.29V (40°C),
the battery temperature is out of range, and the LT3652
triggersanNTCfault. The NTC fault condition remains until
the voltage on the NTC pin corresponds to a temperature
within the 0°C to 40°C range. Both hot and cold thresholds
incorporate hysteresis that correspond to 5°C.

If higher operational charging temperatures are desired,
the temperature range can be expanded by adding series
resistance to the 10k NTC resistor. Adding a 0.91k resistor
will increase the effective hot temperature to 45°C.

During an NTC fault, charging is halted and both status
pins are pulled low. If timer termination is enabled, the
timer count is suspended and held until the fault condi-
tion is religved.

Thermal Foldbhack

The LT3652 contains athermal foldback protection feature
that reduces maximum charger output current if the IC
junction temperature approaches 125°C. In most cases,
on-chip temperatures servo such that any excessive tem-
perature conditions are relieved with only slight reductions
in maximum charger current.

3652fe
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In some cases, the thermal foldback protection feature
can reduce charger currents below the C/10 threshold. In
applications that use G/10 termination (TIMER=0V), the
LT3652 will suspend charging and enter standby mode
until the excessive temperature condition is relieved.

Layout Considerations

The LT3652 switch node has rise and fall times that are
typically less than 10nS to maximize conversion efficiency.
The switch node (Pin SW) trace should be kept as short
as possible to minimize high frequency noise. The input
capacitor (Cyy) should be placed closetothe IC to minimize
this switching noise. Short, wide traces on these nodes
also help to avoid voltage stress from inductive ringing.
The BOOST decoupling capacitor should also be in ¢lose
proximity to the IC to minimize inductive ringing. The
SENSE and BAT traces should be routed together, and
these and the Vg trace should be kept as short as pos-
sible. Shielding these signals from switching noise with
a ground plane is recommended.

High current paths and transients should be kept iso-
lated from battery ground, to assure an accurate output

voltage reference. Effective grounding can be achieved
by considering switched current in the ground plane,
and careful component placement and orientation can
effectively steer these high currents such that the battery
reference does not get corrupted. Figure 11 illustrates an
effective grounding scheme using component placement
to control ground currents. When the switch is enabled
(loop #1), current flows from the input bypass capacitor
(Cyn) through the switch and inductor to the battery posi-
tive terminal. When the switch is disabled (loop #2), the
current to the battery positive terminal is provided from
ground through the freewheeling Schottky diode (D). In
both cases, these switch currents return to ground via the
output bypass capacitor (Cgar).

The LT3652 packaging has been designed to efficiently
remove heat from the IC via the Exposed Pad on the
backside of the package, which is soldered to a copper
footprint on the PCB. This footprint should be made as
large as possible to reduce the thermal resistance of the
IC case to ambient air,
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Figure 11. Component Orientation Isolates High Current Paths

from Sensitive Nodes
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Basic 2A 1-Cell LiFeP0Q4 Charger (3.6V Float) With C/10 Termination
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LT3652

PACKAGE DESCRIPTION

Please refer to hitp://www.linear.com/product/LT3652#packaging for the most recent package drawings.

DD Package
12-Lead Plastic DFN (3mm x 3mm)
(Reference LTC DWG # 05-08-1725 Rev A)

I
I
|
&

B _
f m;ﬁﬁﬂjﬁﬂﬁ]ﬂ{”“

3.50 iD.USI

2.10 £0.05 |
I
|
l I PACKAGE
[ _”:J_D$ j"'_ OUTLINE
4= g =y - =

0.25 +0.05 —-i“' i

<— 0.45 BSC
~— 225 REF —»]

RECOMMENDED SOLDER PAD PITCH AND DIMENSIONS

APPLY SOLDER MASK TO AREAS THAT ARE NOT SOLDERED R=0115
i ‘TYP 0.40 £0.10
, 7 . 12 _{
I A
| UUUUU
! . _f
____‘[____3.0030‘10 N iR iy
I (4 SIDES) 165 <0701
PIN 1< ‘ Y | p PIN 1 NOTCH
TOP MARK ‘O ! ' I~ R=0200R
(SEE NOTE 6) | 0.25 x 45
- CHAMFER
0.200 REF 0.75 +0.05 0.23 £0.05
| —| l<—o04585¢C
l ' OPSREE—>] | amamercendl
[ 0.00-0.05

BOTTOM VIEW—EXPOSED PAD

T ot
NOTE:

1. DRAWING IS NOT A JEDEC PACKAGE OUTLINE
2. DRAWING NOT TO SCALE
3. ALL DIMENSIONS ARE IN MILLIMETERS
4. DIMENSIONS OF EXPOSED PAD ON BOTTOM OF PACKAGE DO NOT INCLUDE
MOLD FLASH. MOLD FLASH, IF PRESENT, SHALL NOT EXCEED 0.15mm ON ANY SIDE
5. EXPOSED PAD AND TIE BARS SHALL BE SOLDER PLATED
6. SHADED AREA IS ONLY A REFERENCE FOR PIN 1 LOCATION ON THE
TOP AND BOTTOM OF PACKAGE

3652fe
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LT3652
PACKAGE DESCRIPTION

Please refer to http:/www.linear.com/product/LT3652#packaging for the most recent package drawings.

MSE Package
12-Lead Plastic MSOP, Exposed Die Pad
(Reference LTC DWG # 05-08-1666 Rev G)

BOTTOM VIEW OF
EXPOSED PAD OPTION
2.845 20.102
2.845 +0.102 oo A
(112.2.008) 0.889 £0.127 Lreay
st (.035 =.005) 1 6 A
REF
L —— HAAARE |
+ [ o
651.20.102
510 1651 £0.102  3.20-345 Pl 0.12 REF
(201) =t (065 2.004)
an (065 =.004) - (.126- .136) e’7dn ' Raterigid
A l | f CORNER TAIL IS PART OF
EI g [j lj mj’nmu"a" THE LEADFRAME FEATURE.
UI J[ " | 2 7 FOR REFERENCE ONLY
NO MEASUREMENT PURPOSE
0420008 | [ ] [, oes 4.039.50.102 -
{10165 =.0015) (:0256) ~ (155=.000) |
TYPHECOMMENDED SOLDER PAD L:‘ngT (NOTES) | 04060076
12111019 87 (.016 =.003)
ﬁ ﬁ ﬁ REF
954/~ DETALL“A : ]
‘-“i’” g 0~ 6° TvP 4.90 20,152 f Pt
GAUGE PLANE —Y = (199+:006) \ (NOTE 4)
Y
0.53 £0.152
(021 =.006) ) Q E ﬂ u H
1234
DETAIL “A" 1.10 e g 0.86
018 (.043) {:034)
{.007) i MAX REF
VS )\ T #
T SEATING = Y
PLANE! | 0.20—038 UL 1 01016 20,0508
(009 - 015) "' (004 =.002)
NOTE: TP [.02_55-} WS07 [MSEV2) 0213 AEV &
1. DIMENSIONS IN MILLIMETER/(INCH) BSC

