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Switch-mode Battery Charger

Pachok Khempet

Sapol Sukdumrongpreecha
Kanyapak Jainan

Asst.Prof.Dr. Weerachet Khun-ngern

2C50

ABSTRACT

Today, the consumption of energy has continuonsly increase then there are the effort to
find other energy source. Solar energy is an alternative because it is easy to find, being clean
power, save for environment and without any pollution. This project has applied solar cell to be
the energy source to eletric train by store at the sunlight for using later when doesn ’t have
sunlight. In this project need 48 volts of pressure so it have to use four lead-acid batteries in 12
volts 60 Ah by connecting in series (for 2 48 volts.) with constant current and voltage of
charging. IC uc3909 was used to control the charging status and increased the efficiency of
batteries. Otherwise in this charging also used push-pull converter of this project has called

Switch-mode Battery Charger with efficiency at least 85%
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[
v

A 1 A’f dy v o 3 o =) 9
FMyaruuemma Reiisannsonal R uaz ¢ Isaunamnddeiigaudolu R Tdonay

113 (4.8)
EY Ed
gaiulunsilassnud smuald
4 I'd
vda = 13 T4 Ved = 10 Tiam
L = 10 ueud M = 28 uewd
T = 43 mTuduf | Toff (min) =53 W1 Tu3UM

£
E4
v A

NS aRIAAIT gL Rs Lazdafuilizy C vevsesaiiuwes 1dad
NABNTN (4.3) C > 10%43*10°/2*10
G s PsNIgT
3 - | 9) o~ 1 @ -9 ~ [
wszaziiululasseududenly C BAUNIAY 1000%10° ¥UA WIMA LasnuusIay
2200 V ms1emidieludiesnaia
P
1NAUNITN (4.8)
Y A o v Y
muﬂwagawnmuﬂimﬂﬂ
337028100 < R < 53*10°/3*225%10°
0.12 LR S Tes )
A 9 a A A 4 a o o 3 °
9910 198108 Tun s eI NG U1 NI IUFAADST UszuIn 20 KHz AIUUNIIATUIN
miidegadoiaatslu R TRnnaunsi @.4)

P

0.5%1000%(33)"*20*10°*10"

v d
10.89 396

P
¥

LYY 1 [} v
wdenld R daunidu s (5148

o Y o e J

4. N1SRIWINUAZN1TEBNUD YYD IVAAIAIMHA VNN FIU 90T WY — g ABUIILS

d s 4'1 9 A ' x.s' a a * ¢'|
9193 1a1aNNTs MINTLHBNURINITZU 1A A ANNHEITTWINAINTLUANTZINONITAANY

2 v o = o 7 s
HINITHIATA UV UYIUIVUDIINDT 'Y!‘lf — WQ ABULIDILADT L'ﬂ'ulhjﬂnJﬂﬂJﬂﬁ

Lmin > (1/2)*Rmax*T*(1- Dmin) ---(4.9)
JagN Rmax = AANATUINDIA UV
i = ATLIAVBITYYIU P WM
Voutputmin = Tradmaf1UY1080
. oy
loutputmin = nszuadiganzenld Ina

Dmin = f11 Duty cycle ﬁTc!ﬁ
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Rmax = Voutput / Ioutput (min) -—(4.10)

. ¥ 9
o370 Insaauil 191a q asde 11l

T N 50x10-6 2w

Voutput= szina 60 1208

Toutput (min) = 04 woud)

Rmax = 60/0.4 = 150 Q2

Dmin = 0.8%

L > (1/2)*(150)* (50x10°)* (1-0.8) —-(4.11)
L > 0.75 mH ’

o 2 a o A R @ 7 P A A
Suiululassnuitdenlgminnumienil 1.5 mH Taslsunumesseoa lasnazl

Y o A
ANYUSAIU

I|
la— ID- —]

|
l
| —oD -

v J
3‘11 44 @ﬂﬂmzﬁ]i’)ﬂliﬂu&‘ﬂﬂiii’)ﬂﬁ{

& o A o 9
‘]Nﬁﬂu’Ju'iﬂ‘UYl‘ﬂzTiutlﬂ‘ﬂ'm

N = w/al” —(4.12)
Taofi L = A1niieati (aH)

AL = Anafven

N = SnnuseUTRe L

< A A 9 o 2 a v [ dy
Tagfuaen l9ues T184 —26  FITUAIAN AIU

D = 241  Hadwag

oD 467  J0QWAI
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Ht = 18.0 dadwas

A, = Anafivean
N 169 nH / N2

pnusmluaumsee1a

N = [1500000 /169]"

N = 94.21

o :1' s J 3
ﬁauuﬁa%’mwummammummsaﬁﬁ‘ﬂwuﬁ 95 59y
° 2 a A 4 L7 P
5. mypenuuLIazA 1IN wioudasadndandmdge ullugdnsalfidiiyun
o Y [ S 4 4 i

m3wanduglnsaiszonszAuuseduen 33 Toad omiauuames 48 Toadald 14 Tavez
9 LY Y 3 9 ] ; v Jd 5 v o @ @& \{c; ] ] Y]
‘il?JQﬂﬂi%ﬂ‘ljl!i\iﬂuﬂlujﬁqﬁﬁ']ﬂ'ﬂ 60 Taaa TagrmiiaeaaIiuIzay lunsaeriunag

Ausvavean UMD dMi1I993 WY - Ny Aewesed

: v v o J o
Taed Bmax = maawmuuiuddndgegaluunusteslsd amd)

31 mad1 = 10000 e

£ ~ e lumsaIaTIveIens (185 ad)
47 ~ Y o 4 a

Ac = dudinthdavewnumeslsd @5 1urudmas)
H ‘:; ) o s a (~4 a a

Aw = fufiresdmSuiuuaalavestiaulU (ANUTUAAST)
' v - 4 1A

D _ sanuvumtiunszualuva primary (voigariiamend)
o @ oy v Jd a d.

p = maaamqaqw’nmmuzmmﬂaﬁm (Fad)

- 4 1 k4
Taglulnsesnuidenlduny EE 55 Faiiaans q Asae 1l

Bmax = 200 &
ad 4
f = 20x103 1834%
Ac = 3.53 A1 1UYUALLAT
Aw = 415 UFUALAT
& " A )
D = 254.5 esqaia / uewuil

200x 20 x 103 x 3.53 x 4 x 10-3/254.5

Il

o J
221.9 3¢9

- 4
‘i]1ﬂﬂ'liﬁTH’Jﬂl’ﬂ‘U’J“I!Lﬂu‘ﬁdﬂ’ﬂlllﬂ?»ﬂZﬁNﬁ‘i513’311%’?{\37411!‘“5\3\3114‘1]3111&1 200 -

o o
240 396

AN50BNULLEMIUTBUNN primary VoISl Iade AmdYe



48

- doan Acifugives sine

4.44fNBmaxA ---(4.13)

E
- daanu Acfugives P WM

1

Taed

Z Mmoo
Il

Il

Bmax
A —
9

TIUTANT E]‘]J‘lﬂmﬂ
N =

EY
Mulasemsiaenlsd

INAUNIT

4fNBA —--(4.14)
U5 IAUNAIY primary

aaves Mnszuaady

FIUIUAIAVDIVARIA

M mmuuuEnSuimangaga

2 4 9o
NAUNHUIFALNUNANYDIUNU EE

DVI/V2 = LJ/I, = NUN2 —-(4.15)
vi = 33 T4

vz = 80 Taad

F = 20*10° Hz

B = 02 mam

A = 353*10° m’

4*%(20% 107N 1(353*10°)(0.2)

9%
(U5}
Il

Nl = 33/[4*(20*103)(353* 10°)(0.2)]
e 5.84
N1 = 6 79U

151Aen1d Duty max Uszanat 80 %

V1 = 33 V.
V2 = 80 V.
N1 = 6 39U

AU (4.15) 9218

0.8(33)/80 = 6/N2

N2 = 18.18 39U

2218 N2 Uszum 19 58U

WU primary 6 TOU
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600 Jad uuaAe3T 48 Taaviazdestronszualifulvnaadszana 10 ueud 1513
sﬁan'l%’ummaé‘ﬁﬁﬂ 50 Ah per 5 hours uiftesnnlutenain WiSuuames niad
ﬁalﬁmﬂ%’ﬁﬁﬁﬂ 60Ah per 20 hours FuuuUARes HamNIaTondsuldiulnaa
1 4a1ABINTT

473 fhﬁﬁ’mri1mmxﬁa“l%’nﬁﬂ'as'mﬁ’u‘lac?fma% UC3909
-f1 Rs,, Rs, ,Rs,

° Y
aunanaau ldangas

V.. = [V_(Rs, +Rs,+Rs//Rs,)]/[Rs, //Rs,] ---(4.16)
V, = [V_(Rs, +Rs,+Rsy//Rs,)]/[Rs, +Rs, // Rs,] ---(4.17)
V., = [V_(Rs,+Rs,+Rs)l[Rs,] —-(4.18)

9
o 1 N Y s
AU A pNTeAMuAR A1 TRdeiiAe

\% = 59AU D AA1IY Over Charge
\'% = 1159AU Y AN1IY Trickle Charge
\Y = 1439AU W NI Float Charge

991 data sheet ¥84 101UB5UC3909 fmualis1 Rs=300 kohm.

57 = [2.3(Rs,+Rs,+Rs//300)]/[Rs, // 300]
43 = [23 (Rs,+Rs,+Rs,//300)]/[Rs, +Rs, / 300]
B = [2.3 (Rs, +Rs, + Rs,))/[Rs,]

9 1 o dy
94¥ ks, / Rs, =V 32 [daunsaiee Asil

2478 = [(Rs,+Rs,+V)]/[V] --(4.19)

18.7 = [(Rs,+Rs,+V)]/[Rs,+V] ---(4.20)

23.04 = [(Rs,+Rs,+Rs)V[Rs,] —{#:21):
gnaunsh 4.19) 9218 23.78v = Rs,+Rs, —(4.22)
gnaun1si 420) 9818 17.7Rs, +17.7V = Rs, —(4.23)
onaun1si @21 9218 Rs,+Rs, = 22.04Rs, —-(4.24)

sz 129 qun1sh (422) phduaunisd 429 w18 2378V = 22.04Rs,
Rs, = 1.08V
WIRs, 910 V. = 300/Rs,

Il

300*1.08V/[300+1.08V]
V. =2193
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Rs, =23.68 kohm.
Dnaumsd (4.24) o214 Rs, =521.9 -Rs, —-(4.25)
v lumuAtlugumsd 423) 918 R, =503.2 kohm.
Inaumsh 4.25) 1218 Rs, = 18.7 kohm.
- AIUMA R, 310gAT
2.7R,, =R ST ~-(4.26)

¥
INAUMTAINTIAINUARIAL 1Anail

=t o ° 8 1t 1w
910 data sheet ¥83 loFiwes UC3909 151 muald R , HA UMY 10 kohm. 15192 14

v

a1
s =f R, —(4.27)
=3*0.01
. =0.03 Taasi
Fafusia R, =0.56 kohm.
- MUIUMAT Ry, 2INGAT
Rt = 1.8518* o *RS*R .. —(4.28)

N AUMTTNITOA N UAA A 1880
910 data sheet Y84 laFu05 UC3909 A1 1, = 10%89 Iy, —(4.29)
=0.1*3
=0.3 woui)
dIUAOS R, AN data sheet 03 Tofimas UC3909 dmualiiiAumdy 100 kohm.

¥
mazaztiusy ldawes Ryve; = 0.56 kohm.
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Trickle charge Yooni 42 13an 0 0
Buck charge 42-54 Taa 0 1
Over charge 54 Taan 1 0
Float charge 52 Taa% 1 1

A19197 5.1 UeAzA NS HIUMS charge TamIueA 1 q
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Tuuteihns a9 udy eI

R PRSI AP T
Mvesiumisfirmsiadoass
GIGTR usaduen | usaduieen | usededionn UIIAU
pWMith | ajeav, | swwifeutas | vwlalea output i
514 Tdvwea | veImosfet N9 mwdge | Wudeiuc
wia secondaryUal
nalouag

(at) (aani) (han) (aan) (aari)
q1ia.1 X s : i s
qifia2 X - - - -
1143 : X : . :
gﬂ"‘fi4.4 - - X - -
gﬂfﬁ4.5 - - - X -
;ﬂﬁ4.6 - - - . X

A:ll a v : v [ o Iy |
15199 5.2 amj1ﬂgﬂamoigmﬁ‘lmmnwmamﬂumuﬁmmaq

oy e q veun3esdadsxg i mansouaaslddagl

o Ao Y
-Fagunialduga A

] 2000 /10719 1527:03
CHI=50V CH2=50V e T I0us/Gv
DC 11 pC 11 s :
SRR WU S S Y SN R eesers S NORME10DMS /3
1 i cren ......... ...............................................................
s ; :
=Tracel= Max ) 136.0v Min -2.000v Rms  82:21V
: Avg  50.68Y Freq 20:41kHz: Duly 37:1%
=Trace2= Max 134.0V Mih -4.000V Rms  80;95V
: Avg  49:01V Freq 20:41kHzZ: puly 37:6X
=Fater= =0Offset= =Record Length= =Trigger=
Smoothing : ON  CH1 ooV Main @ 10K Mode : AUTO
BW @ FULL CH2 : 0oV Zoom @ 2K

51 5.2 Fyanes pulse fildonnisihauwes TL494 mansefesaadaya s PWM

2 dayayal
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Stopped g 2000/10/18 1652:48
CHI1=5V : : : 10us /div
(10us/div)

=Tracel=

=Tracé2=

=Fiter= =Offsel= =Record Length= =Trigger=
Smoothing : OFF CH1 : 0.00v Main 1 10K  Mode : AUTO
BW : FULL cH2 : o.00v Zoom : 2K  Type : EDGE CH1 £
Detay : 0.0ns

311 5.3 Fayayras pulse vauzfidusemHAve32995 Push-Pull Inaiiussiy

YU1UB93995 Push-Pull

s d’ % ll 9
- TYYIUNIA ﬁmﬂﬁB
Stopped 3 2000/10/18 1656333
CH1=5V CH2=5V i 10us/div
DC 11 DC 11 i © (10us/div)
: : t NORM:100MS /s
I H TS B, Lipwe
IL-[ : _f : L ;
LT o : LA
=Tracel= Max  3.400V . Min -800.0my
avg 1.279v Freq 20.41KHZ :
=Tracez= Max 3.800V Min -400.0mV :
8 Avg  1.317vy Freq 20:41KHz:
=Fiter= =Offset= =Record Length= =Trigger=
Smoothing : OFF CH1 : o.00v Main : 10K  Mode : AUTO
BW : FULL cHZ : 000V Zoom : 2K  Type : EDGE CH1 &

Defay : 0.0ns
Hold OFf :  MINIMUM

31 5.4 deyey10s7 3016191091 Drain Uaz 91 Source YD power mosfet

o o
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@ Ao 14
- dyanuiiialdugac
Stopped 2000/10/18 16:58:50
" 10us/div
: (10us/div)

Bl 20 41kHz
i’ -20.80v .

203,4_1 kHzZ : 5l :
=Fiter= =0Offset= =Record Length= =Trigger=
Smoothing : OFF CH1 ! 0.oov Main : 10K Mode : AUTO
BW @ FULL CH2 : 0.00vV Zoom @ XK Type : EDGE CH1 4
Detay : 0.0ns

Hold OFfF MINIMUM

~ o A WY ) ) P~
31'7] 5.5 ﬁm@]ﬂlﬂ?ﬂ‘ﬂﬂ]ﬂﬂ‘mﬂ]u Secondary ﬂlaﬂﬂﬂlﬂllﬂﬁ@ﬂﬂ]uﬂq@

- Fyauidald wgaD

Stopped 3 2000/10/18 17:53:44
CH1=5V : 4 i . : . 20us/div
DC 1:1 i : (20us/div)

=Tracel= Max 15:80Y Min  9.800V Rms  10:58Y
: Avg 10:56Y Freq 833.3kHz: Duty 33.3%

=Filter= =Offset= =Record Length= =Trigger=
Smoothing 1 OFF CH1 : 0.00Vv Main I 10K Mode @ AUTO
BW @ FULL CH2 : 0.00V Zoom @ 25K Type : EDGE CH1 &

Delay : 0.0ns
Hold Off |  MINIMUM

51 5.6 Fyanaiialdnieenninlaleafiimhiivasivinszuaaduidunszuansdluas

99 Push-Pull Converter
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-doonuninlduga E

Stopped 3 2000/10/18 185246
CHI=S0V E E 4 : T . 10us/div
DC 1&1 : : : : (10us/div)
: NORM I100MS /s
s
I
=Tracel= Max 116.0V Mih  112.0V Rms 114.5V
Avg 113.5v Freq 1.667MHz:  Duly 68:7%
=Fater= =0Offset= =Record Length= =Trigger=
Smoothing : OFF CH1 0.0v Main : 10K Mode @ ARUTO
BW : FULL cHz2 g.00v Zoom @ 2K Type : EDGE CH1 &
Delay 0.0ns
Hold Off MINIMAUM

311 5.7 520u59891N output 91012995 Push-Pull converter MAINIU C 589
ripple
5.2 Han1sNaAaD
1IN RaNIINAaesh Idnnnssalszylaansanlszy MAwuanes silanzna-
nsa vina 12 1309 60 Ah $119u 4 gn Brie 3K Fninndesynsuiu Taginsdadszalu
&NYUTYD constant current LAY constant voltage TUFIWsNIziMssalszyludnuuzyes
v R & o @ v [ r A s &
constant current 180411 1MuA trickle charge Fa5zAULs AUz DY TuTzAY Tty 42 Taan ¥
v v v ¥
1HusEAUTIAA End of cell Tasazinuiszdunszualinegh 400 mA. luaniziinnms
A [ a A vl 5 4 v’ ° U
nanes esenusssulunuawesiSuduszegn 46 Taan uavinmsilunansstionszud
v w [ Ay ] v Y v 3 =X 9 ° (3 ro& 9 [
nuIwssduszaudl Wannsosenszuald duindsdenimsdadszalny Feihlimada
Usza lajogIuInuaves tickle charge #A9zid1g 11 TuAYD I bulk charge Aol T AULIIAUBY
] < 4 1 o a v o 2 Ao
Tugas 4254 Taan lasinyrszdunszualiiiswidy 3 wewd Fudluldamwdidaves
= A o @ M [ 1Y v Jd g3 9 ' @
wuAMes Wemssallszyaunsziszduussiumidy 54 Teav Az g Tnuanisda
& < o A & o
sz over charge Tagluanmnziinszuanldlumsdarlszyaziifanauiony aunsenll
1 ' Qs é o :; s = 3 1
Ay 1 wenil FeszahliimsnasunlasInuanisdalszydnasefe Wiglnua float
4‘1 [ Y o s ‘:i s =2 Ao A v 9
charge 1A5®9 charge vz3nyINliszALLIAUN 52 T30 Fnszuandadszgazlintesinn
dy A a g Y <2 ° @ 4 A Y
Tuaranzilsz e uuawesiRunddgaiinisdalszaae il nszua Inasziisniesunn

‘é o
Farnnsouaauden laszunsunsnaden 1adeg
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)
Y s
AC
Z
Yolt
| R S

