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B R 35A
PAT U HGA o BA - 10A BR3505 50V
{"BR 305." 50V BR 605 50 V BR 1005 50V BR351 100V
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o Magnetization Curves
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" | 1y AVERAGE RECTIFIED FORWARD CURRENT. (Amparas) i)
B AL R ET g s -_7‘7_5';59.‘{_,;1;_;‘5l{ #Hg fal
89-04 267 ~ 221B-01 o
(TO-220KC) ~ 3
Plastic Plastic Plastic |
0
| .
! |
|
IN5817 MBR320 !
IN5818 MBR330 @
i MBRZ:'5 MBR1035
IN5819 _ MBR340 MRB7 '0 MBR1040 - |
MBR1 5 MBR1048
MBR150 + + MBR350 4
: : MBRI60t t MBR360 : MBR1060
Fileg ot T 5 awtin ‘ ]
ER L AAmPS) B VR 23
+T. @ Rated Iy
L e
TSR AT
T N
0160,

i i1y, < 288G

[J TX versions available. : By g AL E
* Values are for the 40-Volt units. The lower voltage parts provide lc wer limits and higher ' oltage
units provide slightly higher limits. ] ; et
%k [, is total device output. j
*** Values are for 60 volt units. The lower voltages parts <40 volts prcvide lower limits.
~ t Must be derated for reverse power dissipation. See Data Sheet.
tt T (Max) = 150°C
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1

TYPES TL493, TL494, TLA4SE

PULSE-WIDTH-MODULATIOR CONTROL CIRCUITS

D2535. JANUARY 1983 —REVISED SEPTEMBER 1983

Compiete PWM Power Control Circuitry

Uncommitted Outputs for 200-mA Sink or
Source Current

Output Control Seiscts Single-Endad or
Push-Pull Operation 3
intama! Circuitry Prohibits Doubls Puise 2t
Either Output

2.9 -Vorlebis Dead-Time Provides Control Ovar ..

Totel Rengs

internal Reguiator Provides a Stable 5-V
Reference Supply Trimmed to 1%

Circuit Architecturs APows Easy
Synchronization
TLA83 Has Output Current-Limit Sensing

© TLASS Has On-Chip 35-V Zener and
Extemna! Contrel of Output Steering

deecription

The TL4A832, TLL94, and TLASS esch incorporate on
2 singts moncithic chip sif the functons required in
the construstion of 8 pulse-wicdth-modulaton control
circuit. Designed primarily for power supsty contrel,
thesa devicas offer the systams sngineer the flexibiity
to tador T poewer supply control crculzy 0 his

The TL493 comains en error ampiHer, current-imiting
ampifier, an on-chip scustable oscillator, 8 dead-time
cortrol comperstor, pulse-steering comred fiip-flop, &
5-voli, 1%-precision reguistor, snd output-control
creunts. s

The error mrptifier axhibits 8 comvnon-mode voltage
range from - 0.3 voits to Vg — 2 volts, The currem-
#mit amplifier exXhibits 3 COMMENMOCS voltage range
from —0.3 voits to 3 voits with a0 oliset voitage of
soproximatsty BO miivolts in saries with the inverting
NoUt 10 esse circuit design recurements. The dead-
time conwol comparator has 3 fixed offset thet
provices sporoxametsly 5% osed me when extermnally
shiered. The on-chip oscillator may bs bypassed by
terminating P17 (pin €) 10 the reference output and
providging 8 sswtooth input to C7 (pin 5), or n may
ba used to Grive the COmMMOoN CiTtunts N synchronous
muttmie-ral powst supplies.

- TLAS3C...N
DUAL-N-UNE PACKAGE [TOP VIEW)"
errOR J noniny INPUT ] U e [IJNONINV INPUT | CURRENT
AMP 1 INV INPUT[J2  18[JINV INPUT LIMIT AMP
reepBACK(]3 1 [JREFOUT
DEAD-TIME CONTROL[J+ 13 gOUTPUT CONTRCL
or]s  w2JVee
RTL L BRh & :] [ovs
enol]r  wof)E2
ciljs  s[Jer
TLAS4M . .. J
TLASAL TLAS4L . .. JORN
DUAL-IN-UNE PACKAGE (TOP VIEW)
ERROR f noniNy inpuT (] NONINV INPUT | ERRCRA
AMP 1 INV INPUT (]2 INV.INPUT AMP 2
FEEDBACK 3 REF OUT
DEAD-TIME CONTROL[]4 OUTPUT CONTROL
Cy(0s vee
Arile (o}
ano(]r E2
ciqe 3]
TLASEC ... N !
DUALN-LINE PACKAQE (TOP VIEW) =y
ennor J norv inUT (T CILINONINY INPUT LERROR
ANP 1 INvIRPUT (J2 | 17[JINVINPUT AMP 2 ]
rFeepBACK(]?  18[JREFOUT 5
DEAD-TIME CONTROL[Js  15[]VZ &
or(]s 14[JOUTPUT CONTROL -]
ar[le  12[JSTEERING INPUT o
GNDll? 1201Vee ©
cifls  mijc2 o
e1]s vo[]E2 m
' e
©
DEVICE TYPES, BUFFIX VERSIONS, AND PACKAGES >
TLAS3 | TLAS4 | TLASE o
TLAS—M | * J ’ 6 !
nas—1 | * JN 4 A
TIAS~C | N JN N ;

*These Combenecione ars not defiond by s dets sheet.

FUNCTION TABLE
WFUTS
STEERING
OUTPUT
weeuUT OCUTPUT FUNCTION
CTONTROL
(TLASE onty)
V=04V Open Single-ended or parslisl output
Vix 24V Open Normal push-pull operstion
Viz24V | Vys04V PWM Output st Q1
Viz 24V Viz 24V PWM Outpirt ot Q2

. Cooyngrt £ 1983 by Texas instruments Incomor sted
%
Texas 6-107
INSTRUMENTS .
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TYPES TL493, TL484, TL455
PULSE-WIDTH-MODULATION CONTROL CIRCUITS

description {corminuad), ~nba
The uncommitted output trangistors provide sither common-emitter or emitter-follower output capability. Each device -
provides for push-pull ar single-ended output operation, which may ba selected through the output-control function,
The architacture af thesa devices prohibits the poesibility of sither output being pulsed twice during push-pull operation, |

The TLA93 and TL494 are. similar-except that an sdditional errof amoiifier it includad in the TL494 Instead of 8 currem-
limiting ampéifier. The Tk488 provides the identical functions found in tha TL434, In addition, it conteins an on-chig

39-volt zense dinds fon high-voltags appjications where VC( is groster than 40 vohts, and 8n output-steering controf

that overridas the intecmal control of the pyise-steesing fip-flop.
The TLA94M is characterizad for. operstion oves the full military temperaturs range from - 55°C to 125°C. The TL434
is characterized for operation from —256°C to 85°C. The TL492C, TL494C, and TLA9SC are characterized for opsration

from 0°C fo 70°C.

functional block diageam

| | 'r OUTPUT CONTRDL
TLA9S ONLY (SEE FUNCTION TABLE)
| 1s£2 FUNCTION TABLEY | |

R ———d el

OSCILLATOR o

Cr

DEAD-TIME CONTROL L0
COMPARATOR

peao ¥ OV
TIME ___ql._.
CONTROL

PULSE STEERING
SONINVERTING [ ' A

. PWM
INPUT . o
INVERTING N Sl
INPUT : e

st sl Sl

r
ERROR AMPUFIER - e i
| | = o vee

NONINVERTING _|
INPUT ] ® 2 | 47
INVEATING _L ) | B ERE!
weut T 1 { REGULATOR :
L __TLASA AND TLESS _ ¢ ! Jiid
RN ) | { ;
[

NONINVERTING | AMPLIFIER |
INFUT - T d
i I -opey : 5% ol
INVERTING . . vz
INPUT T ! !_ TLASS Y
H i8S ONLY

L Ti4g3 oMLY ) ;

<
-4
—
o
Q
]
X
®
Q
e
o]
-
Q
=
0

G -4 LS

FEEDBACX

6-108

Texas
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: TYPES T1483, TL494, TL495
PULSE-WIDTH-MODULATION CONTROL CIRCUITS

—

absolute maximum ratings over operating {roe-air temperature range
{uniess otherwisa noted)

C emmettw .

i L TLa93C
TLAS4AM TLASM TLASAC UNIT ¢
TLA9SC
Supply vottsge, Ve 'ses Note 1] 41, 41 4 v
[ Amorifier input voltages Vec+0.3 | Vec-0.3 | Yec+0.3 v
Collector outdut voltage a1 41 41 v :
Coliector output current 250 250 250 mA -

|
4 ipati i

Coaunuou:'touidum ion at lor below) 1000 1 - 1 1 5
25 °C free-air temperature (see Note 2) 000 g

[ Oparatmg Iree-aic temparature range ~551t 1251 =251 85| O to 70 < ;
Storaga tempecaturs range 6510 130 | -65 10 150| =65 12 150 | °C i
U230 temparare 1.5 mm (1/16 inch) from cass for 5 seconds: J package 300 300 300 e ;

260 260 .

Leag temnpersture 1.5 mm (1/18 inch) from case for 10 saconds: N package H
!

NOTES: 1. AN vOMage velues, except i fararusl volt2oes, wre wiTh reED8CT 10 The NENvork ground temmeiad. i
2. For ooeration a00ve 25°C ‘ree-au tempersture. “tier to Diswpanon Decaning Tatse in the J pecispe, TL4 9434 chups are aloy-mounted: TLASAI §

and TLL94C chips are glwss mounted.