2. DRAWING NOT TO SCALE
3. DIMENSION DOES NOT INCLUDE MOLD FLASH, PROTRUSIONS OR GATE BURRS.
MOLD FLASH, PROTRUSIONS OR GATE BURRS SHALL NOT EXCEED 0.152mm (.006%) PER SIDE
4. DIMENSION DOES NOT INCLUDE INTERLEAD FLASH OR PROTRUSIONS.
INTERLEAD FLASH OR PROTRUSIONS SHALL NOT EXCEED 0.152mm (.006°) PER SIDE
5. LEAD COPLANARITY (BOTTOM OF LEADS AFTER FORMING) SHALL BE 0.102mm (.004') MAX
6. EXPOSED PAD DIMENSION DOES INCLUDE MOLD FLASH. MOLD FLASH ON E-PAD SHALL
NOT EXCEED 0.254mm (.010") PER SIDE.
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“

ﬂEVISIO" HISTOB\' (Revision history begins at Rev B)

REV | DATE |DESCRIPTION PAGE NUMBER
2/10  |Add MSOP-12 Package 1,224
5/10 | Corrected SHDN Pin Labels 3,4
12112 | Removed reference to Nickel cell charging capability i
Added new Battery Bias Current curve 6
E 12/15  |Enhanced Pin Configuration 2
Added Note 2 to top of Electrical Characteristics 3,4
Enhanced Note 2 4
Changed name of Pin 13 8
Modified Inductor Selection section 13
Modified Battery Float Voltage Programming equations 15
3652fe

LY AR

Information furnished by Linear Technology Corporation is believed to be accurate and reliable.
However, noresponsibilityisassumedforitsuse. Linear Technology Corporation makes norepresenta-
tionthattheinterconnectionofits circuits as described herein willnotinfringe on existing patentrights.
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TYPICAL APPLICATION

1A Solar Panel Powered 3-Stage 12V Lead-Acid Fast/Float Charger; 1A Charger Fast Charges with CC/CV Characteristics Up
to 14.4V; When Charge Current Falls to 0.1A Charger Switches to 13.5V Float Charge Mode; Charger Re-Initiates 14.4V Fast
Charge Mode if Battery Voltage Falls Below 13.2V and Trickle Charges at 0.15A if Battery Voltage is Below 10V: 0°C fo 45°C
Battery Temperature Charging Range

SOLAR PANEL INPUT

MBRS140

<40V 0C VOLTAGE
16V PEAK POWER VOLTAGE [ o=
wkg LT W [
P = v = ‘_—I
1 = N s WF NG BIZXBACEVZL  WURTH i
= VINRES  gopsT LIHI- 7447779122 < 22H —
>
< 0.1 SYSTEM
100k SHDH SENSE A el
CHAG BAT t
NTC a9 5300k —— 104F . 100yF
4.7yF — FAULT NTC WA 2
| o I i T T
>—| [ TIMER_ - Ve PWv = J_4
< = 12VLEAD
R : == ACID BATTERY
Mt 10k (S $ 100k =
muRata ) l
NCP1BXHI03 T = = e
PART NUMBER DESCRIPTION COMMENTS

LT3650-8.2/LT3650-8.4

Monolithic 2A Switch Mode 2-Cell Li-len
Battery Charger

Standalone, 9V < Vi < 32V (40V Absolute Maximum), 1MHz, 2A Programmable
Charge Current, Timer or G/10 Termination, Small and Few External
Components, 3mm x 3mm DFN12 Package, —8.2 for 2 x 4.1V Float Voltage
Batteries, —8.4 for 2 x 4.2V Float Voltage Batteries

LTC4001/LTC4001-1

Monolithic 2A Switch Mode Synchronous
Li-lon Battery Charger

Standalone, 4V < Vjy < 5.5V éﬁv Absolute Maximum, 7V Transient), 1.5MHz,
Synchronous Rectification Efficiency >90%, Adjustable Timer Termination, Small
and Few External Components, 4mm x 4mm QFN-16 Package ~1 for 4.1V Float
Voltage Batteries

LTC4002 Switch Mode Lithium-lon Battery Charger |Standalone, 4.7V < Vy < 24V, 500kHz Frequency, 3 Hour Charge Termination
LTC4006 Small, High Efficiency, Fixed Voltage, Complete Charger for 3- or 4-Cell Li-lon Batteries, AC Adapter Current Limit,
Lithium-lon Battery Charger with 16-Pin Narrow SSOP Package
Termination and Thermistor Sensor
LTC4007 High Efficiency, Programmable Voltage Complete Charger for 3- or 4-Cell Li-lon Batteries, AC Adapter Current Limit,
Battery Charger with Termination Thermistor Sensor and Indicator Outputs
LTC4008 4A, High Efficiency, Multi-Chemistry Constant-Current/Constant-Voltage Switching Regulator Charger, Resistor
Battery Charger Voltage/Current Programming, AC Adapter Current Limit and Thermistor Sensor
and Indicator Outputs
LTCA4012/LTC4012-1/ | 4A, High Efficiency, Multi-Chemistry PowerPath Control, Constant-Current/Constant-Voltage Switching Regulator
LTC4012-2/LTC4012-3 |Battery Charger with PowerPath™ Control | Charger, Resistor Voltage/Current Programming, AC Adapter Current Limit and
Thermistor Sensor and Indicator Outputs 1 to 4 Cell Li, Up to 18 Cell Ni, SLA and
Supercap Compatible; 4mm x 4mm QFN-20 Package -1 Version for 4.1V Li Cells,
—2 Version for 4.2V Li Cells, -3 Version has Extra GND Pin
LTC4015 Multichemistry Buck Battery Charger Multichemistry Li-lon/Polymer, LiFePQy, or Lead-Acid Battery Charger with
Controller with Digital Telemetry System | Termination, Digital Telemetry System Monitors Vgar, lgar, Rgar, NTC Ratio
(Battery Temperature), Vi, Iy, Vsystem, Die Temperature, Coulomb Counter and
Integrated 14-Bit ADC, Maximum Power Point Tracking, Wide Charging Input
Voltage Range: 4.5V to 35V, Wide Battery Voltage Range: Up to 35V,
5mm x 7mm QFN-38 Package
LTC4020 55V Buck-Boost Multi-Chemistry Battery | Wide Voltage Range: 4.5V to 55V Input, Up to 55V Output (60V Absolute

