fcdeSeTP ‘ 1 FAULT TOLERANT ACTI VE CURRENT SHARI NG BA Gﬁ(&f
THE IN\W“\“M@W\M d of the Invention 1 8 J U N 2003 The preseﬁﬁ N:N%Ua
‘inventi S 1n general to regulating power supplies, and in

particul ar ©¥% system and met hod for |oad-balancing within a parall el

power supply. Still nore particularly, 1the present invention relates to an

open-| oop systemin mt&&'ﬁnﬂoﬁﬁgﬂciﬂ}é %%%RE _&ng}%vi des an

i ndependent reference 6 batatic a curtent road—wthitn a parallel power

supplﬂmmmmlﬁmﬂmmMmtion of Related Art Conventional power supply systens
often i pl e power [ ' RORREELed in parallel for
i nproving load vari ation adéﬁ?%%?k??@ %ﬁgk%ﬁgrease Israeliability. Exanpl es

of such paP&ffel power supply systems can be found In Malik, U 'S Pat. No.
5, 319, 536, Cerne Rat . . 266,838, and Linde, U S. Pat. No.

5, 745, 670. Re%ér??%géﬁ%aﬁﬁf EF@?%QT%QZ, and 3, conventional parallel power
supply systens 101, 201, and 301 are illustrated. As shown in FIG 1,
parallel pover supply sysiem 1Q%ent,chcinelbydes Jopeparall el power supply
nodul es, PS1 102 and PS2 104 that provide independent sources of power to a
system | oad 1669UPSIINPLAld PIRPADAS g&Rer AR ePDU P 2€uFPenht YIHE™ 08 and | 2
110],c respecti \éﬂ?ymetlﬁkﬁfd uﬂﬁdllaaangalmia@vazmtag@% Maouinded Bywdhe p;’ir al | el
configuration of power_supply system 101 over_a unitar ower, supply system
are reduced pg%BPE¥Upp %H@bﬁ%éﬁeﬁfr%%%ﬁ@fgéhth%éE%558¥a?F%%%ﬁ“¥FexibiIity,
and inproved syseéensriediabidriehyloop’ sysgtem 1n2wii@ hrJeNt2003LIn the
interest of URLAQRALtY.OfcdSY688S rasS naRdeR@ENESRANILAG.T peuiced device
failure rates desirable to maintain a bal anced power output provided

it is

by parallel pOREAPSHRYY oS WHERTaso BENUFSI NaA PP 104 POFPHUFEP Y and 3
Il'lustrate conventional systens for achieving such a bal ance under varying
electrical loads. As depicted in FIG 2, power supply system 201 incl udes
paral | el power supply nodul es PS1 202 and PS2 204 that operate in a "droop"
current shari gg PederimtisuppifyRagapeddrrtt o a system | oad 206. PS1 202 and
PS2 204 maintain a required systemvoltage | evel, VoUT, at a commobn out put
node 215. Decoupling diodes D1 212 and D2 214 serve as decoupling barriers
bet ween suppl y- si dECRBHES PP BAYCD1DRIRY EBRATHS QUSSR “hede2215. I n order

multiple power supply circuits connected in parallel for

improving load variation adaptability and increased
reliability. Examples of such parallel power supply
systems can be found 1in Malik, U.S. Pat. No. 5,319,536,
Gerner, U.S. Pat. No. 5,266,838, and Linde, U.S. Pat. No.
5,745,670.

Referring now to FIG’s 1, 2, and 3, conventional
parallel power supply systems 101, 201, and 301 are
illustrated. As shown in FIG. 1, parallel power supply
system 101, which includes two parallel power supply
modules, PS1 102 and PS2 104 that provide independent
sources of power to a system load 106. PS1 102 and PS2
104 generate output currents Il 108 and I2 110,
respectively. Included among the advantages provided by
the parallel configuration of power supply system 101

over a unitary power supply system are reduced power
supply component costs, enhanced operational flexibility,

and improved system reliability.