CASSPATION DERATING TABLE

3 RS POWER DERATING | ABOVE {
RATING FACTOR TA- »
J (Aloy-Mounrtad Chint 100C mW | 13.0 mW:*C 592G 3 S
- - J (Glass-Mourted Chipt | 1000 mW 8.2 mw/°C | 28°C . . 8 :
N 1000 mW | 9.2 mWI°C | a1°C v > a :
i g, e
. o
recommeanded operating conditions g
i35 TL93C 8
K 5 TLASAM TLADAL TLa84C unt| 5
: TLA95C >
MIN MAX MIN MAX MIN MAX :
Supoly voltage, Voo z 40 7 40 ? 40 v 3y
Ampirier input vortages, V) -0.3 Vee-2 -0.3 Vec-2 -0.3 Vgg-2 v |5 6
Collector cutout voitage. Vo 40 20 40 N Htes
Collactor output current (asch transistor) 200 200 200 mA
=== | Currert into feedback rerminal 0.3 0.3 0.3 | mA
im v - | Timing capacitor, CT | 047 10000 0.47 10000 0.47 10000 nf
o Timing resistor, RT 1.8 500 1.8 500 18 500 U g
e Osciliator fraquency 1 300 1 300 1 360 kHz ;
o Operatng free-air temparature, Ta -55 125 -25 as 0 MW-§F-"°C
/
i
Texas 6-109
INSTRUMENTS
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€S TL493, TLAGS, TLAYE
,//ULSE-\“{IUTH-MDDULATION CGKTROL CIRCUITS

luriecs otherwise noted)

reference sschon

electrical characteristics over recommended operating free-air temperature rangs, Vg = 15V, f = 10 kHz

] | i [ TLas3c I
; ! TLASAM oy ATV kmar o
z ; = ' TLAS
! EARAMITER i TEST COXDITIONS | | BenE | uvrar .
’ : .
i ! i MIN TYPY O MAX | MIN TYPP  MAX
] g = 1A &35 § 525 ]475 . T v
! P - 7 A2 2 28 & 2 2% my
In = Y12 'gma- 1 15 { 1 15 mV
KRS c.2 1 0.2 1 %
St T 18 I W a8 L mi
)
: | h TN I
i : T astit | Wrtlgase. vi204c
i FLRAWITLT t i } UNIT
: ; L : : e
i ! WARP D S LAY, TOWONA RYes  sear |
: 19 i
= i
. & et
[ X e
o ' FEealgs d 80 BT endetatut ' < 12 | 12 ’ L
s g_)Tl_ (BRSNS & i j .
i 1
-
4 30t S pialaa® B BTy
o 3

parairtTrn i TECY AnpeyTag

sy afhiany ol

Vs R Ve
e L - e | {8 g
& ‘ Avg.= 3V, VO = CEW i S E Y i 80 l '
: P TLL22 sy 2 . [
AR Y : i B70 v AHz |
: enor
i Coomoncenoie 2
Curreriiewt | Veog = 20V, Ta = 28°C
R ETUON ITUC
iTL&2] ontey
U DAzt time et imn 3 Vip e =1BmVic =5V, Vipa3 T LY
§ Oitpst sourza currens o 31 Yoo = 1§~V 13 8 Y, Vigm 38V

TFoe ondtern m e M I WAY, Lee D aous SInETe VALE TOATTWE LA esomme e
PA3 tvmck sees vecazt for sacamaly CrOrges wTn lemizershure o0 gt T = 25°C.
Fourmion o the B et Sreatd FOT eacend orm aptond,

VStwrvawd omestor % ¢ reati of T ETATOR ASTLUNDN HOA The Mesn 81 SATVAC tam

1 ORI €O A e

e ‘ormnae o s

£110 TExXes
INSTRUMEN
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TYPES TLAS3, TLA94, TLAGS

PULSE-WIDTH-MODULATION CONTROL CIRCUITS
i

{unless otherwiss noted)

sutput section

slactrical charactariatics over rescmmended operating frea-

air teampoarature rangs,

Ve = 15V, f = 10 kHz

E " 1 T T 4Q2C T H
i l nACARETED | TIEAY ~ARCITIAMe ‘ TLseaM TLa%4E, TLASAC | Ty ‘
i . : k i 7 108G '
s E | M TYRE MAX | M TYP!  RAX
Coliectar off c2ate surrent {vpe = 40V Ver = 40V 2 100 2 100 Py
g Emviter oti-state curtent {Vop @ Ve A0 vivg =0 - 180 - 100 P
; 00 Tir = 200 mA '] 1.5 i 13
& i - v
i sgrwraton voltage - Emiten o 15.%: g ¥ |-200mAj .5 29 1.8 &5
b Output coOnEa InDUt SJ7rent Vi = rel l 3% 25 A
daad-time control-section !'see Figure 1}
] FATAMETER i TEST CONDITIONS
Ingut Cias current o & ] w028 v
Mz es duty e, easn puiul vige s 0
i . s Ry Vol
! taout 1oeeshola sotiape oin 44
s (Oyte CYCle :
pwim COMPAtAtOr sRCLion {ssc Figre 1) .
T eAmAMETER. YV 4 THET EONDITIONS Loape  oyr? max | uwir
npat tvearakd valape e 3 ! - oo fa 2 A 48 [V
Inpt Sk cupreangsien 31 i \J‘r; '1.;'-_J
steering control (TLAS5 anly)
! VARAMETER i TEST CONGITIONS | MIN WAX | UNIT |
1 AL g ~ 200 '
Inpy® coniert e . I —‘! P
1 | Vi om s | PO '
| ener-dioda cireult (TLASS onlvi v
= 1 FARAMETFR % TEST CONDITIONS | sin, TYPL MAX | UNT
| Breswilen cotad TR o R Ig, = im A { 2% v
| B S cgeraee Vo vE m g | g3 ma
= A
B 0
total device {ses Fioure 1) . it
PARAMETER | TEST CONDTIONS Trwm Tye'  max | uwr
\ Fin € 87 el [veaee™s ¥ 1 ¢ 10
oply < mA
Stendlv supply current l; Al otheEmgUrT 2NE DAATUTY Arani s ceoe ALV i o 5
Aversqe supiy cuntent | Vim &) = ¢ ¥ | 8§ mé
tv/itching characteristics, TA = 25°C
3 1 PARAMETER TEST COKDITIONS M TYRT HAX UNIT
L ——
{  Cutout voltane nee time Common-e~atter configrrnion, 300 z00 n
(| Ouput vohaoe tafl pme Sse Figure 3 25 100 rs
. o m—— - - .. - ———— - - e -
i Ouiput vonage nse me | ErmitIar-1000 m et GOt AUan, | ey pv e ) o
{ Gutput volteaw fai tme | See Figure 4 { 40 100 "
Gt TAR tysne s vanses mroast Tor remper sture coetheent arm mt Ty = 25C
'. ¥
4 6111

Texas
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TYPES T1493, TLAS94, TL4SS
PULSE-WIDTH-RIODULATION CONTROL CIRCUITS

PARAMETER MEASUREMENT INFORMATION

A -
160 22150 @
2w 2w
Ver ! 1
r——-———-——- oLal THsg c S PrrTRT Y
TisY £
TS Y, 1

T)—,f—-ﬁ’!l»‘: Y

o "y T - QUTPUT 2
[':———': cr o ey
s =
=001 .7 _ .} seroms | T "j

) L% T SOR Tiege

f"'“c" l-.!-"'."!'.‘ﬁ e Y
et f N p—— r'u’ul
e

l RUF
L <= 4

% e’

i

P Wl s\ e o
i

Ly e B | T ¥s o | 45 ons Sy o o
TR Tt i i i sl |
R ”.%WHU__

FR= & T 8 j = ‘
A« LI u S/
S AN

o

H

' THRESMOLT VOL TAGE — = put

s 1

£ EAF

: 1
: i

FeEoQalx

e
DUTY ' P MAX s O —tme
cveek tn b .

VO TAGE S AVTTOALEC

FIGUFRE 1 -COPERATIONAL TEST CIASULNT ANC WAVETORYS

»n

TEXAS
INSTRUMENTS

SIST OFFICE BT T T 0 DALLAS TEVES MieE



87

'J;-Q "
TYPES TLA23, TLAB4, TLA85
PULSE-W!DTH-RODULATION CORTROL CIRCUITS
; PARAMETER MEASUREMENT INFORMATION . i
{
arlIFILR
¢ UNDER TESY
Q FEEDLACK
Vi A TERMINAL
fyems
et OTHER
ARSELIFIER
IGUNE 2 ~ ALPLIFIER SHARACTERISTICS
15V
e n,
e —— 1 2w -
| tgamy QUYPUT ' I A e ——*‘—“f i
| cirzuim - l._..r_
! T - l n——oLTeuT Ny a8
" l/ 3 - \ ——
! ' Ao =16pF mk"' ! -}-m 0
Y ! W% "‘1\ ! “T* tineloues prode ant 1 ! b
i : % camsritancs) | ' } 9
: ' e I ! =
! - / 3
| | 10% g 1% o
SRS 5 GRS QT <\ @
=
TEST CIRCUIT QUYFUT VOLTAGE WAVEEORA! 5
FIOURE 3 = COAMMON CRUTTER CORFIGURATION E_’
=
LLRY >

CIRCUIT) | P
:/ 7(51:\ i‘\u\

:

10 o%
(— ouTrUT ¥ .
1 H
H \
;3 n, t, ' !
R chios 2W L—-c-i.-- 1y :

lincludas prode snd
jig capecicsnce) @
-

TESY CINCUIT

DUTPUT VOLTAGE WAVEFORM

FIGURE 4 — EMITTER.FOLLOWER DONFIGURATION
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TYPES TL452, TL4S4, TLASS
PULSE-WIDTH-MODULATION CONTROL CIRCUITS

TYPICAL CHARACTERISTICS

OSCILLATOR FREQUENCY and
FREQUENCY VARIATIONT vy
TIMING RESISTANCE

= ——— vt
cc=1Evs:
AT Ta=25°C =
o ;
“i . O
19 b ™Y
£ =
f B
u
5 400 %
= i &, AfT =13
? 100 Py ‘,,”"Jl | !
o
40 a ~1
: = .
Y et el AT O
- 1k 4k 10k 40k 100K <00k 1V
< RT—T‘mthMmD
(=2 » FIGURE S
~
m b ol
«Q o
@ . AMPLIFIER VOLTAGE AMPLIFICATICN
oo i vs
g A 2 >, EREQUENCY
% 1 Y
3 Lﬁ\lx | i i LS53R,
o= Y 20 | i P Ve 15V
a ! i-Wc'IW :
] H
g o 20 : FIa-RO 4
© T 70 n\ ! | !
[ ) 5 ] 1
2 0 i § \ |
2 i LoV
2% ‘
3 I i ]
3 | ? y ,
i i 1 !
gao ' : : ‘\‘
e ey S
* |
SRR s AT
10