Charger

Maximums), Synchronous Buck-Boost DG/DC Controller, Li-lon and Lead-Acid
CGharge Algarithms, Input Voltage Regulation for High Impedance Input Supplies
and Solar Panel Peak Power Operation, Low Profile (0.75mm) 38-Pin 5mm x
7mm QFN Package

20

Linear Technology Corporation
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INSTRUMENTS LM3914
www.ti.com SNVS761B - JANUARY 2000-REVISED MARCH 2013
LM3914 Dot/Bar Display Driver
Check for Samples: LM3914
FEATURES Versatility was designed into the LM3914 so that

e Drives LEDs, LCDs or Vacuum Fluorescents

e Bar or Dot Display Mode Externally Selectable
by User

* Expandable to Displays of 100 Steps

* Internal Voltage Reference from 1.2V to 12V

* Operates with Single Supply of Less than 3V

* Inputs Operate Down to Ground

e Output Current Programmable from 2 mA to 30
mA

* No Multiplex Switching or Interaction Between
Outputs

* Input Withstands 35V without Damage or
False Outputs

* LED Driver Outputs are Current Regulated,
Open-collectors

* Outputs can Interface with TTL or CMOS Logic

* The Internal 10-step Divider is Floating and
can be Referenced to a Wide Range of
Voltages

DESCRIPTION

The LM3914 is a monolithic integrated circuit that
senses analog voltage levels and drives 10 LEDs,
providing a linear analog display. A single pin
changes the display from a moving dot to a bar
graph. Current drive to the LEDs is regulated and
programmable, eliminating the need for resistors.
This feature is one that allows operation of the whole
system from less than 3V.

The circuit contains its own adjustable reference and
accurate 10-step voltage divider. The low-bias-current
input buffer accepts signals down to ground, or V-,
yet needs no protection against inputs of 35V above
or below ground. The buffer drives 10 individual
comparators referenced to the precision divider.
Indication non-linearity can thus be held typically to
7%, even over a wide temperature range.

controller, visual alarm, and expanded scale functions
are easily added on to the display system. The circuit
can drive LEDs of many colors, or low-current
incandescent lamps. Many LM3914s can be
‘chained” to form displays of 20 to over 100
segments. Both ends of the voltage divider are
externally available so that 2 drivers can be made
into a zero-center meter.

The LM3914 is very easy to apply as an analog
meter circuit. A 1.2V full-scale meter requires only 1
resistor and a single 3V to 15V supply in addition to
the 10 display LEDs. If the 1 resistor is a pot, it
becomes the LED brightness control. The simplified
block diagram illustrates this extremely simple
external circuitry.

When in the dot mode, there is a small amount of
overlap or “fade” (about 1 mV) between segments.
This assures that at no time will all LEDs be “OFF”,
and thus any ambiguous display is avoided. Various
novel displays are possible.

Much of the display flexibility derives from the fact
that all outputs are individual, DC regulated currents.
Various effects can be achieved by modulating these
currents. The individual outputs can drive a fransistor
as well as a LED at the same time, so controller
functions including ‘“staging” control can be
performed. The LM3914 can also act as a
programmer, or Sequencer.

The LM3914 is rated for operation from 0°C to +70°C.
The LM3914N-1 is available in an 18-lead PDIP
(NFK) package.

The following typical application illustrates adjusting
of the reference to a desired value, and proper
grounding for accurate operation, and avoiding
oscillations.

A 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.

All trademarks are the property of their respective owners.

PRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of the Texas
Instruments standard warranty. Production processing does not
necessarily include testing of all parameters,

Copyright © 2000-2013, Texas Instruments Incorporated
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TYPICAL APPLICATIONS

l__.q VLED
I
T V22 V72 V.Y VY VY VY VYA VYRR VYA VY
(B
| Len LED
I 18 17 16 15 14 13 12 1 10
I
224 fT\_L LM3914
l REF REF
| v- vt Rlg  sIG RHl  OUT  ADJ  MODE
| I 2 3 4 5 6 7 8 9
| ' : "
V' 6.8V-18V
s S R1
121k
R2
383
av-5v
SIGNAL
SOURCE

Ref OQut vV = 1.25 (l +

12.5

[ = —
LED R1

Note: Grounding method is typical of all uses. The 2.2uF tantalum or 10 pF aluminum electrolytic capacitor is needed
if leads to the LED supply are 6" or longer.

Figure 1. 0V to 5V Bar Graph Meter

Submit Documentation Feedback
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A
Atad

ABSOLUTE MAXIMUM RATINGS (@

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.

Power Dissipation (3
PDIP (NFK) 1365 mW
Supply Voltage 25V
Voltage on Output Drivers 25V
Input Signal Overvoltage ! +35V
Divider Voltage -100 mV to V*
Reference Load Current 10 mA
Storage Temperature Range =55°C to +150°C
Soldering Information
PDIP Package
Soldering (10 seconds) 260°C
PLCC Package
Vapor Phase (60 seconds) 215°C
Infrared (15 seconds) 220°C
See http://www:.ti.com for other methods of soldering surface mount devices.

(1) Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. Operating Ratings indicate conditions for
which the device is functional, but do not ensure specific performance limits. Electrical Characteristics state DC and AC electrical
specifications under particular test conditions which ensure specific performance limits. This assumes that the device is within the
Operating Ratings. Specifications are not specified for parameters where no limit is given, however, the typical value is a good indication
of device performance.

(2) If Military/Aerospace specified devices are required, please contact the Texas Instruments Sales Office/Distributors for availability and
specifications.

(3) The maximum junction temperature of the LM3914 is 100°C. Devices must be derated for operation at elevated temperatures. Junction
to ambient thermal resistance is 55°C/W for the PDIP (NFK package).

(4) Pin 5 input current must be limited to £3mA. The addition of a 39k resistor in series with pin 5 allows £100V signals without damage.