't'0 achi'eve the desired oper ati ng bal ance between PS1 202 and PS2 12@4JUNe2[]U3
current, 11, through node 217 shoul d be approximately equal to the current,
|2, flow ng through node 219 (one half of the IT flow ng through common
out put node 215). As further illustrated in FIG 2, power supply system 201
includes circuitry within each of the power supply nodul es 202 and 204 for
mai ntai ning a balance In the relative current | oad borne by each supply.
The techni que by which such current sharing is achieved in power supply
system 201 i s conmbhl & efRérFeEt 1t i‘ﬁ‘ltfﬁémgw ok FVI6H EEF‘?gsntal?hari ng. As
depicted in FkGrr@spfolind02candedSE 204 eachutaicdamde, aivats abl e resistor
(R1 220 and 222 respective whi.ch serves as a setting an j ust nent
mechani sm forR%Fﬁérarlbe]gepgccot im\?én(%%rbu? b\?olapgaesp%vfrernéy chu%ﬁg%vnl(fgeleig{y Error
anplifiers Ulp2241and ddve226carecconfahgaseds asliegart va2f eetlback devi ces
such that as %he cur %nt dr, avvr(J; byt s%/st%rgnlvgggigno fsr Qm PS1 02r02 and PS2 1
r ~ 8 J UN 36835%° 204N r &a583 4 e Y plirt Vot 498 “F&Vet°%at out put node
215 decr easesachhevng reenrth babahoiay) wckirevedy by tdlectkdsed-1aals .vol t age
"droop" effect relies on very precise and symmetric device mrroring
bet ween the individual power supply nodules PS1 202 and PS2 204. Such
preci sion is costl¥satrpiditefi ¢ul ¥I 0 2ackwge. sBmamisystari 283 ons in system
| oad 206 further [ [ I e l,2 d in a w der
t ol erance reqfh%rcé %%rg%rﬁrlgggt Spﬁgél%ﬁ%\g@vﬁ?%l lng%(c)bv%r 2§gp|% @Sésgyzfst em 201.
FI G 3 depictg0dnthit erpratee echiosed-dwop carreamt stiariing hedhnirgue known in
the art as "acgt.| re sharing, iLlLu at I I ower supply
syst em 30l in%ﬁlgéggfﬁé éi%ero?%pgr%slte#&gﬁér%s%bpﬁ%lngggl %éd %SCI?'OSOZ and PS2
304 each havi R§4ameumtaeint asergeiresiststen( Rb1BOG: dredeR? BaB) atAeti ve
current sharing at current shari f eed rode. 310 i i ev y
utilizing thec\%gLIn %g%u%pg%erngﬁgegfgéve e&%@%%@?o@so%f ?3652% rﬁgq}fgS For
exanpl e, if tRkedvebtage DutepulipdindI2 304 rat beuppdry sivgelpesded814 i s hi gher
than that at supply;side 312 within PS1 302, .t vol tage differential
across currentnoggﬁs?éf? ea}srll%?g?saﬁ% %%Tgnoélngugﬁugo écliengﬁ‘gat eént%% °PsS2 304 is
provi di ng the twapohitye ofhet higscued ergetad1nysbemntoade3@6enThel iadzal ance
causes the vOLLa08:0" 0P ATOSS.ULIEN SOURELLGS SR 19840, R8 i gher than
approximately equal to the current, I2, flowing through

node 219 (one half of the I, flowing through common output
node 215).

As fu£ther 1llustrated in FIG. 2, power supply
system 201 includes circuitry within each of the power
supply modules 202 and 204 for maintaining a balance in
the relative current load borne by each supply. The
technique by which such current sharing is achieved in
power supply system 201 is commonly referred to in the
art as droop current sharing. As depicted in FIG. 2, PSl
202 and PS2 204 each include a variable resistor (R1 220
and R2 222 respectively) which serves as a setting and
adjustment mechanism for the respective output voltages
at nodes 217 and 219. Error amplifiers Ul 224 and U2 226
are configured as negative feedback devices such that as

