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modes of operation (e.g., Pulse Width Modulation (PWM), constant ON time
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20 phases ON, and simultaneous phases OFF). Depending on the particular load

demands, utilizing one mode over another may improve control of the output

voltage. Thus, a single operational mode converter typically cannot efficiently
accommodate power delivery to complex or dynamic load requirements.

Slope compensation is often utilized in current ‘mode power converters to

25 stabilize the current loop. Conventional current mode controlied converters

operating above 50% duty cycle need a compensating ramp signal superimposed

on a current sense signal, which is used as a control parameter, to avoid open loop

instability, subharmonic oscillations, and noise sensitivity. SPCs using current mode

control typically include a pair of complex poles at half the regulator switching

30 frequency and external ramp or slope compensation is added into the current loop in

order to control the Q of these poles. In general, additional components are

required to generate the fixed slope compensation in discrete applications.
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be able to sense the current or voltage droop In order to correct for the |dad

20 demand. Current sensing of the load is difficult and typically requires bulky, lossy
and inaccurate methods. Voltage sensing has the disadvantage of lagging the
current in the load. Delays in both methods can lead to inadequate response of the
SPC.

Accordingly, an improved power regulation system is needed. In particular, a

25 highly phased power regulation system having multi-mode capabilities over one or
more loads is desired. More particularly, a versatile and adaptable power

conversion and regulation system having an improved control feature is desired.

Summary of the Invention

30 The present invention overcomes the problems outlined above and provides
an improved power regulation system. In particular, the present invention provides

a power regulation system (power converter) with an improved control feature.



A power regul ation systemof the present invention includes a plurality of
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Det ai | e@oRescmetidden The present invention relates to an inproved power
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or mul ti . O 02/ 31951 PCT/ USO1/ 32263 system it
shoul d . . derstood by one skilled in the art that any
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enpl oyed,, e.qg. ck, boost, buck-boost and le
will beCome better understood with reference to the fall owmg description, appending

claims, and accompanying drawings where:
Figures 1-3 illustrate, in block format, a power regulation system in
accordance with various embodiments of the invention;
20 Figure 4 illustrates, in block format, an exemplary power IC for use in a power
regulation system of the present invention;
Figure 5 illustrates, in block format, a power regulation system in accordance
with yet another embodiment of the invention;
Figure 6 illustrates, in block format, a power regulation system having a
25 compensation control feature in accordance with an embodiment of the invention;
and
Figure 7 illustrates an exemplary PID compensation block in accordance with

the present invention.

30 Detailed Description

The present invention relates to an improved power regulation system or
power conversion system. Although the power converter disclosed herein may be

conveniently described with reference to a single or multiphase buck converter



Figure 1 illustrates, in sinplified block format, a power regul ation system
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20 controller and the power blocks allows the system to precisely regulate the output
voltage for any given load of the power block. In this manner, controller 102
independently controls multiple voltage outputs. This function will be described in
further detail in the following description and accompanying Figures.
Figure 2 illustrates, in block format, a power regulation system 200 in
25 accordance with one embodiment of the invention. System 200 includes a digital
bus 101, a controller 102, a plurality of power ICs 2086, a plurality of output inductors
210, an output filter capacitance 225 and a load 220. System 200 is configured as a
multiphase buck converter system; however, as previously mentioned, system 200
may be configured as any basic switching power converter (SPC) topology.
30 System 200 is suitably configured to output a single voltage (VourT) to load
220. As such, system 200 may be considered a single output/single load system.
Accordingly, the detailed discussion of the present invention begins with a very

general topology (i.e., single output/single load); however, it should be recognized



each power 1C 26 is configured to provide an output to load 220 in
accordance with a predeterm ned voltage. 5 Generally, power ICs 206 are
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are described in more detail below in Figure 4.

20 Information relating to input/output characteristics of the power regulation
system may be transmitted from various system elements to controller 102 in a
suitable feedback loop. For example, controller 102 preferably receives digital
information regarding mode of operation, output voltage, and output current from
each power IC 206. In turn, controller 102 sends switch state information, such as

25 pulse width and frequency information, to each power IC 206 to, for example,
compensate for the demands of the load, the voltage source, and any environmental
changes in order to maintain a constant voltage to the load. In this sense, controller
102 may include a digital signal processor (DSP), a microprocessor or any suitable
processing means.

30 Preferably, controller 102 includes one or more algorithms to facilitate control
of the system. As previously mentioned, power ICs 206 are suitably configured to
transmit input/output information to controller 102 and the algorithms are suitably

adaptive to the received information. In other words, controller 102 may modify the
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02/ 95poWeN ICSELINGARRES. In general, the power ICs may receive substantially equally
power from the voltage source or a varied voltage may be supplied to each. A
current feedback from each power IC to the controller (not shown) may be included
forming a synchronized share line to facilitate balancing the currents between the
blocks or power ICs.

25 Figure 3 illustrates, in block format, a power regulation system 300 in
accordance with another embodiment of the invention. System 300 includes
substantially the same system elements as system 200 (i.e., digital bus 101 and
controller 102) except that system 300 includes a plurality of power ICs 306 and
multiple loads 320-321. The operation of system 300 is substantially the same as

30 previously described for systems 100 and 200 and thus will not repeated. In
contrast, system 300 represents a multi-output/multi-load power regulation system.
For exemple, power ICs 306 (labeled POWER IC 1 and POWER IC 2) are coupled to a

single load 320 (labeled LoAD 1) and an output filter capacitance 326, and power IC
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the systwmasfa IW'SJIdélgatéW@nvérVM@ nWHeselided @pmmun@btldﬂ with axeerAdONLPET sIdes
circuitry and the like to function as a " | C controller."™ In other

wor ds, EdfrheutPHt dugtes (23, lﬁaychohaﬂah@oave;sdfaﬁ%for@ﬁ 3 RCK BRAYRE Fladsy
funggi ongolr OGPl YhotitiZedYor My AiRge’ FAWYY EBnvdrsion (e.g., 12 volts to

approximately 1.8 volts and less) which is typically used in VRM ( voltage regulator

module) applications. The present embodiment of power IC 406 has particular

usefulness in microprocessor power applications. Power IC 406 includes a voltage

sense block 429, a command interface 430, a current A/D 438, a non-overlap circuit

25 440, a gate drive 444, a switching element 448, and a current limiter 450.

Additionally, power IC 406 may include a current sense 449, a zero current detector

442, and/or internal protection features, such as a thermal sensor 436 and various
other features which will be discussed below.