ELECTRICAL CHARACTERISTICS M

Parameter | Conditions (V) I Min I Typ | Hax—r Units
COMPARATOR
Offset Voltage, Buffer and First 0V £ Vg0 = Ve = 12V, 3 10 i
Comparator lLep = 1 mA
Offset Voltage, Buffer and Any Other 0V = Vgio = Vgu = 12V, 3 15 T
Comparator lLep =1 mA
Gain (AILED"&VIN) il.(REF} =2mA, ligp = 10 mA 3 8 mA/mV
Input Bias Current (at Pin 5) 0Vs VsV =15V 25 100 nA
Input Signal Overvoltage No Change in Display =05 35 \)
VOLTAGE-DIVIDER
Divider Resistance Total, Pin 6 to 4 8 12 17 kQ
Accuracy 3 0.5 2 %

(1) Unless otherwise stated, all specifications apply with the following conditions:

3Vpc=V*'£20 Vpe
3VpesVigps v*
~0.015V S Vo S 12Vpe

(2) Pin 5 input current must be limited to +3mA. The addition of a 39k resistor in series with

Vrer, VRul, Vrio S (V' - 1.5V)
OVE VsV - 1.5V

Ta = +25°C, Iyrer) = 0.2 mA, Vigp = 3.0V, pin 9 connected to pin 3 (Bar Mode),
—0.015V = Vgy < 12 VpcFor higher power dissipations, pulse testing is used.

pin 5 allows +100V signals without damage.

(3) Accuracy is measured referred to +10.000Vp at pin 6, with 0.000 Ve at pin 4. At lower full-scale voltages, buffer and comparator offset

voltage may add significant error.

Copyright © 2000-2013, Texas Instruments Incorporated
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ELECTRICAL CHARACTERISTICS"? (continued)
Parameter | Conditions (" ‘ Min I Typ Max { Units
VOLTAGE REFERENCE
Output Voltage 3.} =m\2_:DI5R5E\5, <4 mA, 12 1.08 1.34 v
Line Regulation VsV <18V 0.01 0.03 %V
Load Regulation ?/.+1 S\?_:DIIE(RSE\I? S 4 mA, 0.4 2 %
Output Voltage Change with 0°C s Tp s +70°C, Iyrer) = 1 mA, 1 %
Temperature Vvt =5V
Adjust Pin Current 75 120 HA
OUTPUT DRIVERS
LED Current V" = Vigp = 5V, lyrery = 1 mA £ 10 13 mA
LED Current Difference (Between Viep = 5V lep =2 mA 0.12 0.4 -
Largest and Smallest LED Currents) liep = 20 mA 1.2 3
LED Current Regulation 2VEVigp= 17V lLep =2 mA 0.1 0.25 il
ILED =20 mA b 3
Dropout Voltage lLepiony = 20 mA, Vigp = 5V, 15
Allgp =2 mA
Saturation Voltage Iep = 2.0 MA, Iy rer) = 0.4 mA 0.15 0.4 \Y)
Output Leakage, Each Collector (Bar Mode) ) 0.1 10 WA
Output Leakage (Dot Made) Pins 10-18 0.1 10 pA
Pin 1 60 150 450 PA
SUPPLY CURRENT
(Sx-:ﬁ rgztﬁt';poplf?}cwem ?,:REF? Oy 24 i ki
}:Repfg\q_o o 6.1 0.2 mA

(4) Bar mode results when pin 9 is within 20mV of VV*. Dot mode results when pin 9 is pulled at least 200mV below VV* or left open circuit.
LED No. 10 (pin 10 output current) is disabled if pin 9 is pulled 0.9V or more below Viep:

Submit Documentation Feedback

Product Folder Links: LM3914

Copyright ® 2000-2013, Texas Instruments Incorporated



1§ Texas LM3914

INSTRUMENTS

www.ti.com SNVS761B —JANUARY 2000-REVISED MARCH 2013

DEFINITION OF TERMS

Accuracy: The difference between the observed threshold voltage and the ideal threshold voltage for each
comparator. Specified and tested with 10V across the internal voltage divider so that resistor ratio
matching error predominates over comparator offset voltage.

Adjust Pin Current: Current flowing out of the reference adjust pin when the reference amplifier is in the linear
region.

Comparator Gain: The ratio of the change in output current (I gp) to the change in input voltage (V,y) required
to produce it for a comparator in the linear region.

Dropout Voltage: The voltage measured at the current source outputs required to make the output current fall
by 10%.

Input Bias Current: Current flowing out of the signal input when the input buffer is in the linear region.

LED Current Regulation: The change in output current over the specified range of LED supply voltage (V, gp)
as measured at the current source outputs. As the forward voltage of an LED does not change

significantly with a small change in forward current, this is equivalent to changing the voltage at the LED
anodes by the same amount.

Line Regulation: The average change in reference output voltage over the specified range of supply voltage
(V).

Load Regulation: The change in reference output voltage (Vrgr) over the specified range of load current
(lrer))-

Offset Voltage: The differential input voltage which must be applied to each comparator to bias the output in

the linear region. Most significant error when the voltage across the internal voltage divider is small.
Specified and tested with pin 6 voltage (Vgy) equal to pin 4 voltage (Vo).

Copyright © 2000-2013, Texas Instruments Incorporated Submit Documentation Feedback
Product Folder Links: LM3974
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TYPICAL PERFORMANCE CHARACTERISTICS
Supply Current vs Temperature Operating Input Bias Current vs Temperature
6.0 | ];
& " v* (PIN 3) = 20v
= 58 — : s
4 + _ — —
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— (%% ]
= 54 e 8
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oo [&-]
2 52 NOTE: REFERENCE LOAD ﬁ 4
=y | CURRENT = 1 mA =
P
& 50 3
L]
0 25 50 75 0 25 50 75
TEMPERATURE (°C) TEMPERATURE (°C)
Figure 2. Figure 3.
Reference Voltage vs Temperature Reference Adjust Pin Current vs Temperature
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Figure 4. Figure 5.
LED Current-Regulation Dropout LED Driver Saturation Voltage
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Figure 6. Figure 7.
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INPUT CURRENT (mA)

LED CURRENT (mA)

TYPICAL PERFORMANCE CHARACTERISTICS (continued)

Input Current Beyond Signal Range (Pin 5)

T ] 171
V' =20 Ta=10°cf | 10
DIVIDER V =10V f
0.5
0
-1
£ Ta=0°C
-3
-40 -30 -20 -10 0 10 20 30 40
Figure 8.
LED Driver Current Regulation
115
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=" r'c 22

COMMON-MODE LIMITS (V)
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Figure 10.