AC

Switch-mode
Lead-Acid Battery
Charger

Battery
48 Voit

51 5.2 vienlaezunsuuaasmmasmeudarlszqlridhuunineSvina 4 Than
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wan139a1szq
Time | DIzug | USIAM | ATBUN | WA P(in) P(out) | Uszams

input input output output MN

(hour) | (amp) (volt) (amp) (volt) (watt) (watt) (%)
0.00 5.70 32.57 3.00 50.60 185.65 151.80 81.77
0.10 5.70 31.50 3.00 50.70 179.55 152.10 84.71
0.20 5.71 31.20 3.00 50.80 178.15 152.40 85.54
0.30 5.71 31.60 3.00 50.80 180.44 152.40 84.46
0.40 5.70 31.60 3.00 50.80 180.12 152.40 84.61
0.50 5.71 31.50 3.00 50.80 179.87 152.40 84.73
1.00 5.73 31.55 3.00 50.90 180.78 152.70 84.47
1.10 5.73 31.72 3.00 50.90 181.76 152.70 84.01
1.20 5.72 31.67 3.00 50.90 181.15 152.70 84.29
1.30 5.72 31.74 3.00 51.00 181.55 153.00 84.27
1.40 5.72 31.84 3.00 51.00 182.12 153.00 84.01
1.50 Sl 2 32.03 3.00 51.00 183.21 153.00 83.51
2.00 5.72 31.72 3.00 51.10 181.44 153.30 84.49
2.10 5.72 31.80 3.00 51.10 181.90 153.30 84.28
2.20 5.72 31.54 3.00 51.20 180.41 153.60 85.14
2.30 5.72 31.60 3.00 51.20 180.75 153.60 34.98
2.40 5.72 31.68 3.00 51.20 181.21 153.60 84.76
2.50 5.72 31.74 3.00 51.30 181.55 153.90 84.77
3.00 5.72 31.84 3.00 51.30 182.12 153.90 84.50
3.10 5.72 31.77 3.00 51.40 181.72 154.20 84.85
3.20 5.75 31.90 3.00 51.40 183.43 154.20 84.07
3.30 5.75 32.13 3.00 51.50 184.75 154.50 83.63
3.40 5.75 32.20 3.00 51.50 185.15 154.50 83.45
3.50 5.75 31.91 3.00 51.60 183.48 154.80 84.37
4.00 5.76 31.45 3.00 51.70 181.15 155.10 85.62
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wan139a1lszg
Time | fszua | WS | nIzuE | USAY P(in) Plout) | Usz@ns
input input output output MNA
dalug) wend) | Gaavh | @eud) | () | Gadd) | (s (%)
4.10 575 31.68 3.00 51.70 182.16 155.10 85.14
420 5.75 31.60 2.97 51.80 181.70 153.85 84.67
430 5:75 31.95 2.98 51.80 183.71 154.36 34.02
4.40 SIS 31.82 2.99 51.90 182.97 155.18 84.81
450 5.75 32.05 2.98 52.00 184.29 154.96 34.09
5.00 5.75 32.03 2.99 52.00 184.17 | 155.48 84.42
5.10 5.75 32.10 2.99 52.10 184.58 155.78 84.40
5.20 5:75 32.16 2.99 52.10 184.92 155.78 84.24
5.30 5.75 32.11 2.98 52.20 184.63 155.56 84.25
5.40 5.76 32.30 2.99 52.20 186.05 156.08 83.89
5.50 5.5 32.26 2.98 52.30 185.50 155.85 34.02
6.00 5.75 32.29 2.98 52.40 185.67 156.15 84.10
6.10 5.75 32.43 2.98 52.40 186.47 | 156.15 83.74
6.20 5.77 31.94 2.98 52.50 184.29 156.45 84.89
6.30 5.77 31.85 2.98 52.60 183.77 156.75 85.29
6.40 5.79 31.83 2.98 52.60 184.30 | 156.75 85.05
6.50 5.79 32.00 2.98 52.70 185.28 157.05 84.76
7.00 5.79 31.98 2.98 52.80 185.16 157.34 84.98
7.10 5.79 32.15 2.98 52.90 186.15 157.64 84.69
7.20 5.79 32.06 2.98 53.00 185.63 157.94 85.08
7.30 5.79 32.09 2.98 53.10 - 185.80 158.24 85.17
7.40 5.79 32.15 2.98 53.20 186.15 158.54 85.17
7.50 5.79 32.32 2.98 53.30 187.13 158.83 84.88
8.00 5.79 32.25 2.98 53.40 186.73 159.13 85.22
8.10 5.79 32.34 2.98 53.60 187.25 159.73 85.30
8.20 5.78 32.39 2.98 53.70 187.21 160.03 85.48




60

wan139a1szy

Time | nIzue Hsady nseuE | usIau P(in) Pout) | Uszans
input input output output MN
laug) went) | Jaav) | weuid) | daavh | (g Gae) (%)
8.30 5.79 32.28 2.98 53.90 186.90 160.62 85.94
8.40 5.80 32.20 2.96 54.10 186.76 160.14 85.74
8.50 5.77 32.35 2.93 54.10 186.75 158.51 84.88
9.00 5.45 32.37 2.78 54.00 176.26 150.12 85.17
9.10 5.11 32.36 2.60 54.10 165.33 140.66 85.08
9.20 498 32.30 2.52 54.10 160.98 136.33 84.69
9.30 451 32.40 2.29 54.20 146.06 124.12 84.98
9.40 4.05 32.59 2.07 54.10 132.12 111.99 84.76
9.50 3.68 32.71 1.89 54.10 120.22 102.25 85.05
10.00 3.32 32.78 1.72 54.00 108.90 92.88 85.29
10.10 | 3.15 32.94 1.63 54.10 103.88 88.18 84.89
10.20 2.99 32.86 1.55 54.00 98.31 83.70 85.14
10.30 2.91 32.81 1.49 54.00 95.47 80.46 84.28
10.40 2.76 32.87 1.42 53.90 90.59 76.54 84.49
10.50 2.62 32.80 1.33 53.90 85.83 71.69 83.52
11.00 | 243 32.89 1.25 54.10 80.07 67.63 84.46
11.10 2.27 32.91 1.17 54.20 74.84 63.41 84.73
1120 | 222 32.93 1.15 54.20 73.21 62.33 85.14
11.30 2.16 32.92 1.10 54.00 71.13 59.40 83.51
11.40 2.09 32.95 1.07 54.10 68.90 57.89 84.01
11.50 1.98 32.94 1.02 54.10 65.10 55.18 84.76
12.00 1.94 33.10 1.01 54.10 64.37 54.64 84.88
12.10 1.92 33.07 1.00 54.10 63.54 54.10 85.14
1220 | 054 34.57 0.30 52.30 18.70 15.69 83.89
12.30 0.23 34.61 0.13 52.20 8.05 6.79 84.25

15199 5.3 msamssalszyliihuuames 48 Tav
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&vimsnaaesmsaelszavesuuamesaunmiuaasmedud

51 5.15 mIreasesluvaEiinsmedszquuames

ﬁ%’agaﬁadﬂﬂﬁ

Time JTAVUIIAY EFATE faainih

(hour) (volt) (amp) (watt)
0.00 435 825 400.13
0.10 48.4 8.2 396.88
0.20 48.3 8.2 396.06
0.30 48.2 8.2 395.24
0.40 48.1 8.2 394.42
0.50 48.0 3.2 393.6
1.00 47.9 8.2 392.78
1.10 47.8 8.15 389.57
1.20 47.7 8.10 386.37
1.30 47.6 8.10 385.56
1.40 47.5 8.10 384.75
1.50 474 8.10 383.94
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Time JEAVUTIAY nITUE figalvivh
(hour) (volt) (amp) (watt)
2.00 473 8.10 383.13
2.10 472 8.10 382.32
2.20 47.1 8.10 381.51
2.30 46.9 8.10 379.89
2.40 46.8 3.10 379.08
2.50 46.7 8.10 378.27
3.00 46.6 8.10 377.46
3.10 46.5 8.00 372.00
3.20 46.4 8.00 371.20
3.30 46.1 8.00 3683.80
3.40 46.0 8.00 368.00
3.50 45.8 8.00 366.40
4.00 45.6 8.00 364.80
4.10 455 8.00 364.00
420 454 8.00 363.20
430 45.1 8.00 360.80
4.40 448 7.90 353.92
4.50 444 7.90 350.76
5.00 44.0 7.90 347.60
5.10 42.8 7.80 333.84
5.20 40.2 7.50 301.50

a Y a
AN 5.5 ﬁl'ﬂﬂq{ﬁﬂ15?\15“.’53"!})‘1!@3&&1]@19‘!@5




Voltage (volt)

Current (ampere)

70

60.00 -
50.00 4o e
—— e : 2 o
40.00 +— K"’\,u
30.00
20.00 +
10.00
0.00 T T T T T T T T
0.00 0.30 1.00 1.30 2.00 2.30 3.00 3.30 4.00 4.30 5.00
Times (hour) e vorage |
g . L
51 5.22 navlusadiuvesuunmausziinsmeszq
B0 e m A A A AR A AR A £ —
820 P
‘%\“ % * &,
\"-
8.00 R - %
\ﬂ——«t-—-a\
7.80 S
7.60 v
7.40
720
TOO T T T T T I T i T T T T T T T
0.00 0.30 1.00 1.30 2.00 2.30 3.00 3.30 4.00 430 5.00
Time (hour) —“’""“"E“‘Jf

51 5.23 nsvinszuavesuunne VTN sME sy




Power (watt)

71

45000 4 — - p— S— 5 - iy
40000 g H
g W— -y 2 L !
i PP e e e SO
350.0C = T, ;
N
300, =
25600
G
15005
0
25,06
0o T T T T T T
o0 030 106 130 200 230 300 330 400 430 500
Time (hou i 2
(hour) | =%~ power |
RIS, |

31 5.24 naididsnuvesuvameSuasziimsmaszy



72

a
VNN 6

Aa d
ajilwa So15iNan1TNARIAT DRI HBIME

° A &' a @ o J { o ) =

mﬂﬂ1svnaTwnmunmqﬂ11ﬁmu1'5imfus71‘1(3{%ﬁmwﬁmﬁﬂﬁﬂzmam“lﬂmm
9 ' v A £ 0 W dy

sonuuyB3aasudazdaulasiinaaiiuazvenuziiinei

6.1 aylwanisnanesy
Tﬂa‘luﬁ'aumamﬂsﬁﬁaﬂzma%smmia‘fiﬂxmmsﬂnizﬁuuiaﬁu‘lﬁ"ﬁmi’ﬁq
Uszaaniianens ﬁaﬁwmsaﬂswﬁuuiaﬁu'lﬂmaﬁ'lﬁ'%ummaﬁ]i MPPT BINTTALUIIAY
dsean 33 Taan murﬂusmmmﬂuﬂﬂswmm 50 Taav ‘lfﬂlﬂllkﬁiﬂuﬂ'liiﬂi‘mmﬁmai' 4
ﬁﬂﬁﬁﬁﬁﬁﬂlﬂﬂmmﬂﬂ?uﬁﬂ“’ﬁﬂﬂﬁ'wiﬂﬂl 12 Taast vnafisanszud 60 newdl- $1Tua fihde
mmsnﬂuﬂuﬂuumsu‘VWnmmﬂusam}i“mm 48 Toan ua“lumummaa%smuﬂwq
onIasseui18idenls lediues UC3909 Flumsaugumsiieu nazlfleFmeiou
maauuauummmumﬂa‘lﬂu Su91n 10§ nenasiia wes 74LS139 mnuummuma 1o
Founesa 13 74LS04 uazludiuvealediues MC4066 Fuduaiadlfidenaniizn1ion
ﬂi‘”‘ﬂlmﬂm% Tagl¥ledwes TLOT2 1Aunstheudauaiuautleundufeludiuves
AsvuaRIRLazIs IR 1AL mmnmnmumﬁumnﬂsammmﬁmmﬂmuﬂnmmmu‘lu
daumaamsﬁﬂﬂawmmmgsqﬁuﬂm (Over charge Float charge) HazINITULINNIIAUDINUT
Sufianasen Ry mammumsé’ﬂﬂs“%‘luamrmséﬂﬂsmmumzuﬁﬂaﬁ (Trickle charge
Buck charge) Iﬂﬂﬂ%“ﬁ&ﬁmemﬂllﬂ%1ﬂ16‘ﬁLU85 TL 027 197 T/ TeFrues TL494 wutnms
ﬁNTwu'emwﬂﬂasmtmmammmu"lﬁmmmammu"13 mam1mm~xswmu¢mm
57'1smmzsaaumaaummasummmw 42 Taan Tﬁmnmmmsmimaﬁmmmiaﬂﬂsmiu
anay Trickle charge HszAunszualszanm 0.4 tendl 'amnumusmummummamm;m
sudi 4213aﬁaa51smJﬁme%‘m%’ma%’ﬁ%“ﬁmﬁﬁﬁﬂiv%‘luama” Buck charge lagiaiulu
amawummwmuaaiuma 42-54 12091 Tagvuiavaanse cuafiinssalaszana 3
uau'ﬂua‘vmvﬂmuqaummnmﬁmasumﬂi“mm 54 Toad 99T UURIABI T RO DN
saszeluaniaz Over chage Tagazinyse cquusasultna 54 Toad uaziiszaunszualu
%29 3- ueislnnituiases q anassudimnszuadszany 1 weudl 29sULAABS T15 000355
ihgnisdailszyluantig Float charge Tuszaunszyailszans 1 L!.E)ﬂJ‘ﬂ‘il‘lﬂuu‘Nﬂﬂﬂ q aaad
susienszuaalszanm 0.13 wewd) cnmmmﬁmruummasmnumﬂm‘v samiFluns

é”ﬁﬂi:qumma%’ﬁmuszzmm 12 $a T Taoiidnwaiznssnivdiudegl



73

Volt OVER-
54?_ S, f/—CHARGE'___)
; FLOAT—————/ BULK-
47 + CHARGE CHARGE
o Vcutoff s
42t = ;
E1 D -
b = ] L]
o2 : :
1= ; :
©Q rRICKLE- .
% HAR(.SE .
(@) : g
i prers
04 1 3
CHARGER OUTPUT CURRENT

31 6.1 sedunszumazasaslumsdalszgian1izaeg

» 4 ] k4
A Enmssuiumsiautoma Taslradigliasa s auaa iU LA
¥
9 ° Y U 2 °
Funees ansaan e iagusraefuedIATeTUAE I FIEUTINATBUAITINNU
¥ v ]
fanua Iagnaaeun1siIUTINNUAIUYRI MPPT fnadiuldedhmanefiane 13 vashi
A13NAABILDL No — load linudlymla q uazaus avnanldauind islinsnadenlu
Yz On-load S Sudanyes MPPT ilunsnareuvaziasiiseudian 15U ARUNITU
fralain u{lmmmﬂmu ;mm’lmm“wmmsmsﬂmmmﬂ15@amaeammmmﬁmaﬂﬂmﬂ
TwaafifidSinagann n%vm‘lmg%ﬂimsmsﬂi‘mmummmumwwmn Tz
naaesiiszdunasd sy lusrud $reaewdu wieshafiuaagniia deesiaz liannse
o 9 a Y A 9 [ o as 4 Y Y
famldaufeenuun s devteszdn liaunsaiayiszAunnia 14 iuluszdunszua
oA ' o Yt 1 A v ¥ ' v = o o s
adh aalimasadnunszualiiaia 394810 1AIUYIUTUINITATUIRINIMIFIID
1 = @ =3 ° 3;' -
uadmniinsnagenfuszuyiveams T Aszransainuldasuiieigingnis
o P o * @ ai;a ° 4 3 o
e Fadlunashigaszoznmlumssaiszy ¥ Tuamsiauidudsdszanm 1242

Tue



74

mnms‘ﬁnmﬁa‘ﬁ‘ﬁ1m'imﬁémﬁmwuﬁﬂﬁ’wnimszﬁw%mwmiﬁmu‘lﬁqq
1NN ﬂszﬂaufT‘uamsf‘iﬁﬂuimaamf:‘l%'r‘fluﬁﬂymmm Switch-mode Power Supply il
Yseansnw Uszunt 85-90% 3 ainlfszAninmmsihaiusauvesasas higanniin
saumamnsﬂﬁmmﬂaq‘l‘mmmammmzammm

Tagagy ﬂTwsmmawnsmmmﬂumwmTﬂsmuu"iﬁ Nammmﬂswmﬂﬂm
1% Hufiimels memmmmmiﬁsfvafnﬁmwmswmwﬂawumm Adeelimslsy

ﬂzﬂzﬁﬁuﬁn

¥ A A
6.2 Formueunzlumalfnlsurisdalueng
H v o ¥ dy 4 o o

1. ifipamnsam Iasenuiist 1adenld ledes UC3909 Lﬂum‘lﬂmﬂmiumsmu
ﬂmmmmmmﬂmmasmﬂmmwa"lﬂmﬂ‘luﬂiwmmmwﬂzm1mnmammmsawamﬂ
mqﬂ5vmﬁmummnmﬁmimamﬂ%“wwamwmmu‘lﬂmnmmimaﬂ“l%"’lwmasamm
o o o ° a
saymsilisumsynauiadeianfiiluledaiuaumsshanuny

2 [ = 1q Yy a < A [
5 ansinssdesiuuame’ ildlinaaolszyiuan1os End of Cell ritefloeiu
= o =, & =
ANUTTNENINAIUALUUALADS
v ¥

3 AnsiinIsLAAIHAAN1IENITINNUYERs SRSz ILAIReT I UYL UUINS

Wnuegluannzla
a A P o = v ' v
4 AasiiaSad Rz iin1T AR 339 YUY AaNE931UIN 2995 MPPT U89 Solar Cell
o s 4 a9 : 4 4 Yy dq ya o s <

1F32995 515 0UDUVAIADS 7B 1IN WVAMBTIANUAS 1 1111993AA0TNIMUAIADS
senuia s endsan gsa i lavassduvuzfindeamiioim Solar Cell foanolums
91w50 1)

~ i Ve A qya 2 4 4 2 o 5 4y
3. ﬂ?ilWiJ!ﬂ’iﬂ\?ﬂ'U‘Llﬂ[l'ﬁlliﬂﬂ"Uulwaqﬂ"ﬂxfﬂlﬂiﬂlﬂﬂ!‘ﬂu“v‘la\i\ﬂUﬁ"ﬁﬂﬂuqﬂq}uﬂgﬂ

a éj Ao o =

6.3 39 1308lAINUNIATII VY
Juanmensialusdmedymludiwenasdan q WRinhiiiinmisms
A S A A
uitlmgini idime rflu‘lun,sawmmsmaﬂnimmaammuaamﬂmsmaamam W38
awmmmmumﬂmuimws cxmmwmsﬂﬂnummmﬂmmmnmu s o wnngi
Uszaumsel lun1sieesunen f‘ﬂJLL‘INQ']‘Llﬂ‘NS“’TY?NNS’JiN']NWI’é]‘YIﬂ“Hﬂﬁ"l’l"l\ﬂﬂl’i?%'l!
Taunms amudaranuildsaituiouiuiiuiine loluszduniwdmnesdnianniees

v ¥
F1AuTas sl idszans nmdvudzidlunisfun



75

a Aa
AadAnssalszma
4 4 as a a < ] o
Tnssamiseuniesdsalsze i wilaadad Inuaney limansduivasldnin
' A 1 2 Yo o v dyw
Usnennanugiemisninyananaieiiu muauzdiaimeveuquyanade liisu
t 4 v A 4 ] o
vsznouludas fromaniintsd as Jszrug Tuilu F1R g omda ludmns i
PErymednisns sududsznalunsifswazmsiaausamsiinuedideriies

A Ve A {] R s Vi re g o o = A & o
AAIT WA NU U UL UBYINAAUAITUAUTULAAUTTD 53Nﬂquﬂﬂaﬂu°ﬁﬂﬂ5$ﬂaﬂ‘lﬂﬂgﬂ U

[
I a

o @ A a 4 o aa v 4 LA Sq ¥ [ A A a
HINA HUBUNT UAZTUISNTHA ATTUNTWIA JUN S‘QJ)QJJT‘?’]“I’]111ﬂ31w‘5381ﬁﬂ81uEﬂiﬁ’llﬂﬂ
v o < ' 1 o % a0
HJynwazmsiamiassnunuduiiounn q au faesliimidsle aneasuanuliumae q
o Y [ o a a o’ay dy o 4 1 9 =3
%uyﬂuwamiﬂmnﬁmiﬂsNmuaz’mtnuwuﬁ%uummmmmqmammaﬂ
U ~ dv 9 s o £ = Y ¢
‘VnEl‘YIfIﬁ‘uﬂﬂl%@%ﬂ‘ﬂﬁlﬂﬂﬂﬂ‘ﬂi%ﬂﬂlﬁﬂ1'1J‘Lll‘1ﬂﬂiu1?lﬂ‘w5$‘ﬂﬂmﬂﬁ1m1f‘]m“fl1‘i’]3ﬁ1ﬂ
LY o a o * = X 9 A a a o/
ﬂiz‘ﬂﬁuﬂzﬂm1%1581uﬂﬂlz'Jﬂ’JﬂiilJFnﬁﬁinﬂﬂ?ﬂﬂllﬂﬂizﬁ‘ﬂ‘ﬁﬂigﬁ“’l"]‘ﬁ“tﬂ?ﬂlz AMTITY

a Yo Yo o o @ =<
HATITYDITY '11’7ﬂ‘l.lﬁj‘ﬂﬂ'ﬂ’]"l]u‘]JiZET‘Uﬂ'J"IMﬁ']ﬁ%cluﬂ"l'iﬁﬂB'l



76

[9NE1501484

[ adani i, matiaLazMIse RIS ATTUN DT FHae, dninfiud B
wa'lne, Fainied 2, Squiew 2538 wiil 72-121

[2] Laszlo Balogh, Implementing Multi-State Charge Battery Charger Controller,
U-155 Application Note, Unitrode Applications Handbook, 1997, P. 3-438-3-3-516.