100 1% 16 1w
f—Freauvency—Hr

FIGUNE &

TEreouency varmton (A1) is The Changs n 0oCANIOr HeaunCy T OCTW Over T Lil W CIreiee oo
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LKZAR
IKTEGRATED CIRCUITS

TYPE TLASGC
g.yOLT POWER-SUPPLY CONTROLLER

D2488 AUGUST 1878 - REVISED AUGUST 1003

e intsrnal Step-Up Switching Regulator
e Fixed 9-Vo!t Cutput

» Cha-gee Bareary Source Drring
Transtormar-Coupled-input Operstion

o Mhymmum £xternal Coingrenting S oquired
{1 Industor, 1 Capacitor, 1 Diade)

o 1-or 2Ceil-lnput Op=talion

desoription

The TLLE5 power supply cuntec! eirouit 15 Cesign
s et Cineratis from @ 1-0f 2810

sipe wrduste! pod filtar camagiaor. (A

regiar

rechatge The TnoUT batlenes.
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DESIGN OF A 2.8 kW OFF-LINE SWITCHER U‘;lNG PWM PUSH-PULL CONVERTER
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Design of an off-line 2.8 kW sivitcher employing pulse .

width modulaled push-pull converter as power stage is
presented including step by slep design procedure which
eliminates trial and error approach and resulis in small
man-hours spent in the development. This regulator
presently working in our electronics labomlmy has ex-

hibited good stability with a pliase margin af 65 degrees
while transforming 165 Vdc (rectified from a single phase
line) info 280 Vdc isolated oulput. It has a line regula-
tion of less than 0.5% over 420 V input changeanda load
regulation of 0.5% for a load clmnge from 800 WV to 2500
W. This swilcher has bigh efficiency of 90% and high
powerhveight ratio of 560 W/Ib with water cooling.

1.0 .
The off-line switcher takes an important place in
power processing electronics and hds received con-
siderable attention because of its superior perfor-
mance, i.e., it eliminates the usc of a hiige tow
[requency tram[ormer exhibits very high effi-

Introduction

" ciency, has high power/weight ratio and offers high

reliability. Such an off-line swilching regulator
employing a pulse width modulated push-pull con-
verler as the power stage Lias been designed and
built lo transform unregulated 165 Vdc into a
regnlated 280 Vdc, delivering a power of ahout 2.8
kW. Single phase ac line voltage (110 V) is rectified
and filtered resulting in 165 Vdc unregulaled input
vollage to the switcher. The switcher conlains the
push-pull converter power slage, isolated second-
ary, rectifiers, two stage LC filters, flyx imbalance
correclion circuit, feedback control circuitry,
regulating pulse width modulator, optoisolators,
and base drivers:

The following arc the important specifications
of this off-line switcher:

Input Single phase ac 110 V +15% 60 11z
Output Isolated regulated de 280 V
Power 2.8 kilowatts max.
Regulation Belter than 1% for a line change of
+ 20V
Better than 1% for a load change
94
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e
1

from:l 0 kW to 2. S kW - iad
t.css than 2% (vnlt'lge) over colh
plol(“ operaling rangeé ) il
Overicurrent and short nrcunt pfd
tcqun '

Ramn, no large mtu-ah curent *
cxpe ted

ﬂipbln
Prolection

A Y
Start Up

-

The ac input, after rectification b :comcs
unregulated dc input to the switcher with 120 I.lz
ripple comporients. An off-liné swifcher as ndr the _
above specifications 'has been designed, buitl dnd
tested. This switcher has shown expected perfor-
mance and thus resulted in this paper: cly

Thus, the main goal of Lhis paper is to present -
the design of the off-line switcher including the é‘
perimental results. Alter a brief introduction in Se: -
tmn 1, the coniplete ¢ ystein is described ir Section

2. Section 3 presenls design of various building
blocks, i.e., power stage transformer, reclifier
diodes, inductots, tir-on and turn-off siubl er, el
Design of various bui'ding blocks will be desll wit 1
step by step procedire which avoids trial and e~
ror approach and results in fewer man how s spent
in the overall development. Section 4 prescnts the
selection of the various components, i.e., power
transistors, diodes for reclification and for snub-
bers, regulating pilse width modulator, op-
toisolator, etc. Secticn § deals with the closed loc p
operalion of the push pull converter *o maintain the
isolated output at a -« onstant veltage. Experimen-
{al results are presented in Section 6, and the final
section gives helpful conclusions. It is hoped that

s

*This paper is co-authared by P.R.K. Chelty, 'irza A.
Beg, John Dhyanchand and Don Fair, -

This work was Suppcrted in part by subéontiact: uf
N00024-79-C-6022 from Hughes Aircraft Systenis and in
part by Sundstrain1 Praject Division. L i
Reprinted with pe. ‘mission from the I’rocrcdmgs of the
fourth “infernational PCUMotorcon Conference, held in
March 29-31, 1982, in San Francisco, CA. Copy nght ©
1982 by Intertec Commaunications, Inc. !
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! .
this paper will result in helpful reference for power
system desighers. o

: .

2.0  Description .

Figure 1 shows the block sc hematic of the 2.8
kW off-line switcher using puls: width modulated
pus.a-pull converter power stage. 1t consists of a
bridge re.tifier to convert sing'e phase 110 V 60
Hz 1c int s de (VIN) and a capa:itor filter to filter
the ripple content. This is fed into a pulse width
modulated push-pull converter yower stage which
transforms unregulated dc at the input square wave
ac at the output of the push-puil transformer (o a
hig ier vcltage level. This ac square wave is full
wave rectified and filtered usin { two stage second
order (LC) filters to result in a pure dc. This dc volt-
age (VO) is scaled down and i» compared with a
slabilized reference source (VR). The error voltage
is amplifi2d, compensated for ‘stable operation of
the regul:.tor and fed into a pulse width modulator.
The: puls.: width modulated (P\/M) output is used

to generate bi-phase PWM si\gx:\ls which drive the

alternate power swilching transistors, first process-
ing through optoisolators to get isolation and then
amplificd by the base drive stage. I"hus, the isolated
output (VO) is regulated at a predetermined level.

The push-pull converter power stage has been i
selected {or the switcher because of the following
reasons: A) Output needs to be isolated. Complete
input to output isolation is achieved by ysing op-
toisolator in addition to push-pull transformer.
B) Output voltage is higher than the input.voltage.
C) The transformer becomes smaller as the
positive and negative portions of the BI hysteresis
loop has been completely utilized. As the flux swing
in the transformer core is in both directions, the
transformer design becomes more efficient. D) It.
can use rclatively low power devices. E) This con-
figuration reduces the output ripple by doubling the
current ripple frequency to the output filter. De-
pending-upon the availability of switching power
transistors and diodes at’these power levels, a
switching (requency of 50 kHz (referred Lo the

Switching Transistors

& Full Wire LC
Transformer Reclilier Filter
Single- ¢ oSYYTL Output
AC - l -
{t1ov) Vollage
| T (Vo)
) Flux imbalance
Signal
. Processor
E/A
s ¢ / Voltage Dividing
v PWM Compensation Network
. . L L Vg
’ . D“l .
Bi-Paase - =3 o[<] o < e,
' Driser ' —1

.l
|

| |

VR

Fig. 1. Block schematic of the 2.8 k"N Oll-line Switcher. Undor specifications the Inp’ut 1§ montioned as single phaso ac
110V, 80 Hz. In fact, an alternator t used as input source which had some serles inductance always. Hence no physical

: lnduélanc«} Is ghown in rectification and filtering.
: [ ]

-
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secondary of the transformer and 25 k1 z referied
to the Blil-hysteresis curve of the transformer) is
sclected. Further, frequencies below 20 kilz pro-
duce audible noise in the form of hum.

A pulse width modulated push-pull converfer
is a two phase buck converter with isolation. [ 1] The
dc and ac relationships and behavior of the pulse
width modulated push-pull converter is the sanic
as t!mt of a buck converter bul with the transformer
© primary to secondary turns ratio. As there will be
some vollage drop across the reclificr diodes at
these power levels; the secondary voltage of the
transformer shall be more to compensate such valt-
age drops.

Hence
v,
and i

1%

+ N4
. S"

poo D (NSNL)

where V, is the voltage across transformer pri-
mary, Vg is the secondary voltage, V, is ac-
counted {or diode and olher voltage dmpe N is
the secondary number of turns and N,. is the pri-
mary number of turns. N/N, is calculated us-
ing the values of Vo Vo and V. Now depending
upon the ratio of Ng/N,, and the value of I, the
output voltage can he greatér or smaller than the
input voltage.

Though Fig. 1 shows the ideal switches, in
practice they are switching power transistors and
are the ninst highly stressed components. Hence
they shall be protecled from overstresses so that
thc_i'r operatihg point always lics safely within the

respective safe operating areas whether the tran- -

sislor is forward hiased or reverse binsed. This is
taken care of by using appropriate lurn on and turn

Flg. 2. Transistor switch snubbor network.
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ofl passive qnul)l)cm ) '! .
Before the tiansistor is turned on, cdrrent

through the iransistor is ideally zero and voltage
across the lransistor is the input voltage. When the
{ransistor is turned on, the current through th'e,tran-
sistor huilds up faster than the voltage decrease
across the transis lor finally to reach saluraled col-
lector emilter vol age. In this transition. large volt-
age and current are simultaneously present ‘which
stress the transistor. To alleviale this.problam a
{urti-on snuhber (Fig. 2A) is added which consists
of a serics induclor in scrics wilh the transistor.
Now, when the thansislof is {ufr\('(l ott, the 'series
inductor opposes ;iny ctvrent change throughitself,
thereby delaying:the cutrenl build- -tip.. This allows_
Ihe lransistor lo réach saturated voltage level before
its current raises appreciably. Thus simultai eous
occurrence of Iarre current and voltage is ave ded.
When the {1t asistor is on, the ctierent thy »ugh
Lthe transistor is maximum and the vol age across
its colleclor-emitl :t is minimum. But when the tran-
sistor is turned o'f, the transistor collec tor voltage
raises fast befor: its current ¢an redice to zero
resulling i simuliancous.occurrence of large cur-
rent and vollage. This is teduced by using turn-of{
snubher (Fig. 2B) which is a RCD polarized snub-

ber. Naw when the transistor is turned off, cpllec- -

tor vollage trics o raise, the snubber diode forward
hiases, capacitor hiolds the voltage and dela: s the
vollage raise acdéepting some of the collecto - cur-
renl. Thus simultancons occurrence of larg~ cur-
rent and large voitage is reduced. Ind addition, some
afl the energy noymally dissipated in the transistor
is stored in the capacitor. Subsequent] 7, whi n the
transislor turns o again, the capacitor disct arges
through the resictor dissipating the stered erergy.