Common-Mode Limits
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Figure 12.
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Total Divider Resistance vs Temperature
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Output Characteristics
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Figure 13.
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(Showing Simplest Application)

BLOCK DIAGRAM
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FUNCTIONAL DESCRIPTION

The simplified LM3914 block diagram is to give the general idea of the circuit's operation. A high input
impedance buffer operates with signals from ground to 12V, and is protected against reverse and overvoltage
signals. The signal is then applied to a series of 10 comparators; each of which is biased to a different
comparison level by the resistor string.

In the example illustrated, the resistor string is connected to the internal 1.25V reference voltage. In this case, for
each 125mV that the input signal increases, a comparator will switch on another indicating LED. This resistor
divider can be connected between any 2 voltages, providing that they are 1.5V below V* and no less than V~. If
an expanded scale meter display is desired, the total divider voltage can be as little as 200mV. Expanded-scale
meter displays are more accurate and the segments light uniformly only if bar mode is used. At 50mV or more
per step, dot mode is usable.

INTERNAL VOLTAGE REFERENCE

The reference is designed to be adjustable and develops a nominal 1.25V between the REF QUT (pin 7) and
REF ADJ (pin 8) terminals. The reference voltage is impressed across program resistor R1 and, since the
voltage is constant, a constant current |, then flows through the output set resistor R2 giving an output voltage of:

R2
Vout = VRer (1 * ﬂ) * oo Ro

I LM3814 '
REF REF
wT__ ___ A

g il | 9
r1  VREF
il

Vour |INJ.|
R2

Since the 120uA current (max) from the adjust terminal represents an error term, the reference was designed to
minimize changes of this current with V* and load changes.

CURRENT PROGRAMMING

A feature not completely illustrated by the block diagram is the LED brightness control. The current drawn out of
the reference voltage pin (pin 7) determines LED current. Approximately 10 times this current will be drawn
through each lighted LED, and this current will be relatively constant despite supply voltage and temperature
changes. Current drawn by the internal 10-resistor divider, as well as by the external current and voltage-setting
divider should be included in calculating LED drive current. The ability to modulate LED brightness with time, or
in proportion to input voltage and other signals can lead to a number of novel displays or ways of indicating input
overvoltages, alarms, etc.

MODE PIN USE

Pin 9, the Mode Select input controls chaining of multiple LM3914s, and controls bar or dot mode operation. The
following tabulation shows the basic ways of using this input. Other more complex uses will be illustrated in the
applications.

Bar Graph Display: Wire Mode Select (pin 9) directly to pin 3 (V* pin).
Dot Display, Single LM3914 Driver: Leave the Mode Select pin open circuit.

Dot Display, 20 or More LEDs: Connect pin 9 of the first driver in the series (i.e., the one with the lowest input
voltage comparison points) to pin 1 of the next higher LM3914 driver. Continue connecting pin 9 of lower input
drivers to pin 1 of higher input drivers for 30, 40, or more LED displays. The last LM3914 driver in the chain will
have pin 9 wired to pin 11. All previous drivers should have a 20k resistor in parallel with LED No. 9 (pin 11 to

Viep)-
Copyright © 2000-2013, Texas Instruments Incorporated Submit Documentation Feedback 9
Product Folder Links: LM39714




i3 TEXAs
LM3914 INSTRUMENTS

SNVS761B —JANUARY 2000-REVISED MARCH 2013 www.ti.com

MODE PIN FUNCTIONAL DESCRIPTION
This pin actually performs two functions. Refer to the simplified block diagram below.

OUTPUT NO. 9 OUTPUT ND. 10

o1
(FROM COMPARATORS)

CONTROLLED DRIVE [

100 mV W DOT/BAR

m_+|| P LOGIC

*High for bar
Figure 14. Block Diagram of Mode Pin Description

DOT OR BAR MODE SELECTION

The voltage at pin 9 is sensed by comparator C1, nominally referenced to (V* = 100mV). The chip is in bar mode
when pin 9 is above this level; otherwise it's in dot mode. The comparator is designed so that pin 9 can be left
open circuit for dot mode.

Taking into account comparator gain and variation in the 100mV reference level, pin 9 should be no more than
20mV below V* for bar mode and more than 200mV below V* (or open circuit) for dot mode. In most
applications, pin 9 is either open (dot mode) or tied to VV* (bar mode). In bar mode, pin 9 should be connected
directly to pin 3. Large currents drawn from the power supply (LED current, for example) should not share this
path so that large IR drops are avoided.

DOT MODE CARRY

In order for the display to make sense when multiple LM3914s are cascaded in dot mode, special circuitry has
been included to shut off LED No. 10 of the first device when LED No. 1 of the second device comes on. The
connection for cascading in dot mode has already been described and is depicted below.

As long as the input signal voltage is below the threshold of the second LM3914, LED No. 11 is off. Pin 9 of
LM3914 No. 1 thus sees effectively an open circuit so the chip is in dot mode. As soon as the input voltage
reaches the threshold of LED No. 11, pin 9 of LM3914 No. 1 is pulled an LED drop (1.5V or more) below V| gp.
This condition is sensed by comparator C2, referenced 600mV below V,gp. This forces the output of C2 low,
which shuts off output transistor Q2, extinguishing LED No. 10.

Viep is sensed via the 20k resistor connected to pin 11. The very small current (less than 100pA) that is diverted
from LED No. 9 does not noticeably affect its intensity.

An auxiliary current source at pin 1 keeps at least 100pA flowing through LED No. 11 even if the input voltage
rises high enough to extinguish the LED. This ensures that pin 9 of LM3914 No. 1 is held low enough to force
LED No. 10 off when any higher LED is illuminated. While 100pA does not normally produce significant LED
illumination, it may be noticeable when using high-efficiency LEDs in a dark environment. If this is bothersome,
the simple cure is to shunt LED No. 11 with a 10k resistor. The 1V IR drop is more than the 900mV worst case
required to hold off LED No. 10 yet small enough that LED No. 11 does not conduct significantly.

10 Submit Documentation Feedback Copyright ©® 2000-2013, Texas Instruments Incorporated
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OTHER DEVICE CHARACTERISTICS

The LM3914 is relatively low-powered itself, and since any number of LEDs can be powered from about 3V, it is
a very efficient display driver. Typical standby supply current (all LEDs OFF) is 1.6mA (2.5mA max). However,
any reference loading adds 4 times that current drain to the V* (pin 3) supply input. For example, an LM3914
with a TmA reference pin load (1.3k), would supply almost 10mA to every LED while drawing only 10mA from its
V* pin supply. At full-scale, the IC is typically drawing less than 10% of the current supplied to the display.