[3] Kurt Hesse, Application Note U-166, An Off-Line Lead Acid Battery Charger
Based On The UC3909, 1997

(4] N.Mohan, T.M. Underl And W.P. Robbins, Power Electronics (Chapter7),
Wileg

[5] POWER CONVERSION & LINE FILTER APPLICATIONS, Micrometals, Inc.
Issue ﬂmﬂu?ﬂ‘ﬁ 1 Data sheet UC3909, TL494, CD4050BE, 6N 136, IRF540, TL072, MC4066,

741.S139, 74L.S04



77

AMANHIN



g
tloo
Pl
l &)

{

FEATURES

e Accurate and Effic
Battery Charging

Trickle to Overcha

Currents

=m UNITRODE
Switchmode Lead-Acid Battery Charger -

ient Control of

rge

Resistdr Programmable Charge

Average Current Mode Control from

Thermistor Interface Tracks Battery

Requirements Over Temperature

Internal Charge St

and VREF

ates

BLOCK DIAGRAM

Output Status Bits Report on Four

Undervoltage Lockout Monitors VCC

X

UcC2909
UC3909

q

3

\\—‘V— /

%
’p§

¥

el

Wil

"

,
72

7,
2
-’
=
1
<,
N
¥\

¢

DESCRIPTION

The UC3909 family of Switchmode Lead-Acid Battery Chargers accurately
controls lead acid battery charging with a highly efficient average current
mode control loop. This chip combines charge state logic with average cur-
rent PWM control circuitry. Charge state logic commands current or voltage
control depending on the charge state. The chip includes undervoltage
lockout circuitry to insure sufficient supply vc'iage is present before output
switching starts. Additional circuit blocks include a differential current sense
amplifier, a 1.5% voltage reference, a —3.9mV/°C thermistor linearization
circuit, voltage and current error amplifiers, a PwWM oscillator, a PWM com-
parator, a PWM latch, charge state decode bits, and a 100mA open collec-
tor output driver.
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UCc3909
ABSOLUTE MAXIMUM RATINGS
Supply Voltage (VCC), OUT, STATO, STATT........... 40V
Output Current Sink . ... ... 0.1A
CS+ CS s inams sswnsins wsms s -0.4 to VCC (Note 1)
Remaining Pin Voltages. .. ................... -0.3V to 9V
Storage Temperature ................... -65°C to +150°C
Junction Temperatire . .. -. oo smevion vms -55°C to +150°C
Lead Temperature (Soldering, 10sec.)............. +300°C
All currents are positive into, negative out of the specified ter-
minal. Consult Packaging Section of Databook for thermal limi-
tations and considerations of packages.
Note 1: Vloltages more negative than -0.4V can be tolerated if
current is limited to 50mA.
CONNECTION DIAGRAMS
DIL-20, (Top View) LCC-28, PLCC-28 (Top View)
J or N, DW Packages L, Q Packages
S RTHM
RTHM |1 l@ R10 VLOGIC R10
— NC osc
vLoaic 2] 19] osc app——y b1 —nser
GND | 3 EHSET 4 3 2 1282726
N
vee (4] 1—7] cs- PGND—5 25-NC
= i NC—{ 6 24-NC
ouT & 116/ CS+ vce—7 23[-NC
=1 e ouT-s8 22-CS-
STAT1 6| 15/ cso
ol ﬂ % STATI—9 21 -CS+
STATO |7 | 114/ CAO STATo—{10 20[-CSO
Fal il NC—11 19 -CAO
STATLV (8 113j cA- 12 13 14 15 16 17 18
OVCTAP {9 12} va- STATLV——3 T A
1 [T OVCTAP VA-
CHGENB {10, {1 VAO CHGENB VAO
I NC

ELECTRICAL CHARACTERISTICS: Unless otherwise stated these specifications apply for Ta = —40°C to +85°C for
UC2909; °0C to +70°C for UC3909; Ct = 330pF, Rset = 11.5k, R10 = 10k, Ryum = 10k, Ve = 15V, Output no load, Rstato =
RstaT1 = 10k, CHGENB = OVCTAP = VLOGIC, Ta=T,.

PARAMETER TEST CONDITIONS | min | TYP | max JuniTs!
Current Sense AMP (CSA) Section Vip = CS+ - CS-

DC Gain CS- =0, CS+ = -50mV; CS+ = —250mV 49 | 5 | 510 | w
CS+=0, CS— = 50mV; CS— = 250mV 490 | 5 | 510 | v |
VorrseT (Vecso — Vcao) 'CS+=CS-=2.3V, CAO = CA- | 15 mV |
CMRR Ve =—-0.25to VCC — 2, 8.8 < VCC < 14 50 ’ dB |
Ve = -0.25 to VCC, 14 < VCC <35 50 a8 |
Voo Vip = -550mV, —0.25V < VCM < VCC-2, 03 | o8 | v
| lo=500uA | |
: Vo fv.D = +700mV, —0.25V < VCM <VCC-2, 52 | 57 | 82 | V |
{ o =—250pA i i
Output Source Current Vip = +700mV, CSO = 4V | 1 | 05| mA !

Qutput Sink Current iV|D =-550mV, CSO =1V 3 | 45 i mA

~ 3dB Bandwidth Vip = 90mV, Vou = 0V 200 i kHz
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ELECTRICAL CHARACTERISTICS: Unless otherwise stated these specifications apply for Ta = —40°C to +85°C for
UC2908; °0C to +70°C for UC3909; Ct = 330pF, Reet = 11.5k, R10 = 10k, Rrim = 10k, Voo = 15V, Output no load, RsTato =
RsT1aT1 = 10k, CHGENB = OVCTAP = VLOGIC, TA=T,.

PARAMETER

TEST CONDITIONS

[ min | TYP | Max JuNiTs|

Current Error Amplifier (CEA) Section

Is 8.8V < VCC < 35V, Vcnaens = Vioalc 01 | 08 | pA |
Vio (Note 2) 8.8V <VCC < 35V, CAO = CA- 10 mV
Avo 1V < VAO <4V 60 30 dB
GBW T, =25°C, F = 100kHz 1 1.5 MHz |
VoL lo = 250uA 04 | 06 v
Vou lo = -5mA 45 5 v o
Output Source Current CAOQ =4V | —25 —-12 mA
Qutput Sink Current CAO =1V 2 3 mA
lcA—, ITRCK_CONTROL Veucens = GND 8.5 10 | 115 | pA
Voltage Amplifier (CEA) Section
I Total Bias Current; Regulating Level 0.1 1 pA
Vio (Note 2) 8.8V < VCC < 35V, VCM = 2.3V, VAO = VA— 1.2 mV
Avo 1V < CAO <4V 60 30 dB
GBW T,=25°C, F = 100kHz 0.25 0.5 MHz
Vor lo = 500pA 0.4 0.6 \
VoH lo = -500uA 4.75 5 5.25 Vv
Output Source Current CAQ =4V —2 —1 mA
Qutput Sink Current CAO =1V 2 2.5 mL1
VAQ Leakage: High Impedance State Vchcens = GND, STATO =0 & STAT1=0, -1 1 HA |
'VAQ =23V i
Pulse Width Modulator Section J
Maximum Duty Cycle CAO = 0.6V 90 95 | 100 | % |
Modulator Gain CAOQ = 2.5V, 3.2V 63 71 80 Y%/ |
0OSC Peak 3 \
0SC Valley I 1 Vv
Oscillator Section i
Frequency 8.8V < VCC <35V [ 198 [ 220 | 242 | kHz |
Thermistor Derived Reference Section Vip = VrTHM — VR10
Initial Accuracy, VAO (RTHM = 10k) Vip =0, R10 = RTHM =10k (Note 3) 2.2655| 2.3 |2.3345 V
Vip =0, R10 = RTHM =10k, -40°C <Tx < 0°C 2254 | 23 |2346| V |
(Note 3)
Line Regulation Vee = 8.8V to 35V 3 10 mV
VAO RTHM = 138k, R10 = 10k 2.458 | 2.495 | 2.532 \%
RTHM =138k, R10 = 10k, -40°C < Tp < 0°C 2.445 | 2.495 | 2.545 V]
RTHM = 33.63k, R10 = 10k 2.362 | 2.398 | 2.434 \%
RTHM = 33.63k, R10 = 10k, -40°C < Tp <0°C 2.350 | 2.398 | 2.446 V
RTHM = 1.014k, R10 = 10k 2.035 | 2.066 | 2.097 V ‘
RTHM = 1.014k, R10 = 10k, 40°C < Tp <0°C 2.025 | 2.066 | 2.107 v o
| Charge Enable Comparator Section (CEC) |
Threshold Voltage As a function of VA- 0.99 1 1.01 VN |
Input Bias Current CHGENB =2.3V 05 | 01 uA




UC2909
UC3909

ELECTRICAL CHARACTERISTICS: Unless otherwise stated these specifications apply for Ta = —40°C to +85°C for
UC2909: “0C to +70°C for UC3909; Cr = 330pF, Reet = 11.5k, R10 = 10k, Rynm = 10k, Vo = 15V, Output no load, Rstaro =

RsTaT1 = 10k, CHGENB = OVCTAP = VLOGIC, TA=T,.

PARAMETER TEST CONDITIONS MIN | TYP | MAX |UNITS

Voltage Sense Comparator Section (VSC)

Threshold Voltage STATO0 =0, STAT1 =0, Function of Vger 0.945 | 0.95 | 0.955 | VV

STATO =1, STAT1 = 0, Function of VRrer 0.895| 0.9 |0.905| VIV

Over Charge Taper Current Comparator Section (OCTIC)

Threshold Voltage Function of 2.3V REF, CA- = CAO 0.99 1 1.01 VNV

Input Bias Current OVCTAP =2.3V -0.5 | 041 LA
Logic 5V Reference Section (VLOGIC)

VLOGIC VCC = 15V 4.875| 5.0 |5.125 V

Line Regulation

8.8V < V¢e <35V

3 15 mV

Load Regulation 0<lp<10mA 3 15 mV

Reference Comparator Tum-on Threshold 4.3 4.8 \'

Short Circuit Current Vgrer = 0V 30 50 80 mA
Output Stage Section

Isink Continuous 50 mA

lPEAK 100 mA

VoL 10=50mA 1 1.3 Vv

Leakage Current Vout=35V 25 pA
STATO & STAT1 Open Collector Outputs Section

Maximum Sink Current Vour = 8.8V 6 10 mA

Saturation Voltage loyt = SmA 0.1 0.45 \%

Leakage Current iVOUT =35V 25 pA
STATLV Open Collector Outputs Section

Maximum Sink Current Vout = 5V 2:5 5 mA

Saturation Voltage lout = 2mMA 0.1 0.45 Vv

Leakage current Voyurt =5V 3 A
UVLO Section

Turn-on Threshold 68 | 78 | 88 | V

Hysteresis 100 300 500 mV
lcc Section

Icc (run) (See Fig. 1) 13 19 mA

Icc (off) VCC = 6.5V mA

Note 2: VIO is measured prior to packaging with internal probe pad.
Note 3: Thermistor initial accuracy is measured and trimmed with respect to VAQ; VAO = VA—.

PIN DESCRIPTIONS
CA- The inverting input to the current error amplifier.

CAOQ: The output of the current error amplifier which is
internally clamped to approximately 4V. It is internally
connected to the inverting input of the PWM comparator.

CS—, CS+: The inverting and non-inverting inputs to the
current sense amplifier. This amplifier has a fixed gain of
five and a common-mode voltage range of from —250mV
to +VCC.

CSO: The output of the current sense amplifier which is
internally clamped to approximately 5.7V.

CHGENB: The input to a comparator that detects when
battery voltage is low and places the charger in a trickle
charge state. The charge enable comparator makes the
output of the voltage error amplifier a high impedance
while forcing a fixed 10pA into CA— to set the trickle
charge current.



PIN DESCRIPTIONS (cont.)

GND: The reference point for the internal reference, all
thresholds, and the return for the remainder of the de-
vice. The output sink transistor is wired directly to this
pin.

OVCTAP: The overcharge current taper pin detects
when the output current has tapered to the float thresh-
old in the overcharge state.

OSC: The oscillator ramp pin which has a capacitor (Ct)
to ground. The ramp oscillates between approximately
1.0V to 3.0V and the frequency is approximated by:

1

frequency = m

OUT: The output of the PWM driver which consists of an
open collector output transistor with 100mA sink capabil-
ity.

R10: Input used to establish a differential voltage corre-
sponding to the temperature of the thermistor. Connect
a 10k resistor to ground from this point.

RSET: A resistor to ground programs the oscillator
charge current and the trickle control current for the oscil-
lator ramp.

1.75

Rser

The oscillator charge current is approximately

The trickle control current (ltrck_conTROL) IS @pproxi-

RTHM: A 10k thermistor is connected to ground and is
thermally connected to the battery. The resistance will
vary exponentially over temperature and its change is
used to vary the internal 2.3V reference by —3.9mV/°C.
The recommended thermistor for this function is part
number L1005-5744-103-D1, Keystone Carbon Com-
pany, St. Marys, PA.

STATO: This open collector pin is the first decode bit
used to decode the charge states.

uC2909
UC3909
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Figure 1. Icc vs. temperature.

STAT1: This open collector pin is the second decode bit
used to decode the charge states.

STATLV: This bit is high when the charger is in the float
state.

VA—: The inverting input to the voltage error amplifier.

VAO: The output of the voltage error amplifier. The up-
per output clamp voltage of this amplifier is 5V.

VCC: The input voltage to the chip. The chip is opera-
tional between 7.5V and 40V and should be bypassed
with a 1uF capacitor. A typical Icc vs. temperature is
shown in Figure 1.

VLOGIC: The precision reference voltage. It should be
bypassed with a 0.1uF capacitor.

Charge State Decode Chart

STATO and STAT1 are open collector cutputs. The out-
put is approximately 0.2V for a logic 0.

STAT1 STATO
Trickle Charge 0 0
Bulk Charge 0 1
Qver Charge 1 0
Float Charge 1 1




APPLICATION INFORMATION

A Block Diagram of the UC3909 is shown on the first
page, while a Typical Application Circuit is shown in Fig-
ure 2. The circuit in Figure 2 requires a DC input voltage
between 12V and 40V.

The UC3909 uses a voltage control loop with average
current limiting to precisely control the charge rate of a
lead-acid battery. The small increase in complexity of
average current limiting is offset by the relative simplicity
of the control loop design.

CONTROL LOOP
Current Sense Amplifier

This amplifier measures the voltage across the sense re-
sistor RS with a fixed gain of five and an offset voltage of
2.3V. This voltage is proportional to the battery cumrent.
The most positive voltage end of RS is connected to CS-
ensuring the correct polarity going into the PWM com-
parator.

CSO0 = 2.3V when there is zero battery current.

RS is chosen by dividing 350mV by the maximum allow-
able load current. A smaller value for RS can be chosen
to reduce power dissipation.

Maximum Charge Current, Ibulk, is set by knowing the
maximum voltage error amplifier output, Vony = 5V, the
maximum allowable drop across RS, and setting the re-
sistors RG1 and RG2 such that;

RGL . SsVps = SeVos | (1)
RG2 VLOGIC-CA-" 5V -23V "~

5eVrs

W=1852. /BULK o RS

The maximum allowable drop across RS is specified to
limit the maximum swing at CSO to approximately 2.0V
to keep the CSO amplifier output from saturating.

No charge/load current: Vego = 2.3V,

Max charge/load current: Vmaycso) = 2.3V-2.0V = 0.3V
Voitage Error Amplifier:

The voltage error amplifier (VEA) senses the battery

voltage and compares it to the 2.3V — 3.9mV/°C thermis-
tor generated reference. lts output becomes the current
command signal and is summed with the current sense
amplifier output. A 5.0V voltage ermror amplifier upper
clamp limits maximum load current. During the ftrickle
charge state, the voltage amplifier output is opened (high
impedance output) by the charge enable comparator. A
trickle bias current is summed into the CA— input which
sets the maximum trickle charge current.

uC2909
UC3909

The VEA, Vpon = 5V clamp saturates the voltage loop
and consequently limits the charge current as stated in
Equation 1.

During the frickle bias state the maximum allowable
charge current (ITC) is similarly determined:

Irrick_contror ® RG1 (2)
RSe5

ltrck_conTroL is the fixed control curent into CA-.
ITRCK_CONTROL is 10uA when RSET= 11.5k. See RSET
pin description for equation.

ITC=

Current Error Amplifier

The current error amplifier (CA) compares the output of
the current sense amplifier to the output of the voltage
error amplifier. The output of the CA forces a PWM duty
cycle which results in the correct average battery current.
With integral compensation, the CA will have a very high
DC current gain, resulting in effectively no average DC
current error. For stability purposes, the high frequency
gain of the CA must be designed such that the magni-
tude of the down slope of the CA output signal is less
than or equal to the magnitude of the up slope of the
PWM ramp.

CHARGE ALGORITHM

Refer to Figure 3 in UC3906 Data Sheet in the data
book.

A) Trickle Charge State
STATO = STAT1 = STATLV = logic 0

When CHGNB is less than VREF (2.3V — 3.9mV/°C),
STATLV is forced low. This decreases the sense voltage
divider ratio, forcing the battery to overcharge (VOC).

(RS1+RS2+RS3 || RS4) 3)
(RS3 || RS4)

VOC=(VREF)e

During the trickle charge state, the output of the voltage
error amplifier is high impedance. The frickle control cur-
rent is directed into the CA— pin setting the maximum
trickle charge current. The trickle charge current is de-
fined in Equation 2.

B) Bulk Charge State
STAT1 = STATLV = logic 0, STATO = logic 1

As the battery charges, the UC3909 will transition from
trickle to bulk charge when CHGENB becomes greater
than 2.3V. The transition equation is
(RS1+RS2+RS3||RS4) (4)
(RS2+RS3||RS4)

STATLYV is still driven low.

VT =VREF »
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APPLICATION INFORMATION (cont.)
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APPLICATION INFORMATION (cont.)

During the bulk charge state, the voltage error amplifier
is now operational and is commanding maximum charge
current (Igyrk) set by Equation 1. The voltage loop at-
tempts to force the battery to VOC.
C) Overcharge State

STATO = STATLV = logic 0, STAT1 = logic 1

The battery voltage surpasses 95% of VOC indicating
the UC3909 is in its overcharge state.

During the overcharge charge state, the voltage loop be-
comes stable and the charge current begins to taper off.
As the charge current tapers off, the voltage at CSO in-
creases toward its null point of 2.3V. The center connec-
tion of the two resistors between CSO and VLOGIC sets
the overcurrent taper threshold (OVCTAP). Knowing the
desired overcharge terminate current (loct), the resistors
Rovet and Rpoycz can be calculated by choosing a value
of Rpoyc2 and using the following equation:

ROVC1 =(18518)e /OCT e RS e ROVCZ (5)

UC2909
UC3909

D) Float State
STATO = STAT1 = STATLYV = logic 1

The battery charge current tapers below its OVCTAP

threshold, and forces STATLV high increasing the volt-

age sense divider ratio. The voltage loop now forces the
battery charger to regulate at its float state voltage (V).
(RS1+ RS2+RS3) (6)

VF "(VREF) RS3

If the load drains the battery to less than 90% of Vg, the
charger goes back to the bulk charge state, STATE 1.

OFF LINE APPLICATIONS

For off line charge applications, either Figure 3 or Figure
4 can be used as a baseline. Figure 3 has the advan-
tage of high frequency operation resulting in a small iso-

lation transformer. Figure 4 is a simpler design, but at
the expense of larger magnetics.

AC

i

Vce

PRIMARY
PWM

ouT

UC3909

>

CAO

FB
3

Figure 3. Off line charger with primary side PWM
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APPLICATION INFORMATION (cont.)
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Figure 4. Isolated off line charger
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IMPLEMENTING MULTI-STATE CHARGE ALGORITHM WITH THE UC3908
SWITCHMODE LEAD-ACID BATTERY CHARGER CONTROLLER

By Laszlo Balogh

INTRODUCTION

Applications of lead-acid batteries for primary as
well as backup power sources has been increased
significantly. The reasons behind this growth are
the continuously improving battery technology
which provides higher and higher power densities,
and the increased demand for wireless operation
~ of different electronic devices and tools. Manufac-
turers of these equipment are frequently chal-
lenged to provide solutions for quick and efficient
recharge of the cells and to maximize the capacity
and life of the battery.

Although the task sounds simple, satisfying the
various requirements associated with charging and
maintaining lead-acid batteries often requires con-
siderable intelligence from the battery charger cir-
cuit. The implementation of a well optimized
charging process requires complex control cir-
cuitry, such as microprocessors, DSP chips or
state machine type of controllers. Usually, these
solutions require custom components, and signifi-
cant hardware and software development time.
The cost of these solutions are penalized, by the
higher cost and software of the digital controller,
interfacing to the analog part of the circuit, in addi-
tion to the increased part count and consequently
higher manufacturing expense.

This Application Note will introduce a new, dedi-
cated analog controller. The UC3909 Switchmode
Lead-Acid Battery Charger integrated circuit pro-
vides a low cost solution to battery charging, with-
out sacrificing the performance of the system.

Additionally, the paper will guide users, whose
primary expertise is not switchmode power supply
design, how to devise state of the art, multi-state
battery charger, using the new IC. The step by
step instructions incorporated in this Application
Note will provide exact component values, reduc-
ing the time of the paper design to merely a few
minutes.

BASICS OF LEAD-ACID BATTERIES

In order to efficiently discuss battery properties,
some of the common terms used in the battery
industry have to be defined.

Ampere-Hour (Ah) - is'a measurement of electric
charge computed as the integral product of current
(in Amperes) and time (in hours).

Capacity - is the ability of the battery to store and
discharge a given quantity of current over a speci-
fied period of time. The capacity of the battery is
expressed in Ampere-Hours (Ah). A cell’s capacity
is a function of the discharge current and usually
increases with lower current levels. The capacity of
the battery listed in the datasheet usually corre-
sponds to the measured capacity at C/10 dis-
charge rate.

C Rate - is the charge or discharge current of the
battery expressed in multiples of the rated capac-
ity. For example, a 2.5Ah cell will provide 250mA
for 10 hours. The C rate in this particular case is
C/10. In the real world, however, a cell does not
maintain the same rated capacity at all C rates.

Self Discharge - is the loss of useful capacity of a
cell on storage due to internal chemicai action.

Deep Discharge - is the discharge of the battery
below the specified cutoff voltage, typically 1.7V-
1.9V per cell at 25°C depending on the C rate,
before the battery is recharged. It happens usually
upon withdrawal at least 80% of the rated capacity
of the cells.