the current drawn by system load 206 from PS1 202 and PS2



" &cross current sense resistor 306. A higher voltage drop across %ggh#gogs
results in an Increase in the voltage |evel at current share nod . |
‘increase in current share node 310 voltage will increase the driving
vol tages or anplifiers 316 and 317 and will force a higher current to flow
t hrough resistor 320 and transistor 31B. An increased voltage drop across
resistor 320 will . in 1 hi_gh t at node
312. This pro?%gslégﬁ%#%ﬁ%staﬁt??t%%%h%?ﬁgggo&z%ﬂéSgp?Fgéggé%Q%bZ and PS2
304 start currehtdstegdswp.. I n this manner, whichever of PS1 302 or PS2 304
has a hi gher voltage becones the master and the other becone a slave. The
| oad bal ancing within power supply system 30l thus relies on closed-Ioop
f eedback provi ded Bet waarepS10302naHy PSP1808d Aty ddver EAPSSHal?y f eedback

node 310. A V%ﬂ@gecww&y" throughr actdsvahede t§ gisicsker ad8 or transistor
319 devel ops an of fset voltage across resistors 320 or 521 whi ch causes the

out put vol t agéYBRePSIC HYVige PE5- U Y PSTHEFRaSE UMV 688 h 81302 and PS2
304 have equalsugpt putomoldage1l euel snandzt bus. pravirderequalogurs ent to
system | oad 306. By providing feedbac bet ween each of .its constituent
power supply ﬁﬁaﬁﬂés?nQHﬁjHBgPéé EUrtEHtEVEhar PR S st8mtaepfited’ in FIG 3
provi des a norgsaemuredelodaanned wayment thoathhetsweenwets TESpeCtive
power supply dules th t.he dro current sharing systemdepicted in FIG
5. However ,  t Hi's B8t 8 Sharl g Rathod Irealrres- SXBeb e BV5F Hoad
conponent s andnthevbnes wuchrapoverysyregi sgsamd 20w resi st ance current
sense resistors (R1 306 and R2 308), and |lowoffset anplifiers (Ul 322 and
U2 324) within each power supply nodule. This closed-1oop feedback approach
relies on interdepeR@@énc? erprtagapaz didel tpoake sslipPlobesut6evhsur e
accurate | oad s%'r%g' fagchﬁ%e% t QLBLANGE JRVLEeS,s SUEh 8% aplifiers with
very | ow offsets are requir 5 to achieve a reliable interdependence. It
woul d t her ef orsdqaséndesi r abt el ilgspratederaf 18§y sPerPifd ePROY FoFten

mai ntai ni ng aACGYLaL 8.4 0d, N3l 3Rcs, f o HALBLLE! s ROWES rBURRLL ess i t hout
relying on interdependent operating paraneters anong i'ndividual power
suppl y nodul e$$02 and1Ps2 {304 GaFhUhpvioD3 sUSURVARETGE TIREL1FNVENTRON A
system and netHod .apegsli $6d 0Sed oy e MR MAINisAEr Sndal @nged Gl rent |evel
among nul ti pl e power supply nodules wthin a parallel power supply. An
external vol t &deriiggappeilerrit giogs PhP ebhachrerer e e tirladsnat BRecircuit

wi thin each of,hhe paraklgl, fOnwel supply fmduker: ssehddab apsinternal
current-sharing vol'tage reference is generated within each power supply
nmodul e. An extBamaikappler ehEehe yrdkagorowiméurt P32 HGséed Byrahy-

i ndependent valtage ievels suGh fhat chhie @xtenrak,peferancentbhans ator
circuit generates an external current-sharing voltage reference that is
mai nt ai ned at vaUiigh&FlvalR agdrd epelaghat tiee enat e mbdraswr ceateshari ng

vol tage references Q%Q%%Pg W tHign shAer Pl hehi POVE! SiaRPbY Meglyl es. The
external current-sharing voltage reference acts as a master current share
reference wth$ é3peceing Wit dirleachyof ! tHE ISNEERREI e uTSésl- dRafi ng
voltage referefywges. A current adjustment circuit within each of the power
supply nodul es conpares the internal current-sharing voltage reference with
the master current share reference and generates a current adjustnent
signal in response he debetinhdy ceuselt age dilffageedtropl adetsseenrthet nast er
current share reference _and i nter cur t- ri vol t age reference,
such that Ioadﬁ%ﬂﬁﬁiﬁ%flfgoﬁrggfdéﬁkgngg h'ﬁéﬁggréﬁFgYé{ﬁ? S °$GBpl y nodul es.
1, across current sense resistor 306. A higher voltage drop