The display driver does not have built-in hysteresis so that the display does not jump instantly from one LED to
the next. Under rapidly changing signal conditions, this cuts down high frequency noise and often an annoying
flicker. An “overlap” is built in so that at no time between segments are all LEDs completely OFF in the dot mode.
Generally 1 LED fades in while the other fades out over a mV or more of range (*). The change may be much
more rapid between LED No. 10 of one device and LED No. 1 of a second device “chained” to the first.

The LM3914 features individually current regulated LED driver transistors. Further internal circuitry detects when
any driver transistor goes into saturation, and prevents other circuitry from drawing excess current. This results in
the ability of the LM3914 to drive and regulate LEDs powered from a pulsating DC power source, i.e., largely
unfiltered. (Due to possible oscillations at low voltages a nominal bypass capacitor consisting of a 2.2uF solid
tantalum connected from the pulsating LED supply to pin 2 of the LM3914 is recommended.) This ability to
operate with low or fluctuating voltages also allows the display driver to interface with logic circuitry, opto-coupled
solid-state relays, and low-current incandescent lamps.

L:SII:‘ REF REF L:gn;. REF REF ;
RN I e i e o ) U o 2

Figure 15. Cascading LM3914s in Dot Mode

(1) Accuracy is measured referred to +10.000Vpc at pin 6, with 0.000 Vg at pin 4. At lower full-scale voltages, buffer and comparator offset
voltage may add significant error.
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Typical Applications

430 (10)
s o A g A M
LED
NO.1
LED
NO. 10
15 1 13 [ n [w
LM3914
Rlo s PRHi REFOUT REFADJ MODE
I‘I 4 5 6 i 8 9
4L 2
750
il 1
-5V
LED NO. 117
LM3914
v' Rio 516 RHI REFOUT REF ADJ MODE
| 2 3 4 5 6 |? 8 9
1.2k
INPUT 516
Figure 16. Zero-Center Meter, 20-Segment
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BVAC TO10Vag
CENTERTAPPED
/ (ie 5—-0-5 MAX)

LINE

J DoT
e
22,F ’F LM3914
O BAR
. REF
V RLo  sic RHI  REFOUT ADJ MODE
0 2 3 4 B 6 7 ] ]
1 y <RI
h
e “~#lpp aev-ssay T o
; L R2
Yo Sz
| Sk
1
R3 A4
340k Tk -

1%

*This application illustrates that the LED supply needs practically no filtering
Calibration: With a precision meter between pins 4 and 6 adjust R1 for voltage Vp of 1.20V. Apply 4.94V/ to pin 5,
and adjust R4 until LED No. 5 just lights. The adjustments are non-interacting.

Figure 17. Expanded Scale Meter, Dot or Bar

Table 1. Application Example: Grading 5V Regulators

HIEEES:':& Color Vourminy
10 Red 554
9 Red 5.42
8 Yellow 5.30
7 Green 5.18
6 Creen 5.06
5V
5 Green 4.94
4 Green 4.82
3 Yellow 4.7
2 Red 4.58
1 Red 4.46
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A T 2 A A4 i M A i M A
150
LED LED
NO. 1 NO. 10
18 17 16 715 14 13 12 1 10
LM3914
REF REF
v* RLo SIG A out ADJI  MODE
|1 [ 7 _Ls ]9
e 390
SIG IN
3V

g

1 kHz pulse rate at 10% duty cycle

LEDs light up as illustrated with the upper lit LED indicating the actual input voltage. The display appears to increase
resolution and provides an analog indication of overrange.

Figure 18. “Exclamation Point” Display

M il A M A A A
16 | 15 14 13 12 1
DOT-BAR™
LM3914 SWITCH

vt RLg SIG RH| ouT ADJ  MODE
'I _Lz 3 J_a 15 6 7 J_a B

ov-1.2v -
620
5k § &
"BRIGHTNESS”

*The input to the Dot-Bar Switch may be taken from cathodes of other LEDs. Display will change to bar as soon as
the LED so selected begins to light.

Figure 19. Indicator and Alarm, Full-Scale Changes Display from Dot to Bar
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L @ \ 4 ¢ VLED 5V
T T 00 T_
VN V. VYR V VR VY {y VA V.Y ViV VY éﬁf
\ 4 YYVYYYY ‘

LED
NO. 1
18 17 16 15 14 13 12 1
+
—L* ¢
LM3914 AT 100
vt Bg SIG RHI  REFOUT REF ADJ MODE

LI _g 3 -:L:; |5 6 7 -Jz_s g

AN
a70
1.2k

Full-scale causes the full bar display to flash. If the junction of R1 and C1 is connected to a different LED cathode, the
display will flash when that LED lights, and at any higher input signal.

Figure 20. Bar Display with Alarm Flasher
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v+
{5v)
1uF ADJ
LM337H
A A s /A A N A s A Vi
! IN
LED|
ND.1
18 17 16 15 14
LM3914
REF
V- vt Ry SIG R4l REFOUT ADJ  MODE
|1 _]_z 13 [ 's Iﬁ |r 8 9
110
1.2k h
21
N : CARBON
10
Hysteresis is 0.5 mV to 1 mV
Figure 21. Adding Hysteresis (Single Supply, Bar Mode Only)
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Figure 22.

48V

3.9k
w

g s s M A M

LED
NO. 10

LM3914

REF REF
vt Rio SIG RHi out ADJ  MODE
3

__l1 '=E % _i_u 15 ]ﬁ l? _L_n I

Jav*

A

620

mzsisf‘ '—‘\Mf]:_

pu—
[~

The LED currents are approximately 10mA, and the LM3914 outputs operate in saturation for minimurm dissipation.
“This point is partially regulated and decreases in voltage with temperature. Voltage requirements of the LM3914 also
decrease with temperature.