Constant Voltage Charge - is a charging tech-
nique during which the voltage across the battery
terminals is regulated while the charge current
varies according to the state of charge of the bat-

tery.
Constant Current Charge - is a charging method

during which the current through the battery is
maintained at a steady state value while the cell
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voltages will vary according to the state of charge
of the battery.

Trickle-Charge - is a constant current charge of
the battery. In this mode, a low current, typically in
the range of C/100 or lower is applied to the bat-
tery to raise the voltage to the deep discharge
threshold (cutoff voltage), a level corresponding to
near zero capacity. The trickle charge current has
to be determined to assure continuous operation
without damaging the cells.

Bulk-Charge - is also a constant current mode of
operation, to quickly replenish the charge to the
battery. The battery manufacturers define the bulk
charge current as the maximum charge current
allowed for the cells. It can be applied to the bat-
teries if their voltage is between the deep dis-
charge and the over-charge limits. Typical bulk
charge current varies between C/5 and 2.C de-
pending on manufacturers and battery types.

Over-Charge - the term describes the chemical
reactions taking place when the majority of the
lead-sulfate has already been converted to lead,
resulting in the generation of hydrogen and oxy-
gen. The beginning of the over-charge reactions
depends on the C rate, and it is indicated by the
sharp rise in cell voltage as it is illustrated in Figure
1.
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PERCENT OF CAPACITY RETURNED
uDG-96123
Figure 1. Typical over—charge characteristic at

different charge rates.

U-155

For over-charge to coincide with the 100% return
of capacity, the charge rate must be less than
C/100. For higher charge rates, over-charge of
lead-acid batteries is necessary to return the full
capacity.

In a controlled over-charge mode, a constant
voltage is applied. Its value is typically set between
2.45 V/cell and 2.65 V/cell, again depending on the
C rate. Improper selection of the over-charge volt-
age will eventually result in deh: dration of the
battery and reducing its useful life span.

Float-Charge - is a constant voltage charge of the
battery, after completing the charging process.
This voltage maintains the capacity of the battery
against self discharge. Even though providing a
fixed output voltage is a simple task, to find the
precise value of the float voltage has a profound
effect on battery performance. For instance, 5%
deviation from the optimum cell voltage in float
mode, could result approximately 30% difference
in the available capacity of the battery. Further-
more, the battery's temperature coefficient of typi-
cally -3.9mV/°C per cell, adds complication. If the
float voltage is not compensated according to the
battery temperature, loss of capacity will occur
below the design temperature, and uncontrolled
over-charging with degradation in life will happen
at elevated temperature.

BATTERY CHARGER BASICS

What differentiates a battery charger from a con-
ventional power supply is the capability to satisfy
the unique requirements of the battery. Lead-acid
battery chargers typically have two tasks to ac-
complish. The most important is to restore capacity
as quickly as possible. The second one is to
maintain capacity by compensating for self dis-
charge and ambient temperature variations.

There are two fundamentally different charging
methods for lead-acid batteries. In constant volt-
age charge, the voltage across the battery termi-
nals is constant and the condition of the battery
determines the charge current. Constant voltage
charge is most popular in float mode application.
The charging process is usually terminated after a
certain time limit is reached.

Another technique is constant current charge,
which is often used in cyclic applications because
it recharges the battery in a relatively short time.
As opposed to constant voltage charge, the con-
stant current charge automatically equalizes the
charge in the series cells. There are many varia-
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tions of the two basic methods, well suited for
switchmode battery charger circuits. Considering
that well designed switchmode power converters
are inherently current limited, the combination of
constant current and constant voltage charge is an
cbvious choice.

The best performance of the lead-acid cells can be
achieved using a four state charge algorithm. This
method integrates the advantages of the constant
current charge to quickly and safely recharge and
equalize the lead-acid cells, with the constant volt-
age charge to perform controlled over-charge and
to retain the battery’s full charge capacity in float
mode applications. The carefully tailored charging
procedure maximizes the capacity and life expec-
tancy of the battery.
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Figure 2. Four-state charge aigorithm

The four states of the charger's operation are
trickle charge, bulk charge, over-charge and float
charge, as they are shown in Figure 2. Assuming a
fully discharged battery, the charger sequences
through the states as follows:

State 1: Trickle Charge

If the battery voltage is below the cutoff voltage,
the charger will apply the preset trickle charge cur-
rent (lyricxie)- In case of a healthy battery, as the
charge is slowly restored, the voltage will increase
towards the nominal range until it reaches the cut-
off voltage. At that point the charger will advance
to the next state, bulk charging.
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In case of a damaged battery, e.g. one or more
cells are shorted or the internal leakage current of
the battery is increased above the trickle current
value, the low value of the trickle charge current
ensures safe operation of the system. In this case
the battery voltage will stay below the deep dis-
charge threshold (V¢yrope) Preventing the charger
from proceeding to the bulk charge mode.

When the battery voltage is above the cutoff volt-
age at the beginning of t' 2 charge cycle, the trickle
charge state is skipped and the charger starts with
the bulk charge mode.

State 2: Bulk Charge

In this mode the maximum allowable current (lgy k)
charges the battery. During this time, the majority
of the battery capacity is restored as quickly as
possible. The bulk charge mode is terminated
when the battery voltage reaches the over-charge
voltage level (Ve)-

State 3: Over-Charge

Controlled over-charge follows bulk charging to
restore full capacity in a minimum amount of time.
During the over-charge period, the battery voltage
is regulated. The initial current value equals the
bulk charge current, and as the battery ap-
proaches its full capacity the charge current tapers
off. When the charge current becomes sufficiently
low (locr). the charging process is essentially fin-
ished and the charger switches over to float
charge. The cument threshold, lgcy, is user pro-
grammable and is typically equals lgy «/5-

State 4: Float Charge

This mode is only applicable when the battery is
used as a backup power source. The charger will
maintain full capacity of the battery by applying a
temperature compensated DC voltage across its
terminals. In the float mode, the charger will deliver
whatever current is needed to compensate for self
discharge and might supply the prospective load
up to the bulk charge current level. If the primary
power source is lost or if the load current exceeds
the bulk curent limit, the battery will supply the
load current. When the battery voltage drops to
90% of the desired float voltage, the operation will
revert to the bulk charge state.

The ultimate lead-acid battery charger wiil combine
the above described four state charge algorithm,
and particularly at higher output currents, a
switchmode power converter. The implementation
of a charger of this type usually requires several
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integrated circuits. To minimize cost as well as
complexity, a new integrated circuit had been de-
veloped to provide as much functionality and de-
sign flexibility as possible, while achieving these
requirements.

THE UC3909 BLOCK DIAGRAM

The UC3909 Switchmode Lead-Acid Battery
Charger controller combines the precision sensing
and control of battery voltage and current, logic to
sequence the charger through its various modes of
operation, and the control and supervisory func-
tions of a switching power supply. The integrated
circuit comprises of two major sections. A dashed
line shown in the middle of Figure 3 divides the
circuit into two functional subsections. The PWM
control circuit is commanded by the charge state
logic depending on the condition of the battery.

The charge state logic is shown in the lower right
corner of the block diagram, which is composed of
several digital gates. It sequences the charger
through the four possible states of operation de-
pending on the battery voltage. Information about
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the actual operating mode of the charger is also
provided. The status information can be easily in-
terfaced to any logic family due to the open col-
lector structure of the outputs of pin STATO,
STAT1, and STATLV. (See the datasheet for de-
tailed pin descriptions.)

The precision voltage and current sensing circuits
are shown in the lower left corner of the block dia-
gram. The battery voltage is compared to the tem-
perature compensated reference voltage by the
voltage error amplifier and charge enable com-
parator. Accurate sensing of the charge current is
achieved by the uncommitted current sense ampli-
fier, connected to the CS+, CS- and CSO pins.
The use of this amplifier requires a low value re-
sistor for current measurement. Output regulation
is accomplished by the current error amplifier. Its
inverting and noninverting inputs are connected to
the output of the current sense and voltage error
amplifiers through external resistors. The output of
the current error amplifier produces the appropri-
ate control parameter for the PWM controller.
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Figure 3. UC3909 Block Diagram
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The PWM control section consists of a fast com-
parator, clock generator, latch and an open col-
lector drive stage. The comparator circuit
compares the output of the current error amplifier
to the sawtooth derived from the timing capacitor
waveform. A latch is set by the clock and reset by
the comparator circuit in every switching cycle
modulating the pulse width appearing at the output
of the controller. This modulation of the output
pulse width makes output voltage and output cur-
rent regulation possible.

The remaining part of the block diagram performs
numerous housekeeping functions, such as under-
voltage lockout, internal bias and reference gen-
eration, temperature sensor linearization and
compensation of the internal voltage reference
according to the battery temperature.

UC3909 DEMONSTRATION CIRCUIT

To illustrate the capabilities of the new controller, 2
full featured, switchmode battery charger circuit
has been developed and built for evaluation pur-
poses.
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The power stage is based on a simple buck topol-
ogy, reflecting the most common solution used in
battery chargers today. The buck converter offers
size reduction and high efficiency, two important
advantages of switchmode power conversion.
Practical output power of this converter type is
below 500W. In the case of off-line chargers, line
isolation can be provided by 60Hz isolation trans-
former. For higher power levels the buck converter
could be easily replaced by other isolated, buck
derived topologies, like any variation of the forward
or bridge type converters. Using one of these iso-
lated conversion techniques will eliminate the bulky
60Hz transformer by integrating the isolation into
the high frequency power stage. The design pro-
cedure, that will be presented in this Application
Note for the buck configuration, can be easily
adapted to the other power converters.

The usual elements of the buck converter can be
recognized in Figure 4. They are Q1, D2, L1 and
C5. Other components in the power stage pertain
to additional, application specific requirements. D1
prevents the discharge of the battery by the con-
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troller, when the primary power source is absent.
An output fuse, F1, protects the circuit against the
possible hazards when the battery is connected to
the output terminals with reverse polarity. The
charge current is measured by the resistor, R4 in
the ground return path. The controller section con-
sists of four well separable circuits. The first func-
tional block is composed of R1, D3, Q3, and C1.
These components provide a stabilized voltage for
the rest of the control circuitry.

In the buck converter, the controlled switch, Q1, is
located between the positive input terminal and the
common node of the freewheeling diode, D2, and
the output filter inductor, L1. There are many dif-
ferent components which could be used as a
switch, yet for efficient operation and cost consid-
erations, an N-channel MOSFET transistor has
been selected. To interface the floating switch to
the ground referenced controller, a high side driver
is inevitable. The high side driver circuit consists of
U2, D4, D5, R2, C2, Q2, R22 and R23. Its purpose
is to level shift the output pulse of the control IC to
the gate of the MOSFET transistor with minimum
delays.

All the functions related to properly charging the
battery are integrated in the UC3909 controller.
The voltage and current levels which determine the
actual values of the cutoff, over-charge and float
voltages, as well as the frickle, bulk and taper
threshold curments, are scaled appropriately by the
resistor networks around the IC. The role of those
components will be defined in the next chapter
deliberating the design procedure.

The last section is the charge state decoder circuit.
The coded information of the two outputs of the
UC3909 is translated by U3, to display the actual
operating mode of the battery charger.

BATTERY CHARGER DESIGN

The complete schematic drawing of the four state,
switchmode battery charger is shown in Figure 4.
In order to expedite the paper design, an easy to
follow design procedure has been established. The
step by step instructions can guide even the nov-
ice users through the calculations.

Battery Data
By the time the designer starts the circuit design,
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the type of the battery is already defined. The bat-
tery selection criteria are not detailed in this Appli-
cation Note. Nevertheless, it is worthwhile to draw
attention to some of the circumstances influencing
the decision. Naturally, the most important pa-
rameters are the voltage and current requirements
of the load as well as the time duration while the
battery has to be able to supply the load current.
Furthermore, the user has to consider whether the
application requires frequent charge and discharge
cycles or the battery is used in backup mode,
where most of the time it will standby in its fully
charged state. The available time for recharging
the battery is also a significant factor to determine
the applicable algerithm, and charge current rates.
Combination of all these conditions will define the
required battery and some of the battery charger
parameters.

Once the battery is defined we can obtain the first
set of input data. From the battery manufacturer's
data sheet, more frequently through several tele-
phone calls, and considering some application re-
lated conditions, the lines of Table 1 can be filled
out.

For example, the demonstration circuit has been
designed to charge a Dynasty JC1222 type sealed
lead-acid battery from Johnson Controls. The
nominal voltage is 12V, the capacity of the battery
is 2.2Ah. Twelve volt batteries contain six cells
connected in series. The battery has a tempera-
ture coefficient of -3.9mV/°C. Additional input pa-
rameters, like operating temperature range, float,
cutoff and over-charge voltages as well as trickle,
bulk, and over-charge terminate current levels can
be determined from the application requirements
and from the battery data sheet.

The completed Battery Data section is shown in
Table 1. The trickle current level corresponds to
the previously explained safety considerations and
it equals C/100. A bulk charge current value of
800mA is given by the battery manufacturer (8]
and is used instead of the C/2 value, noted in the
respective equation in Table 1.

The over-charge period will be terminated when
the current tapers off to one fourth of the bulk cur-
rent. Maximum output power of the battery charger
is listed in the last row of Table 1.
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Parameter l Description Definition Value/Part#
Battery Data JC1222
% Nominal Battery Voltage 12V
NC Number Of Cells connected in series within the battery 6
B Battery Capacity use C/10 capacity; 2.2 Ah
from battery datasheet
Ve Cell Float Voltage @25°C, fully charged; 2.275V
from battery datasheet
Ve s Maximum Cell Voltage @25°C, overcharge limit; 2.43V
' from battery datasheet
v Minimum Cell Voltage @25°C, fully discharged; 1.75V
C.MIN
from battery datasheet
—— Trickle Cﬁarge ltrickLe = 0-01-Cgrate: 22mA
Current Limit typical or use battery datasheet
L2 Buik Cha(gg lguik = 0.5-Crate 0.8A
Current Limit typical or use battery datasheet
locr Over-Charge Terminate loct =0-25-IgyLk 5 0.2A
Current Threshold typical or use battery datasheet
TC Cell Voltage Temperature typical value; the thermistor linearizer circuit is -3.9mV/°C
Coefficient calibrated for this temperature coefficient
Toan Minimum Operating refer to your application requirements -10°C
Battery Temperature
Toias Maximum Operating refer to your application requirements +50°C
Battery Temperature
e Battery Float Voltage Vgat = Ve 'NC; 13.65V
nominal, @ 25°C battery temperature
Vaatiir Minimum Battery Voltage TATINE [VC,MIN it (TMAX _ 25)_ TC]~N c: 9.92V
@ Twax; fully discharged
VAT max Maximum Battery Voltage Viontamin = [VC,MAX +(TMIN —25)-TC]~NC ; 15.40V
@ T, fully charged
Peavaz Maximum Output Power Peumax = lsuLk *VBATMAX 12.3W

Table 1. Battery Charger Input Parameters

Buck Converter Operating Conditions

The battery charger circuit of the UC3908 is based
on the buck topology. Before the component val-
ues of the power stage can be calculated, the ba-
sic operating parameters must be defined.

The output voltage range is listed in Table 1 as
Vaarmn and Vearwmax determined primarily by the
operating temperature range and the battery tech-
nology. On the other hand, input voltage variation
depends on the power source. For this particular
example, assume a 60Hz line isolation transformer
with the optimized step down ratio. At minimum
line voltage, it provides 18V DC voltage after recti-
fication. Taking into account nominal tolerances,

the input voltage of the converter at high line con-
dition will be approximately 30V DC. From the
minimum and maximum values of the input and
output voltages, the steady state duty ratio limits
are calculated (D=0.37 ... 0.89) as shown in Table
2.

At this point, the switching frequency of the con-
verter has to be chosen. The trade-offs involved in
the frequency selection are numerous. The pri-
mary factors are the speed of the prospective
semiconductors, the capabilities of the controller,
maintaining high efficiency in wide load current
variations, power level and the size of the output
inductor and capacitors.
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Parameter l Description Definition l Value/Part#
Buck Converter Operating Parameters
Vi Minimum Input Voltage 18V
Wiissax Maximum Input Voltage 30V
fs Switching Frequency 50kHz
i D1 Diode FOrWard- @1000(: with lsuik 0.59Vv
Voltage Drop (estimate)
Vnoe D2 Diode Forwarq @1oooc with lsuix 0.73V
Voltage Drop (estimate)
S Maximum Duty Ratio s Veatmax + Voie + Voor 0.89
MAX =
Vinmin + Vpar
Dun Minimum Duty Ratio Boiee VeaTmin + Voir + Voor 0.37
INT
Vinmax +Vozr

Table 2.  Buck Converter Operating Parameters

For example, the upper limit of the operating fre-
quency is bound to the capabilities of the slowest
components. In the demonstration circuit, the high
side gate driver circuit can be conveniently oper-
ated up to 150kHz operating frequency. Since the
buck converter is a hard switched topology, the
operating frequency has a significant effect on the
efficiency. Considering that most of the time the
charger supplies light output load, further reduction
of the switching frequency is desirable to maintain
decent efficiency in this operating modes.

While reducing the switching frequency has a
beneficial effect on efficiency, at the same time the
size of the output inductor and capacitors are in-
creasing. The compromise between the size of the
reactive circuit components and light load effi-
ciency in trickle and float charge modes led to a
moderate switching frequency selection of 50kHz.

Power Stage Design

Table 3 summarizes the design procedure of the
power components. The bold entries shall be cop-
ied over to the part list directly. The respective
equations are included, and they make use of vari-
ables defined in Table 1 and Table 2, or by the
previous lines in Table 3.

Semiconductors

First, the three semiconductor devices are se-
lected. Their voltage and current ratings are based
on the maximum input and output voltages and on
the bulk charge current. The minimum current rat-
ings given in Table 3 assure appropriate margins
for reliable operation. Using higher current compo-
nents improves efficiency but also might increase
cost.

After the part number is chosen, power dissipation
estimates are given based on the actual voltage,
current, and device parameters. The diode D1 car-
ries the DC output current, therefore its dissipation
is strictly conduction loss. The other two semicon-
ductors are part of the switching circuit, hence their
power dissipation is calculated by adding their re-
spective conduction and switching losses.

Note that estimating switching losses on device
parameters can be fairly inaccurate. This can
cause a significant difference between the esti-
mated and real switching losses especially at
higher operating frequencies.

Qutput Inductor

The inductance of the output choke has been cal-
culated by choosing the maximum ripple compo-
nent of the inductor current. In a general purpose
buck converter, unless extreme noise, core loss or
application specific requirements would dictate
otherwise, the rule of thumb is 25% to 35% of the
DC current value is acceptable for ripple current
content. Although battery manufacturers are con-
cerned about using AC currents to charge the
battery, they usually refer to frequencies below
1kHz The DC output current with superimposed
AC components of the switchmode chargers, at
considerably higher frequencies, will be averaged
by the slow chemical processes inside the battery.

Input Capacitor

The value of the input energy storage capacitor
depends on the tolerable ripple and noise voltage
at the input of the converter, and a function of the
hold-up requirements. It is especially important for
AC operated chargers where the energy is avail-
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able in 120Hz repetitions, while the output has to
be supplied continuously.

The situation is somewhat different if the charger is
part of a distributed power system where an al-
ready regulated voltage with reasonable energy
storage capability is available for the circuit. In this
case, the ripple current handling capability of C3,
and the noise requirements will determine the
value of the input capacitor.

in Table 3, the value of the selected input capacitor
is based on its rms current handling capability. The
UC3909 demonstration circuit will operate properly
when it is connected to a laboratory power supply,
but will require a larger input capacitance in off-line
applications.

Output Capacitor

There are numerous factors determining the output
capacitor value. The various noise requirements at
the output of the converter, the acceptable output
voltage sag during the time interval when the ca-
pacitor contributes to supply the load current, and
loop stability criteria. Fortunately, for all practical
purposes, the output capacitor of a battery charger
loses its importance since it is connected in paral-
lel with the battery. The battery is considered as a
low impedance voltage source with great high fre-
quency filtering capabilities, taking over the tradi-
tional functions of the output capacitor.

The output capacitor, C5 of the demonstration cir-
cuit was chosen to handle the rms value of the
ripple current component in the output inductor, L1
and to provide appropriate filtering in the absence
of the battery.

RC Damping Circuit

Due to the nonideal nature of the switching action
in all hard switching topologies, excessive switch-
ing spikes can develop across the semiconductors
of the circuit during the switching time interval. The
reduction of this voltage stress is accomplished by
an RC snubber circuit consisting of R3 and C4 of
the demonstration circuit. The complex optimiza-
tion of the RC network is assisted by reference [6].
Proper operation of the snubber circuit also de-
pends on the layout and the parasitic components
of the switching circuit. Table 3 gives two equa-
tions to calculate the component values of R3 and
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C4 as a starting point. Further optimization of
these component values might be desirable based
on measurement results.

Note, that a tight layout of the critical components
C18, Q1 and D2, and using an ultra fast rectifier
diode are also essential to keep unwanted switch-
ing spikes under control.