[

i

[ —
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A.i'the Ipush-pull transformex is dc conpled,
most aften the core of the transformer walks into
satura :ion at high power and voltajee levels. Hence,
a flux jmbalance correctfqn circuir is employed to
+ protect from this problem. This regulator in addi-
. tion to above feattires has over-current and short

circuit prote ction. Also it has a smooth startup cir-_

Cuit such th: t it does not demand large inrush cur-
rents vhich requires large input filter capacitor.
" A stead i state duty ratio of 70% is used in the-
desigr in vit w to achieve less harn.oaic generation

. in the output. The Fourier analysi: shows that: the
highex: the fluty ratio—the lower. the harmonics
gener: ted, ard filtering becomes easyl Though a
higher, duty ratio might have been sclected, (o allow
enoug]n flexibility for better transient response, .
70% i. selected. The off-line switcher which uses

3.0° Design of Off-Line Switcher

Various building blocks are considered one
after another.

3.1 Transformer

At frequencies above 20 kilz, eddy current.
losses are much greater than hysteresis losses. This

- can be minimized by the use of very thin laminated

cores of 1 or 2 mil thick. A comparison study is car-
ried out to help in the selection [2,3] of the proper
material and the resulls are presented in Table 1.
Following are the design specifications for the
transformer core selection:

Power Qutput = - 2800 Watts

a PWM push-pull converter power stage is de- Operating Frequency (F) = 25000 Hz
signed to operate in continuous inductor conduc- Operating Flux Density (3) = 4 kG
tion mode over complete oulput power range and Lamination Thickness = 1 Mil
is duty ratio programmed. With the specifications Curie Temperature > 300° C
included in 1he jntroduction the design of various Minimum Core Lossés =
building blo :ks is dealt with belo »: Smaller Size and Weight
H a - t
i ) S Tabla 1. Characteristics of Magnetic Materials.
Matertal Saturntion Core Losses  Smallest
By ' Flux Recommended w/lb. at  Thickness Curle
Trade Density Operafing 5 KG Avalipble  Temperature
Names Composition (KG) Frequency 25 kHz {MiL) 0°cC.
1. Selettron %S 15:18 60-100 Hz ~  300° 1 450
Magnesii 97% Iron
Microsil ’
Supersil .
2. Onhpnal . 50% NI: 14- 16 60 - 8000 Hz 160 M 500
Deltamax_ 50% lron
49 Square Mu , .
3. 4 - 79 permalioy’ 79% Ni 66 - 8.2 1 kHiz 75 kHz . 55 1 460
sq. permalloy 17% lron
80s8q. mu79 4% Moly.
4. Sup?rmalfoy : 78% Ni 6.6-8.2 1 kHz - 75 kliz 35 1 360
o . 17% lIron
P 5% Moly. .
5. Supermendur 49% Co 22-24 0.75 kHz - 1.5 kiiz # 2 940
: noo 2% Va ‘
i o) 48% lron \
8. Feyrite Corest Mn Zn 3-5 10 kHz - 2 Mkz ~ 88 300,
RO Ni Zn . 3.5 200kHz- 100 MHz  ~ 08 450
' c.” ! ) ' 1
'Exlria'rl'olnle'd; !

1

# Not gvailable for 4 kHz. Seems Ios:!pes log high at this flux density & frequency.

t Maximum power handling capabllitles of presently avallable ferrite cores aro less lhan 1 kw per core.

i
f

P
i
&
n ' .
f
'

v
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To mecet these specificalions, il is clear from
the comparison Table 1 that Permalloy 80 is op-
timum choice to keep the core losses to a minimum.
Using the formuda for power handling = 13.W/B.F,
MC0017-tD C-Core has been selected. Now the pri-
mary turns (NP) are determined using Faraday's
law:

P = (VP « 107/l AC » F)
where AC = core cross scctional area in sq. cm.
NS is talculated using the primary to sccondary

95

Lurns ratio. Current density is determined using the -

formula [4]:

J = KI « AP-"" AMPISQ CM

where K] is the constant related to core confligura-
tion and is equal to 468 for C-core at 50° C. AP is

and the wire gauge is given by:

AWG = IRMS/J

and

IRMS = SQ RT [P/D)]

Core losses are found from the data , core logses per
pound provided hy the manufactirer. Details of the
transformer are summarized below:

Core MCOQ17-1D

AC = 3.2CM?

VP = 1685V

WA = 5 CM?

NP = 14 turns of a rectangular wire (EQ #9
AWG) .

NS = 35 turns of #14 AWG

RP = 0.0033 Ohm

RS = 0.0256 Ohm

Window factor is 51%

. Copper losses = A12W
Core losses = 144 W
B operating = 3.75 KG

98

_the area product in CM?2 and is cqual to 2.52 CM2%%,

i [N

" . ' -:1'&‘"’]
Lo

i
3. 1 1 Transtoriner Wlnd'r\dI
Tichinlque | ' 1 i

During turn o!f, low leakage mduct‘fnce Plp% o

hy reducing voltage stress on power tranmto{‘ and -

snubber diodt. V'hereas, dufing turn :on, Ilngh ;‘_.

leakage inchutctance hclps by reducing cun ent strees
on the power transistor: It i not phymmlly possx-
ble to provide variable leakage. mddctance in. the ‘
transformer. So, it isbetier to reduce the leakage
inductance of the {ransforther.as much aé possible. . .
‘Then, by means of a separale swmgmg} hoke toh-

necting in seri€s. it is possible to tak'e care of |

variable inductancj: property during “o and foff”
to minimize stress on power transnstor and snub
ber diode. TS

Close couplihg betweeri primary and ';eco;ll'iarj'
is necessAry to reduce the leakadge inductance of the
transformer. This is achieved by interle: mng both
windings and evealy spreading over beth legs

For exaimple. following are the measurcd.
leakage inductances for two types 0( wmdmgq by .
a bridge. r 4

A) Leakage inductance when bolh wmdmgs on
the same leg withe ut interleaving (pnmary hrst and
secondary on lop) is3 pll.

B)-Leakage mductance when both wmdmgq
cvenly spread over oi both legs with interleaving
is 0.9 pdl. '

P -

3.2 Reclif callon 3

Full-wave re tification can be achiever:i sing
two cnnhgm atines, i.c., one consisting of a tunter
tap translormer ¢ r*mndary {ollowed by use bf two
recliliers approp iately, and second cc‘lsfshng of
a non-center tap sccondary followed bj the Lme of
bridge rectificrs. Though the second cd \flgdr:xtlon
uses more semiconductor devices, the first con-
figuration cduld tiot he uscd because the ratmgs of
the dindes shall e two times the secomhry volt-
age. This comes to 840 V and there 4re ﬁ(l fast .
recovery diodes available at this voltay«- jevel W|th
a current of around 7 amperes. Hence, full- vave
reclification using bridge rectifiers has been

_selected. In this case the voltage nlmg of (he diode

is 420 V only.

EEON 3

5 el

1.
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3 .1 Fllter Design

| Fhe less the current ripple the less the stresses
ot lhe power transistors and diodes. To have a
To ver output ripple voltage and current, a two stage
"LC filter is chosen. A maximum current of 13.5 A
is hssumed as the dc current is 10 A correspond-
ing to 2.6 kW. A voltage drop of 5 volls is assumed
across thz second filter inductor. Now the value of+
the first .nductor is calculated using the formula:

| L = VL« dTur

[l

where V1. is the voltage across the inductor, dT is
the on duyation and dI is inductc.c peak-to-peak cur-

“ren .. Assummg a 3% voltage rij.ple across the first

filtr capacitor, the valuc of, the capacitar is

! dVvC

- !
whcre dl is the inductor peak- to- -peak current, TS
is the sw1tchmp period, dVC is the ripple voltage
across the capacitor. Following, are the values of
the inductor and capacitér:

.E: ‘ C=dl.TS/8

(3

; L = 300 pH and C = 2 uF

Now let us; check whether this value of inductor can
keep the system operating in continuous inductor
conduction mode. This is true il'[2 L/R. TOFF] is
greater than 1. This constant, came {o 1.5 at

minimum load and 3.2 at full Iqad.

3.3.1 Core Materlsl Selection

Comn:only ferrite and molypermalloy powder
(MPP) core materials are selected for filter induc:
tors used in pulse-width modulal 2d (PWM) switch- )
ing regulators. MPP cores operating with a dc bias
of 0.3 tesla have only about 80% of original induc-
tance with very rapid falloff at higher densities.
Compared to MPP cores, C-co es an{ cut cores
fabricated from grain-oriented sil‘con steel have ap-
proyimateiy four times the us 2ful flux density.
capab;hty whil€ retaining 80% »f the original in-
duct mcc it 1.2 tesla. Silicon steel cores also pro-
vnde grcater ﬂexnbllnty in the design of highs

frequency induetors beeanse the air frap ean he ad-
justed at any desired length and because the
relative permeabhility is high even at high dc flux
density. Use of these cores will result in smaller size
and weight. However, the design of an inductor also
frequently involves consideration of the effects of
its maguetic ficld on othe. devices near where it
is placed, as it can be picked up by the nearby cir-
cuit in_highly dense electronic package. For this
type of design problem it is frequently imperative

* Lo use a toroidal core. The magnetic flux in a MPP

toroid can be contained inside the core more readily
than in a C-type core, as the winding covers the core
along the whole magnelic path length.

Ferrite E cores and pot cores offer the advan-
tage of low cost and low core losses at high frequen-
cies. However, there are no cores commercially
available for kilowatt range power applications.
Hence, MPP coré has been selected for the pres-
ent application.