Figure 23. Operating with a High Voltage Supply (Dot Mode Only)
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Lﬂ/ A s o A iy o A s A $
20k

LED LED
NO.1 NO. 10
18 17 16 15 14 13 12 11 10
LM3914
REF REF
vt Rg SIG Ry ouT ADJ  MODDE
|1 _[3 1 _l: 5 3 7 _Lu []

12y =
1ak*

AA
v

FYYIIEEEYL ]

LED LED
ND. 11 NO.20
L 18 11 16 15 14 13 12 n 10
Dot
o,
BAR \_ _ct
LM3914
REF  REF
V- V' Rrp 516 AR OUT  ADJ  MODE
1 2 1 ] 5 ] 7 ] []
I I—lbz_w

3
SIG OV-24v

ra

=

=
-

LoAAA
lll—vvv

*The exact wiring arrangement of this schematic shows the need for Mode Select (pin 9) to sense the V" voltage
exactly as it appears on pin 3.
Programs LEDs to 10mA

Figure 24. 20-Segment Meter with Mode Switch

APPLICATION HINTS

Three of the most commonly needed precautions for using the LM3914 are shown in the first typical application
drawing showing a 0V-5V bar graph meter. The most difficult problem occurs when large LED currents are being
drawn, especially in bar graph mode. These currents flowing out of the ground pin cause voltage drops in
external wiring, and thus errors and oscillations. Bringing the return wires from signal sources, reference ground
and bottom of the resistor string (as illustrated) to a single point very near pin 2 is the best solution.

Long wires from V| gp to LED anode common can cause oscillations. Depending on the severity of the problem
0.05uF to 2.2uF decoupling capacitors from LED anode common to pin 2 will damp the circuit. If LED anode line
wiring is inaccessible, often similar decoupling from pin 1 to pin 2 will be sufficient.
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If LED turn ON seems slow (bar mode) or several LEDs light (dot mode), oscillation or excessive noise is usually
the problem. In cases where proper wiring and bypassing fail to stop oscillations, V* voltage at pin 3 is usually
below suggested limits. Expanded scale meter applications may have one or both ends of the internal voltage
divider terminated at relatively high value resistors. These high-impedance ends should be bypassed to pin 2
with at least a 0.001pF capacitor, or up to 0.1uF in noisy environments.

Power dissipation, especially in bar mode should be given consideration. For example, with a 5V supply and all
LEDs programmed to 20mA the driver will dissipate over 600mW. In this case a 7.5Q resistor in series with the
LED supply will cut device heating in half. The negative end of the resistor should be bypassed with a 2.2uF solid
tantalum capacitor to pin 2 of the LM3914.

Turning OFF of most of the internal current sources is accomplished by pulling positive on the reference with a
current source or resistance supplying 100pA or so. Alternately, the input signal can be gated OFF with a
transistor switch.

Other special features and applications characteristics will be illustrated in the following applications schematics.
Notes have been added in many cases, attempting to cover any special procedures or unusual characteristics of
these applications. A special section called APPLICATION TIPS FOR THE LM3914 ADJUSTABLE REFERENCE

has been included with these schematics.
APPLICATION TIPS FOR THE LM3914 ADJUSTABLE REFERENCE

Greatly Expanded Scale (Bar Mode Only)

Placing the LM3914 internal resistor divider in parallel with a section (=230Q) of a stable, low resistance divider
greatly reduces voltage changes due to IC resistor value changes with temperature. Voltage V; should be
trimmed to 1.1V first by use of R2. Then the voltage V, across the IC divider string can be adjusted to 200mV,
using R5 without affecting V;. LED current will be approximately 10mA.

Non-interacting Adjustments For Expanded Scale Meter (4.5V to 5V, Bar or Dot Mode)

This arrangement allows independent adjustment of LED brightness regardless of meter span and zero
adjustments.

First, Vy is adjusted to 5V, using R2. Then the span (voltage across R4) can be adjusted to exactly 0.5V using
R6 without affecting the previous adjustment.

R9 programs LED currents within a range of 2.2mA to 20mA after the above settings are made.

REF REF
RLo RH ouT ADJ
O o FO i) ey PINS OF
4 6 1 8 m3sia
R1 -
005 (£
1%
R2
o 250
Vy=11v
’ R3 3
200
Va 1%
1 R4 a%
F ’ 15
R6

o~ 0.1 uF 909
‘I‘ % |

Figure 25. Greatly Expanded Scale (Bar Mode Only)
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ADJUSTING LINEARITY OF SEVERAL STACKED DIVIDERS

Three internal voltage dividers are shown connected in series to provide a 30-step display. If the resulting analog
meter is to be accurate and linear the voltage on each divider must be adjusted, preferably without affecting any
other adjustments. To do this, adjust R2 first, so that the voltage across R5 is exactly 1V. Then the voltages
across R3 and R4 can be independently adjusted by shunting each with selected resistors of 6kQ or higher
resistance. This is possible because the reference of LM3914 No. 3 is acting as a constant current source.

The references associated with LM3914s No. 1 and No. 2 should have their Ref Adj pins (pin 8) wired to ground,
and their Ref Outputs loaded by a 620Q resistor to ground. This makes available similar 20mA current outputs to
all the LEDs in the system.

If an independent LED brightness control is desired (as in the previous application), a unity gain buffer, such as
the LM310, should be placed between pin 7 and R1, similar to the previous application.

REF REF
ALo BHi ouT 10V ADJ

04 ?Ii 0? ? ol!

R1
1.18k

R9

20k

LED
BRIGHTNESS

R3
3.48k
1%

523

R5
432k

%

IUH! F
; 02

RG

(4.5V to 5V, Bar or Dot Mode)
Figure 26. Non-Interacting Adjustments for Expanded Scale Meter
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LM3914 NO. 3 4

LM3914 NO. 2 {

LM3914 NO. 1 1

Figure 27. Adjusting Linearity of Several Stacked Dividers

OTHER APPLICATIONS

+ “Slow’—fade bar or dot display (doubles resolution)

* 20-step meter with single pot brightness control

* 10-step (or multiples) programmer

* Multi-step or “staging” controller

* Combined controller and process deviation meter

+ Direction and rate indicator (to add to DVMs)

* Exclamation point display for power saving

» Graduations can be added to dot displays. Dimly light every other LED using a resistor to ground
*+ Electronic “meter-relay"—display could be circle or semi-circle

* Moving “hole" display—indicator LED is dark, rest of bar lit

* Drives vacuum-fluorescent and LCDs using added passive parts
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CONNECTION DIAGRAM
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= = N = |
LLaggg
L1111
3 2 1 2019
DIVIDER (LOW END) —| 4 18 |—LED 4
SIGNAL INPUT —{ 5 17 |~ LED5
DIVIDER (HIGH END) — 6 © 16|—LED6
N/C—7 15— LED7
REFERENCE OUTPUT - 8 14— LEDS
8 10 11 12 13
L4 A
0D 2 = O O
=< & 28
T
*w
(=]
=
Figure 28. Top View
PLCC Package
See Package Number FNO020A
U 18
LED NO.1 — — LED NO.2
17
o L LeoND.3
16
v = — LED NO. 4
4 15
DIVIDER _2} L LEDND. 5
(LOW END) j 4 LERND
SIGNAL INPUT == — LED NO. 6
DIVIDER _6 R eofidb
(HIGH END) ": @i
REFERENCE QUTPUT = — LEDNO. 8
11
REFERENCE ADJUST — — LEDNOD. 9
9 10
MODE SELECT = — LED NO.10
Figure 29. PDIP Package
Top View
See Package Number NFK0018A
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LM3914 MDC MWC DOT/BAR DISPLAY DRIVER