Current Sense

The accurate control of the output current is one of
the most important functions of the battery
charger. It is achieved by the UC3908 control IC
using average current mode control. An exact
measurement of the current flowing in the output
inductor, L1 is required. Therefore, a low value
current sense resistor, R4 is placed in the ground
return path, between the anode of D2 and the
negative electrode of the output capacitor, C5. The
voltage developed across R4 is proportional to the
inductor cumrent, and used by the controller to
regulate the trickle and bulk charge current levels
as well as to provide current limiting during over-
load operation.

The value of the current sense resistor is deter-
mined to satisfy two conditions. The first constraint
is to limit the maximum voltage across R4 below
350mV when full output current is delivered. This is
required by the UC3909 to prevent the curmrent
sense amplifier from saturation. The second re-
striction is the power dissipation of R4. In Table 3,
the power dissipation of the current sense resistor
was set to 1.5% of the maximum output power.
This assumption was made to balance between
two oppesing requirements, namely to maintain
high efficiency and to provide the highest signal
level across R4, thus to improve noise immunity of
the circuit. The maximum power dissipation equa-
tion of R4 might have to be revised, especially in
higher power applications, due to component rat-
ings and efficiency considerations.

Output Fuse

The fuse in series with the output of the battery
charger is intended to prevent catastrophic failure
if the battery is connected to the charger with re-
versed polarity. The fuse has to be selected with
sufficient safety margin to carry the full charge cur-
rent, but disconnect the output quickly in case of
excessive currents drawn from the battery.
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Parameter ‘ Description I Definition { Value/Part#
Power Stage Design
Vaun (D1) | Diode Breakdown Voltage | Vegm =1.5-Veatmax (23.1v)
(minimum) (pick the next higher standard value) S0V
fos 1] Diode Current Rating lomin =2 lBuLk 1.6A
: (minimum})
D1 Discharge Protection Diode | Select general purpose diode. GI750CT
Por Diode Power Dissipation Po1=luwk - Voie 0.5W
(approximate value for (assuming 100°C junction temperature)
heatsink selection)
Ve (D2) | Diode Breakdown Voltage | Vegrm =1-5'Vinmax (45V)
(minimurn) (pick the next higher standard value) S0V
TN (D2) Diode Current Rating lomin =2-lgutk 1.6A
' (minimum)
D2 Buck Freewheeling Diode Select ultra fast switching diode. MUR610
£ Diode Reverse Recovery | catalog data; @ Iy, ; approximate value 35ns
Time
s Diode Peak Reverse catalog data; @ Iy, ; aPproximate value 0.5A
Recovery Current
Phs Diode Power Dissipation Bl '(1_DMIN)'VD2F 3 0.38W
(approximate value for
heatsink selection) +0.25lggu - Vinmax e s
Voss (Q1) Switch Breakdown Voltage | Vpss =1.5-Vinmax (45V)
(minimum) (pick the next higher standard value) S0V
o (Q1) Transistor Current Rating lomin =4 lsuLk 3.2A
I (minimum})
Q1 Buck Main Switch Select the MOSFET transistor IRFZ14
Roson (Q1) Switch ON Resistance catalog data; @25°C, typical value 200mQ
Goss [Q) Drain Source Capacitance | catalog data; typical value 160pF
fare Gate Charge/Discharge approximate, average value 0.8A
Qes(Q1) Gate-To-Source Charge catalog data 3.1nC
Qep (Q1) Gate-To-Drain Charge catalog data 5.8nC
T ?iprggzximate Switching e Qgs + Qgp 12ns
lcate
: pr— =
Pas Switch Eower Dissipation Pa1 =13uLk ‘Duax ‘Roson 15+ 0.21W
(approximate value for 5
heatsink selection) +0.5-Coss - Vinmax &+
Minmax “lsuLk
e loer ot trr)-fs
P Heatsink Power Dissipation | Pyg =Ppq+Pp2 +Pqq: worst case, estimate 1.1W
Rl siie Inductor Ripple Current Al 4 pax =0.4-gyk: typical value 0.32A
L1 Buck Inductance L= VIN.MAX (0.47mH)
Al yuax 4 0.4mH
Inductor Peak Current Y/
.per o peak =lButk + o o
8-L1-fg
L1 Buck Filter Inductor Check vendor's list for off the shelf part number PCV-2-400-05
or (Coiltronics)
design you inductor according to the values above

10
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Parameter | Description Definition Value/Part#
Input Capacitor Voltage Ves =1.5-Vinmax (45V)
Vs - ' 50V
Rating (pick the next higher standard value)
— Input Capacitor RMS learms = 0-5-luik 0.4A
Current
(worst case @ fs; D=0.5)
c3 Input Capacitor High frequency type, i.e. Panasonic HFQ series 680uF/35V
(electrolytic) (see text for value considerations)
c18 High Frequency Bypass Polypropylene or stacked metallized film. 1uF/63V
Capacitor For Switches Minimum voltage rating equals Vca.
Ves Output Capacitor Voltage Ves =1.5-VeaTMax (23.1V)
Rating (pick the next higher standard value) 25V
— Output Capacitor RMS lc i VINMAX 108mA
Current 5,RMS H 92. fS U1
Cc5 Output Capacitor High frequency type, i.e. Panasonic HFQ series 470uF/25V
(electrolytic) (see text for value considerations)
Rie s Output Capacitor's ESR from datasheet 65mQ
P vax Snubber Power Dissipation | Psymax =Pcrmax -0.015 0.185W
assume 1.5% of full output power
Visa anbber Capacitor Voltage | Vgg =1.5-Vinmax (45V)
Rating (pick the next higher standard value) 63V
c4 Snubber Capacitor ohe 2-Pgn max (8.2nF)
(polypropylene or metal- T2 i 10nF
lized film) el et
(pick the closest standard value)
R3 Snubber Resistor R3= 1 (39.8Q)
(noninductive) T 16-JT-f;-C4 390
(pick the closest standard value)
— Current Sense Resistor Pramax = PcHmax -0.015 0.185W
Power Dissipation assume 1.5% of full output power
R4 Current Sense Resistor 0.35 Pramax (291mQ)
(RS) RS e TG e = 270mQ
(noninductive) ick th B LK (RCD type:
(pick the next lower standard value) RSF1B)
F1 Output Fuse Rating eq=1.25 gy« (1.0A)
(fast acting type) (pick the next higher standard value) 1A

Table 3.

Buck Converter Power Stage Components Design Sheet

Controller Design

The controller design is described in Table 4. In-
structions are organized by the functional blocks of
the circuit. This procedure is similar to the one ex-
plained in the power stage design. All the equa-
tions use parameters calculated or entered in the

previous three tables or the preceding lines of Ta-

ble 4.

Auxiliary Power Supply

The purpose of this circuit is to provide a stabilized
voltage for the gate drive IC and for the UC3909
controller circuits. The auxiliary voltage has to be
higher than 7.8V, the undervoltage lockout of the

1

UC3909. Furthermore, the auxiliary voltage has to
be suitable to drive the gate of the MOSFET switch
directly, limiting the voltage level below 18V. The
auxiliary voltage of the demonstration circuit is
approximately 14.5V, to satisfy both requirements
with appropriate margins.

The circuit configuration shown in Figure 4 as-
sumes that the minimum input voltage is higher
than the auxiliary voltage. In this case, R1 biases
D3 to the zener voltage, and provide the base cur-
rent to Q3. The auxiliary voltage will be equal to
the zener voltage minus the base emitter voltage
of Q3. The advantage of this solution is that the
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controller supply cument flowing through Q3, is
independent from the input voltage.

For completeness, it should be mentioned that
there are other solutions to power the confroller
section of the battery charger. The actual solution
has to take into account the operating input voltage
range, the selected gate drive technique and the
type of semiconductor used in place of Q1. For
example, using a P-channel MOSFET transistor
will require a different gate drive technique but will
allow the user to omit the auxiliary supply and to
power up the UC3909 directly from the input voit-
age. Note that even in this case auxiliary power
supply might be necessary if the maximum input
voltage exceeds the VCC rating of the controller.

MOSFET Gate Drive

The gate drive circuit is based on the IR21 25, High
Voltage High Side Gate Driver integrated circuit
from International Rectifier. The different consid-
erations for designing the circuit are outlined in the
IR2125 datasheet, [7], and are used in the compo-
nent selection. The given part values are applica-
ble for switching frequencies above 10kHz and
limited below approximately 150kHz. Using the
IR2125 is possible for input voltages below 500V
due to the voltage rating of the device.

There is one design aspect regarding the gate
drive circuit which needs to be clarified. The
|R2125 like all other high side driver IC working
with the bootstrapping principle monitors the volt-
age across the bootstrap capacitor to ensure suffi-
cient voltage for turning on the MOSFET transistor.
The first pulse appears at the gate when both volt-
ages, VCC with respect to ground and VB with
respect to the VS pin are above their respective
undervoltage lockout thresholds. Thus, precharg-
ing the bootstrap capacitor, C2 is imperative to get
the circuit initially running. During normal opera-
tion, C2 is charged instantaneously through the
conducting rectifier diode, D2. Conversely, at start-
up D2 will prevent charging the bootstrap capaci-
tor. Fortunately the problem can be solved by a
large value resistor, R23 connected between the
V'S pin of the IR2125 and the ground of the circuit.

Differential Output Voltage Sense

The differential voltage sense block is optional.
Several ftrade-offs will be discussed in a later
chapter together with other practical considera-
tions. Adding a simple operational amplifier and a
couple of resistors provides tighter output voltage
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regulation and remote sensing capability to the
charger.

The design of the differential voltage sense circuit
has to satisfy two conditions. The gain of the am-
plifier must be higher than the reciprocal value of
the number of cells connected in series in the bat-
tery. This assures that the output voltage of the
differential amplifier is compatible with the voltages
expected by the UC3909. A second condition is
given in Table 4 ensures that the inputs of the dif-
ferential amplifier stage will be kept within their
common mode voltage range at any possible bat-
tery voltage. The actual gain, within these two lim-
its, can be determined by the user.

Note that the gain of the amplifier, “A”, will be used
in the subsequent lines of Table 4. Therefore, even
if the differential amplifier stage is omitted, the
value of “A” shall be made equal to 1, and used for
the rest of the calculations.

Housekeeping and Battery

Temperature Sensing

The oscillator frequency is set by C8 and R8, and
the UC3909 datasheet contains the exact timing
equations. In Table 4, the timing equation is al-
ready solved for easily available capacitor values
and for the most common frequency range. First
the user selects the appropriate capacitor value
based on the switching frequency defined in Table
2. Then the value of R8 is calculated, since resis-
tor values are available in much finer steps than
those of the capacitors.

In the demonstration circuit the battery tempera-
ture variation is simulated by the RP1 potentiome-
ter. For actual temperature compensation, it shall
be substituted by a L1005-5744-103-D1 type
thermistor from Keystone Carbon Co. [11] or
equivalent. Since the resistance of the thermistor
should represent the battery temperature, it is
usually mounted on or in the vicinity of the battery.
To facilitate this, a two pin header, P4 is provided
for convenient connection of the temperature sen-
sor.

Current Limitation

Four resistors R9, R10, R11, and R12 program the
three critical current levels, as defined in Table 1.
A battery charger operates in current limited mode
during trickle and bulk charge. The corresponding
two current levels are the trickle current, lrickie
and the bulk charge curmrent, lgyk. A third distinct
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current level is the taper current threshold, locr
where the IC will switch from over-charge to float
charge regime.

The accuracy of the different current levels de-
pends on component tolerances and on some of
the parameters of the control IC. Tolerances of the
external resistors can be controlled by the appro-
priate part selection but the internal offsets and
tolerances of the UC3909 are out of hand for the
designer. The largest error term inside the IC is the
offset of the current sense amplifier. Its effect is
especially significant in frickle charge mode and at
low current levels when the measured current sig-
nal is in the same order of magnitude than the in-
put offset of the operational amplifier. For that
reason, the initial accuracy of the trickle charge
current limit can be in the neighborhood of +30%.
As the output current increases the accuracy im-
proves rapidly and it is around £5% at full current
assuming 1% resistor tolerances.

Fortunately, in the battery charger application, only
the bulk charge current has to be controlled pre-
cisely. The tolerances of the other two current val-
ues might influence the transitions between the
charge regimes but do not represent a danger to
the battery.

Setting The Output Voltages

The deep discharge threshold or cutoff voitage,
over-charge voltage and float voltage are defined
by the resistor network of R15, R16, R17, and
R18, connected to the feedback pin of the
UC3909. There are two different setup possibilities
depending on whether the differential voltage
sense circuit is used or omitted. With differential
sensing, the calculated value of R15 resistor is
placed in the position marked R15A, using the sig-
nal of the output of the operational amplifier, U4,
for voltage regulation. In case of direct sensing of
the output, the position R15B must be used in-
stead. In order to provide tight tolerances of the
three voltage levels, using 1% resistors is recom-
mended.

Closing The Current Loop

“Closing the loop" is a frightening topic for many
power supply designers. The detailed analysis of
how to implement optimum loop compensation of
the average current mode controller is beyond the
scope of this Application Note. Nevertheless some
excellent reference materials and design guide are

13

U-155

listed in the Reference section of this paper [3], [4]
and [5]. These articles cover not only the design
criteria of the average current control loop used in
the UC3909, but also explain the critical issues
related to closing the voltage loop of the controller.

Using the procedure outlined in [3], closed form
equations can be derived for all feedback compe-
nents and they are given in Table 4.

Voltage Loop Compensation

The voltage loop of the demonstration circuit is
compensated very conservatively for stability un-
der wide operating conditions by introducing a
dominant, low frequency pole to the system. The
voltage loop crossover frequency is designed to be
around 1kHz, which will result in a quite slow re-
sponse to fast output voltage variations. However,
the circuit performance is still acceptable since
battery charging does not impose severe transient
requirements on the power supply.

Note, that the equations given in Table 4 are suit-
able to implement stable voltage locop compensa-
tion but far from achieving the maximum bandwidth
or best transient behavior.

Charge State Decoder

The battery charger progresses through four dif-
ferent operating modes which are related to the
status of the charging process and to the replaced
capacity of the battery. This information can be
further processed to reveal vital information about
the condition of the battery, to estimate the re-
maining charge time, and possibly to record the
history of the battery. The UC3909 can signal the
actual charge state in binary coded form on the
STATO and STAT1 outputs. A truth table for de-
coding the status bits is given in the datasheet.

For the users convenience, a simple charge state
decoder is implemented in the demonstration cir-
cuit. The decoding function is performed by an in-
expensive integrated circuit, U3. According to the
STATO and STAT1 outputs of the UC39083, one of
its outputs are activated, which will cause one of
the four transistors of Q4 - Q7, and respective light
emitting diodes to turn on. Each LED corresponds
to one of the four charge states as marked on the
printed circuit board. The resistors R6 and R5 are
intended to set the LED currents and to reduce the
voltage across the collector and the emitter termi-
nals of the transistors.
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Parameter I Description ] Definition Value/Part#
Controller Part Values
C6, C7, C13, | Bypass Capacitors X7R monolithic ceramic capacitors. 100nF/63V
C14, C15, Minimum voitage rating 25V.
C16,C17
Auxiliary Power Supply
D3 Auxiliary Voltage Stabilizer V; = 15V; zener diode; 1W /5% 1N4744A
Collector Emitter —=4F. = (22.5V)
V Q3 Veego =1.5-(M \
oo (Q3) Breakdown Voltage 9EO ( e Z) 30V
(select the next higher standard value)
Q3 Auxiliary Power Bypass Select general purpose NPN transistor. 2N3904
R1 Zener Bias Resistor R Vinmin — Vz 1.5k02
2:40°
Zener Bias Resistor 2 0.15W
P =
3 Power Dissipation Pr =M
! R1
C1 Auxiliary Power Storage Aluminum electrolytic capacitor. 82uF/25V
Capacitor Minimum voltage rating 25V.
Gate Drive
uz Intemnational Rectifier High Voltage High Side MOS Gate Driver IR2125
c2 Bootstrap Capacitor Stacked metallized film capacitor. 0.15uF/50V
Minimum voltage rating 25V.
D4, D5 Switching Signal Diodes Select high speed signal switching diodes. 1N4148
Q2 Gate Drive Inverter Select small signal MOSFET transistor. 2N7000
R2 Gate Resistor for Q1 4.7Q2
R21, R22 Gate Drive Pull Up Resis- 1kQ
tors
R23 Bootstrap Precharger 1Q
R30 Gate Pull Down Resistor 10kQ
Differential Voltage Sense - Optional
u4 National Semiconductor Dual Single Supply Operational Amplifier LM358N
T — Maximum Current Through 150uA
2 Feedback Resistors
R24, R27 Voltage Sense Resistors R24 =R27 = VeaT 91kQ2
B MAX
R28, R29 Voltage Sense Resistors R28=R29=0.001-R24 91Q
R25, R26 Voltage Sense Divider R25=R26=A-R24; 30kQ
WHe A SRS . — e 2D
N VBATMAX
A Gain Of Voltage Sense R25: lnl feaky . 0.3297
Amplifier A= Ro4+R2B A=1 if amplifier is omitted.
Charger Control Section - IC Setup - Housekeeping And Temperature Sensing
U1 Unitrode Switchmode Lead-Acid Battery Charger IC UC3909N
c8 Timing Capacitor, CT fs< 25kHz 5.6nF 1.5nF
25 kHz<fs< 50kHz 3.3nF
50 kHz<fs<110kHz 1.5nF
110 kHz < fs < 220 kHz 680pF
R8 RSET R8 = 1 11kQ
Oscillator T 1.2-C8-f
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Parameter Description Definition Value/Part#
R7 Reference Resistor For Select 1%, low temperature coefficient type. 10kQ
The
Thermistor Linearizer
RP1 Thermistor Emulation Select 10 turns potentiometer for fine resolution. 50k
Potentiometer (Set initial value to 10kQ before putting it in.)
Charger Control Section - IC Setup - Current Levels
RS OVCTAP Set Resistor Noncritical; use: 100k
(ROVC2)
R10 OVCTAP Set Resistor R10=1.8518"igc7'R4-R9 10kQ2
(ROVC1)
R11 Trickle Current Limit Set R11= 43.4783 ltgiciLe "R4-R8 2.7k
Resistor (RG1)
R12 Bulk Current Limit Set R12 = 0.54-R11 6.8kQ
Resistor (RG2) R
Charger Control Section - IC Setup - Volitage Levels
R15 Battery Voltage Divider _Vemax Vemin-A-NC-2.3 11kQ
(RS1) +1% recommended | R15= . : v
B,MAX CMIN
R16 Battery Volitage Divider 2.3 Vomax — Vemin 6.2kQ
(RS2) +1% recommended R16= I i v
B,MAX CMIN
R17 Battery Voltage Divider R17 = 2.3 Vemax A-NC-23 18kQ
(RSS) +1% recommended 'FB,MAX VC A-NC—-23
R18 Battery Voltage Float Adj. RiB= 23  Vomax A'NC-23 130kQ
+19 . ’
(RS4) +1% recommended s it (VC,MAX =T ) A-NC
Charger Control Section - IC Setup - Current Error Amplifier
R14 Current Error Amplifier R14= 0.28-f5-L1 R11 3.3kQ
Compensation Resistor Vearmax +Voir +Vozr R4
c11 Current Error Amplifier C11= 10 10nF
Compensation Capacitor T 2.TT-t-R14
c12 Current Error Amplifier C12= 1 1nF
Compensation Capacitor T 2-T--R14
Charger Control Section - IC Setup - Voltage Error Amplifier
f Voltage Loop Cross-Over Dominant pole; noncritical requirements. 1kHz
Frequency
R13 Voltage Error Amplifier -~ 0.625 - Vi max -(R15+R16) 210kQ
Compensation Resistor = . '
P A-lguik 5 L1 Veat Max
N 2
1_{15.7[.% .fSAL1.C5._§";‘M§_]
Vin,MAX
2
1+(2‘77:'i) 'RCS,ESR'CS)
Cc9 Voltage Error Amplifier C5-Resesr 33pF
Compensation Capacitor Co= R13
c10 Voltage Error Amplifier c10 8-f5-L1-C5-VgaTmax 47nF
C tion Capacit = ’
ompensation Capacitor R18 Vigmax
Charge State Decoder
U3 Motorola Dual Binary To 1-of-4 Decoder/Demultiplexer MC14555BCP
D§, D7, Status Indicator LED’s Quad green LED assembly. 1D1 5640H5
D8, D9

15
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Parameter Description Definition | value/Part#
Q4, Q5, LED Driver Transistors Minimum Vego equals Viywx value 2N3904
Q6, Q7
R6 LED Current Set Resistor RE= 4.3 43002
0.01
assuming 10 mA LED current.
R5 Voltage Limiter of the LED Vinmin =7 1.1kQ
: . RS = ————
Driver Transistors 0.01
R19, R20 Pull Up Resistors Noncritical; use: 10kQ
Table 4.  Four State Battery Charger Controller Design Sheet
PARTS LIST R1 1.5kQ 5%, 0.25W
The following Bill Of Material was generated from ~ R2 47Q 5%, 0.25W
the calculated part values listed in Table 3and 4. R3 392 5%, 0.6W metal film

The part designators correspond to the Demon- R4 270mQ 5%, IWRCD-RSF1B
stration Beard component positions.