across R2 308 results in an increase in the voltage level
at current share node 310. This increase in current
share node 310 voltage will increase the driving voltages
or amplifiers 316 and 317 and will force a higher current
to flow through resistor 320 and transistor 318. An

increased voltage drop across resistor 320 will result in



.18 J'U N 2003 6 BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a il fo
di agram depicting a | oad-sharing parallel power supply system I% N ZOQ3
schematic diagramillustrating a conventional droop |oad-sharing parallel
power supply; FIG 3 is a schematic diagram depicting a conventional active
| oad-sharing parallel power supply; andl FIG 4 is a schematic diagram

ustrating anpaghlyedqadesharh og PAAl | ehi DRI SUPRLYLAuarcor dance

with a preferre odi nent” o e present | nvention. )| , r'18JUN
2003 DETAI LEDuDESCRb&IH GRteOp oAbl | $WHISTRATPVE EMBGDIAVENT AC4ustart sharing

controller systemand nmethod are di scl osed herein for i i i a

bal anced curr &ntFBadYT tHI%N a ogndlssﬁnﬁrnfqﬁé’ pg?%aﬁq?eevlerpg?ver%gu%dp%]%r As
descri bed in frert hes et a hiwheh vefterenetectnoet hend ingures, ahdetieoad shari ng
power supply io@ﬁl udes nul ti pllg1 power supply nodul es, each providing an

out put current T'6Vel T8 1 e total |oad current. An external voltage is

applied to each of the power supply nodules to generate an internal voltage

reference | evel agajnst,whirchachhgher-Mel bage: "aghar, eteLgnes i s conpared
in order to achi eve | oad bal anci ng anong the parall'el” power supply nodul es.

Wth referencéhiew ebLFt Q! £106RET O feerRart ab &Rl &l foREF Ve PISL syst em

400 in accordapee Wit bsA Jweher cegdr&mbadiareny ofedheipreagnsiéo nvention. As
shown In FIG 4, power supply system 400 includes a | oad-sharing parall el

power supply XOTyBInBSIE Y hEPRAt @ risrdt bFarirdinitt 34879 and a system

| oad 405. | ncliyded; wtd hi g Parealehshs Payveys rseppPLY1 d0de argopower supply
nodul es PS1 402 and PS2 404. A system | oad bus 412 provides a total | oad

current from PSE1402rantPPSy 264 v gy staewmerohte 405PAs VPEFaSErated in FIG

4, PS1l 402 ands?S30404, i ¢l ude shave-Fafer enee: tsans!mhososi fealifs 406 and
408 respectively. In accordance with the enbodi ment depicted in FIG 1,

sl ave referend®4 hars| agwt! GUtPULt SoUTBandVads yehdrarsePFAYeffhal vol t age

references at nodes Adleand 443 swhhidhPSbe402 and PS2 404 respectively. As
shown in FIG 4, slave reference translator circuits 406 and 408 incl ude

anplifiers 436 and 439, decoupling diodes 440 and 942, representative
ref erence networ ks p444ranth4ds feadbla dd e e450aciansk a tgommon vol t age

source (VREF) ég%%tituégt'pdwé} %ugpfyLﬂgéufggqsthe active current
sharing system depicted i1n FIG. 3 provides a more
accurately balanced current load between its respective
power supply modules than the droop current sharing
system depicted in FIG. 2. However, this active sharing
method requires expensive overhead components and devices
such as very precise and low resistance current sense
resistors (Rl 306 and R2 308), and low~offset amplifiers
(Ul 322 and U2 324) within each power supply module.
This closed-loop feedback approach relies on
interdependencies among parallel power supplies to ensure
accurate load balancing. Low tolerance devices, such as
amplifiers with very low offsets are required to achieve

a reliable interdependence.