DIEID EI
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(]

L]

afig| ]

Figure 30. Die Layout (D - Step)
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REVISION HISTORY
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp  Op Temp (°C) Device Marking Samples
(1) Drawing Qty (2 (6) (3) (4r5)
LM3914N-1 ACTIVE PDIP NFK 18 20 TBD Call Ti Call TI 0to 70 LM3914N-1 m
LM3914N-1/NOPB ACTIVE PDIP NFK 18 20 Green (RoHS Call Tl Level-1-NA-UNLIM 0to 70 LM3914N-1 m
& no Sb/Br)
LM3914V ACTIVE PLCC FN 20 40 TBD Call Tl Call Tl 0to 70 LM3914v m
LM3914V/NOPB ACTIVE PLCC FN 20 40 Green (RoHS CU SN Level-2A-250C-4 0to 70 LM3914v Samples
& no Sb/Br) WEEK L
LM3914VvX ACTIVE PLCC FN 20 1000 TBD Call TI Call Tl 0to 70 LM3914V M
LM3914VX/NOPB ACTIVE PLCC FN 20 1000  Green (RoHS CU SN Level-2A-250C-4 0to 70 LM3914V L
| P, &no Sb/Br) WEEK 2

M The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: TI 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 praduction 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:/fwww.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): Tl'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, T| 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 (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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) | 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 TI's knowledge and belief as of the date that itis 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. TI 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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MECHANICAL DATA

MPLCO04A — OCTOBER 1994

FN (S-PQCC-J*)
20 PIN SHOWN

PLASTIC J-LEADED CHIP CARRIER

] 18

Seating Plane

| = 0.004 (0,10)
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l

0.180 (4,57) MAX
0.120 (3,05)
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9 13 0.013 (0,33)
0.008 (0,20) NOM—bL— [ [ 0.007 (0,18) @]
NO. OF D/E D1/E1 D2/E2
PINS
o MIN MAX MIN MAX MIN MAX
20 0.385(9,78) | 0.395(10,03) | 0.350 (8,89) | 0.356(9,04) | 0.141(3,58) | 0.169 (4,29)
28 0.485(12,32) | 0.495(12,57) | 0.450 (11,43) | 0.456 (11,58) | 0.191(4,85) | 0.219 (5,56)
44 0.685(17,40) | 0.695 (17,65) | 0.650 (16,51) | 0.656 (16,66) | 0.291(7,39) | 0.319 (8,10)
52 0.785(19,94) | 0.795(20,19) | 0.750(19,05) | 0.766(19,20) | 0.341(8,66) | 0.369 (9,37)
68 0.985 (25,02) | 0.995(25,27) | 0.950 (24,13) | 0.958 (24,33) | 0.441(11,20) | 0.469 (11,91)
84 1.185(30,10) | 1.195(30,35) | 1.150(29,21) | 1.158 (29,41) | 0.541 (13,74) | 0.569 (14,45)
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NOTES: A. Alllinear dimensions are in inches (millimeters).
B. This drawing is subject to change without notice.
C. Falls within JEDEC MS-018
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IMPORTANT NOTICE

Texas Instruments Incorporated (Tl) reserves 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.

TI's published terms of sale for semiconductor products (http:/www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products that Tl has qualified and released to market. Additional terms may apply to the use or sale of other types of Tl products and
services.

Reproduction of significant portions of Tl information in Tl 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 reproduced
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 Tl product or service and is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Buyers and others who are developing systems that incorporate TI products (collectively, "Designers”) understand and agree that Designers
remain responsible for using their independent analysis, evaluation and judgment in designing their applications and that Designers have
full and exclusive responsibility to assure the safety of Designers' applications and compliance of their applications (and of all TI products
used in or for Designers' applications) with all applicable regulations, laws and other applicable requirements. Designer represents that, with
respect to their applications, Designer has 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. Designer agrees that prior to using or distributing any applications that include TI products, Designer will
thoroughly test such applications and the functionality of such Tl products as used in such applications.

TI's provision of technical, application or other design advice, quality characterization, reliability data or other services or information,
including, but not limited to, reference designs and materials relating to evaluation modules, (collectively, “T| Resources”) are intended to
assist designers who are developing applications that incorporate Tl products; by downloading, accessing or using Tl Resources in any
way, Designer (individually or, if Designer is acting on behalf of a company, Designer's company) agrees to use any particular Tl Resource
solely for this purpose and subject to the terms of this Notice.

TI's provision of TI 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 T| providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources. Tl has not conducted any testing other than that specifically
described in the published documentation for a particular Tl Resource.

Designer is authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that
include the Tl producl(s) identified in such Tl 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 Tl 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 Tl 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 Tl Resources 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.

TI RESOURCES ARE PROVIDED “AS IS" AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING 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 DESIGNER 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.

Unless Tl has explicitly designated an individual product as meeting the requirements of a particular industry standard (e.g., ISO/TS 16949
and ISO 26262), Tl is not responsible for any failure to meet such industry standard requirements.

Where Tl specifically promotes products as facilitating functional safety or as compliant with industry functional safety standards, such
products are intended to help enable customers to design and create their own applications that meet applicable functional safety standards
and requirements. Using products in an application does not by itself establish any safety features in the application. Designers must
ensure compliance with safety-related requirements and standards applicable to their applications. Designer may not use any Tl products in
life-critical medical equipment unless authorized officers of the parties have executed a special contract specifically governing such use.
Life-critical medical equipment is medical equipment where failure of such equipment would cause serious bodily injury or death (e.g., life
support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such equipment includes, without limitation, all
medical devices identified by the U.S. Food and Drug Administration as Class Ill devices and equivalent classifications outside the U.S.

Tl may expressly designate certain products as completing a particular qualification (e.g., Q100, Military Grade, or Enhanced Product).
Designers agree that it has the necessary expertise to select the product with the appropriate qualification designation for their applications
and that proper product selection is at Designers’ own risk. Designers are solely responsible for compliance with all legal and regulatory
requirements in connection with such selection.

Designer will fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.
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