While controller 102 may be considered the “system controller’ which

30 effectively operates and manages each power IC within the system, as well as the

system itself, command interface 430 includes circuitry and the like to function as a

“power IC controller.” In other words, command interface 430 may include a portion

of the controlling functions of controller 102 as “on-chip” features.
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i nterface for routing signals to and from power |IC 406. For nobst of the
conponentwo of/3p6ner |1 C 406, information fromthe indivi deal/usarmaessent is
routed to the controller through command interface 430. The information

provided to tdnmankriftdridce™y0 ig?swg@afeuikéblg%fee%dcenfowroaﬁﬁg% gnt or
dat es, and

system conponent or system up , any other pertinent ~information
whi ch nmaydifeorn geaveryCt 4@6.c dor nodstef th@cehgansings op pawver IC 4% infoohaties a

fault reqgister. wthin command,interface, 430 ich. s |l ed by,the

Cant + ol ot inhichidl PRGN | 4ibhed At her trbyBRcorindts itEree

contr ol l48n. Wrhehnfetmaibpt priokiderdtd the RenirdlrvindyainckerPegNHsteetionwres | C

406 as needed. 10 In %eneral, command i nterface 430 includes a serial bus
S

i nt ebf acempPhent @i siystemuscarspeneasttepralsy§test upsates;pand cany iatkerdgedinamto and

may be [ ar S er e each [ be
cer ot TVEPRATIEMRRAR b U B g ot lrs IRy cRER P Ry Do ioilBs

cor r espenfiungrédistér Withiadsbrbimand nkegfamzsen30ayhivht isapolled sl tiee contrdiay. f or
the output voltage. The predeterm ned set information may 15 then be used
by comm&RmAangr iNteréaces @300 alsen teceb\wmiagnation dJeam) thgeicontrgller, Mhiguds ot her
conpone ol - ' t 1.ned output vol tage
| evel (@Eﬁﬁé})“tggl@?&@%ﬁv'é%ﬁu oﬁQ%n %gfﬁ%\gélgﬁ)gpgce% rfér%ag%gommnd i nterface
430100 vol t age gerasd, ddnogland2Stetface c@0fingutesd savig)dbus Soeriaes elThe(ddral

functions of voltage nse block and its conponents will be described in
nmor e depéﬁl'sb%ﬂegﬁzvﬁgg’zgfgﬂﬁrﬁﬁﬁjt@ NEet Grig ‘@%0 gy MAYSBe fIreeTaRMeA Y 3% on
to set 'Ltk LNt & r W { R

sensor A48T EPTELEOLERETP FRh pabE i 0k 300 P8 ROl BT YOS

i nf or mautoyt |eed! dseveddedafivd tse chboesponding thash ntmneadditiomt thef ures B0 setTar

| [ t ft t o1 ti tili . ' 25
P eedbaciBrabiR VeToudar e RBOUES. vINEaBE BRHERA G JUEFaRIN TRY n ¢ he
powes @lg%]\’?fet B5ed Y oRfThame nteyRlcb 280 38NSEhdesMnfttRisk SorSkét fllels to

configured to formd transient feedback loop. In particular, voltage sense
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and
limiter 450 and optional temperature sensor 436. Various other system components

may also receive commands, information, set levels and so forth, from command
interface 430.

The power regulation system of the present invention utilizes various

25 feedback loops to regulate the output voltage and manage current within the power

converter. For instance, voltage sense block 429 is suitably configured to form a

transient feedback loop. In particular, voltage sense leads from the load furnish the

feedback loop with the input voltage supplied to the load. The components within

the feedback loop or voltage sense block 429, perform comparisons and the like

30 between the sensed voltage and a desired “set’ voltage which is reported to

command interface 430 and/or the controller. Voltage sense block 429 generally

includes a voltage A/D 424 and a window comparator 432. In general, voltage A/D

424 communicates to the controller a digital difference between the set voltage and
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transient response low) to the controller. As previously nentioned, the
set vol regpiphalthemsawaldCan absol ute wi ndow whi ch may or may not be

conghdered by i g, M BARYSRTPRS S HordlEB" LhRBrBs  Bonidhe hedh PI&S! e ©f
comparator configuration commonly available in the electrical industry. Window
comparator 432 also receives the sensed voltage from the load in a similar manner
as just described for voltage A/D 434 and receives the set voltage from voltage A/D
434 or, alternatively, from command interface 430 directly. Window comparator 432
25  suitably compares the two received voltages and transmits a signal ATRH (active
transient response high) to the controller indicating a “high” or “low” sensed voltage.
For example, if the sensed or load voltage is lower than the set voltage, window
comparator 432 may transmit an ATRH to the controller and in a like manner, if the
sensed voltage is higher than the set voltage, window comparator 432 may transmit
30 an ATRL (active transient response low) to the controller. As previously mentioned,
the set voltage may include an absolute window which may or may not be
considered by the window comparator depending on the desired precision of the

particular application. The controller is suitably able to receive the ATR signals from
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di gi tal lopgMh@scommand interface 430. The controller may assess whether all
or just a few channels were in current linmt across a given fault polling
cycle. 1sol d&wdntsimigére460 aasentialy cemprisesianodvemcampasatbe bicgzkoha‘dng but
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power 1Cs with stemare in current limt, then the system may be
sent tofltOIﬂaetf@:FOlsftC@taﬂ campargs e wnerﬁdmlsb@iwmtfeeﬁoler@@lvqltage@rtd)adr| ve

pover Y SLPach. e DR eh 8 uen, AT oo 308, o iRt 4Rl °
recei veghanaélodlaterty, alrestit Sintlter Us 0Adehdthd eliyrp e hitfde danPlogreid4inghhiehor to
t he i nput source or ground. In this sense, switching el enment
effectively turns a “high side” driver off. The current information is passed to the
20 controller digitally via command interface 430. The controller may assess whether
all or just a few channels were in current limit across a given fault polling cycle.
Isolated, singie channel current limit events may be ignored, but if the current limit is
detected for a number of consecutive fault polling cycles, the controller may cease
PWM to that channel and re-phase the system. If the controller detects that all or
25 substantially all of the power ICs within the system are in current limit, then the
system may be sent to the OFF state.
Gate drive 444 comprises system level logic to drive power IC 406 either high
or low. For example, a pair of driver amplifiers or any suitable gain devices may be
included.
30 Switching element 448 receives a signal from gate drive 444 which couples
the output inductor to the input source or ground. In this sense, switching element

448 may include any suitable electrical device capable of performing a switching
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circuit (ZCD) 442. ZCD 442 detects when sw tching

a negat|ve current may not be allowed to flow in the main inductor during light loads.

20  The controller controls the OFF time of the low side switch in response to the ZCD
signal.

In one embodiment, a power regulation system of the present invention
includes a current sense mechanism 449. Current sense 449 detects the level of
current by mirroring the level to an op amp. Identifying the input current levels can

25 provide additional fault protection, help to monitor the power regulation, and other

advantages to the system which may be best understood by referencing U.S. Patent

Application Serial No. , filed on October ___, 2001 and entitled “System
and Method for Current Sensing.” The contents of which are incorporated herein by
reference.

30 In another embodiment, a power regulation system of the present invention

includes a zero current detect circuit (ZCD) 442. ZCD 442 detects when switching
element 448 is low or effectively is switched to ground. In this sense, when a

substantially zero current is detected, the operation of the system may be changed
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el ement 448 is low or effectively is switched to ground. In this sense,
when a substantially zero current is detected, the operation of the system
may be chemgmsiosil WO 02/ 31951 PCT/ US01/ 32263 such that PeapiURdici2essci es
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anot her particul ar | nternal rotection feature in power
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capamtor@é@ot shown) to the VRMand if the input voltage |ies out si de a

trigger preseiermingd efﬁty olareperatyepdoerenale determiped & levels just above or
20 below a temperature which may cause damage to electrical circuitry, functioning,

and the like, e.g., approximately 145°C to 205°C), then command interface 430
notifies the controller and in some situations, the controller may cease PWM to that
channel and re-phase the system.
In another particular embodiment, another internal protection feature in power
25 1C 406 is an under-voltage/over-voltage (UV/OV) protection mechanism (not
shown). An input voltage protection comparator may be present in each power IC to
protect the system from operating outside normal thermal and stability boundaries.
The comparator senses the voltage across an input capacitor (not shown) to the
VRM and if the input voltage lies outside a trigger level, the controller may pause the
30 system.
In still another embodiment, an output UV/OV protection may be included
(not shown) in a power regulation system of the present invention. One of the

power ICs in the system may be assigned to UV/OV protection and suitably include
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In still another enbodi ment, an output UV/ OV protection may be incl uded
(not shown) in a power regulation system of the present invention. One of
the powavODbI3195n t he system may be assigned to UV/ OV proreTuSars2263d
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t he syst@rthe power IC high. The ID is sent to the power IC and verified through the
20 command interface. Following receipt of a valid ID, PWM is asserted low and the
power IC is ready for active operation. The power ICs may be assigned |IDs with or
without VCC present, but in the latter case, an under-voltage fault may be
registered. Preferably, the controller will not assert PWM signals to the systems
until the power ICs are counted and assigned IDs, and the fault registers within the
25 system have been checked.