C1
Cc2
C3
C4
C5

- C6

C7
C8
C9
C10
C11
C12
C13
C14
C15
Cc16
C17
c18
D1
D2
D3
D4
D5
D6-D9
L1
Q1
Q2
Q3
Q4
Q5
Q6
Q7

82uF,
0.15uF
680uF
10nF
470uF
0.1uF

0.1pF
1.5nF

33pF
47nF
10nF
1.0nF

0.1uF
0.1pF
0.1uF
0.1uF

0.1pF
1.0uF

25V
50V
35V
50V
25V
50V
50V
50V
50V
50V
50V
50V
50V
50V
50V
50V
50V
63V

GI750CT
MURG10CT
1N4744A

1N4148
1N4148
120355
375uH

IRFZ14
2N7000
2N3904
2N3904
2N3904
2N3904
2N3904

4A

R5 1.1kQ 5%, 0.25W
R6 430Q 5%, 0.25W

electrolytic R7 10kQ 5%, 0.25W
met.film / polypropylene R8 11kQ 5%, 0.25W
electrolytic R9 100kQ 5%, 0.25W
met.film / polypropylene R10  10kQ 5%, 0.25W
electrolytic R11 2.7kQ 5%, 0.25W
ceramic R12  6.8kQ 5%, 0.25W
ceramic R13  910kQ 5%, 0.25W
ceramic R14  3.3kQ 5%, 0.25W
ceramic R15A 11kQ 1%, 0.25W
ceramic R16  6.2kQ 1%, 0.25W
ceramic R17 18kQ 1%, 0.25W
ceramic R18  130kQ 1%, 0.25W
ceramic R19 10kQ 5%, 0.25W
ceramic R20  10kQ 5%, 0.25W
ceramic R21 1kQ 5%, 0.25W
ceramic R22 1kQ 5%, 0.25W
ceramic R23 1kQ 5%, 0.25W
met.film / polypropylene R24  91kQ 1%, 0.25W

100V, 6A, general

100V, 6A, ultrafast

15V,1W zener

R25 30kQ 1%, 0.25W
R26  30kQ 1%, 0.25W
R27  91kQ 1%, 0.25W

75V, 200mA, switching R28 91Q 5%, 0.25W
75V, 200mA, switching R29 921Q 5%, 0.25W

LED assembly,IDI
Caoilcraft

R30 10kQ 5%, 0.25W

RP1 50kQ 0.25W 10 turns potentiometer

60V, 10A, NMOS U1 UC3909N Battery Charger
60V, 500mA, NMOS Controller
40V, 200mA, NPN U2 IR2125 High Side Driver

40V, 200mA, NPN
40V, 200mA, NPN
40V, 200mA, NPN
40V, 200mA, NPN

U3 MC14555BCP Binary to 1-of-4

Decoder
u4 LM358N

16
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MEASUREMENT RESULTS

Checking Out The Circuit

To safely bring the circuit into operation, the fol-
lowing precautions shall be exercised to prevent
catastrophic failures at the first turn on. Use sock-
ets for all integrated circuits and do not plug them
in until the auxiliary power supply is checked.

All voltages given in the rest of this chapter are
with respect to circuit ground unless otherwise
noted.

Step 1.

Connect the input of the circuit to your DC power
source. Increase the input voltage slowly up to the
minimum input voltage value used in Table 2.
Check the auxiliary supply voltage at the test point,
TP21. The correct value should be 0.7V less than
the Vz voltage listed in Table 4, approximately
14.3V for this example. The same voltage should
be measured at pin 4 of U4, pin 1 of U2 and pin 8
of U4 integrated circuits. When all voltages are
correct, remove the input power.

Step 2.

Install U1, and connect the input voltage again.
Measure the reference voltage of the UC3909. The
correct voltage on pin 2 (TP2) is 5V. Next, check
the oscillator. Measure and compare the timing
capacitor and output waveforms, TP19 and TP5
respectively, to the oscillogram shown in Figure 5.

E REETEE
1 j
o 1
:
1 P
CHI T 00V WIE 500V  M3.000s ChAi \ 2.00V
Figure 5. Trace 1: Timing Capacitor Waveform; Trace

2: OUT pin of UC3909

Compare the operating frequency to the expected
value listed in Table 2. Disconnect the input volt-
age.
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Step 3.

Populate the remaining of the IC sockets, by in-
stalling U2, U3, and U4 integrated circuits. Con-
nect a resistive load to the output terminals. The
load resistor shall be calculated as:

2: VBAT

Rioap = 7
ocT

Slowly raise the input voltage of the circuit while
continuously monitoring the output voltage. The
output voltage shall increase together with the in-
put voltage until the output equals the float voltage,
V.- For further increases of the input voitage, the
output should be reguiated at the float charge volt-
age. If the output is not regulating, stop increasing
the input voltage. Check the component values in
the feedback divider, and the operating conditions
of the UC3909. Convenient test points are pro-
vided in the demonstration board, for easy access
to the pins of the integrated controller. The de-
scriptions and typical voltages of the individual pins
are included in the datasheet of the UC3308.

Step 4.

Once the output voltage is stabilized, check the
switching waveforms of the converter. Typical
waveforms of gate drive (U2/pin2), Q1 drain cur-
rent, TP24, and the output inductor current, meas-
ured at full load, are shown in Figure 6.

0 'mvg ME.00ds ChAT Y 33V

St et
20.0V 10.0mv
Figure 6. Switching waveforms of the converter:

Trace 1: OUT pin; Trace 2: |, (1A/div); Trace 3: TP24;

Trace 4: I, (0.5A/div)

Step 5.

The final test of the circuit is to check the bulk
charge current limit, the float and over-charge volt-
age levels. The load resistor defined in step 2 en-
sures float mode operation of the charger. Note the
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float voltage then gradually increase the load cur-
rent until the charger reverts to bulk charge mode.
At this point the output current should be equal to
lsux. By slowly reducing the load current, the
charger will sequence to the next state, over-
charging. In this mode of operation the output volt-
age equals to Vsarmax, the over-charge voltage.
Verify the numbers against the values in Table 1.

Charge Characteristic

The ultimate test of the circuit is to charge a bat-
tery. The demonstration circuit has been designed
to charge a 12V, 2.2Ah sealed lead-acid battery.
During the charge cycle, the battery voltage and
current, and the displayed operating states have
been recorded. The result is shown in Figure 7.

18.000 s

15.00

1400

1300

12.000

11.000 1

Vout [V]
lout (A]

10.000

9.0

8.0m

700

600 T T Q

Figure 7. JC1222 Charge Characteristic

The chart shows the change of the battery voltage
and charge current as a function of time and the
exact values of the characteristic parameters. As
can be seen, the charger started with trickle
charge mode. When the battery voltage reached
the cutoff voltage, the charger swiiched over to
bulk charging. The sharp peak in the battery volt-
age at the switch over is caused by the high inter-
nal impedance of the battery. The majority of the
battery capacity is replenished in about two hours
in bulk charge mode. Bulk charge is followed by
the controlled over-charge of the battery. Note that
the over-charge LED is tumed on before the volt-
age loop is satisfied because the threshold of the
voltage sense comparator is intentionally set 5%
below the reference of the voltage error amplifier.
This way, the turn on of the over-charge LED coin-
cides with the onset of the chemical over-charge
process indicated by the gradient change in the
voltage curve. The battery charging process con-
cludes in float mode when the current tapers off to
near zero.
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Efficiency

The efficiency of a converter is usually measured
as a function of load current at a fixed output volt-
age and at different input voltages. While this
method is really informative in DC-to-DC applica-
tions, it is very difficult to assess the efficiency of a
battery charger this way. Since the load current
and the output voltage of the converter vary con-
tinuously during charging, one single efficiency
number carries very little information about the
circuit.

To demonstrate the effect, three different efficiency
graphs are given below. The first one shows the
effect of the output voltage variation on the effi-
ciency. The second one is the traditional efficiency
chart at a fixed output voltage.

e
lout = Ibulk =
Parameter: Vin
o
S5, 80%+ /
>
[5)
c
Q 18 /
8o
=
W 79%T 24y //
3ov :
60% ; v i
8 9 10 1 12 13 14 15 16
Output Voitage [V]
Figure 8. Efficiency vs. Qutput Voltage
0% e e s b e e e s e .
Vout = Voct = 14.38V :
s0% | Parameter: Vin
= 0%
> e :
O 60% ;
sl H
@ ;
o 18 i
B 0% :
w !
w0l 24V
30v i
30% " i
0 0.1 02 0.3 04 05 06 07 08

Output Current [A]

Figure 9. Efficiency vs. Load Current
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Figure 10. Efficiency vs. Time During Battery
Charging

The third one presents the efficiencies during the
entire charge cycle and the calculated average
efficiency of the battery charger.

The typical efficiency of the demonstration circuit
at full load with resistive load is 80%. This figure is
useful for heatsink selection, and for comparison

purposes.
PRACTICAL CONSIDERATIONS

Current Sense Issues

One of the most critical decisions of the design is
how and where to sense the current in the con-
verter. Using current mode confrol mandates
sensing the current during the on-time of the
switch Q1. In addition, when precise control of the
output current is necessary, knowing the exact
output current is inescapable. The output current
of the buck converter equals the output inductor
current, leaving very little choice to the designer.
There are only two locations in the circuit, where
the inductor current can be sensed accurately.

Q1 L1 R4
IN+ . BAT+
1+
== c3 D2 T cs
IN- O—s L0 BAT-
UDG-86126

Figure 11. High side current sense technique

One possibility is the so called high side sensing,
where the current sense resistor is placed in series
with the output inductor as shown in Figure 11. For
reliable operation it is important to put the resistor
at the output capacitor side of the inductor, to
avoid having a large switching component added
to the inherently small current sense signal. Even
with this precaution taken into account, the signal
sits on top of a large common mode DC voltage
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(appr. Vsar) which represents a problem for the
current sense amplifier.

The amplifier has a limited Common Mode Input
Voltage Range and a finite Common Mode Rejec-
tion Ratio which both confine its capability and its
precision when the measured signal contains a
significant common mode component. To illustrate
the problem, look at the demonstration circuit.

When the battery is close to its fully charged state
the current signal is superimposed on a 1€/ DC
signal. At the same time, the supply voltage of the
UC3909 is approximately 14.5V. In this case the
Common Mode Input Voltage Range of the current
sense amplifier is exceeded and the current infor-
mation is either lost or erroneous. The problem
could be addressed by providing a higher supply
voltage for the controller but, since VCC is also
limited, the problem is just shifted to a higher volt-
age level.

The other difficulty, related to the finite Common
Mode Rejection Ratio, arises at light load. Even if
the current signal is kept within the common mode
input voltage range sensing small differential volt-
ages are difficult. For instance, the bulk current of
the battery charger causes the maximum allowable
350mV voltage drop across the current sense re-
sistor. The trickle charge cumrent is 1% of that cur-
rent providing only 3.5mV useful signal for the
amplifier. Assume that the output voltage is 10V
and the CMRR of the current sense circuit is
60dB. There will be two components determining
the output voltage of the amplifier. The amplified
current signal, 17.5mV, is added to a 10mV error
signal, developed from the 10V common mode
components, present at the inverting and nonin-
verting inputs of the current sense amplifier. As
demonstrated, the error caused by the common
mode component is rather significant, it is in the
order of 35%.

The other possibility to monitor the inductor current
is in the ground return path, as it is done in the
demonstration circuit. This solution eliminates both
problems related to the common mode properties
of the amplifier since one end of the current sense
resistor is actually grounded. The disadvantage of
this technique is that the input and output grounds
of the charger are not the same potential any
more.

The low side current sensing offers two places for
grounding the controller. The GND pin of the
UC3909 can be connected either to the output side
of the current sense resistor, or to its node com-
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mon to the input of the buck regulator. When the
IC is grounded at the output side, the output volt-
age is regulated perfectly. On the other hand the
supply current of the UC3908 has to flow through
the current sense resistor causing an error in the
current measurement. The ICC of the controller
has a wide tolerance which made the design of the
trickle charge current very inaccurate.

Finally, the solution used in the demonstration cir-
cuit grounds the controller to the input side of the
current sense resistor. It gives the best result to
closely control the currents from no load to full cur-
rent. The only factor influencing the accuracy of
the current measurement is the input offset voltage
of the current sense amplifier.

Until now, the effect of the current sense amplifier
was neglected. Note that this offset is not specific
to the low side sensing technique, and it would
have further deteriorated the accuracy of any pre-
viously mentioned current sense method.

The current sense amplifier of the UC3909 pos-
sesses a 15mV maximum input offset voltage. This
~ 15mV is comparable to the cument signal in trickle

charge mode. This explains the rather loose toler-
ance of the trickle charge current limit, mentioned
earlier in the design chapter.

Although this approach exhibits the optimum prop-
erties to control the output current, it introduced a
problem for the voltage regulation. Since the
regulated voltage appears between the positive
output terminal and the circuit ground, the output of
the battery charger is not tightly controlled. The
error is caused by the voltage drop across R4,
proportional to the output current. At full current, at
the beginning of the over-charge period the output
voltage will be 350mV lower than the calculated
over-charge voltage level, and as the current ta-
pers off the error is diminishing. In float charge
mode the output current, hence the voltage devia-
tion from the designed value is negligible.

Differential Voltage Sense Advantages

By using the two inputs of the differential amplifier
stage, the output voltage can be regulated be-
tween any two points of the output, independently
from the grounding of the controller. When the two
inputs are connected to the solder joints of the
output connector, the effect of resistive voltage
drops across the current sense resistor and on the
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printed circuit board traces can be eliminated.
Furthermore, the user can compensate for the ex-
ternal voltage drop on the wiring between the out-
put of the charger and the battery nodes using the
two remote sense connections.

Driving A P-channel MOSFET Switch

The demonstration circuit takes advantage of the
lower cost and better efficiency of an N-channel
MOSFET. However, using a P-channel transistor
can also be accomplished easily. Figure 12 shows
a possible implementation of the P-channel
MOSFET switch, driven by the UC3908.
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Figure 12. P<channel MOSFET Drive

The disadvantage of this technique is the relatively
high power loss in the level shift circuit. The
switching speed of the high side P-channel
MOSFET is determined by the two series resistors
connected to the output of the controller. To
achieve acceptable turn-off speed the resistor val-
ues can not be increased. Therefore, the losses
are especially high at elevated input voltages and
at higher switching frequencies.

Skipping The Trickle Charge Mode

Depending on the battery type and the application,
the trickle charge mode might not be necessary.
Particularly, the new lead-acid batteries built from
pure lead plates can accept full charge current
from the beginning of the charge cycle. This re-
quirement can be effortlessly accommodated by
the UC3909 as shown in Figure 13.
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Figure 13. Inhibiting The Trickle Charge Mode

The trickle charge mode is inhibited when the
CHGENB pin is connected to the VLOGIC pin of
the 1C. In this case, the charger will deliver full cur-
rent, independently from the initial voltage of the
battery, until it sequences to over-charge.

Soft-Start

Particularly when the trickle charge mode is elimi-
nated, soft-start of the converter might be desir-
able. Usually, closed loop soft-start is achieved by
gradually increasing the reference voltage of the
voltage error amplifier. Open loop soft-start can be
implemented by clamping the output of the voltage
error amplifier. None of these practices are useful
in the battery charger circuit for two reasons. The
first obstacle is that the temperature compensated
reference of the error amplifier is not available for
external manipulations. The second problem is that
the battery is already connected at turn on.

Since the battery is discharged at the beginning of
the charging process, the voltage error amplifier is
saturated and the converter operates in current
limited mode. Therefore, soft-start can be intro-
duced only in the current control loop. In general
purpose buck converters this would result in output
voltage overshoot during start-up, but with the
battery connected to the output, this problem does
not exist. The following circuit, shown in Figure 14
can be added to provide a simple soft-start solution
for the battery charger.

The output current of the buck converter will ramp
up gradually to the full bulk current vaiue according
to the RC time constant in Figure 14. This solution
requires extreme cautions to ensure that pre-
charging of the bootstrap capacitor is accom-
plished well before the charging of the soft-start
capacitor is complete.

U-155
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Figure 14. Soft-Start Of The UC3909

Eliminate Float Charge

The majority of the applications use the lead-acid
batteries as backup power sources. In case of
losing the primary power source, the system relies
on the availability of the entire battery capacity.
The float mode operation of the battery charger is
intended to ensure that the battery is in its fully
charged state during the stand by period.

As was mentioned earlier, finding the appropriate
float voltage is critical to maintain 100% capacity of
the battery. An easy way to avoid the problems
related to float charge is to terminate the charging
process upon completion of the over-charge proc-
ess.
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Figure 15. Disabling Float Charge State
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Figure 16. Implementing The Timed Charge Method

The solution shown in Figure 15 eliminates the
float mode operation by disabling the oscillator.
The advantage of this approach is that the IC will
recover to bulk charge mode automatically if the
battery voltage drops 10% below its nominal float
voltage value.

Note that there are numerous other applications
which also do not require float charging the bat-
teries. For instance, batteries in hand held tools
and portable equipment are recharged quickly
while the primary power source is available, but do
not employ float mode operation.

Incorporating Timed Algorithms

The constant voltage charge of the lead-acid bat-
teries necessitates combining voltage monitoring
and time measurement. It requires applying con-
stant output voltage across the battery terminals
for a certain time interval. Although the UC39089 is
not optimized for these algorithms, the circuit dia-
gram in Figure 16 shows how to combine the timer
with the controller.

Off-line Configurations

Very often battery chargers are operated from the
AC line. Figure 17 shows line isolation with a 60Hz
transformer. This technique provides a low cost,
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competitive solution for low power applications.
Furthermore, it can be advantageous for medium
power, stationary applications because of its sim-

plicity.
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Figure 17. Isolated Off-Line Charger With 60Hz Step-
Down Transformer

At higher output power, or in portable appiications,
the 60Hz isolation transformers become bulky. In
this situation, line isolation is frequently obtained in
the switchmode power stage. The forward con-
verter, shown in Figure 18 is the isolated version of
the buck topology. The components of the demon-
stration circuit can be easily recognized in the
schematic drawing.
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Figure 17. Forward Converter With Line Isolation

SUMMARY

This Application Note introduced the UC3909
Switchmode Lead-Acid Battery Charger controller
in detail. A step-by-step design procedure of a
buck converter, optimized for battery charger ap-
plications has been derived. Complete part list,
and measurement results of the demonstration
circuit complements the paper. Useful practical
considerations are also given to help better under-
standing the various ftrade-offs involved in the
battery charger design.

ADDITIONAL SUPPORT

Unitrode offers additional support to your battery
charger project. The Appendix contains the Math-
Cad® design file used to perform all calculations
for Table 1 - 4. In addition, a printed circuit board
of the fully functional battery charger circuit, useful
upto 4A of continuos charge current is available for
further evaluation.

For more information on the UC33909 Switchmode
Lead-Acid Battery Charger controller or to order
the demonstration circuit, please contact your Uni-
trode representative or the factory directly at (603)
424-2410.
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APPENDIX

This MathCad file calculates the parameters and part values of the
UC3909 Switchmode Lead-Acid Battery Charger demonstration circuit.

NOTES:
- names ending to an "E" (i.e. R1E) are results of the respective calculations and they require
manual entry of standard component values before continuing the calculations.

TABLE 1.

Input parameters:

NC:=06 Number of cells connected in series within the battery.
Cri=2.2 Capacity of the battery.
Ve i£2.275 Cell float voltage at 25°C.

Vcemax -2.43

Maximum cell voltage during controlled over-charge at 25°C.

Vemin :=1.75 Minimum cell voltage at full discharge on 25°C.

It:=0 Trickle charge current. Enter the data from the battery datasheet
or 0 for the default value (Itrickle=0.01*Cr).

Ib:=0.8 Bulk charge current. Enter the data from the battery datasheet
or 0 for the default value (Ibulk=0.5*Cr).

lo =0 Over-charge taper current threshold. Enter the data from the
battery datasheet or O for the default value (loct=0.25%Ibulk).

TC :=-0.0039 Battery Temperature coefficient.

Tmin :=- 10 Minimum operating temperature of the battery.

Tmax := 50 Maximum operating temperature of the battery.

Equations: Calculated paprameters:

Itrickle : = if( [t=0,0.01-Cr,It) Itrickle =0.022

Ibulk :=if([b=0,0.4-Cr,Ib) [oulk =0.8

Toct ;= if(Io=0,0.25-Ibulk,lo) loct=0.2

Vbat :=Vc-NC Vbat =13.65

Vbatmin :=( Vemin + (Tmax— 25)-TC)-NC Vbatmin =9.915

Vbatmax :=( Vemax + (Tmin - 25)-TC)-NC Vbatmax =15.399

Pchmax := Vbatmax-Ibulk Pchmax =12.319
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TABLE 2.

Input parameters:

Vinmin :- 18

Vinmax ;=30

Minimum input voltage of the battery charger.

Maximum input voltage of the battery charger.

fs : = 50000 Switching frequency of the converter.

Vdif:=0.59 Forward voltage drop of D1 at Ibulk and 100°C junction
temperature.

vd2f:=0.73 Forward volitage drop of D2 at Ibulk and 100°C junction
temperature.

Equations: Calculated paprameters:

e b R ] Dmax = 0.893

Vinmin + Vd2f
i 9
AL Lt Al T Dimin = 0.366

Vinmax + Vd2f

TABLE 3.