It would therefore be desirable to provide an system
and method for maintaining an accurate load balance for
parallel power supplies without relying on interdependent
operating parameters among individual power supply

modules.



s Slave reference translator circuits 406 and 408 are utilized to_generate
reference outputs for PSI 402 and PS2 404 in case the common. ndb8 JLTN éUUB
‘reference 413 is not available due to a comon fault condition. The dynam c
vol tage reference at common node 413 is controlled by nmaster reference
translator circuit 407. In the depictef enbodi nent, nmaster reference
translator circuit 407 is |oc it k plane 410 and is thus
physically, as well as electrgégﬁ#%g(ﬁﬁg@%egggﬁiro any and all paralle
power supply nmodul es mthin | oad-sharlnc parallel power supply 401. In the
|1tustrated embodi fepf,. JPSHAroLef o] eGP L/sRASLAE U0, LGkl AP 15 Simdar
Inits essential consiruction {0 Slave reference transiator cireuits 406
and 408. A nadRépngef t Gy anéf épERt I M lEBAR RV T G WPREYNON-i nverti ng

term nal of apcapecationaln amphihi el (RPramMhipdd?2, and «xtBegati ve feedback
network connected to its inverti ng termn to generate

_ al (R2_456 and R3 45%%
a master ref eM8hERIRGLAICART et Ut PtV Ragec b THE FSREr 18Pl y. Master
reference trarskatdr withow tad@7ofrans|mired lah pxter nalppuel hagel é5,0m
external vol { age,spyree, 130 nho: a- MRsLAL valklage s lereneeofodle I n an
i mportant feature of the present invention, nmaster vgltage reference 453 is
mai nt ai ned at 14 gPNgR IS vHit§her crelygroareSURBLBHIMeHULS -t ) ARhan t he vol t age
at internal rekecengesr e ROdes tfdds pixeh 443 rcsue dmasteavelt age reference
453 (applied across ode 459) controls the voltage | evel at

4 gecosplin d& cont 3

common node 413%CRERTERT 6PF§88 BY et ente U583 nEY oY € '8Asures that master
reference translfatenceitcustl a40¥ sermeist aenamnatasependerttnand control i ng
ref erence for e ggggl P 4. .1, f 1
~J U N 2003 6%?%35%0%%§$W§L6§??§ % eatJ?%eofﬁ?ﬁggaggﬁgﬁggnégﬁ%%fhent, a
current shari Rg9B6At Yol tare weRinthal athelinp6net L stipplaptaebar ved udes
internal voltagetkgterencemedegedddatrd 44310 hdigh sllave peference
translator cirgulls 400.and 480.respectively) uhigh arg conpegied in
parallel to theanHepend%ﬁ? VO Fage Fefer ence as se mastef reference
transl ator ci redetred0d attscornmennpdter 418 regtagea referf@ryeacer ansh at or

circuits 406 3Rdp408 paY.H.RGerardedt | yhganahsl okt Ain ekt ageyl evels in
accordance wi th_i ndependent conparisons of the internal vqltage references

at nodes 441 ¥RdT398 Yo TifE G idepentent® VolPfdga et erencdat “Eohitn node
413. The of f sefachobér ancedverr anpbl§imsdul436 cangdadd8 @aree inoktraakriti cal
attribute of the,Leadsshaning capabi LiiyolPaiah! 8le ROURE SURPLY, 400 The
out put vol tage of “the power” systemis equal to the node voftage i?é, whi ch
i s generated BpeaccEabt FRAGORTE IARSIRFEV A CHFECRRfAFIRITCEAB0S 1T et

vol tage of of fisetkcapphéditer t22ct8Ag 4 heortalye0q0f fdhente3i staneen val ues of
R2 456 and R3 458, As commmn refgrence A13 acts as a magter for al | pover
supplies in paralpef, the outpuf voftage of “al F"sources in parallel is
equal to thisawseet-viodtiage. vothegef fsetrdnseer soeh apipit flioed-482ramm t he
error rati o of; sR2r4564800hiR3A28el padPPld CRRhRrt Oudily, thauseyrces in
parallel. As illustrated in FIG 4, PS1 402 and PS2 404 further include
error anplifiers 426 and 428 which regul ate pul se- wi dth nodul ators (P4JMs)
414 and 416 in accordance with the voltage | evel at conmmon node 413. In
this manner the output voltage level applied to systemload bus 412 is

mai ntai ned at a rel ative constant under varying |oad conditions. Simlar to
the active |oad-sharing configuration depicted in FIG 3, parallel power
supply nodul es PS1 402 ~1 ~[ 1~J UN 2003