3.3.2

First, the energy handled by the inductor is
calculated using the formula LI? where L is the in-
ductante required with dc bias and 1 is the max-

Inductor Design

imum dc current through the inducfor.”A core:

material of molypermalloy powder is chosen for this
application as mentioned above because of its
distributed air gap which supports large dc bias.
Now using the dc bias core selector chart [5] and
as highest permeability of 60 . is selected. The

number of turns to gel the required inductance is ]

calculated using the formula:

N - io*/ L
Lisoo %X % permeability

where T, = desired inductance in-uI1 at no load,
1.1000 = nominal inductance in ;H per 1000 turns,
and % permeabilily is obtained {rom permeability
vs dc bias curves [5]. De bias or magnetizing force
is calculated using the well known Ampere's law.

04 .« NI

H =
: 1

99
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magnelizing force in oc
= number of turns
I = peak magnelizing current in
amperes
mean magnclic path in CM

where 11

if

I =

From the above two equations it can he scen that
% permeability is a function of H and Il is a func-
tion of N, which is to be calculated. Ilence, these
two interdependent equations have been solved o
calculite N. Assuming a window faclor (WF) of
40%, knowing the core window (WC) in circular
mils, value of N,-wire area (AW) is calculated in
circular mils-using the formula:

WE = (AW - NJWC

Core losses are determined using core loss chart
which permit calculation of core loss in ohm per
millihenry and in walt per pound. Thus fosses in
watt per pound is given by:

1 IPRx10-%

Pc =
B = Erms x 10°
— 4 AcNSf
Erms = \/-1)(w4)2 + (= D)VI-Y

Vollage across inductor during
swilch ON time

Voltage across inductor during
swilch OFF lime b

where VI =

Vi- =

Following similar procedure the second stage (il-
ter is also designed and details of filter inductors

are summarized below:

Inductor 1
55083, 60 x MPP Core
M type Temperature Stabilized
WA = 842700 CIR MILS
AC = 1.072 Sq. CM.
LM = 9.84 CM.
Core Wt = 0.206 ibs.
N = 85 of #14 AWG
Core Losses = 2.3 W
Copper Losses ='4.3 W

1

100

i ‘i : ' v . :.’.:':!‘4\
i ." . :' ;
l’ormcablhly A9% : t Full Ln.\d bow g L
BAC = 910 Gauss | R |
L. = )8") k1 with o de l)i"fq'_ vl I o

Inductor Weight = .39 1. ; '; .

i

N EER:
lnduclor 2 g

083 60 5« MI'P Core oo

type, Temperature Stabtlwed oy
WA = 842700 CIP® MILS )
AC = 1.072 Sq. CM. Lo
LM = 9.84 CM. _ A
Core Wt = 0.206 'bs. ' ‘
N = 60 of #14 AWG ‘
Core Losses = Negligible
Copper Losses = 1.7 W

- -

i’crmeability 56% al Full Load :‘r L B i

BAC = 40 Gauss A
I = 292 p11 with no de bias. "~ 4,

Inductor Weight = .34 1. \ @ Lo 4

3.4 Snubber Diode Deslgn

The 'snubber diode in the push-pull ronvgr{er
provides a low impedance path to the sn lbber ca-
pacitor and thus performs an essential function of
allowing the turn-off current to flow throughi the

« capacitor when thé transistor (Q1) turns off.; The

voltage at the anode end (D1) gradually incréases
and reaches input voltage. When the opposite tran-
sistor (Q2) turns on, the voltage at the anode end
(D1) becomes twice the inpul voltage bcause of
aulo transformer ¢ clion. Further, in the practical
transformer, leaka re inductance is not 1(Ieall); 2éro
resulling in a voltage peak ranging from 2.1 to 2.7
limes the injput veltage. Thus the dlod(- shall e
rated for this high vollage and to a pcnk current
raling equal to the current through the transistor
just before its turh off.

- i
i

3.5 Shubbhr Design o

it should he n,)lcd ihat the snubber designed
to reduce transistc r stresses during turn on ;(( nds.

to increase the st1ess during turn off, i.c.; encrgy
stored in the shun’ capacitor increasés the tun -on

current and energy slored i the series ir ductor in-.

creases the turn- [f voltage. ' ‘
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¢ A,"nor.nal" size turn-on indu.:tor is defined [6]
ag that which allows the transistor current Lo reach
its fi lal value'al the same tim - as the voltage
react =g zero, The “‘normal’’ size uf lurn-off capac-
xtor it also sxrmlarly defined.

As per the dehmtlon the no* al sizes are:
ISR

lnduct'mce LN = VIN - ’I 2 - lP)

‘Capacitance CN = IP . Tl(2 VIN)

where [P is the current just bcfm(' {ransislor
turns-off. .

T = 1.0 uS (assunnd)
It is found that the overall losses will be
minimum wl.en losses in switching cransistor equals

the losses in snubbers [6] and thus the optimum
values of L and C are given by:

"L = 4/9 LN and C = 419 CN
Calculated values of . = 1.1l € = 0.045 Ao

Detalls cf the snubber L,C as used are sum-
"marized’ below

Series Inductor

Core 55120-M4
LM 4.1 CM
' AC 0.192 .5q. CM \

Core Weight  0.24 02
H -118 oe
o Lo 1.3 ptlat Full Load
o Number of Turns 11 of #14 AWG
Shunt apacitors 0.05 ;JI .
! 'z’:.',
3.5.'1 Transl_sto_r and Snubber
i 'Y Losses Y
“Trai Slsto; energy loss during t.arn on
E(TR ON) = VIN « IP « TS/2) (1 - (4/3)
§o SQRT (L/LN) + LI2 LN)) '

.’,

L

: Transxstor energy Joss dunng turn off
(TR = OFY) = VIN - IP « TS/2) (1 - (4/3)
© 11 TSQIT (CICN) + CH2 CM))

PS—

Energy stored in turn on snubber -
E(L) = L » IP%2 « VIN . IP « TS/ (L/LLN)

Energy stored in turn off snubber
I(C) = C-VIN%2 = VIN « IP * TS/4 (C/CN)

Power loss in transistor during turn on
E(TR-ON) / TS
217 W

It

Power loss in transistor during turn off
= E(TR-OFF)/ TS
= 2285 W .

Power loss in transistor during on period =
12w .
Total Transistor Loss = 56.55 W

Turn on snubber loss (both sides)
= B(L).2/TS
= 40 W

Turn off snubber loss (both sides)

= E(C),2/TS
= 372 W <

Total snubber loss 2 77.15 W

3.6 Base Drive

The circuit should he simple and reliable. The
on and off states shi\ll be ensured with no false trig-
gering due to noise'or other effects. A positive cur-
rent pulse with proper rise time is required for
proper swilch turn-on and relatively large negative
base drive is required for fast turn off. The design
and operation is self-cxplanatory from the circuit
diagram shown in Fig. 3. To suppress the linetran-

sients, the base drive circuit uses bypass capacitors

at appropriate places.

4.0 Component Selection

4.1 Power Switching Transistor
As described above, the power transistor

101
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Fig. 3. Detalled clrcuit dlagram. of the off-fine switcher.

switch is the component which is stressed most.
These stresses are of three kinds:

a) When the transistoi is off, Iower leakage
current and input voltage.

b) When the transistor is on, large on current
and collector to emiller saturated vollage.

c) Whep the transistor is turning on and when.
turning off. This is the transition state, during
which largé voltage and large current are
simultaneously present, stress the transistor {o a
maximum,

IFrom the design data and survey made to locate
a suitable transistor as a power swilch, having
selected the push-pull counfiguration for power
stage, resulted in the selection of PTA4503
PowerTech transistor, which meets all the design
requirements.

4.2 Dlodes

"Motorola MR1376 diode has been sclected to .,
meet the requirements of rectiier diodes as well

as snubber diodes. Following arc the characteristics
of MR1376 diodes:

Maximum Current = 12 A

102

1
M1x|mum Reverse Voltaye =" 00V ‘ |
Recovery Time = 300 nsec | v
H ) '
1
4.3 Capacitors !

Polypiopylenc low ESR cap acst()r ! wxlh hn’
ripple cur-ent capabilily have een selected h
power (iltc r stage. Stabilized myl ir cag acitors ha
been used in the control cir-uitry.

,, |
4.4 Control IC , ;

There arc many manufacturers who produl
integrated circuits for use in switching power si»
plies. Fron the past experience of using varing
contro!l ICs and from the qtudy corried out resull {
in concenlraling the comparison of such regulali
pulse wxdlh modulator 1Cs to only the following lct
ICs from 'third and latest generation. They an
1524, 1525/1527, 1526 and 1525A/1527A. Eachd
these ICs contains all the control cfrcuitry for d
regulating power supply.’ This includes the
stabilized voltage reference source, error amplifiés,
oscillator, pulse width modulator, pulse steaing
flip-flop, dual alternating switches and shut dewi
provision. Jse of blanking pulse o both outputs en
sures that *here is no possibility of haying both o
pits on simultanecusly during transitions.

o

3

K3 s
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“addition to these common features the companson

in ’f‘able 2 shows some of the different features ea(‘h 1 output
of thesie fow ICs have. F rom the t..ble we seleqted " : Yl

+ i

1527A. for cur apphtatlon as mott suitable I(’E.';:

4.5 Optolsolalor v t

6NlS4 dual channel hermehmlly sealed | op-
tically coupled logic gate has been 'selected for ol
taining complete input to output! isolation. This
optotsolator i3 more suitable for the present applica-

. tion compar: :d to other optoisolators. It has 25 mA .

drive cap'ablhty {each channel) with a current
transfey ratio of about 400% and is *f inverting type
with a light emitting diode and a «. nique high gain
integrated photon detector. The oulput of the detec-
tor is an open collector Schottky cla nped transistor.