In addition, controller 102 preferably manages the removal of damaged
power ICs and the re-phasing of operational power ICs during a fault. In this
manner, controller 102 recognizes the fault and makes the decision to remove an
individual power IC from the system or, alternatively, shut down the system.

30 The controller 102 supports power IC identification to make the system
scalable and addressing enables channel dropping and re-phasing for certain failure
modes. In one particular embodiment, the address of each power IC in the system

is suitably communicated through command interface 430. The controller uses the
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30 The controller 102 supports power |IC identification to nake the system

scal abl e and addressi ng enabl es channel dropping and re-phasing for certain
failure wodysiosin one particul ar enbodi ment, the addresspof/usacinzgowner | C
in the system is suitably comruni cated through command interface 430. The

cont r ol | g5 45185unhiser b n‘%’x%ﬁﬁ@%}aﬁ&% @IS@gé/ré%@@ﬁerB\b@tJvé@h fd Hgﬁéf i¢o

determ ne the relative phase rel ations et ween t he power annel s.
|t shoulcthabeelgppreci ated that while not illustrated on Figure 4, various

th t b i t.ably Jncluded. i.zed th f skill
"n the artadt SaouHe APettied el BRSO ERIAIE PGS W Ealire, &
cl ean C|c@ﬁ+©dﬂ%htspmdyel§@is\ﬁﬂéb@tinémﬂ@@@ﬁdir@b@?ﬁi@é@,b@&ﬂos@ oF tsRlltinQhe GPNEET Si ON
signal may be received at voltage A/D 434 fo inifiate the A/D, and a

cl ock, genwnam adrupjuresoet exasteckicahgleyice. i gxamples &8 cigarl clagkomayne§ be

oot vl @B o B e RO b o SUTBR G B REL A hag BeBcconen o
regul at iveltagy /pM3HB iMtiatscaerABNepdvd thckebendetde byefdrasiamng, ah dihe

present invention. System 500 includes a backplane 501, a m croprocessor
502, a FhiR &ystg! epc r MAYoERsrese/edant 2orip@n the {c8ip Gp e CORINE 225,

and a pl ALy ' s 520, 521. The present enbodi nent of the
i nventi ()eﬁéctal#é%élv%]ﬁ{ C@@%@?ﬁ%@s ot her enbodi nents) is configured to 15 adapt

to molti-mddbgue 6péilatrates, inhbldtkafbrmat, ageposky m@gumtion tshetesy BEMIih o
optim ze the node of operat%on to suit thg demands of the ingévi dual3

| oad(s) Bc¢pdansec¥idiyst ARAtoeoR pentyat the present BMPRERN.t oo ¥sigidr 000

hi gh- cur 0 : JCL. t

b Saent ictien BHaKROIAGE]0AIRicroREdsa T2 ARLAARP SPpawerBiocks B, AF
shoul d etEpfilecicapeditahes 228) andsa phirglitynd parrptieralsab2@ 05&hbth pesgerdand i s

t int d.t Imiti th f he i ti .. M . th
o o SR i Arbre e eSS S8 Bl AemyeBeRRy 6 EBRfRIElto | he
fol kgwi ngi-et @FBALRI-mbReR 3t bSiadbn, w;*.?crpéava@@gesagg)%mfss tHERGybRe Yge a

m croprocessor |oad. Backplane 501 is preferably a multifunctional digital
backpl amptigics the mode 26 opetdtioal tobsidkiblcagkemeands 1of the krdividnat [degés)l | The es

et BT PSS B AL BROS R0 BFre AL aBRTT o BR
al gori t Reh ey mierobFadtslserd, ethd THA thd Sic@BhPeRTAIMERL iy BaYoRledichtipf the
power 1 Cs within each power block 506 via
described in that context. It should be appreciated that this is only one particular
20 embodiment and is not intended to be limiting on the scope of the invention.
Moreover, the previously described embodiments may suitably include some or all
of the following elements, in particular, the previous embodiments may include a
microprocessor load. |
Backplane 501 is preferably a multifunctional digital backplane such as an
25 optical backplane or the like, that facilitates data transmission between
microprocessor 502, power blocks 506 and peripheral devices 520, 521. For
example, voltage regulation control algorithms may be transferred from
microprocessor 502 to any or all of the power ICs within each power block 506 via
backplane 501. Power is transferred through power blocks 506 to microprocessor
30 502 and peripherals 520, 521.
Microprocessor 502 may be similar to controller 102, however, this particular
embodiment is especially suited for a microprocessor controller. For example, the

microprocessor may be itself a load of the system and thus provide feedback on its
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backpl ane 501. Power is transferred through power blocks 506 to

m croprocessor 30 502 and peri pherals 520, 521. M croprocessor 502 may be
simlar twooopswsol |l er 102, however, this particular enboBCTERN1/322363
especially suited for a mcroprocessor controller. For exanple, the

m cropr RSB e irhis $frined, theadicRdprbbessor¥E6aN 88 thdutudnPlavdeteotipedback
onits 14 02/ 31951 PCT/ US01/ 32263 own operation. In this manner, the

m cr opr Syelespcompesients sunbuas fthemoveri l6ss peripberalsy sthemleadpoaental, asuch

ts oanBrocdell BRI Botsstbor IRRR: ABR M vilfls 4 SReBbf Ny b
progr anmgsl, be p?@gﬁérhmedst@réorﬁp‘ﬂb,wah@ cohfpute e veekidad Akt téleletirming S
the "state" of the overall sz;isitgem For exanpl e, durlngqﬁi)re-perlods of high

| oadd hitlg “state’ 1of Hie oyerallgyis &on exagipla) AUringspretpriigdsceldpgb dead diigk oul d

sui t abl | CJ , edi.cf _t ] i ti - g the
"war ni né’u@bgﬁdéﬁé}lgpgp%h%rggr@%ﬁ'%a’atpgrﬁ@%ﬁﬁ?@%ﬁn@é’w%ﬁ%% %ﬁ%@?g@\éﬁ@@r can
set t he ppediet thee forttaddraingsyittationi iy @nalyzie dhe t'ivaeninghtsigralsmodeprasurseeded.
10 Power bl ocks 506 are simlar in structure and function as previously -
descri b&@tPolRfNiHISEERS HEAMIGHBNIEESSIY CATESCIINE RAVErAGIUIAtoNYgkYB iINtonat hi s
parti cul gmép | t ICs may send and receive data via

backpl aﬁgé(g i g.dl?] orm%(?%?tsg‘lg\gg%g' 101. Peripherals 520, 521 nay be internal
or &8ternal Puvwenrf btekst ®08| ecd rsindlar ih5 ségoiyeeand chunstied Be previqgusier

regul ati on system For exanple, interfa t noni s, printers, .
spgaker 9,68%%%@&9&%&6‘08%5&)4@&9%@8 %@%’ b@lesc.@[]gl ‘i@ét oO?tﬁQurg“}s'{r‘em'%i a
backpl angrRQar é:rh%%igqéﬁ,' fhe ém@%,mé)f]séh@ahufrbeéive!dé% vi0B far BOYer

regul ation system avi rig an exenpl ary conpensation control i
accor darod/atdigitalmeiseififodi nent of 20 the invention. Power regulation