. and- PS2 404 include sense resistors R 418 and Rl 420. It should be noted,
however, that the fine tolerance requirenents and |i near chara gr{_ﬁ}u@&g
‘required for R 306 and Rl 308 are not as critical for RlL 418 ;
which are utilized only for overcurrent protection rather than for
| oad-sharing as in FIG 3. Wile the irfvention has been particularly shown
as described with refereprest ORI et ask erpodrRMics It W I | be
understood by those skilled in the art that various changes in form and
detail may be nade therein without departing fromthe spirit and scope of
the invention. It Fsctherekore menkenplatesd tbpicsuch sodbddcatdang can be
made w t hout depa i gg fromthe splrlt or scope of the present invention as
defined in th@aéﬁg RUERPE Qi EPLY 18°5%F ™ N 2003 11 C LAIMS A circuit for
mai nt ai ni ng a bal anced out put current IeveI anong each of a plurality of

power supply nDduI§§ tha; are connected .in p@{alkgm L form paraIIeI
power supply that suppll s a° S|ngle 35&' sai‘d IrCUI onpri |ﬁg a master

reference vol tcageeotiowadl dﬂuﬂp prevt stesr iamgrpstret leefernenceupplyage | evel to
said plurality of parallel power supply nodules at a common | oad adj ust nent
reference node; a |oad adjustnent anplifier within each of said plurality
of parallel power E&G@ply3nodu$ esa wishemateach dahrgsaind H@adCéqust@ent
anpl ifiers companes: Aokt put; vol t8ge JEAM SobaN1espnding Iy, Suppl'y
nodul e with said nmaster reference voltage | eve and adj usts an out put
current from i®§ correspondi ng power supply modul e in response thereto; and
an internal reference circuit wthin each of salq plurality of power supply
Q‘SSELES af]g'd Inteppal feference GLLSU L SOMRr Sy 2 f1) sty vl tage
load-sharing parallel power supply in accordance with a

preferred embodiment of the present invention.



. an amplifier that conpares said master reference voltage |evel at saqu
common | oad adj ustnent reference node with a voltage |evel from §i i 2903

‘vol tage source to generate an internal reference voltage | evel applicable
to said conmmon vol tage adjustnment node, wherein said internal reference
voltage level is maintained |ower than Baid nmaster reference voltage |evel

183U 112 = 3pl3 2o Sl Obe Chel Bk JURESE N RS

ref erence voltage Citcu rises an ind pen tage source that is
mai nt ai ned at a hi gher voltage level than said internal reference voltage

| evel within each of 530, PONRI:HPRLY MDA £y Fen TR GIGHIL S0L claim 1,
J ust

wherei n each of said loa nt anplifiers further conprise an
oper ati onal anplidflicsedcbafeyurky t'eidépertnamd PRApPFey @ visittagead

differential bgtween anogut Pitr Mol tpagaliépr@mesf %QFF@?DOMH ng power supply
and said master reference volta ggq: r supply,

e | eve A
conprising: a Prifl erleffﬁﬁgéi @Ftﬁéaew Eﬂuﬁﬁ?%fﬁ886| erein each of
sai d pluralityfiofureasrakhel 1podverhastipgl powedud e lyonbe i bdd e sndn 100t put

current | evel ﬁébé% ggggggaﬁggﬁgég c%gchogg WgF%ﬁeS &%e%u%%s%qltage

circuit that provid ster referenc to said plurality of
power supply nRifledoathy é@ﬁﬁbﬂiﬂﬁaGUéHFﬂgtnéﬁte%éﬁéﬁ@hdéﬂﬁ@&é 18 | oad

adj ust ment  anpdjdiiefg Wot Bhbnesehef poakd phpB) idoyiudt s pas ajdrlrapever supply
an internal voltage reference level against which a
higher voltage master reference is compared in order to
achieve load balancaing among the parallel power supply

moedules.

With reference now to FIG. 4, there 1s 1llustrated a
power supply system 400 in accordance with a preferred
embodiment of the present invention. As shown in FIG. 4,
power supply system 400 includes a load-sharing parallel
power supply 401, a master reference translator circuit
407, and a system load 405. 1Included within parallel
power supply 401 are power supply mcdules PS1 402 and PS2
404. A system load bus 412 provides a total locad current
from PS1 402 and PS2 404 to system load 405.