Tl\is unique dual coupler desig 1 provides max-

imum dc and ac isolation between each input and

(RN

: 50' Compensation

Tor a system Lo be stable, the loop gain shall

’Iall be]ow unity by the time total phase shift of the

system reaches 360 degrees. The power stage fil-
ter has a torner frequency of 5.2 kHz and gain °
decreases with - 40 dB slope starting from that fre-
quency. Conventional domiriant pole frequency
compensatidn is employed! to stabilize the
switcher. Dominant pole frequency and the overall
loop gain are selected such that the loop gain
crosses the zero dB linc at about 2 kHz with — 20
dB slope. A pole-zero pair is placed such that pole
starts at zero frequency and zero frequency lies
below the dominant pole frequency This increases

Table 2. Comparison of Regulating Pulse-Width Madulators. |

Pararogter | 1524 : 1526°
Lalches PWM No Yon
lo provi nt
multiple ptilsas.

Indepenident No - deadlima I¢ a -Yos
dead tin e ‘ tunction of timin,

“control capacitor '

" Commo i mode 3.4 V maximun.

Up to relerence

1525A/1527A

1525/1527
No * Yon
Yes Yes

Up to reference Up to relérence

voltage Iockoul

*This IC. has yrovision for s

lnpugr

i
I
0
9

e
t,
A

T

.range ov-error Voltage (5.1 V) Voltage (5.1 V) Voltage (5.1 V)
amplifier b

Interna! clamp Not Available Available Available : Available
diode & current

source for soft

start .

"Separale sync Not Available, b it Available Available Available
lerminal can be synch. . :

'Totempc le . No Yes Yes Yes
outpu} ;

()peralln}l . > 100 kHz . 1 Hz to 400 kHz 100 Hz to 400 kHz - 100 Hz o 500 kHz
trequenc ¥ -

Prasqnc ' ;0' Yes. Sensing i¢ Digital current No No
Intornat tirront poasible only In limitling with wida . ’

limiting mnpll"or ground lina \ curront Hmit

. I i ' . _common modo
range
Input under No -Yeos No : No

ymmelry cofrection inpuls. PWM comparator has hysteresis. TTLICMOS compalible logic
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Fig.18. An Intogrited system for diglta, shunl regulator,
charge regulator/discharge regulator, a'fd battary.

the chief advantage of a mlcrop.]’o"essor b1sed
system. v

The advantages arise from the a'bility to replace
hardware with software, permi.ting decisions
related to design parameters to be made at a later
stage in the project. For example, if the system re-
quires a modification, the chanie can be im-
plemented Ly changing the software only, or at
worst, softvzare and minimal hardware. Such
modifications are simple and less time consuming
to implement than previous solutiorfs which involve

MULTIPHASE OPERATI(?N OF SELF-

Introdtiction : :

With the co.itinual improvement in the degree of

sophistication, new demands are being made on the.

power conditioning systems such as switching
regulators and dc-dc converters. Switching
regulators have continued to gain popularity despite

their fendency to generate EMI, Lecguse they ex-

hlblt or offer high efficiency over a wide range of

major hardware design changes. Thus the system
capabilily is enhanced, flexibility is increased, and
the design is fasler and less expensive than the con-
ventional approach. Moreover, the system can be
modified in real time in response to natural com-
ponent degradations or to anomalies.

Since the microprocessor need not be dedicated .
to the regulator, it can simultaneously be used
for battery management and for charge reg-
ulator/discharge regulator control. This feature
reduces overall component count, simplifies
assembly and testing of the unit, and results in
significant time saving. Because the overall system
component count can be reduced the reliability can
be increased. Implementation of a redundant
system is easily done to further enhance the high
reliability of the power system.
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OSCILLATING SWITCHING REGULATOR

input voltage. Low power loss also eliminates the
need for large heat sinks and reduces the cosl of
the unit. In addition most of the significant -
developments in monolithic IC regulators have fur-
ther enhanced the usc of the switching regmlators.
Because of power handling limitations of semicon-
ductor devices, such elements are quite often used
in parallel in switching regulators to meet the high

power requirements. In such a situation, the power
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is shared in phase between the power handling
devices, since all of them switch simultaneously.
This simullaneous switching action creates prob-
lems in filtering and electromagnetic screening.
Multiphase operation is employed primarily to min-
imize these problems.

The principle of multiphase operation of power
conditioners of driven type has been already
reported 1, 2, 3. Reference ? has dealt wilth a
driven type mulliphase PWM shunt -regulator
whereas reference ? dealt with a driven type two
phase 100 wall PWM boost regulator. But there
is no report of multiphase operation of the self-
oscillating power conditioncrs. Self-oscillating
power conditioners are preferred {or their reduced
complexity, size and cost compared to driven type
switching power conditioners. The multiphase
operation of sclf-oscillaling power conditioner
(switching regulator) is described below.

Theory of Operation

The principle of multiphase operation in self-
oscillating power conditioners is implemented for
PWM buck lype regulator and similar implemen-
tation is possihle for other system of power condi-
tioners like PWM shunt regulator, PWM boost
regulator, etc. The proposed PWM buck type
regulator has been designed to work either on
regulated bus or on an unregulated bus. Figure 1
shows a two phase version of the buck type
regulalor which can be extended to more number
of phases as shown in dotted line. i comprises a
‘ratio network Lo reduce Lhe output voltage, a
reference vollage source (Vref) and an error
amplifier IC1) to provide the PWM control signal.
This signal is given to switch S1 and also to the
phaseshift network. The phase shifted control
signal is given to the switch S2. Thus the series

Extracted from Ph.D Thesis of .R.K. Chelly, entitled
"Spacecraft Power Systems—Some New Techniques Sor
Peformance Improvement,” Indian Institute of Science
(1.1.Sc), India, 1978. Portions are reprinted with permis-
sion from the Procerdings of the third ESTEC Spaceeraft
Power Conditioning Seminar, ESA-SP 126, pp. 149 153,
Sept 21-23, 1977.
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switches St and S2 will be ON for a fixed duraion 3
and OFF fdt a fixed durdtlon, but inot !
simultancously. T1 ere is 4 finite time lig betvten .
lhc two switches St and S2; decided by the phase.
shift network which can be controtled but the duty
cycle is maintained 1f the self- -oscillating [ reque 1cy
is {(=1/T), then the time delay adjusted is 12

JDhecause this regulalor is of two phase v itsiotr. If

this regulator is of 1-phasc version, then the phase
shift or time de'ay from each other switch
(51,52,.....8n) 'vill be adjusted to Tin.

The sell-oucillting frequency of a regulator
working oni a regulated bus is almost constant,
while on unregulated bus where the bus voltage

varies over a range, the frequency varies ovetl a
small range. If a sell-oscillating switching regulator
of the type; what W.A. Peterson desctibed *, is
crployed then the oporalmg [requency is qtabxhzed

'
t
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Is shown in dotted lins. '
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even if the input voltage varies'. In anir case, the
phase shift or delay is adjusted with respect to
higher fre Juency or lower period. The effect of this
mode of cperation is that the current is pumped se-
quentially into an output load a. double the signal
frequency. If there are n simila; units, then the ef-
fective fr.quancy is n times the signal frequency.

De: cription of Phase-Shift {letwork

Figure 2 shows the schematic of the phase shift
network. This network consistslof two monoshots
and two exclusive-OR gates. ’1;‘he PWM control
signal shown in Fig. 2A triggers both monoshots.

- Monoshot-1 is positive edge triggered and its out-
put is shown in Fig. 2B. This is exclusive-ORed
with the input PWM control signal and its output
is shown in Fig. 2D: Monoshot- 2 is negative edge
triggered and its output is shown in Fig. 2C. This
is exclusive ORed with the outj ut of the previous

PWM____
. Signal

¢ __ . Phase Shifted
PWM Signal

'
PHASE SHIF TING NE TWORK

)

!

I 3 W A

e— 1l —=
o T ]

(2)

] ZNNT

: (8)
| 1T i
. (c) ‘

G-Aep
R o,
(d) .
£<CeD
L
: Pt ——1
-1 T—
2 (¢)
Fig. L. Pha:e shifting network and .ts waveform at dif-

lerent points.

exclusive-OR gate output and is shown in Fig. 2E.
Thus Fig. 2E shows'the phase shifted PWM con-
trol signal whose duty cycle and frequency are the
same as the original PWM control signal. The out-
put pulse width of monoshots are adjusted to a
period equal to T/2.. ' :
Any type of monoshots can be employed here,
‘i.e., using a single NAND gate to twp NAND gates
or monoshot IC(SN74121) or discrete version.
Similarly the exclusive-OR gale can be SN7486 or
discrete version 5.

Deslign

The following specifications are cons\l_dcred for
the design of two phase self-oscillating siyitching
regulator. y

“Input voltage (Vin) = 20 to 30 volls

Output voltage = 12 volts
Output current(lo) = 1 amp
No. of phases =072
Maximum output current = 1.1 amp
Output regulation = 1+ 1%
Output ripple (Vpp) T o= < 100 mV

- at load current
Frequency of operation = 4-8 kllz
Effective frequency
of operation = 8-16 kliz

The control block shown in Fig. 3 is used to
sense the output voltage and to provide a pulse
width modulated signal which when used to con-
trol the transistor switches in the power stage,
results in a regulated output 'véltnge (V). An IC
regulator is used in the design of this block as this
is small, efficient, can switch very fast. This IC has
also a built-in temperature compensated voltage
reference source (V, ). Scaled down ontput volt-
age V, and built-in V. scrve as inputs to IC
regulator error amplificr. The output of IC
regulator is a PWM waveform. The frequency of
the PWM waveform varies as a function of input
voltage, output voltage, load current, ripple require-
ment, hysteresis of the IC regulator error-amplificr,
the values of the -output filter network, Small
positive feedback is applicd by employing R7 and
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Fig. 3. Clrcuit diagram of two phase self-oscillaling Switching Rogulator.

R8 from the output for positive oscillations. The  keep the weights ¢f inductor and capacitor to a
frequency is chosen deperiding upon fhe frequency — minimum. The value of C1 is selecled experimen-
response of the available components, mainly the  tally for proper frcqncncy compensation. The value
power (ransislors, swilching diodes, clc., and to  of C2 and C3 are selected experimentally for keep-

Table 1. Performance of Two Phase SoH-Oscllln!lﬁg Swltchgng Regulator. {

Vin Hin Vo lo n
{Volts) (mA) (Volts) = mA) (%) '
18 800 11.93 1000 81.0
20 740 11.95 1000 80.7
22 685 12.01 1000 79.7 o
24 " 625 12.09 1000 789 . !
26 585 12.09 1000 78
28 530 11.95 . 1000 78.8

30 500 11.93 1000, 77.8
. !