Input parameters:

tr :=35-107

Irrm := 0.5

Rdson :=0.2

Coss = 160-10°"

[gate:=0.8

Qgs = 3.1-10°
od=5.8:107

Equations:

VrmmD]1 :=1.5-Vbatmax
IminD1: 2-Ibulk

Pd1 :=Ibulk-Vd1f
VrmmD?2 := 1.5-Vinmax

[minD2: 2-Tbulk

Reverse recovery time of D2 at Ibulk (estimate).
Peak reverse recovery current of D2 (estimate).
Channel resistance of Q1 at 25°C (the catalog data).
Q1 drain source capacitance.

Average gate current during turning on and off Q1.
Gate-to-source charge of Q1.

Gate-to-drain charge of Q1.

Calculated paprameters:

VrmmD1 =23.099
IminD1 =1.6

pPdl =0.472
VrmmD?2 =45
IminD2 =1.6
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Pd2 := Ibulk( 1 — Dmin)-Vd2f+ 0.25-Irrm- Vinmax-trr-fs Pd2 =0.377
VdssQ1 := 1.5-Vinmax VdssQl1 =45
Idmin: 4-Ibulk Idmin =3.2

tonoff ::_.——-—Qgs + Qed
Igate

tonoff =1.113+10 °

Vinmax-Ibulk
5

Pql = (Ibulk)Z-Dmax«Rdson‘ 1.5+ O.5-Coss-(Vinmax)2~fs + -(2-tonoff + trr)-fs

Pql =0.209
Phs:=Pdl + Pd2 + Pql Phs = 1.058
dImax :=0.4-Ibulk dImax =0.32
[AE s YA LIE =4.687-10 * L1 :=400-10°°
4.dImax-fs
Vinmax
IL Ipeak := bulk + IL 1peak = 0.988
8-L1-fs
Vc3:=1.5-Vinmax Vec3 =45
Ic3rms: 0.5-Tbulk [c3rms =0.4
Ve5 = 1.5-Vbatmax Ves =23.099
s e IcSrms =0.108
192-fs-L1
Psn:=0.015-Pchmax Psn=0.185
Vc4 :=1.5-Vinmax Vcd =45
2. ¥
O C4E =8.213-10 ° C4:=1010"°
(V'mmax)z-fs
e R3E =39.789 R3 =39
16-1-f5-C4
'Pr4max :=0.015-Pchmax Pr4max = 0.185
RAELz — 220 R4E1 =0.354 R = LR R4E2 =0.289
ILlpeak (Ibu].k)z
R4E :=if(R4E1>R4E2, R4E2, R4E1) R4E =0.289 R4 :=0.27
Prarated := (Ibulk)*-R4-5 Prdrated = 0.864
If1 := 1.25-Tbulk If1 =1
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TABLE 4.

input parameters:

Vref =

8]
(O8]

Vlogic :=5
Vz:=15
Ifbmax - 150-10°°

c8:=1.510"
C5:2470-10°°
RcSesr :“65'10_3
R9 :=100-10°

0 := 1000

Equations:

VeeoQ3 = 1.5-(Vinmax — Vz)

Vinmin - Vz

RIE =
0.002
Prl = ( Vinmax — Vz)
R1
RZARE .
Ifbmax

R28 :=0.001-R24

R25E: Ae-R24

Boim . BERL
R24 + R28
RSE;:—I_
1.2-C8-f5

RIOE :=1.8518-Ioct-R4-R9

RI1E:-43.4783 Itrickle-R4-R8

0.54-R11
Ibulk-R4

RI2E:

U-155

Internal reference voltage of the UC3909.

The voltage on the VLOGIC pin of the UC3908.

Zener voltage of D3.

Maximum current of the voltage feedback divider. This current

always loads the battery.

Guess value of the gain (A) of the voltage sense amplifier.

Timing capacitor value.

Qutput capacitor value.

Equivalent series resistance of the output capacitor, C5.

Free parameter.

Voltage loop cross-over frequency.

RIE =1.5-10°

R24E =9.1- 10

R25E =3-10*

RSE =1.111-10"
RI0E =1-10"
RIIE =2.841-10°

RI2E =6.75-10°
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Calculated paprameters:

VeeoQ3 =225

R1:=1500
Pr1 =0.15

3
R24 :=91-10

R28 =91
< 3
R25:=30-10

A=0329
R8 :=11000
R10 :=10000
R11:=2700

R12:=6800
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R1S5E ;- Vcmax-
Ifbmax-Vcmin
RigE —_ et Wemax— Vomm R16E =5.958 10°
Ifbmax Vemin
RAFTE NG VG RI7E = 1.747-10°
Ifbmax Vc-A-NC - Vref
« Ass _V
rigp: Vel VemaxANC - Veef RISE =1.252+10°
Ifbmax (Vemax — Ve)-A-NC
7R.fg-
RI14E ;- D2 sl Lo RI4E =3.349-10°
Vbatmax + VdIf+ Vd2f R4
CloE: — L CI2E =9.646-10 '°
2-m-fs-R14
C11:=10-C12
Vbatma. 2
|+ [ 16-7-0-fs-L1-C5mmiii@X
I .
RI3E 0.625-Vinmax ] an;ax
A-Tbulk-fs-L1-Vbatmax 1 + (2-7-f0-ReSesr-C5)
RI3E =9.466¢ 10°
coE = S Redest C9E =3.357-10""
RI3
CLGE,; SO VBARR o aory CIOE =4.242-10 ¢
R13-Vinmax
ReE = Vogle = 0.7 ROE =430
0.01
RSE = inmin— 1 R5E=1.1-10°
0.01

Vemin-A-NC - Vref

RISE =1.072+10"
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R15:=11000

R16:=6200

R17 :=18000

R18 :=130000

R14 :=3300

C12:=1000-10 "2

Cll=1-10 %

(R15+ R16)

R13:=910-10°

€9 :=33.10°"*

C10:=47-10"°

R6 :=430

RS :=1100
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INTRODUCTION

Lead-acid batteries are the most commonly used
batteries where large amounts of energy must be
stored and low cost is more important than weight
or physical size. Typical applications include UPS
systems, alarm system backup power, telephone
system backup power and larger portable elec-
tronic devices such as a bag-phone. This paper
presents an isolated switch-mode charging circuit
for lead-acid batteries that operates from a 115V 3¢
circuit.

The reader is encouraged to read the references
listed at the end of this paper. There is much useful
information there that will not be repeated here.

DESIGN REQUIREMENTS

For this design, the goal is to charge an Eagle-
Picher HE12V12.7 battery as quickly and safely as
possible to the highest practically attainable capac-
ity, and maintain this capacity indefinitely. From the
battery manufacturer’s data sheet, this battery may

|
|
T
!
!
1
!
i
[

085 xV 54

FLOAT

VCHGENB

Application Note U-166

be charged from a 14.6 to 15.0 volt source that is
current limited to 4.0 amps. Therefore, the bulk
charge current for this charger (lpy) will be 4.0
amps and the maximum overcharge voltage (Vo)
will be 14.8 volts. The float voltage is specified to
be 13.6 to 13.8 volts. This charger will float the bat-
tery at 13.8 volts (Vgeat)- The battery is specified to
a discharge voltage of 10.5 volts so this value will
be used as the bulk charge enable threshold

(VcHeeng)-

The remaining parameters that must be specified
for the circuit (loct @nd Irc) are up to the circuit de-
signer. In this design, the over charge terminate
current threshold (lgcT) is picked to be 10% of
lguLk or 400mA. The trickle current (Itc) is picked
to be 2% of the bulk current or 80mA.

The power source for this charger will be a stan-
dard 125 Vg circuit. The tolerances on this input
vaoltage will be +10/—25%. This means that the bulk
supply on the primary side can range from 130 to
195 Vge.

UDG-98003

Figure 1. Battery voltage and current over one charging cycle.
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DESIGN OVERVIEW

The UC3909 implements a four-stage charging al-
gorithm. The four stages are trickle charge, bulk
charge, over charge and float charge. The stages
operate as follows in Fig. 1.

Trickle Charge

{Tp to T1) The charger will supply a small current,
t pically C/100 (Irc) to the battery until the battery
voltage reaches a predetermined threshold value
(Vencens): The purpose behind trickle charging is
to prevent a potentially hazardous condition
caused by continuously pumping bulk charge cur-
rent into a damaged battery. Note that trickle
charging may be skipped depending upon the bat-
tery voltage when the charger is powered. In some
applications, it may be necessary to disable the
trickle charge portion of the algorithm entirely. An
example of this might be a device that normally op-
erates from the incoming line and needs more cur-
rent than can be programmed in the frickle charge
state. The trickle charge stage can be permanently
disabled by connecting CHGENB to VLOGIC.

Application Note U-166

Bulk Charge

(T4 to Tp) The charger will supply a constant cur-
rent to the battery if the battery voltage is above a
given threshold. This current will be applied until
the battery voltage rises above 95% of the maxi-
mum overcharge voltage.

Over Charge

(T, to T4) During the over charge state, the
charger tries to regulate the battery voltage to a
constant voltage, V.. When the charger enters the
over charge state, the current control loop will likely
be dominant and a constant current will continue to
be applied to the battery. As the battery voltage
rises, the voltage control loop will begin to take
over and regulate the battery voltage to the over
charge voltage Vo (Shown at T3).

Float Charge

(T4 and beyond) The float charge is entered when
the battery current falls below a preset threshold
while its voltage is held at V.. While in the float
state, the charger will supply up to Ik amperes to
a load and the battery. The charger will remain in
the float state until power to the UC3809 is cycled
or until the battery voltage drops below 90% of V.
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Figure 2. Primary side schematic.
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If power is cycled, the charger will wake up in ei-
ther the trickle or the bulk charge states, depend-
ing upon the battery voltage. If the battery voltage
drops to 90% of Vg, the charger will re-enter the
bulk charge sate.

CIRCUIT DESCRIPTION

The circuit description presented is a discontinu-
ous flyback with peak forward rectifiers on auxiliary
windings to derive power for the control IC's. See
Figs. 2 and 3.

The primary side schematic Fig. 2 shows a
UCC3809 primary side controller being used as a
peak current controller. The operating frequency
and maximum switch on time are determined by
components Ry, Ryz and Cr. Cgg determines the
soft start interval. Rcs, Ry, Ra, R3, Czg and OI-B
form the feedback and ramp circuit. C3 is simply a
bypass capacitor for the chip reference. R4, D1 and
C, form the power supply for the UCC3808. Rsni1,
Csn1. Rsn2, Csnz and Dgy are ring and dV/dt
snubbers.

D
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The secondary side schematic, Fig. 3, shows the
UC3909 and its associated support components.
D4 and C4 form the power supply circuit for the
secondary side electronics. Qz, Q3, Rg and Ry dis-
connect the battery from the voltage divider string
when the charger is not powered from the line. The
resistor divider string Rgq through Rss determines
all voltage thresholds. Rovct and Rovez determine
the current level for the transition from bulk charg-
ing to float charging.

The nature of the application demands that the
UC3909 reside on the secondary side of the circuit
with the battery. In order not to cause a curmrent
drain on the battery, the UC3909 will not be pow-
ered and the resistor divider string will be discon-
nected when the charger is not powered from the
line. When line power is applied to the charger,
several events take place. First, the startup resistor,
Rg4, supplies a small current to charge the supply
capacitor, C,, for the UCC3809. Second, when the
voltage on this capacitor reaches the turn-on
threshold for the UCC3809, the UCC3809 wakes
up and begins charging the soft-start capacitor,

2
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Figure 3. Secondary side schematic.
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Csgs. Third, the UCC3809 issues no output pulses
until the voltage on the soft-start capacitor reaches
0.7V. At this time, the UCC3809 will begin to issue
output pulses. These pulses will be clamped to a
width that is less than the maximum pulse width
until the voltage on Cgs reaches 1.7V. Fourth, the
bootstrap supplies for both the UCC3809 and the
UC3909 come up and the charger begins charging
the battery according to the charge algorithm de-
scribed above and in the references.

The circuit is guaranteed to start (provided that the
soft start capacitor is not chosen too large and
cannot be charged to the 0.7V level before the volt-
age on Cy falls to the UCC38098 UVLO threshold)
since the feedback mechanism is commanding
maximum pulse width until the opto-isolator is
made to pass current into R4. This cannot happen
until the bootstrap supply for the UC3909 comes
up. When the bootstrap supplies come up, the
feedback circuit can then command shorter pulse
widths from the UCC3809 and regulate the current
and voltage output.

POWER STAGE DESIGN

Notation
Throughout this paper the following notation will be
used.

Overbar: V. —a maximum value

Underbar: /,—a minimum value

Carat: f?,ut— an average value

Flyback Inductor Turns Ratio

The maximum turns ratio (Np/Ns) is determined by
the maximum voltage stress that is to be allowed
on the power switching device, the maximum volt-
age that will be seen across the terminals of the
secondary inductor winding and the amount of
overshoot that will occur on the primary inductor
when the power switch turns off. The peak power
switch voltage is given by:

NP
Vps = Vdc + Vls N +Vspike
s

Where:

Vps is the maximum power switch voltage
(400V)

Vdc is the maximum dc voltage on the input fil-
ter capacitor C1 (195V)

Application Note U-166

Vs is the maximum voltage across the secon-
dary inductor (15V + 1V for the diode)

Np/Ns is the inductor turns ratio

Vspike is the leakage spike expected on switch
turn-off (~ 30% of Vdc)

With these values, taking a maximum Np/Ng of 4
gives a maximum switch voltage of about 320 volts.
This is well within safety margins for a 400 volt
power switch.

Power Requirements
The maximum output power required from the fly-
back inductor is:

Pout = /gut (Vbatt +Vdiode)
Where:
Pout is the output power of the flyback inductor

lout is the maximum average output current
(lpuik or 4A)

Vbatt is the maximum battery voltage (use 15V
to allow for temperature correction)

Vdiode is the voltage across the rectifier diode
(use 1V to be conservative)

The input power to the inductor is the output plus
an allowance for losses in the inductor and power
switch. A conservative estimate is (based on 80%
efficiency up to the output rectifier diode):

In this application, the output power is 64W and the
input power is 80W.

Inductor Values, Maximum “On” and “Reset”
times, Peak Currents and Switching Frequency
The switching frequency was chosen to be 100
kHz as a compromise between switching losses
and energy storage component size. To assure that
the circuit remains discontinuous, the sum of the
maximum on and reset times will only be allowed
to be 85% of a switching period. The turns ratio,
power requirements, discontinuity requirement and
switching frequency define the values of the pri-
mary and secondary inductors, the peak currents
and the on and reset times. From the following rela-
tionships, these values can be determined:

1-—2 1
Pn=5lp LoFs (1)
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— —Va )
lp =Ton=—
p
— N (3)
/S_IPN—
S
2
N 4)
O Y
gt i (5)
O T
4 Viatt + Vdiode
R e 1 6
ton’*'TrstS F ( )
S

Where:
lp is the primary inductor peak current.
Lpis the primary inductance.
|s is the secondary inductor peak current.

Lsis the secondary inductance.
Ton is the on time.

Trst is the reset time.

Fsis the switching frequency

After some algebraic manipulation, it is obvious
that (I couldn’t resist.):

T

Ugs ) oss ()

N (Vost +Viioge ) | Fs

on =| 1+

From this, T,y Will be less than about 2.97us and
7t Will be less than about 6.03us. Note that these
numbers are “ideal out of the math” and will
change somewhat when the real world primary and
secondary inductances are known.

Again, after some manipulation of equations (1)

and (2),
(Ton th:)st (8)
2P,

n

L, =

Lp is then about 93pH. From (4), Lg is then about
5.8uH. From (2), the peak primary inductor current
is 4.15A. From (3), the peak secondary inductor
current is 16.6A.

RMS Inductor Currents
The RMS value of a periodic triangular pulse is:
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P (9)
RMS —'p :—37-‘

Where:
Ip is the peak value of the current
7 is the width of the base of the pulse
T is the pericd of the waveform

The RMS primary and secondary currents are then
1.3A and less than 7.44A respectively. At
500A/cm2. the primary inductor should be wound
with #24 or equivalent and the secondary inductor
with #15 or equivalent.

Core Selection and Caiculations
Inductance may be written as:
_No

/

L

Where:
L is the inductance in Henries.
N is the number of turns of wire in the inductor.

@ is the total flux linked by the N turns in We-
bers.

| is the current in the inductor in Amperes.

Since @ is also equal to AgB where A, is the effec-
tive area of the inductor core (m2) and B is the flux
density (Tesla):

NA,

From the core data for the Philips EFD30 core:

A, =69mm? =69x 10> m? (11)
If B is limited to 250mT (approaching roll-off in the
B-H curve), N, must be 23 or more turns. If Np is
set to 24, then Ny is 6.

These cores are ordered specifying the gap in
terms of nH/Turn2 (the A_ value). Obtaining an in-
ductance of 93uH from 24 turns requires an A of
161nH. Since an A of 150nH is a standard value,
this is what will be used. Note that since the core is
gapped, the remanent flux density in the core will
be approximately reduced by the ratio of the un-
gapped A to the gapped A, . The un-gapped A for
the EFD30 is about 2100 in 3C85 material. The re-
manent flux density in a 3C85 un-gapped core is
about 160mT at room temperature. Therefore the
remanent flux density in the gapped core will be:
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AL (12)
gapped
Bremgapped = —————A Bremun_gapped
L un—gapped
= —@—160 mT =11.4mT
2100

Since the saturation flux density of 3C85 material
is well above 250mT, a flux swing of 250mT will not
saturate the core with a remanent flux density of
only © 1.4mT.

Windings

The inductor in the schematic shows 4 separate
windings. The primary inductor winding is wound
from #24 magnet wire. The 2 turn winding that sup-
plies the bootstrap power to the primary side of the
circuit can be of practically any small gauge wire
as the current level is low. In the prototype inductor
this winding was wound with #30 wire simply be-
cause it was readily available. The primary side
windings were placed side by side against the bob-
bin with a layer of kapton tape, 3M #5413, to iso-
late the high voltage primary inductor winding from
the low voltage bootstrap winding.

The secondary side of the inductor shows two
windings, the secondary inductor winding and a
bootstrap winding for the secondary side electron-
ics. The secondary inductor cannot be wound from
(at least not easily and maintain creepage dis-
tances) from bundles of discrete wires or from litz
and still fit the winding in the window of the EFD30
bobbin. Therefore, the secondary inductor was
wound from foil. A 0.5 inch wide by 0.007 inch thick
strip of copper foil was used. This gives a current
density of about 330A/cm? in the winding. This low
value of current density was used to help offset
losses caused by the high number of layers in the
winding. The secondary bootstrap winding was
wound on top of the secondary inductor.

To satisfy insulation requirements, three layers of
kapton tape were used between the primary side
and secondary side windings.

The bootstrap windings in Figs. 2 and 3 are con-
nected so that they will supply current when the
main power switch is on, not off, as the secondary
inductor will. This means that the voltage applied to
the primary and secondary electronics will be
equal to:

N oot (13)

Voot = Ve — Vdiode

p
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For the primary side, the bootstrap voltage will be
between 10.1 and 15.5 volts. Likewise, the secon-
dary bootstrap voltage will be between 15.5 and
23.75 volts.

The prototype charger was built using two different
inductors using different winding arrangements.
One inductor had the primary winding on one layer,
and the other sandwiched the secondary between
a primary split between two layers. While both ar-
rangements produce satisfactory results, the split
primary does have lower leakage inductance and
places less stress on the power switch at turn-off.
In the prototype, the single layer primary produced
leakage spikes that were high enough to make a
400V Vds MOSFET a marginal choice. If the single
layer primary is used, a 500V Vds MOSFET would
be a better choice for the power switch.

PRIMARY SIDE COMPONENT VALUES

Current Sensing and Feedback

To be certain that the flyback inductor never satu-
rates, some resistor values on the primary side can
be adjusted to limit the primary current to a level on
the verge of saturation. If this level is picked to be
300mT (from Philips data for 3C85 material), the
peak current (Ip) in the primary must be less than
about 5.3A. To limit the cumrent in Lp to 5.3A, the
voltage at pin FB of the UCC3809 must be 1V
when the current is 5.3A. When the feedback cur-
rent through the opto-isolator is 0, the following
condition must be satisfied:

R
- Bl _qp
R3 +Ry + Ry

53Res (14)

In addition, to be certain that the secondary can
command the minimum attainable pulse width, a
voltage of 3.0V across R4 should resultin 1V at the
UCC3809 FB pin with no current in the current
sense resistor (Rgs). The value of Rgs is so small
that it will be ignored in this computation. This
gives:

R

_ (15)
R3; +R,

3.0 1.0

If Ry is arbitrarily chosen as 1k, Ry must be 2k. R4
must be chosen with some consideration to the
opto-isolator. The H11A817A has a current transfer
ratio of 80% to 160% and is fairly linear over a di-
ode current range of 2mA to 30mA. Picking Rq to
be 220Q places the operating point of the opto-
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isolator into its linear range over most of the oper-
ating range of the charger. Rcs is then 0.27Q. The
power dissipation in Rgs is just over 450mW at full
load, so a 1W resistor is recommended here. The
UCC3809 needs a capacitor at its FB pin to keep
the inevitable current spikes through Lp from caus-
ing early pulse termination. Capacitor Czg serves
this purpose in this application. A value of 220pF
gives a time constant of about 0.15us. This will
catch the leading current spike noise pulses but
still allow adequate current ramp sensing at
100kHz. Ccs, across the current sense resistor,
also helps to attenuate the large leading curmrent
spikes caused by the forward peak rectifiers in the
bootstrap power circuits. Some caution must be
used when picking the values for Czg and Ccs.
The larger the values, the more lag time that there
will be when a fault condition is present at the out-
put. On the other hand, picking the values too
small can lead to premature pulse termination and
erratic charger behavior. Also, the larger the value
of Cyg, the longer the minimum achievable pulse
width will be.