As illustrated in FIG. 4, PS1 402 and PS2 404
include slave reference translator circuits 406 and 408
respectively. 1In accordance with the embodiment depicted
in FIG. 1, slave reference translator circuits 406 and
408 generate 1internal voltage references at nodes 441 and
443 within PS1 402 and PS2 404 respectively. As shown in
FIG. 4, slave reference translator circuits 406 and 408
include amplifiers 436 and 438, decoupling diodes 440 and
442, representative reference networks 444 and 448, and

446 and 450, and a common voltage source (Vggz) 432.



.nodul.é5, wherein each of said | oad adj ustnment anplifiers conpares an out put

voltage fromits corresponding parallel power supply nodule wth %aﬁquhJZUUB
master reference voltage |level and adjusts an output current fromiTts

correspondi ng parallel power supply nodule in response thereto; and an
internal reference circuit within each8of said plurality of power supply

nodul es, said integhal referen I CUi 0 1.Si.Ng: LLS al t age
Source. and -8 0N 00515 et S P ror T e el o GIEY
reference vol hageitevelo atensabtde confmrenceaduadpustimentPsiefe? ence node with

a voltage level fr said first voltage source o generate an interna
ref erence voI?§6e4$£LET(ﬁﬁﬁngng%mF%‘ggé égn%%ﬁxgbagsaafu%?%nnt ref erence

node, wher ei nasaifabhd erwzaltor ef esenee fxolltagendewvein.i s Thai ay@anmed | ower
t han said nastg%trefengeg%ixglt ggb$§xgkk)g.41§el qy@kk%blggwgr supply of
claim4, wher&’n-8%F d TSt Er  r &f ef Elite' VS tage” adj ustmént “circlit conpri ses
an i ndependenta¥ ot ager s@uhcee ttofis piart alimengt s& . mast eher eéeranee vol t age
| evel higher than said internal rgfergpc%_vgliage Ie,veI.,t6.0 he parall el
power supply GFCePHrMZ, AT Ehef © tOMPIISITAG 8 Barner '§&vic&° Tolbl ed bet ween
sai d common | oadagéf usiurant ar pbeeense-mpadecando anduspthuter m nal of each
?g?:Lﬁgegfwggghgagggf#ig: %%IgehTtgérgleJE%&%g?T§F fﬂ éﬂ?n%%n?”gpeﬁﬂft a

and all parallel power supply modules within load-sharinc

parallel power supply 401.

In the illustrated embodiment, master reference
translator circuit 407 is similar in 1ts essential
construction to slave reference translator circults 406
and 408. A master voltage reference 430 is connected tc
the non-inverting terminal of an operational amplifier
(op-amp) 452, and a negative feedback network connected
to its ainverting terminal (R2 456 and R3 458) to generats
a master reference egqual to the output voltage of the
power supply. Master reference translator circuit 407
translates an external voltage from external voltage

source 430 into a master voltage reference 453,

In an important feature of the present invention,
master voltage reference 453 1s maintained at a slightlw
higher level (tenths of a volt) than the voltage at
internal references at nodes 441 and 443, such master
voltage reference 453 (applied across decoupling diode
454) controls the voltage level at common node 413.
Master voltage reference 453 therefore ensures that
master reference translator carcuilt 407 serves as an
independent and controlling reference for parallel power

supply modules PS1 402 and PSZ2 404.
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current fromsaid grven one of Said power 'su 'y 'modul’ es such that current
sharing is prophdedlanng tsai dngeperaldrtty vofl t ponere Suppky apdidtedy and

wi thin each of .58l 0, ROVAL SUBPEY, IDAW S ¢ REQYL dI g0 .aNBLASE N Vol tage
source; and conparing Ssai d master reference vo tage level wth a voltage

| evel at said alBer naltzre/altfagensourmce letgenerate tan 406t entiad 08 efegr ence

vol tage | evel %B@%gﬁc?e'neué/otg%%??%é"'ci'{%' u‘éolv%???ea%&%%tﬂe% node, wherein
said internal fée ence vol fage T evel i's mal ntai hed | ower
accordance with independent comparisons of the internal
voltage references at nodes 441 and 443 to the

independent voltage reference at common node 413.