(2o oyt emet i alE 508 O K el O6 yRTeE ColerRes e iAo
CONPSNS AgLPInERNES @b lefi BBt tHeC powEs reguIaHON | dyetardes Far Rbxenaie! tofadsungs | Cs

606, a plurality of output inductors 210, a plurality of |oads 320, 321, a
di gi t al maniera,odrintarsd speakels; setvwerke@nd othes Ieguine mey &g eoigled itk éhe

thie 1 RIS AR BT - each power 1C 606 tranomts a digital
represent ati gig@t 8 hestraldsagesigiplified sk formeete paivae tediatidre spsterr 60¢ and
the Cha?\g(\a/ilngcgrq re(>a<<g}npﬁalrc))/ucgo)mEc)err?sne’l‘titorrxec:olorft)rvc\)lila En Iag'cordanc;e with one embodiment of
20 the invention. Power regulation system 600 is similar to the previously described
power regulation systems (e.g., systems 100-300 and 500) except that system 600
includes a compensation control feature. System 600 includes a plurality of power
ICs 606, a plurality of output inductors 210, a plurality of loads 320, 321, a digital
bus 101, and a controller 602. It should be noted that like reference numerals
25 represent similar elements throughout the Figures. In this illustrative embodiment,
each power IC 606 transmits a digital representation of the voltage error (Ver)
determined by the power IC and the channel current (loy) from the power IC. As
previously mentioned, the voltage error is the absolute difference, as determined by
the voltage sense block (e.g., voltage sense block 429 and voltage A/D 434),
30 between the sensed output (load) voltage and the set voltage. A digital
representation of the difference (Ver) is communicated to controller 602 via digital
bus 101. In this manner, each power IC (1 thru N) determines a voltage error and

transmits the difference, if any, to the controller. Each power IC 606 also transmits

15



previously nmentioned, the voltage error is the absolute difference, as
determ ned by the voltage sense block (e.g., voltage sense bl ock 429 and
vol t age AW@ozA3W51 30 between the sensed output (load) vol pag@sanizéhe set
voltage. A digital representation of the difference (Very) is comunicated

to cont oljidital GRBradehtaldd bRl the oG TARL (or thd NEGuIVEIBRET (1,8 N tHROVEImpIEd ( 1
thru N) determnes a voltage error and transmts the d° ference, if any,

to ';he cbannel ¢féhepeamlﬁdwpntrojl@c@&| B@Ppufhlserre@gnlzsedma@ﬁamsmther
PCT/ US01/ 32263 '
(out Motk ancamiply & iisReieE oS kel g i difeaed 4783 Whoul o

be recomg:embdd]mbnvari ous other inputs and outputs to the power ICs
occur, although not illustrated for purposes of this enbodinment. 5
Cont $ol | er 6&nteller @0Rals similaniie fiagtions as Hbe mrevicssh gisaussass seatrollers

controller S on
cont ol (FeaesrFofler TORLERCHL I KEREla BBl SR st A Bis

ot her f ¢aenrirguoéd.citrdhonld be ré@l&e@rtﬁat padsendthenfédtareghofedntidiiensOpatred for
pur poses of thlaiaerrbodl ment . be discussed in further detajl bel ow,

al gor i t IRABSSHly OHQBg'F@nWHétr?@dcg?"r 9umﬁse§hef taisqesrdineninctAdndllloPet ne
corrpenszag%rusggg lﬁsfuﬁH&hd?tLaﬂl el go n"ﬂ%rﬂ&‘?ﬁ g' F?Fig'ec)"?ér‘é@édqt Qﬂglec%g'tﬁé 602

my be inc 1N a Sul thm or ntr )
i ncl 0desglesired fpectomisi ointheasdmpéndatart am@ mmm tihe adtigus htdakdeBustrated in

O L o S T P
whi ch ay g s4ed @b&rﬂ%‘?\@éhdﬁ doitrof QBAKAL IS HbaBlC M@&ow&og@@%%ron

system 600. Cenera In closed-l1oop contr systens, conpensation

pr ocess@&oakBha gainfbdhseatbtedontdd fy signal ggseratar 649, sundra BVWdygeriesatarhe
corrpens%§§d system satisfies a given set of design specifi cati ons. 20 In a
si ngl e-1"00p control system the transfer function is: (C(s) G (s)& (s)

T (83 = R(s) Ther&ard aLRréSs Me&ﬁads(éf)corwb@rﬁ@anoﬁ(whucﬁ%@ls@nbb@fidmweaag

C(s) equals the output. The characteristic equation is + (s)
(s)H(s) canOK systemswhieche as@qwgr regulaiioreeygiens 800r Eeaaedllyr i glseiddaop Go( s)

I's the % ﬁ%l gysa%gn%fse compensation processes may be introduced to modify the system
in such a way that the compensated system satisfies a given set of design
specifications.

20 In a single-loop control system, the transfer function is:

Cis) G.(9)G,(9)
R(s) 1+G,(s)G,()H(s)

T(s) = (1)

where: R(s) equals the input and C(s) equals the output. The characteristic
equation is:
1+4G, ()G, (s)H(s)=0 (2)

25 where: G¢(s) is the compensator transfer function, Gy(s) is the plant transfer
function, and H(s) is the sensor transfer function. By way of reference, the plant is
the system to be controlled and the compensator provides the excitation for the
plant.

The compensator transfer function is designed to give the closed-loop system

30 certain specified advantageous characteristics. The compensator can be designed
to improve the transient response. Increasing the speed of response is generally

accomplished by increasing the open-loop gain at higher frequencies such that the
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function, and H(s) is the sensor transfer function. By way of reference,
the plant is the systemto be controlled and the conpensator provides the
excitati omobps19she plant. The conpensator transfer functpPONWUSE/Xesi gned to

gi ve the clos d- 1,00 st em 30 ce |n speC|f|ed dvant ageous
char act 8Y$tEH) E@ndw cé ‘ﬁ LE)“é”QIe%‘(%ﬁ%QP &B‘Q'G‘ﬁ)r & HESPPRAIRi ent

respons € r | -S{ae
ot oasPra R BRones @%"Wgahn éﬁfﬁf’%‘é"gvﬁ% "‘E‘fgﬁgﬁe@‘ﬁ;iﬁ’%ﬂ%}%w’ ?ﬁ@@‘;ﬁ#gﬂ%
02/ 3195:]em>03m 880 resaza e inytbe aysteand ase nacginaxfdade siRstbne deteroees hoot
(ringin n the response ! pera | nvol v I ncr.easi ng the gi margi n
of e Tl lrantiSihfrnaR vt et e EemBrea e o BT oT Al
phase ”ﬁfél'SP@f(sméhﬁmbSFQWeﬁ'%v@T@ﬁ)s A Rfade- aﬁ%f?i&bn\{ G‘é@&@ss@tv@éfnpme

i npedance and ot her ormance characteristics SPC (swi tching

power cbeareficialr )effe¢t8t obd@creaﬁngyﬁblecapeg I@sapsgambenwetba teﬁeultlﬂgeﬁﬁec@ af

i R LT LI

t ends t hcrédsy @RaSe PARS Qi dnSwyjiris @lﬁgg_éﬁe@'ﬂﬂ w:"r@ééé lthie dQEdrSiRGS i éhe
overshoot in the systemresponse. he conpensator can al so be desi gned

to redug¥Stemaespeasks.-- state error. St eady- sftate errors are typically
decqpased bYThACSAATLAGE BAPARo! BOMARA B 186 od [RGUGREY, LORIS AL | he

errors. Low requen errors are-t | ow

f requenSYea(dyeaatebepogﬁare tpicdily detreassl by mdreaémgethemﬁwnlocb gatuhlen gystem
(the nupber of poles at the origin in the open |oop functiogn.