Self-osciltating frequency |

changed from about 41085 kHz .

Regulation (Vin = 18V - 30V) = < +/-1% : 1
Ripple (Vin = 18V - 30V) < 60 mV

i
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Table 2. Comparison of Conventional Approach
and Mumphaso Approach for 4 Phase Operation.

Components roqulre\d for ’ . il 'Ih'
. Conventional Approach “

1 Regulator IC
8 EX-OF gates

6 Monoshots
4 Drivers

’ Mulllphnu Approach

2 Vultage referonces, "' |

2 J-<Flipiops ; ,* !

8 NAND gates . f
. 4 Sawtooth generators

4 C)rmparators

4 D.ivers

ing the output ripple to a mnﬁnium The values of
L(L.1,L2) and C7 are calculated using the formulae
given below:

i

L = (vln - Vo) Vo '
2 - f ° aon;ax - Io) vin
i (Vln - Vo) Vn
C7 =
8.V, cL-frfo(V _V)

where V, is a hysteresis of the IC regulator error
amplifier.
Experimental Results

Figure 3 shows the detailed circuit diagram of
the two phase self- oscillating switching regulator.
. This reg ilator was built and tests were carried out
to evaluzte its performance. Tuble 1 gives the per-
formanc.: of this regulator :s observed under
various input voltages. It is eas: to see that the per-

formance closely follows the specifications.

I ] ; iThe principle implemented here for buck type
sel§ pscnllatmg regulator, can also be implemented
i |for hoost and shunt regulators. Implementation of

1 Eiror amplifier f' oo thlS| prmmple to the driven type switching

[regulators reduces the parts count which is clear
‘from Table 2 of comparison of conventional ap-

\ proach and multiphase approach for a four phase.

operation.
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DC-DC ('ONVERTER MAINTAINS HIGH EFFICENCY

ln!rodu&tlon

Dc-dc converters are widely e. nplayed in applica-
tions where there is a need for a particular voltage
to operi.te an electrical or electronic system or
equipme nt than the source voltage. Thus the dc-
dc conv: rters are used for stepping-up, stepping-
down an{ for electrical isolatio 1. These converters,
wien si pplying constant pover load, such as a
PWM s witching regulator, exhibit a lower effi-
: cienty gt high input voltages than at low input
vcltages. The PWM switching egulator draws con-
stant power’over a wide range of input voltages.
A wide range of input voltages i is normally expected

i

o B

when the spacecraft passes frotn sunlit portion of
the arbit to eclipse, or vice-versa. Under normal cir-
cumstances, the converter has to supply a constant
power to the load, even when the input voltage
undergocs large variation hecause the power load
does not care for the input vollage variation and it
takes always constant power.

The approach to the design of dc-dc converter
presented here overcomes the above mentioned
limitation. An analysis is carried out to show that
the efficiency of the conventional converter
decreases as the input voltage increases. The con-
ditions are derived for maximum efficiency over a
range of input voltages. A control circuit is designed

128



106

to satisly these conditions and the results of the
practical implementation are presented.

Conveiter Operation

Figure 1 shows a simple dc-de converter which
is a free running multivibrator that utilizes the
saturating effect of a transformer core and the
switchihg properties of tlie transistors to generate
square wdves. The square wave can be
transformed-up or -down and rectified to produce
pure dc. In practice little filtering is required. As
the converter uses transistors and square loop
magnetic cores, it operales successfully at higher
frequencies, and hence is lighter and more efficient.

Analysis
Consider the dc-dc converter shown. in Fig. 1.
Let Po beé the output power, Pin the input power,
and n, the efficiency of the converter. Then
Pin = Po/n (1)

The collector or primary current, Ic, neglecting

Constont
Fower 1 nad

J

Fig. t. Conventional dc-dc converter,

Extracted from Ph.D) Thesis of P.R.K. Chetly, entitled
“"Spacecrafl Power Systems—Some New Techniques for
Peformance Improvéement,”" Indian Institote of Science
(1.1.Sc), India, 1978. Portions are reprinted with permis-

" sion from  ELECTRONICS, Jan. 3, 1980. Copyright

© 1980. McGraw-Hill Inc. All rights reserved.
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Vee sat of the transisto “to simpli(i{ the cafcul:\tipn:.
is givén by the relation E

; i
Ic = Pin/Vg = Pofni # Vg] (2) i

where Vgis the input voltage. Hence;‘t‘he basi: curf‘

rent should be . b ';:f

b = 1c[WFE min] = Polln - Vg « hFE mink3 |

where hIFE min is the minimum shortcircuit gain
at Ic. The base drive is.usually made equal to twice
the maximum basé to :mitter voltage of the tran-
sistor plus starting diode voltage drop, Vd, to te:

duce the éffect of differences in Vhe between the.

two transistors. Therefure the feedback voltag-, VI,
is equal to [2Vhe max -~ Vd]. The base resist r Rb
is chosen to drop apprc ximately V/2 and hence ié
given by l

Rb=[n - Vg « V[ - hFEmin)[2 ¢ Iof4)

Rewriling

n=102"+ Po+ RtPVg-- VI - hI‘;Emi.n}(ﬁi
or .

n = {2 P'o- RbjiVg *+ Vg « k
* hFEmin] (6)

since Vf = k - Vg wlere k is the feedback turns
ratio. From Eq (6), it is clear that the efficiency of
the converler is inverse'y proportional to the scquare
of the input voltage as the remaining patamelers
are approximately constant. Thus, if the convérter
is designed for an input voltage Vgl and is used
over arange of input v« Itages higher than Vgl, its
celficiency decreases with the increase in input
voltage.

To derive the conditign for maximum effi-
ciency, the first derivative of the Eq(5) is set equal -
to zero. Thus Eq(5) cii‘n be wrilten as | '

n = cVg * VI] @

where ¢ is équal to[2 * Po * RbYHFE min] and
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o

" is approximately constant for a particular circuit.

Now maximizing the efficiency, n,

- .___._C.___..L.. (dvD
Ve - VO - YD

Rl

n =

’ e @Vg) =0

(Vf+ Vg - Vp)

Therefore
| ([dVg/vg] = [dVEIV] (8)

When'the input voltage changes, say from Vgl
to Vg2, and the corresponding feedback voltage
from Vil to V{2, by integrating Eq(8) and apply-
in "the .imits results in,

[(Vg2/Vgl] = [VI1 V2] (9)

“This means that the feedback voltage has to be
chinged to correspond with tae changes in input
voltage such that it satisifies Eq(9). Thus, if the
fecdback voltage has to be programmed, it is
necessay to have a number of tappings on the feed-
back winding. This is a comnplicated and non-
practical solution. Again there is a minimum fced-
bazk voltage which is required for the converter to
fuction well. Of the other tern s in Eqg(1), Po is con-
st: nt an 1 hFE is almost const: ni. Therefore Rb is
the only parameter that may b:: considered for pro-
gramming. -

Using; Eq(5) ahd maximizing for n with respect
tq Vg and Rb, and keeping V(s a constant, results
in .

1 [dRb/Rb] = [(2, * AVg)Vg] (10)

Thie means, for two specific values of Rb(Rb1
and Rb!) corresponding to Vil and Vg2,

[Rb2/Rb1] = [Vg2/VglP (n

i.¢., the resistor, Rb, is to be ‘raried such that the
ra io of minimum to maximu 1 values is in direct

proportion to the square of the ratio of minimum
to maximum input voltages. Obviously the required
variation in the value of Rb is non-linear. Thus the
base drive has to be'controlled as a function of in-!
put voltage per Eq(11) to achieve maximum effi-:
ciency over a wide range of input voltage, the g
implementation of -which is dealt in the following
section.

Practical Implementation

A control circuit is designed to satisfy Eq(11)
and is shown in Fig. 2B. Three transistor
(Q3,Q4,Q5) controller and two active base resistor
hetworks diive Q1-Q2. As V‘l increases, the volt-
age at point b’ increases. R2 and R3 are selected
so that Vb is about 1 volt at Vin min, enabling Q3

‘to operate in active region. Because the collector -

of Q3 is hiased from a reference (point a), the drive

CONSTANT-
POWER tOAD
]
'J] A8R i' : i
A
R, 0 !
a Rt . LY ‘:" L
@ Q[ | Lt
» b >o, ACTIVE BASE RESISTORS
P 8 T —3—1t
£ n Ry . A Rey
z ' fr he Y |+
Cont O
Fig. 2. New Improved dc-dc converter. (A) Block

" schematic (B) Detailed circuit diagram of control circult and

aclive base resistors.
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signal applied to Q4 varies as a function of the volt-
age applied to Q3's base. When the voltage at point
b increases, the potential at point ¢ decreases. As
Q4 and Q5 are configured in emitter follower mode
(with different gains), the switching transistors
Q1-Q2 through Q6-Q7 are driven with less hase cur-
rent. As a result; the resistarice between the points
1-3 (and 4-6) varies approximately as square of the
input vollage to satisfy Eq(11).

Only one operating variable is he determined
empirically, the vollage at the hase of Q5, Vb5,
To do this, the circuit is broken at this point, an
external variable voltage source is-connected. Vin
is sel to ils minimum expected value. The.variable
voltage source is then set just to saturate Q1 and
Q2 for a constant Po, and its value (Vh1) is noted:
The procecdure is repeated to find Vb2 for Vin max.
Now, R6 and R7 are determined such that Veqb
equals Vb1 at Vin min and is equal to Vb2 at Vin
max.