The offset tolerance for amplifiers 436 and 438 are
not a critical attribute of the load-sharing capability
of parallel power supply 400. The output voltage of the
power system is equal to the node voltage 413, which 1s
generated by a combination of master voltage reference
430, offset voltage of offset amplifier 452, and the
ratio of the resistance values of R2 456 and R3 458. BAs
common reference 413 acts as a master for all power
supplies in parallel, the output voltage of all sources
in parallel is equal to this master voltage. The offset
in error amplifier 452 and the error ratio of R2 456 and

R3 458 is applicable to all the sources in parallel.

As illustrated in FIG. 4, PS1 402 and PS2 404
further include error amplifiers 426 and 428 which
regulate pulse- width modulators (PWMs) 414 and 416 1in
accordance with the voltage level at common node 413. 1In
this manner the output voltage level applied to system
load bus 412 is maintained at a relative constant under

varying load conditions.

Similar to the active load-sharing configuration

depicted in FIG. 3, parallel power supply modules PS1 402
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While the invention has been particularly shown as
described with reference to a preferred embodiment, 1t
will be understood by those skilled in the art that
various changes in form and detail may be made therein
without departing from the spirit and scope of the
invention. It is therefore contemplated that such
modifications can be made without departing from the
spirit or scope of the present invention as defined 1n

the appended claims.
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a load adjustment amplifier within each of said plurality of parallel power supply
modules, wherein each of said load adjustment amplifiers compares an output voltage from its
corresponding power supply module with said master reference voltage level and adjusts an
output current from its corresponding power supply module in response thereto; and

an internal reference circuit within each of said plurality of power supply modules,
said internal reference circuit comprising:

a first voltage source; and

an amplifier that compares said master reference voltage level at said common load
adjustment reference node with a voltage level from said first voltage source to generate an
internal reference voltage level applicable to said common voltage adjustment node, wherein
said internal reference voltage level is maintained lower than said master reference voltage

level.
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reference voltage level within each of said power supply modules.

3. The circuit of claim 1, wherein each of said load adjustment amplifiers further
comprise an operational amplifier configured to detect and amplify a voltage differential
between an output voltage from its corresponding power supply and said master reference

voltage level.

4. A parallel power supply, comprising:

a plurality of parallel power supply modules, wherein each of said plurality of parallel
power supply modules contributes an output current level to a common electrical load;

a master reference voltage circuit that provides a master reference voltage level to
said plurality of power supply modules at a common load adjustment reference node;

a load adjustment amplifier within each of said plurality of parallel power supply
modules, wherein each of said load adjustment amplifiers compares an output voltage from its
corresponding parallel power supply module with said master reference voltage level and
adjusts an output current from its corresponding parallel power supply module in response
thereto; and

an internal reference circuit within each of said plurality of power supply modules,
said internal reference circuit comprising:

a first voltage source; and
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wherein said internal reference voltage level is maintained lower than said master reference

voltage level.

5. The parallel power supply of claim 4, wherein said master reference voltage
adjustment circuit comprises an independent voltage source for maintaining said master

reference voltage level higher than said internal reference voltage level.

6. The parallel power supply of claim 4, further comprising a barrier device coupled
between said common load adjustment reference node and an output terminal of each
amplifier within each of said internal reference circuits such that a failure of said parallel

power supply due to a failure within said external voltage source is prevented.

7. A current sharing method for maintaining a balanced current level among a plurality
of power supply modules that are connected in parallel to form a parallel power supply that
supplies a single load, said current sharing method comprising:

detecting an output voltage level from each of said plurality of power supply
modules;

comparing each of said output voltage levels with a master reference voltage level,
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plurality of power supply modules and said master reference voltage level;
in response to detecting a voltage differential between an output voltage level of a
given one of said plurality of power supply modules and said master reference voltage level,
adjusting an output current from said given one of said power supply modules such that
current sharing is provided among said plurality of power supply modules; and
within each of said power supply modules:
providing an altemnate voltage source; and
comparing said master reference voltage level with a voltage level at said alternate
voltage source to generate an internal reference voltage level applicable to said common

voltage adjustment node, wherein said internal reference voltage level is maintained lower

than said master reference voltage level.

8. The current sharing method of claim 7, further comprising the step of setting and
adjusting said master reference voltage level at a higher level than each of said internal

reference voltage levels.