Conpensﬁ?GPeWSbéﬁn%%@fr@@eW&S -t heOWolreadRN@r PHPr%rﬁﬂe CWHWY r@G'HP@‘F‘thV from

t he indj ROVVES at or
tran!sfer\etrunctgon as %3&%@@8@@38?@@"?% Igtﬁféév%i}lli ageﬁltptgwﬁegggg?s)
and pr othaja’ystema(t’né ntimbep of peleS)ailtleaemrlg]mtlpUhe mplehanzm) fw"@ubal | onI typically

t ut
i 1oy ence. bECHRS A et Ba0 fFesiurs s vafidaTanand oodae Garartg Epmane
provi di iy #dil48al pbhvPa0080E! OTHRg d%?é?galf&%dtfb?o phifgk |1 CtomBbdAter

start-up (e.g., at a power-on-reset, Initi ower - on, power
phasi ngtraosfer flencdigoi ammmed tcangLMte-tb@ ocitput N@Itage(mp then tﬂaaid$)n€g1d3 pravigghase

et ot O ity 86 A SENBIElhes oo A RS Bl e
the gai foleege RbFe(ief, ey RHé absolute difference between the sensed (load)
20 voltage and the set voltage) and providing active voltage positioning based on the

load level. .

During start-up (e.g., at a power-on-reset, initial power-on, power IC re-
phasing, or the equivalent), a start-up control loop including gain/phase detector 635
and signal generator 640 is engaged. The data input to compensator block 630 is
25 also received at gain/phase detector 635 where the gain and phase of the output
voltage may be determined. Signal generator 640 provides a constant reference,
such as a sinusoidal waveform, to gain/phase detector 635. The overall gain of the
plant transfer function may be determined by equating the ratio of the absolute
magnitude of a feedback signal with respect to the sinusoidal signal. The following

30 equation exemplifies a suitable gain equation:

Gain=20lo JB°°sjb2 B fb (3)
5 \/Bmief +B, ref?

where: fb is the feedback signal and ref is the injected sinusoidal signal.
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vol tage may be determ ned. Signal generator 640 provides a constant

reference, such as a sinusoidal waveform to gain/phase detector 635. The
overal | gedn2/afs5t he plant transfer function nay be deter pPCnEdIB22@qUat | NQ
the ratio of the absolute magnitude of a feedback signal with respect to

the sinusoi dal*hesﬂog&ﬁing J&l@atfo‘h‘ érglﬂifets +smﬁﬂa‘tb?é bﬁé‘ £¥g0RMdd:1 es a suitable

gai n equatlon Sref 2 + B.; ref 2
where: fb is thecfmghegggackq@{a%gnd rf{%]} S;e}‘ge |nj ect ed si nusoi d&b si gnal .
17 WO 02/ 31951 P Ha® - quation exenplifies

sui t abl e phase equat| on rctan arctan Bcosref (4) B.,:Jb
BB;,, ref Th t

conpensator ﬁ-rh%n% &B)Pgﬁﬁéll Ighpe{%ggﬁﬁeﬁ%ﬁgn %?ar?ljﬁdggll onng%lé}%Fe%%hgfgﬁgaged
until sudinsetipmeand shen thelgsart-bpdeopmayP Bl diesegadert ubbiOsuiseRjueas stdre-upsi ti al

instruction, such as fromthe start-up control |oop, or the conpensated
i nstPuctdc8W-and i n response, generates a di gital signal to the power ICs.

It shoul d be by mgeﬁa%%ttoﬁééﬁﬁ FQ&%[%S #2ink f=PY tigrggédéﬂ as ifopd | crreécé'%gﬂépt °

nore than one po act, COﬂ er provi

i nst r uctcoatrsl tompaldr thbecqmpemsdté?d mstrmdi@nsa:scﬂ emnred;psorwaae g@mmtemtdigifalt he
i nventi on, o] t|o ordance wth the rese
i nventi @FgrlaiéB ﬁgsp%w b ?ol ﬂeﬁ%&gﬁ%mﬁ% hati erpteqller @VSP 'Faént
mode CO”ﬁétRJ tlo%%rmw@'ihﬁﬁ”gr?é E@Q/e\"‘lbhéﬁ‘d CONEdR! b&htrSiRe Sy ?ﬁ’é%) rovide

i npl ement adaptive sl ope conpenSation to optim Ze system perfor nce. For
15 éRamingrudtibas $ etbéhe:paweniﬁs; irofhenmistdie. cal cul ated to vary optinmally as a

f t f the | oad. d th t AAD.(e.qg., : t
A'D 438) pr oWt d88° ERIRANEEbnof ORBoUIVATIPB: BOBOIR Al BT | WtoBark b
sui tabl yacBbtddrbi wkh BiYe Bredérm lnﬂ/éﬁmrﬁ g decarflmet Wo2StRPSH&atimgIRat | on.

The sensed anal og current signal is transmtted to the controller logic. A
var i abl syaigim irpcuréenti modaeeniobd Algorithmsecantaingd v@thns@ﬁsﬁdll@lﬁ%ﬁwt@lgnal

R e R B i R
11T yst r axamplé,theigiipe toedehbatdn hridlynsd ca@u@é@@%iy%pthhé%ag 3fdretion
of the load. In this embodiment, the current A/D (e.g., current A/D 438) provides
information to controller 602 in a format that can be suitably multiplied by a gain
term to provide adaptive slope compensation. The sensed analog current signal is
transmitted to the controller logic. A variable multiplier is then used to increase the
20 sensed current signal. The gain term may be programmed to vary as a function of
load or variances resulting from other external components (e.g., output filter).
Figure 7 illustrates, in simplified block format, a compensator block 730 for
use in controller 602 in accordance with one embodiment of a power regulation
system of the present invention. Compensator block 730 represents an exemplary
25  proportional-integral-derivative (PID) compensator control loop. The transfer
function of the PID controller may be represented as:

Gc(s)=Kp+£+de (5)
s

where: K; is the proportional gain, K; is the integral gain, and Ky is the derivative

gain.
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use in controller 602 in accordance wi th one enbodi nent of a power

regul ation system of the present invention. Conpensator block 730

repr esentveo am3wienpl ary 25 proportional -integral -deri vat PORUSHIIP63
conpensator control |oop. The transfer function of the PID controller may

be represent qicasieffizibRs=HthE teﬁﬁé'%f@uatlén@ﬁfa‘%/ b&RictsrmiiRgd erﬁh@r @é@@al
gain, K |sthe|ntegral gain, Is the derivative gain.