Experimental Results

Figure 3 shows the efficiency Vs input voltage
of the conventional and improved dc-dc converter.
The improved dc-dc converter exhibited almost
constant efficiency over an input voltage range of
20 to 40 volts, while supplying a constant power
of 8 watts. The small deviation in eflficiency from
constant efficiency is because of the control unit (ac-

o
.3 £ \ Improved
= 7 . Converter
H .
s n
et
E 4 Convent{onal
ulogq b Converter
wt '
'
!
—r e Sn—| ——— .
20 ﬁf S0 75 40
Tnput an!ngﬁ(vol(n)

Fig. 3. Efficiency vs input voltaga of conventional and
new improved dc-dc converters. :
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Proportional Base Driva

From the above discussions, it is clear ihat the
cfficiency of the system dr transistor can be im-
proved if it is driven just enyugh to keep it in satura-
lion, and not into deep saturation, although the
collector current varies ovjr a range. Also this type
of lransistor operation rl:duces the lransiztor's
(saturation) turn-off time s there are less excess
charges to remove. Indir ctly turn-off losses are
reduced plus the transist ors can be operatad at ;-
higher freqirencics. Thus proportional drive hag the
advantages of high efficiancy, higher .frequency *
operation, etc. The appioach employed in the
previous sections docs not employ any transformer.

However, recent proportional drives emplay
transformer and the whole operation of proportional ..
drive depends on transformer coupling. In this type
of proportional base drive, which is shown in Fig.
4, the transformer has three windings, i.e., trigger
winding, base winding and collector or emitter
winding. Through the trigger winding a nar1ow
drive pulse-is applied which starts the transistor
conduction. As the collect ir current builds up, due
to coupling, the base wincing develops base dri e
proportional to collector ct rrent. This coupling and
the transformer action cortinues as long as the c )l

Collector
Winding

I

1
Trigger '
Winiding !
J

Base
Winding

.

Flg. 4. Proportional base drivi. using lrarisformer. ';
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lector current varies (increas::s only or decreases
only). The transistor is turned-off by applying a re-
vrse bise current through t e trigger winding.
Th:is, the transformer coupled proportional
d-ive czn be used only if the ccllector current varies
ir. each switching period. How::ver, the proportional
drive described here in this pa per can be employed
e'en when collector current «.0es not change con-
+ tinuously in a switching period.

2
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: . LINEAR POWER SUPPLIES |

Introductlion

Bafore :he arrival of the swit th mode power sup-

plies, tl.e linear power supplics were very famous
and wecre used extensively. Though these are
" dissipative, they exhibit larjre bandwidth, good -
d mami.: response and high lii e rejection. Even to-
d iy the:y have been used, but only for some
judiciously selected applicaticns. Some of such ap-
plications include laboratory rower supplies, isola-
tion regulators for low level cata amplifiers, logic
¢ rd regulators, small instrunment power supplies,
a rborne systems and other power supplies for
digital and linear circuits. x

t This paper presents a power supply design
workinyg on the principle of linear regulation, The
power supply described here regulates the output
voltage down to zero volts.

Descriptlon ot Control IC

Although there are man: ICs for this ﬂpphca
t on, LM723 has been consic zred in this practical
example. This IC, as showvn in Fig. 1, is a
monolithic voltage regulator and it consists of a
temperature compensated re{erence amplifier, er-
ror amplifier, series pass transistor and current limit
circuitry. Additiond! npn or pnp pass transistors
may be used when output cutrents exceeding 150
mA are required. Provisioi s are made for ad-
justable current limiting and remote shutdown. In
addition to the above, the dévice features low
standby current drain, low t>mperature drift and
high ripple rejection. This IC. can be used as a se-
ries, shunt, switching or flo: ting regulator.

Practical Example

In most dg-input regulated powe'r supplies,

regulation is poor when the desired output voliage
is less than the controller IC's internal reference
voltage. In addition, circuit considerations usually
limit the minimum reference voltage attainable arid
consequently the minimum output voltage possible.
In thig example, however, the reference voltage is
brought down virtually to zero, to overcome both
the problems.
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Flg." 1. Block schematic of LM723 monolithic voitage
reguiator,

The LM723 voltage regulator shown in Fig. 2,
reproduced from !, which provides 12 ‘volts at 1
ampere, must be biased with a negative voltage
supply at its ~ Vin port (pin 55_ for proper opera-

-tion. This voltage is provided by the switching in-

verter shown within the dotted lines. The scaled
down output voltage is compared with the reférence
voltage. The error voltage is amplified and fed to
Portions are reprinted with permission from ELEC-
TRONICS, Jan. 19, 1978. Copyright © 1978. McGraw-
Hill Inc. All rights reserved.
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Fig. 2. Detailed dc-dc power supply schematic for regulating down to 0 volt.

the series pass transistor. The series pass transistor
works as a variable resistor whose value changes
as a function of the error voltage. This type of
negative feedback forces the series pass transistor
to drop a voltage across its collector-emilter cqual
to input voltage minus required output voltage and
thus the output is maintained at a predetermined
voltage level. .

The LM111 voltage comparator is configured
as an astable multivibrator that oscillates at a fre-
guency of about 10 kilohertz. With the aid of the
1-millihenry inductor, which gencrates the counter-
electro-mgtive force required to produce a negative
potential from switched-input voltage, the inverter
delivers a well regulated —7.5 V to the - Vin port
of LM723. ‘

The magnitude of this bias voltage is essentially

Introduction

Simple changes like adding a component ap-
propriately can improve the performance of a power
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NOTE- 2N3085 HHEEDS HEAT SINK

equal to that of the regulator IC's internal reference
voltage, V ., appearing a' pin 4, and properly
biases its voltage reference amplifier. This condi
tion in turn precipitates a condition in the amplifies
whereby V_ clamps to groynd potential. Thus the
oulput voltage may be adjusted throughout its max-
imum possible range by poténtiometers R1and R2.
Although the potentjal of V,:d as measured with re:
spect Lo ground has been changed, the circuit will
retain the regulating properties of the LM723. Both
the line and load regulation of the supply are 0.4%.

Relerence !

1
1. P.R.K: Chetly and A. Burnaba, *'DC-DC Power
-Supply Regulates dowt to 0 volt,"”” Electronics
USA, Jan. 5, 1976.

IMPROVEMENTS TO POWER SUPPLIES

supply. Two such improvements are presentex!
here, une for a linear power supply and the secon!
one for a switch mode pov-er supply.
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Pract i¢al Example-1

In powcr suppheq thie series pass transistors
and current sensmg resistors are the power

. dissip: mng lements, and déspite current limiting,

high-power {C regulators can experience excessive
power dissijation when their oulputs are shorted.
This situatit.r arises because each series-pass tran-
sistor must dissipate the power g:nerated by the'
full inyut voitage at a current slightly greater than
that for full load. Such dissipation can easily be
three times the worst case value or normal, full-
load oeratioa. .

Ts+ avoid this situation, voltag'e regulators in-
corpon ate foldback current limiting. The short cir-
cuit current depends on the current Sensmg resistor,
and to achieve a low valie of thls quantity for a
fixed full-load current, a larger sensing resistor is
needed. ‘But that component again dissipates more
power and rt duces efficiency during normal opera-:
tion. In add:tion, it requires a heat sink.

A diode connected in series, a1 shown in Fig.
1, with the current-sensing resistcr improves the

. circuit by allowing use of a smalle - sense resistor

and th reby reducing the power vissipation. For
this ex ample circuit, the savings nre:
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. Fig. 1. Addition of a diode improves current {oldback of

a power supply.

Rsense = 15 ohm, 3.75 W
dissipation
Rsense -

dissipation

Standard circuil:

Improved circuil:

Practical Example-2

As mentioned above, in power supplies, series
pass transistors and current sensing resistors are
the power dissipating elements. Though the in-
troduction of switch mode power supplies, reduced
the power dissipation in series pass transistors, the
dissipation in current sensing resistors remained
unchanged. Most of the regulators have a Vsense
of about 0.7 V which is the base-emitter voltage of
a transistor. For a fixed output current, the power
dissipation in, size and weight of current sensing
resistor depend upon (proportional to) the Vsense.
A diode connected as shown in Fig. 2 effectively
brings down the Vsense from 0.7 V to 0.4 V and
thus reducgs the dissipation, size and weight of the

current sensing resistor. This in turn incréases the

regulator efficiency.

In view of comparing the conventional circuit

with the improved circuit, the conventional circuit
is considered first. In this example, the regulator
has been designed for an output of 5 V and a load
current of 2 A with an efficiency of 80%. As the
Vsense is 0.7 volt, the Rsense shall be Vsense/lo
or 0.35 ohm. The power dissipation in Rsense is
given by (V__X1) or 1.4 watts. As this power
supply has an efficiency of 80%, the power
dissipated in the power supply is 2.5 watts (input
power minus oulput power). This dissipation is due
to current sensing resistor and due Lo other com-
ponents like series pass transistor, IC, passive com-

“ ponents, etc. The power dissipation due to other

than current sensing resistor is equal to 2.5 W -
l4W = 1.1 W

Now the improved power supply is considered.
From Fig. 2(C), V.. is equal to (IXR
diode drop (Vd), or the Ve

senae

w 15 equal to (V, -V ).

Portions are reprinted with permission from Electronic
Engineering, UK, April 1980. :

Portions are reprinted with permission from Electronic
Design News (END), October 5, 1978.
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1 ohm, 0.60 W -
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.Fig. 2. Addtlon of a diode improves the plllclency of a
regulator.

By choosmg a Germanium diode, whose forward
voltage drnp is about 0.3 V, Vsense will be ¢qual
to 0.7V < 0.3V = 0.4 V. The power dissipation
due to current sensing resistor in the improved tir-
cuit is 0.8 W. The power dissipation due to addi-
tional diode and resistor is 0.1 W and the power
dissipation in remaining power supply is 1.1 W.
Thus the total power dissipation in the improved
circuit is 2.0 W: Therefore the efficiency of the im-
proved circuit, given by (output power/(oufput
power + dissipated power)), is 83.3%.
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Tatle 1. Comparison of, the
Conventioal nnd lho Improved Clrcull.

i 3

Parameter. Convonllona‘ Impu oved
Clreuit : ' Clrewlt
Value of Rsonse 0.35 ohms 0.2 ohms
Dissipation In Reense 1AW . 08w
Size (relallvn) 10, 0.8,
Wolghl (rela ive) 10 ; 08, .
“Elficlency §0.0% 83.3%

‘The compat ison characleristics of the conven-
tional and 1mprnvcd circuit are shown in Table 1.
Thus the size, weight and the po ver dissipd- -
tion of R, of conventional circuit has been
bought down and the efficicncy has beén increased
just by the additmn of a diode and a resistor.

1]
1
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