Timing and Soft-start

The UCC3809 has fully programmable maximum
on and minimum off times. The components RT1,
RT2 and CT determine these times. Since T, is at
most 2.97us and the total period, T is 10us the off
time, To¢ will be 7.03pus. From the UCC3808
datasheet:

Ton = O_GQCT RT1 and Toff = 06907‘ RTZ (16)

Picking Ct to be 1nf, Ryq is 4.32K and Ryz is
10.2K. :

The softstart time is controlled by Css. Css is
charged by a 6uA current source. As the SS pin on
the UCC3809 goes from 0OV to 0.7V, the output of
the UCC3808 is inhibited. As the voltage goes from
0.7V to 1.7V, the duty cycle of the output is allowed
to increase from 0 to its maximum value. A 47nF
value for Cgg gives a soft start time of about 7.5ms.
The bulk supply capacitor for the UCC3809 must
be able to supply energy to the primary side cir-
cuitry while the SS pin makes the transition from
0V to 0.7V.

Other Components

R4 provides the startup current for the UCC3808.
This current must be at least 100pA at minimum
line. A value of 470K will give 240pA at minimum
line input voltage and maximum startup voltage for
the UCC3809. C4, the bulk filter capacitor, was
chesen mare for its ripple current handling capabil-
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ity and low ESR more than its capacitance. Ca-
pacitors C, and Cs are filter caps for the
UCC3809's power supply and reference. Rg is a
low value resistor intended to prevent gate oscilla-
tions in the power MOSFET. The block labeled
EMI/RFI| suppression in Fig. 2 is a typical suppres-
sion network. It was not implemented in the proto-
type but is shown for completeness.

SETTING CURRENT AND VOLTAGE
LEVELS FOR THE UC3909

Charge Current Sense Resistor

The current sense amplifier in the UC3909 does
not have the bandwidth to handle a 100kHz flyback
current waveform. To get around this limitation, the
signal from the current sense resistor was filtered
with a simple R-C network (Rsgq and Cgg). The
—3dB frequency of this filter was chosen to be
20kHz to have minimal effect on the feedback loop.
Another resistor, Rggz was added to preserve the
2.3V bias point of the cumrent sense amplifier.
When adding a filter like this to an amplifier that
has gain and biasing resistors already imple-
mented in silicon, be careful not to significantly
change the nominal gain of the amplifier. The rea-
son for this is that the silicon resistors are closely
ratio matched to provide an accurate gain, but vary
significantly in absolute value. Larger values of fil-
tering resistors introduce larger potential differ-
ences in the gain of the sense amplifier from one
chip to the next and over temperature for any given
chip.

The charge cument sense resistor (Rg) should be
chosen so that its power dissipation is within ac-
ceptable limits and the voltage presented to the
current sense amplifier does not cause the ampli-
fier to saturate. The current sense amplifier in the
UC3909 is a differential amplifier with a fixed gain
of 5, biased to a level of 2.3V. To prevent satura-
tion, the maximum voltage across CA— and CA+
should be no more than 400mV. In this application,
power dissipation was the determining factor for
selection of Rgs. Rgs was chosen as 20mQ and
dissipates about 1.1W at maximum output current.

Bulk Current Setting

The bulk current is set by the values of Rg1 and
Rgz2. When the charger is in the bulk charge state,
the voltage error amplifier will be out of compliance
and its output (VAO) will be at its positive rail (or
nearly so) of 5V. The relevant circuit is shown in
Fig. 4.
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Figure 4. Bulk current setting.

For the current error amp to be in compliance, the
voltage at pin CA— must be 2.3V. The desired bulk
charging current was 4.0A. The average voltage
across Rg is then:

Vgs =4.0A%x002Q =80mV 17)

The voltage at the output of the current sense am-
plifier is then:

VCSO =2.3 = SVRS —_-19V (18)
Summing currents at the CA— pin:
5-2.3 40Ax002Qx5 (19)

RGZ RG1

If Rgz is set to a value of 10.0k, then Rgq is 1.47k.

Trickle Current Setting

When the UC3909 is in the trickle charge state, the
Voltage error amplifier output, VAO, goes into a
high impedance state, and the trickle control cur-
rent is directed to the CA— pin of the UC3909. The
trickle control current is 5% of the current flowing
out of the RSET pin on the UC3909. The ftrickle
control current can only flow through Rgq since
VAO is high impedance. Therefore, the trickle cur-
rent will be:

I trickLeconTrROL Rt (20)

5R

/ TRICKLE =

Recall that the trickle current was to be set to
80mA. This current level will produce an average
voltage of 2.292V at the CSO pin. The trickle con-

trol current through Rgq is then 5.4pA. The current
out of the RSET pin is then 108pA. The voltage on
the RSET pin is 2.3V, so the value of Rggt for
80maA trickle charge current is 21.5k.

Overcharge Taper Current

The overcharge taper current (locT) is the current
level the UC3909 looks for to make its transition
from overcharge to float charge. The transition from
overcharge to float charge takes place when the
voltage on the OVCTAP pin rises above 2.3V. OVC-
TAP is the tap of a voltage divider from the VLO-
GIC to CSO pins, with Royct and Rovcz setting
the divider ratio. The transition between charging
modes takes place when:

5-23 Sloct Rs
Rovea

(21)

Rovet

If ROVCZ is picked to be 100K, Rocvi is 1.47k
since lpcT is 400mA.

Float Voitage Level

The float voltage is the voltage that the UC3809
will apply to the battery to maintain the battery’s
charge level after the overcharge period has
ended. The float voltage (as well as the overcharge
voltage and bulk charge threshold voltages) is de-
termined by the resistors Rgq, Rs2, Rs3 and Rgs.
In the float state, the STATLV transistor (internal to
the UC3909; see data sheet) is off. The float volt-
age is the voltage across the battery that will pro-
duce 2.3V at the VA- pin. Note that for all of the
voltage thresholds, the reference voltage is ad-
justed by —3.9mV/°C while the reference for the
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current thresholds is constant over temperature.
The float voltage is then:

Rs1+Rs2 +Rss3
Rss3

(22)

VeLoar =2-3

If Rg3 is set to 10.0k, and Vg pat to 13.8V, the sum
of Rgq and Rg; is 49.99k. The overcharge voitage
level (Vog) is the maximum voltage that will be ap-
plied to the battery "vhen the charger is in the over-
charge state. In this state, the STATLV transistor is
on, and Vg is the voltage that produces 2.3V at

the VA— pin. V¢ is then:
Rs1+Rss +Rs3|IRsa (23)

VOC - 2.3
RS3 ”RS4

Knowing the sum of Rgq and Rg3 is 49.99K, Rs3 is
10.0k and Vg is 14.8V, Rgy is found to be 115k.
The bulk charge state is entered when the UC3909
senses that the voltage on its CHGENB pin goes
above 2.3V. In the trickle and bulk charge states,
the STATLV transistor is on, so the value of VcHeENns
is then:

Rs1 +Rs2 +Rs3 ||1Rs4

Rs2 +Rs3||Rsa

(24)

Vercens =2-3

]
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Since the sum of Rg¢q and Rgp, and the values of
Rg3 and Rgy, are known, Rsp is 3.74k. From this,
Rg1 must be 46.4k.

Optocoupler LED Current Limit

Re must be small enough that sufficient current
can be put through the LED of the optocoupler to
cause the collector on the optocoupler output to go
to 3V. The resistance to ground at the collector of
the optocoupler is about 205Q. This means that the
emitter current in the optocoupler must be at least
14.6mA. If the optocoupler is at the low end of the
current transfer ratio distribution (80%, for the
H11A817A), then the LED current must be at least
18.3mA. Allowing 0.7V for the b—e voltage on Q4,
and 1.5V of headroom to help prevent saturation,
the emitter voltage of Q4 will be 2.8V (5.0 - 0.7 —
1.5 = 2.8) maximum at 18.3mA. Rg is then 150Q.

CURRENT CONTROL LOOP

There are several “components” in the current con-
trol feedback path. Fig. 5 details the feedback path.
Component in this context refers to a piece of the
overall transfer function, such as a resistor, which
transforms a current into a voltage.

CURRENT
ERROR

VOLTAGE

- & ERROR AMP
J

' 5.0V

Figure 5. Current control loop components.

10

UDG-98076
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The individual components of the feedback path
are:

1. Qu and Re which converts Vcao into ILEp in
the optocoupler.

2. R4, Ry, R3, Rcs and the optocoupler, which
convert ILep into a peak primary inductor cur-
rent, ILp.

3. The cnupled inductor which, along with the
output voltage, converts Iip into an average
current through Rs.

4. Rs, Rsgq and Csr, which converts the average
output current into a voltage.

5. The current sense amplifier, which amplifies
the voltage across Csr.

6. The current error amplifier, which provides gain

and phase compensation for the feedback
loop.

These elements will be examined one by one to
determine the overall loop characteristics.

Qqand Re

Qq is configured as an emitter follower. For all prac-
tical purposes, the collector current and the emitter
current are equal, and a one volt change in base
voltage will produce a one volt change in emitter
valtage. Since the emitter voltage and the emitter
resistor determine the emitter current and hence
the collector current, the gain of this stage is:

1 1

"“Re 150

AlV (25)

Ry, Ry, R3, Rcs and the Optocoupler

The optocoupler may have a current gain up to
160%. The current in the primary inductor is the
current that results in 1V at the junction of resistors
R, and Rs. Using the principle of superposition:

Rj (26)
/ R1l| (R2+R3 _
(1 11| R RO )
R
by, »Rpg @t | =10
{g s R2+R3]
This simplifies to:

/ _Ra+Rs R1 (Ra+R3) Ry (27)
' " ReR, CRy+R,+Ry ResRa

The gain of this stage is the derivative of I.p with
respect to IC multiplied by the optocoupler gain or:

11
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=__R1(R2+R3). R3 1.6 (28)
27 R, +R, +Ry; RgsRy
=_607A/ A

Coupled Inductor and Output Voltage

The peak current in the secondary inductor is
Np/Ng times the peak curmrent in the primary induc-
tor. The secondary current waveform is triangular
and has the average value, see Fig. 6:

_ Trst
2T

(29)

I ave =7 L peax

UDG-88076

Figure 6. Secondary current waveform.

But since:
: _Np (30)
LsPEAK = N—/LPPEAK
S
and
Vi (31)
Ty =1 —=
rst Ls LS
The average output current is then:
/LSAVG = (32)
2 LS
( LSPEAK)
S
1 N 2 LS

%) i)

(.

The gain of the stage is the derivative of the aver-
age secondary current with respect to the peak pri-
mary current. Differentiating the above yields:

N g L
p s A

2| S8

( Ns] v, L.PEAK /4

To2T(N v,

S

1 (33)

G, =

T
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From this, it is seen that the gain depends upon
what the load voltage and current are. This differ-
entiation yields the gain of the coupled inductor be-
cause from a small signal standpoint, the battery
voltage (and hence Vis), switching frequency,
turns ratio and secondary inductance are constant.
The maximum value of the gain is the only value of
interest since this will be the point at which the
phase margin will be the lowest (in this circuit). If
the battery voltage is 10.5V and the Schottky volit-
age is 0.5V, the | p that produces an average I_s of
4.0A is 3.08A. This is the point where the current
gain is the highest, at 2.6 A/A.

Current Sense Resistor and Filter
The transfer function of the sense resistor and filter
network is:
el
* 1+ 5RspCor

002
pl R ol
1+475%x107%s /“

(34)

Current Sense Amplifier
The output of the current sense amplifier is:

Vcso =23 = SVCSF (35)
The gain of this stage is the derivative of Veso with
respect to VRcs. The gain Gs, is =5 V/V.

Total Current Loop Gain

The open loop gain of the current loop (without the
current error amplifier) is the product of all of the G
terms described above. Gogy in this case is 1.05
or 0.44dB, with a single pole at 20kHz.

Current Loop Compensation

Fig. 7 shows the uncompensated and compen-
sated current loop gain characteristics. The com-
pensation goal here is to provide unconditional
stability in the loop and to roll the closed loop fre-
quency response off at 1/10th of the switching fre-
quency. To roll the closed loop response off at
10kHz, the open loop crossover frequency must be
10kHz. To do this requires that the current error
amplifier have —0.44dB gain at crossover. Although
not strictly necessary, a zero will be inserted in the
current error amplifier response at 20 kHz to can-
cel the pole in the current sense filter. The transfer
function of the current error amplifier is:

12
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Figure 7. Current loop gain.
1+sR->C 36
G(s)= caber g . (36)

SR61Ccp

The R in this integrator has already been deter-
mined to be 1.47k (Rg1)- This leaves the capacitor
to set the low frequency gain characteristic. For the
gain to be -0.44dB at 10kHz, the capacitor value
must be around 10nF. The phase lag through the
power stage is small in the frequency range of in-
terest and the origin pole of the current error ampli-
fier contributes only 90° to the loop. The phase lag
of the current sense filter is offset by the zero in the
current error amplifier response. This means that
the loop is unconditionally stable with near 80° of
phase margin. :

VOLTAGE CONTROL LOOP

The voltage control loop is shown in Fig. 8. The na-
ture of this circuit is such that in the trickle and bulk
charge states, the voltage control loop is open. At
some point during the overcharge state the voltage
loop closes or comes into compliance. For the re-
mainder of the overcharge state and the float
charge state, the voltage loop (made up of the re-
sistor divider string Rgq through Rsy, the voltage
error amp and Ryg is an outer control loop around
the current loop.

The open loop response of the voltage loop is
equal to the closed loop current loop response
muitiplied by the output impedance and the gain of
the elements of the voltage loop. In other words:
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Figure 8. Voltage control loop.

37
GyoL =Gee Z.Goiv ‘R-q“GVEA @n
G2

Where:
GvoL is the open loop voltage transfer function
GecL is the closed loop current transfer func-
tion
Z_is the load impedance

Gov is the gain of the battery voltage divider
looked at from the VA- pin

Gvea is the transfer function of the voltage er-
ror amplifier.

The Rg1/Rgz term is simply the summing ratio of
the current sense amplifier output and the voitage
error amplifier output. The closed loop current re-
sponse (change in output current for a given
change in current sense amplifier output) is given

by:
Geer = (38)
1 Gpgs G Gy B3 G265
G4GS GCEA Gs G4 GS Gz G1 +1

_ 7143x10°
s +7143 x10*
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The load impedance is difficult to characterize and
is greatly dependent upon the battery being used.
The battery is a complex device to model and will
exhibit parametric shifts depending upon variables
like temperature, charge state, age and history. Ac-
cording to the battery manufacturer, Resrgar
Cgarr and Rgary vary considerably depending
upon what the condition of the battery is. To insure
that the voltage loop will remain stable, it was as-
sumed that the equivalent load of the battery, filter
capacitor and anything else that may be connected
to the charger has an extremely low frequency
pole. The frequency of this pole is assumed to be
much less than the crossover frequency of the volt-
age loop. This will contribute 80° to the phase lag
of GygL at whatever the crossover frequency turns
out to be.

The divider gain (Gpy), is equal to:
Rsa
Rs1+Rs2 +Rs3

(39)

GD[V = = 0.1 66

The open loop voltage transfer function for this ap-
plication is then:

1.743 x 10*
7143 x10% +s

(40)

Gyo, = Z, Gyga
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ignoring the Z; and Gyga terms, the phase shift of
this circuit is 45° at the current control loop cross-
over frequency (10kHz), and about 22.5° at
3.2kHz. The voltage error amplifier was chosen to
be a straight gain amplifier with no complex feed-
back in order to avoid the additional phase shift
that comes with introducing more poles into the
system. With the phase shift of the load taken to be
90°, the voltage loop should have a crossover fre-
quency below 3.2kHz to r iaintain good phase mar-
gin. At 3.2kHz, the open loop gain of the voltage
control loop is:

l -12.6dB (41)

IGV0L|f=3200 = l Z1 Gueairsa00

Conversations with the battery manufacturer sug-
gested that charging impedance could range from
250mQ to 10mQ (almost strictly capacitive) at
3.2kHz. The filter capacitor in the charger is
5600pF with an ESR of less than 13m€Q. This re-
sults in a total Z; of 8mQ to 15mQ. The gain of the
voltage error amplifier must be less than 49dB in
order to insure that the control loop will crossover
at less than 3.2kHz. The gain of the amplifier was
set at 36dB. Testing on the prototype charger
showed no signs of instability in the voltage control
loop. While it is not known what the exact imped-
ance on the battery is, the above approach re-
sulted in a robust and stable charger.

OTHER ISSUES

Line Isolation

The transformer design presented here will provide
at least 3750VRums of isolation and 8mm of creep-
age from the primary to the secondary. This is ade-
quate for some applications, but not for others.
Check with the regulatory standards for the type of
product being built to find out if this isolation level is
adequate. If more isolation is required, a core with
a larger winding window will have to be used since
this design fills the window of the EFD30 almost
completely.

Higher power

This paper presents a general scheme for control-
ling a primary side PWM from an isolated UC3909.
The particular PWM used here is a single output
device. However, for higher power requirements,
200W, 500W, 1kW and beyond, there is no reason
that a higher performance single output PWM or
dual output PWM could not be used with suitable
design adaptations. At much higher current levels,
it may be advantageous to use a small value shunt
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for current sensing along with an additional ampli-
fier to boost the signal level. If the topology is
changed to a forward buck type, the current sense
amplifier in the UC3909 will be useful at higher
switching frequencies without the aid of an input
averaging filter.

Disconnection of Load and Minimum Output
Power

If it is possible that the load (battery in this case)
could be disconnected from the charger while the
charger is powered from the ac mains, the output
voltage will run away. A means of controlling output
voltage must be supplied if this is the case. The
reason for this is that even though the UC3909
would be commanding zero pulse width, the
UCC3809 will give a minimum pulse width based
upon the values of components Rgs, Ccs. R3, Rz,
and Czg. The minimum pulse width arises from the
fact that the UCC3809 discharges Czg through an
internal FET when the oscillator starts its down
ramp. The internal FET is turned off when the oscil-
lator starts its up ramp and sends an output pulse.
Since the output pulse will only terminate when the
voltage at FB on the UCC3809 reaches 1V (or
when the oscillator again starts its down ramp), the
minimum pulse width is determined by the time
that it takes to charge Czg to 1V.

A means of getting a handle on the minimum pulse
width can be seen by referring to Fig. 9. When
minimum pulse width is being commanded by the
UC3909, it is assumed that the voltage across the
current sense resistor will not have a significant im-
pact on the time necessary to charge Czg to 1V.
The only scurce available is the current through the
opto-isolator. The voltage V1 is the current out of
the opto-isolator multiplied by the equivalent resis-
tance seen at the emitter of the opto-isolator.

Figure 9. Minimum pulse width determination.
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When this voltage is known, the minimum pulse
width is approximately:

[1_R2 +R3

—\71_ *R,

This application circuit was not designed to operate
with a disconnected load. Enough load must be ap-
plied to dissipate the minimum power output that
the circuit will supply at the highest input line volt-
age (a DC rail of 195V). The particular battery used
here was an adequate load to dissipate this power.
Minimum pulse width can be reduced by using a
smaller Crg, at the expense of noise immunity or
by increasing the ratio of Rz to Ry. This last solu-
tion will affect the feedback loops somewhat.

ComRyRy  (42)

RQ +R3

Toy =—1N

As a means of controlling the output voltage, a 5W
15V zener diode at the output would work nicely.
The STATO and STAT1 pins could even be decoded
to switch the diode into the circuit only when the
charger goes into float mode. This would guaran-
tee that the over charge voltage would not cause a
low threshold diode to start conducting and over-
heat. Alternatively, a dummy load resistor could be
placed across the charger output that would dissi-
pate the minimum output power at the minimum
temperature compensated float voltage. It will al-
most certainly be necessary to use the STATO and
STAT1 pins to switch the resistor into the circuit
only when the UC3909 is in the float mode. Other-
wise, the dummy load would be applied to the bat-
tery and discharge it when the charger is not
powered from the line.

Connection of Loads That Bypass the Current
Sense Resistor

This technique can be useful if properly applied.
The charger current sense loop will adjust the out-
put to a point that will supply the battery with the
selected charging current, regardless of what cur-
rent the load requires. There are some caveats
here though. First, the charger power stage must
be able to handle the bulk charging current of the
battery as well as the maximum current that the
load will draw. Second, the load will add a pole into
the current control loop, which can complicate the
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design of the feedback, especially in the voltage
control loop. Third, and probably most importantly,
the inherent current limiting effect of the current

e

|

. _|. BATTERY

| o

.

L EXTERNAL
CHARGER r——-——T[—-— LOAD

Figure 10. Alternate external load connection.

control lcop will not be active if a fault occurs at the
load. Some other means of over-current protection
must be supplied.
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