02/ 31950f T/ plmot transies fumh@orcof@rfemnmie,saaqurwdt gBimg BRUEHRRS |3oﬁn§l 4ray be
determ rég)gv%n the basis of the plant transfer function, for exanple, as
derived 'g Equations 3 and 4 above. The net error input to conpensator

bl ock 730 i s Thaenstusnrdr inplue td/ebmpandalop Wiocko 78008 ttise st ofXied.£ andhig,
voltage error for each power ICis received at the conpensator block and

t he sumitiutal | FERexeotRle, dbe r‘éﬁ‘ta@eoéf@[jtfobﬁetchepﬁwﬁérlq ¢s receivedpat jtike

Cummod U8 BoReR I {158 aPRRE"Fnt dtol e orel AR ARC Bl WO EBe! [Ceny

The | oaqilLo/Qd)rlS gotei(bd @ADheasidck ol Tragmdanidwal lag ﬁmh@lacbbmfr‘rmé powdeﬂ@s li§ ne

Z,QineE KBTI Eaeeigr PRI (R ) S AUERGH 1 G1e el kvl bRTBAPEGal n
Ki
(n) i s SIancrrg) adrchee st o SpRinea PR B o rBliel ™

di gi®al Thetguodr Sigihal-id)passat ehmmugpoa pratpmllor(a?)gaamd(}g rarefaalintegral gain (Kj)

| at t d ed the foll
15 Equarringe offval e B sell Y4 aptersfe [RRATREBNTM(n) = k: (x(m)
y(n -1)) (7) ThEhGighst ButoL®f yﬁ?ﬁ@ﬁ%ﬁ?tﬁ?ﬁe h?)% a7?t91dt1§ntc5Teth%UBPé%fenE%@fdlons 6

and 7. In general, the proportional "controller has the effect of
r educi ngwmhéx(ms@wd theepr@rkusz@gmuqutm@c{ume1))baihermop@rtiQﬁahéE’)eancﬂ In*éegral

st eady a err i nt al I | er has e_effec

reduci nzb eev%tl?néﬁiprﬁ I% P?'L @qc sfnftye 8r%ecﬁres%tﬁgaass¥1§prf?l wing

t ypisal Iaqufagbhggeghday r@sgb@w@]}ﬁhange in the Verr and Tout inputs. The PI
conpensat or stages are unable to respond i mediately to the change and

u_sual I y takes sone tinme to agpustk tont he new | oad conditions. In {hese
si tuati ons,
() = K, (x(n) + y(n~1)) (7)
The output of compensator block 730 is the sum of Equations 6 and 7. In
general, the proportional controller (Kp) has the effect of reducing the rise time and
20  will reduce, but not eliminate, the steady-state error. The integral controller (Ki) has
the effect of reducing, even eliminating, the steady-state error.
A load step is typically followed by a steep change in the Ver and low inputs.
The Pl compensator stages are unable to respond immediately to the change and
usually takes some time to adjust to the new load conditions. In these situations,
25  the derivative term (D) is used and may be represented as:
() = K, (x(m) ~ x(n - 1)) (8)
However, a high derivative term may have an adverse influence on steady-
state performance. It is preferably to shift the compensator output to the new value
corresponding to the load condition. Such a scheme bypasses the ramping time of
30 the Pl block and retains the steady-state stability provided by the Pl block. Figure 7
illustrates this offset preferred response. The differential gain (Ky) is assigned to the

loit Signal such that the compensator output is substantially instantaneously shifted
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25 the derivative term (D) is used and may be represented as: y(n) = Kd
(x(n) - x(n -1)) (8) However, a high derivative termmy have an adverse
i nfl uencavon2/svendy- state performance. It is preferably PoTARIfFI2263he
conpensator output to the new value corresponding to the |oad condition.

Such a ??ﬁﬁgﬁb‘éﬁ?ﬁ?@oﬁiaﬁarWe[‘)&wéﬂd@einlqﬁeﬁgaﬁ Qél;: iBﬁﬂé?'é?Fé&t@F@sLﬂtﬁ{gain”é the

st eady- provi ded by the PI bl ock. gure 7 i1llustrates this

of f set ghahge riedhe expupansatdhispdis) f dnethis alanger,nthexdifferentiad siffget ahayobehe

| out si gnal h that the conpensat t ] tantial |l

| nat ant Ses S b e Se & TRTRE Ty ths 103 bt 1857 Mgk iPeumsaphen
propor t i asbad ocdrfghtcharieees nhe hgew ogsmpofsabhevalatl eqtss ragiptilve Neontrbla
change i n the conpensator mputsé. In this manner, the differential offset

may e feRitIe 8llows coRmrensater blors /B0ctparapidly radivd theaepropemneaier oyt o
bl ock rgﬁgn:fag n‘é’tR/e ea{:l?—%t%tggct%nﬁHfoﬁeeFf{er%cl%Svs? t he new conpensat ed val ue.

Thi s adaptive coniro ure alTows conpensator block 730 to rapidly

adj ust the comgensed|oit ioutilbdesirableabtintiode anrygica atifershtbetes@n@dy) eosnaf t er
a load step. In general, it is still desirable to include a residual

di f f er eSiUring teagy-plads te maintaiupysigmsstalidify sHaweves thei ertEwm Al Af K
stabili i v, f c e
peat varigy PO IR IoWa AR MEBELAINE 1 o166 Iodieeptr ST LA BYER A RBIOERS,
t hi $0by 7ada$]ndowets/fr?adiﬁissﬁy a@elxmthelwadjgetirmg th@lgdleupemfd@lgep%ncﬂihg dmla:éd |Oﬁd
activity. .Thus,.  a high Kd value ma e used durin oa tep a t he
Val e meFVBe. BPBsr e Ruy Ky AN TEIDE S5PHE s G ORd sl PRSI ARLESIEY as
the |Oa%e%Fddfé§éﬁv%|1k/eﬁ%%%f&%d Hife %@'@éﬂy—%t%téj'rgéiﬁﬁbl GO T tRE |&§§ clivity
conpensati on systentgreatly enhances °the transient response of the power

regul at iessengstléns adapineg digdapecordiationdhe tempEhsstieadystenapeeatlyspinanees
Duri ng | gad step, the co ol ler can rapidl hange, t he .out put_.of .the
compens o BRI [5<POAgo He e ROME | G5 iGTT SHRST TGN dRPPE iR the
conpsnsatdYdyl statdfdspBhsy an anmount proportional to the change in the
sensed | oad current. Theéggi n of the difference stage (Kd) changes

adapt i vel y willuiinche sk stew utheegontrollgsr oem depidlp ochisingge theofaudewt pdrthear ge

R TG T S

requi r edffeyt %@M%b@ﬂ%ro@@ﬁm@ﬁﬁi m&ﬁa@](?@eiaqhe Fepdy Isddtarehtd ThREgain
particul ar enbodi an algorithmto adaptively conpensate for varying

ads el e SEienes Fibaat (Koh Cpmasien PG hp i ad SPFe RUTEBhIa BravHE 3
conpg ol Ib?"grger offset for large load steps. This allows the compensator to quickly arrive at
the output signal corresponding to the new load current, thus reducing the time

required by conventional compensators to reach steady state.
In one particular embodiment, an algorithm to adaptively compensate for
varying loads utilizes a calibration procedure to provide information to the controller,
25 such as the characteristics of the output inductors, output capacitors and the
load(s). This calibration procedure involves injecting a sweeping frequency
sinusoidal waveform into the portion of the controller that computes the PWM duty
ratio. The feedback voltage and individual inductor current signals are input into the
digital feedback loop where the signals are analyzed to determine the residual

30  amount of the injected sinusoid.

In another embodiment, the value of K, is such that it raises the low-
frequency flat-band gain to 20 dB and the value of K;, which determines the low-

frequency gain of the system, is such that the overall loop gain is 20 dB about an
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25 such as the characteristics of the output inductors, output capacitors
and the load(s). This calibration procedure involves injecting a sweeping
frequencywo 82/8195pi dal waveforminto the portion of the cobPCT@bbigx2243hat

conputes the PWM duty ratio. The feedback vol tage and i ndividual inductor

current cetamraliziew ethenButdB Hiteguiehey ¢t ¢hd adridiegidbrek tfratsfemtianetidrheTregnal s
are analyzed to determ ne the residual 30 anount of the injected sjinusoid.

I n anot PEFaBgiRsdiaigftenegiethednigl- friguRpCY sesnpnset ofdheisysiain 86 daiarmipgs
frequen K s the
| ow fr g%%‘gaﬁji c@%%vgr?frtﬁ H&é’r%ég?fg%ea{&gp stuc éfghgﬁ‘c(a&e é@é@?ﬁ\% %@p&%@lﬂgl s 20
dB aboutusad toZﬁcMéﬂbBﬂ%@s‘P@T&é BI0ddrigetshtionctcammaximizevinehgaid aBssovequency
of the gri i nal BI Etgbransfer function. The paraneter Kd influences the
hi gh2fr rci?g’ﬁ@(}yla 93 RSP M E'syst em and deternines the gain crossover
frequency of |f lgol,RORet 'é%E?&éteH“fPféft'tﬂB pARiculf" ﬁ‘ﬁbltéﬁme?a‘t&%rist RAbWvA aHged to
incremental |y adjust the conpensation to nmaxi mze, the gain crossover 5
f r equendgsarnied herghase ilstrgtive of varihmueribbdineis b tha nmrenhm mdiwﬂmg its

particul i enent at i ons. sho nd_..descri bed rein are. | strative of
Dar | ous PBShBNRLME B16 HGr e fofimitiBe Hrong o7 e TyBsnhiouentihs A
i nt endegygy0 I'dd@bh fdran8 &2Re Afbrélls, @bﬁ§@rﬁﬂor1dl‘¥&iﬁrhcﬁlﬁbé f&)r%f‘?hal Wedcedsiie

for the sake of reV|ty, conventional techniques for si processi Ng 10

dat 20t r gleéaitregisonssien ghignakng, ant nebyatsrdordht aad | otbmfwtdﬂ@nair asiedtsy

asect s L ol ST 0L SRl Pt b BREEEh 0F o

Fur t her psemd)haay eviert degerideasn dethiowardin. tgtheriops!sthbl gihrestingmhas ned
her ei n are intended to represent exenplary functional relationships and/or

physi calShewiiphni thgsvasusdiigiren sontained  seeaip msadrtended 19 repmseat xemptasy t hat
many al tf&ﬁ&%‘h'a\’?%gﬁoﬁéiﬁbé ?HHRJ'r ghggfgg ?@%Ilr{ggl @ét%@ﬁﬁh@%a?uoug%‘éﬁﬁl?ﬁ%' It

connecti ons nmuni cat’ on € present
i nvedt i ehobhis Heeaotetesmﬂ peghya lattemativehor efdgitoree mgcﬁmw‘rpt@atwnsmps or
embodi nents., However, those skilled.in the_ art havi ng read th| s di scl osure
wi | r@@é{@ﬁﬁk%o@ﬂ%ﬁt'oé‘ﬁéfﬁ@é?eé’ﬁ%ﬁ%m ﬁ|%§?ﬁ%§owrﬂ a éyst%mt he

enmbodi nent s H‘,ehﬂlé on.
For instance, the %re é{s)]ggtg Hﬁérﬁlbgﬁp F%ﬁ% ﬁ%%%%Bg\éthert:hbe @%ess(lé%g’gry

control Iembctcbmmtsagdﬂme\mrolthom skitledrin thegattahawng treadrtexlsndlsuiﬂsejré ogitls; it
manage! CORRSTTFS At ErBNGST GHSH FRiPTeHBak p e BARE o 118 ompodihente uthioit ' °
20 departing from the scope of the present invention. For instance, the present
invention has been described with a single controller to manage/control the power
regulation to one or more loads; it should be recognized, however, that more than
one controller may used to manage/control multiple loads within the system
depending upon the particular requirements and limitations of the system.
25 Moreover, it should be appreciated that all three controller coefficients (P--D) need
not be implemented. For example, if a Pl system provides the desired response,
then it may not be necessary to implement the derivative (D) controller. These and
other changes or modifications are intended to be included within the scope of the

present invention, as expressed in the following claims.
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dependi ng upon the particular requirenents and limtations of the system
25 Moreover, it should be appreciated that all three controller

coeffici em092/§P51-D) need not be inplenmented. For exanpl BCTAUR0132B43 syst em
provi des the desired response, then it nmay not be necessary to inplenent
the derivative (D) controller. Thesecgighs Ot her changes or nodifications
are intended to be included within thhe SCope of the present invention, as
expressed in the followi ng clainms. 21 WO 02/31951 PCT/US01/ 32263 C ains 1.

oubput vol tade. (vauPrwet TeGRBRE il by, 1€ St By ReLEK yalAdt Pl em
S conpr iggidngn o@tmhthﬂﬂdgbyﬁ}mutpm VeRID\es G Sl yPEOGHEd itd 1084, tthe Ry8&sn

configuration, each block electrically coupled to said Vin at a power IC
and eouoEPIts&ai d Vout at an output inductance, said power |C including

a command interface i | . i Jd L far ring - 10 a
controller in comcrau%m@%tl{t?%rg %W%HJE E?‘@@%S% 'tgngﬁ?]lélﬁ _rpuhcsﬁtsf%oénd??lgg’géé[c N of
sai d powesichdiosieslechivaly colisledsaisdicc Vit atoh pbeweh & iang couphsthf saie \adugeti t hm

configured to receive digital power conversion data fromsaid blocks and to
det er ni @8 LY5R¥fe INQUSIES aBign PPVEM KailBCHiging & Hunpendr inderpenshayion

nodi fyi ??a%ﬂ}rﬁeicgééﬁiﬂﬁééﬂ?sﬁc%ﬁ;ﬁ&&am sai d power conversion bl ocks; and 15

adigita us providing a co Ication channel between said plurality of
powed conversion fd cakeolienth semchuricdtionl Wigh and.pravieingoaw instegtibato eaclsyst em

of claim1, wherein said controller _conprises one of a djigital signal
b 0ceos Sl STBHORR SRVErUST dedsorsadbT e (RS 3o aRiyEnaBpLl T o
claim Lcohﬂgar!yar 16 OFBRENR) a6 %W@rnfconlt/isr%%}ﬁ%té' ﬂsmb%tame%ro&&%rfa tgai d

power conversion blocks and said controller to facilitate current
bal anci nigterding. aThowsoweompegsatitri dronsysaidmdata,clsaidn powetheosipensatidn

o b AR AT B AP L R el A o0 e
perigdically poll g gijtd &?élﬂn*ovlrc%ﬂgig]étc%fmmhﬁicéﬁbﬁ cHaahél@dethieeniseidiphpany ne if

a fault within 30 said power has occurred.
of power conversion blocks and said controller.

2. The power regulation system of claim 1, wherein said controller

comprises one of a digital signal processor (DSP) or a microprocessor.

20
3. The power regulation system of claim 1, further comprising a current
feedback line between each of said power conversion blocks and said controller to
facilitate current balancing.
25 4, The power regulation system of claim 1, wherein said command

interface of said power IC further comprises a fault register.

5. The power regulation system of claim 4, wherein said controller
periodically polls said fault register via said digital bus to determine if a fault within

30 said power IC has occurred.

6. The power regulation system of claim 1, wherein each of said power

ICs comprises an identification (ID) as assigned by said controller.
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6. The power regulation systemof claim1, wherein each of said power |GCs
conprises an identification (I D) as assigned by said controller. 22 WO

02/ 31951 WRCW2/81901L/ 32263 7. The power regul ati on syst em of PCT/asow3R263wher ei n
said power conpensation conprises an adaptive slope control algorithmfor
peak current 7node Theompomer. rég@atiamesysterar afeglaiat i1on wheseiemsaid cpawer 1,
wherein_sai d power ensat i n CO

bt opor { PURRFRBRLaL P BEERS a0 <RV BRSPS SoF el anTiom fofeat curiest mongl
regul at pgRr§lyst em of claim 8, wherein said PID control 10 al gorithm
conprises a proportional gain (Kp), an integral gain (K/), and a
diff®rential gain (Kd). 10. The power regul ation system of claim9,

11 The poweP r ogal a1 PoueL, LRI PR or° GG, RSl i PRl

conpr i sesmPeRARGH ESRAp ﬂ§e§alpﬂoﬁ¢rﬂbhalhnmq«@|rd@rwaméqPﬂD) Esviteol ol gurItRml d power
conversion blocks. 20 12. The power regul ation systemof claim 10, wherein

said error signal conprises a summation of a voltage error and a | oad

current. 13. The f
i nstruction | 5 o?ﬂ ;%0\&89!%@%5?%%%@1@ CI%k@ po%?ré{}ﬁ C%ngf)em of
cl aon 13igowtieheiompsrived & pedpartdmaingdis (KO badhtedwall gain IKI), oaﬁd atdaﬁereﬂ:ﬁ:al A
met hod of congle?nsatl on control in a nulti-phased power regul ation 30
syst em 93 @fanet hod conprising the steps of: receiving, at a controller, a
plurality of digital information fromeach of a plurality of power
conversion blocks in a nulti-phase configuration, said information
conpri si ng a1ﬁet é'heopowéus régiater8 sYStenr@r/ €ISl /R2@68reinpsaidi RiDhgoatrebt of
COEffICIF ?h r?h ensation transfe[ function in
orithm further comprises an error signa
15
11.  The power regulation system of claim 10, wherein said error signal
comprises a summation of said digital power conversion data from said power

conversion blocks.

20 12. The power regulation system of claim 10, wherein said error signal

comprises a summation of a voltage error and a load current.

13. The power regulation system of claim 10, wherein said instruction is
offset by said (Kg).
25
14. The power regulation system of claim 13, wherein said instruction is

offset during a load step.

15. A method of compensation control in a multi-phased power regulation

30 system, said method comprising the steps of:
receiving, at a controller, a plurality of digital information from each of
a plurality of power conversion blocks in a multi-phase configuration, said

information comprising a net error;
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response to said received digital information by nodifying said set of
coefficients to conpensate for system changes; and transmtting control

i nf or mat ivom 0/819m sai d controller to each of said 5 powerPcDUsSer®een bl ocks
in response to said optimzing step. 16. The method of claim15, wherein

sai d optim zing SURinGoRBr4 $86 of %Béfﬂ@]eﬁté‘%f 8 w@ﬁ&ﬁéét%ﬂraﬂﬁbﬁfdﬂﬁ%n Jﬁ”

integral gain (K), and a differential gain (Kd). . The net hod of
claim 16eswmeeh0rses@|relcemed aligttiah tpfemeadionuipy Heodléyongrsa&bsetf ofreqefifcient®itobl ock

corrpr|S| id and said K; and formng a D block conprising said
(Kd) . oﬂqﬂ%]s%éﬁjgém ”&Pﬁ?ﬂ?ésp er ein said optimzing step further 15
conpri ses offsettltﬁwsﬁﬂttmg%om@clhf&maﬁ@hdfranbbQ@kcamltrrdalreg ® baad &tead 19.

The net hod of claim 15, wherein said controller conprises a digital signal

proc@sscﬂOV\(ﬁDSP)Wamp%bl(?@kS@Eé@S\ﬂQﬁ\g‘eé@é@ldo@l@ttmlg“”ms’@ﬁld DSP. 20 20. The
met hod of claim 15, further conprising the step of formng a synchronized
current share |line between said controller and each of said power

conver si on blgcks.Thal mdthedmet lvhsimot 5¢ Ivatheneld, saidermWilzmgnbfdps icoengrizesst ep
of addressing 25 each of said power conversjion block . .The net hod of

cl ai m 2PpliMigingé ProgRpIanal agin tie) sinvitearatieriad i) naing aéilff@rm%ak%n (Bvhai | abl e
power conversion blocks in response to said addressing step. 30 23. The
met hod of claim 21, further conprising the step of determning a relative
phasde rel ati dshi FHeetmethoda gil etani t16, olvhehesinnebid | optineigpanssep ofurtiet

addressing step._ 24 WO 02/ 31951 PCT/ US01/ 2 t hod_of  cl ai

wher ei n &8 Rf's(%tfpm‘ﬂ@ha 4 BC'Fm&sm%éﬁﬁf@@ﬁ%%'ga{é{r@@w&ﬂ ey Qn

decreamw&ﬁgdﬁp,?éﬁn%} B {llgsr ease a transient response of said system 5
od o

25. The net cfaim wherein said optimzing step further conprises
decreasing said (Kd) and increasing said (K;) to increase a steady state

response of stem .26 t.ho f roportiopal |nte e ive
(PI D) conpens%rlo eldngmﬁ)(q(ﬂpfx NF? ﬁli }"}% Gﬁﬁsé@'d;o%lm'é esrtgﬁ)oh" ﬁﬁtem
sai 55y Fopiprivayidigettingsdiada bld)cﬂ@W saﬂtb %ld@k' durER) #\R1étepsai d vol tage

out put received at a |l oad, nethod

19. The method of claim 15, wherein said controller comprises a digital

signal processor (DSP) and said receiving step occurs at said DSP.

20 20. The method of claim 15, further comprising the step of forming a
synchronized current share line between said controller and each of said power

conversion blocks.

21. The method of claim 15, further comprising the step of addressing

25  each of said power conversion blocks.

22. The method of claim 21, further comprising the step of determining a

number of available power conversion blocks in response to said addressing step.
30 23. The method of claim 21, further comprising the step of determining a

relative phase relationship between a plurality of channels in response to said

addressing step.
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conprising the steps of: conparing a voltage output froma power conversion
block to a predetermned voltage to determ ne a voltage error; 15

converti mgosas®svol tage error to a digital representati onPof/us@i/at2630l t age
error; converting a current received at said load to a digital

representation,  GelCrbiiodd G BRIMEMBOr wheRlh Sabld thagpgdisedp afurther
representation and said current digital representation; 20 receiving said
net err epmgrisas Ancislasiig skid 4Kg sodpianseasion s0Ht(Kgl {o inareasesiandransiamt

current digital representation at a D block of said conpensation control;
offsettirﬁﬂ%g‘éﬁ%aoflﬁal?%g}f)%(ﬁ%th said D bl ock during a | oad change;

determning a set of PID coefficients in accordance with static and 25

transi ent conditions of said system outputting a conpensated instruction
i n response 8 saillepimaif@ds &1fd cBimbl16ckwheeaid faidi faalinyzivgi $tep tuaker

out put I8, {SRACMRELsiNG Lif PR NPT RAadifg SERCI P irfiPease a steady-state

response of said system.

26. A method of proportional-integral-derivative (PID) compensation
10  control in a highly phased power conversion system, said system having a voltage
input and a voltage output, said voltage output received at a load, method
comprising the steps of:
comparing a voltage output from a power conversion block to a
predetermined voltage to determine a voltage error;
15 converting said voltage error to a digital representation of said voltage
error;
converting a current received at said load to a digital representation,
determining a net error from said voltage digital representation and
said current digital representation;
20 receiving said net error at a Pl block of said compensation control;
receiving said current digital representation at a D block of said
compensation control; ‘
offsetting said Pl block with said D block during a load change;
determining a set of PID coefficients in accordance with static and
25 transient conditions of said system,
outputting a compensated instruction in response to said Pl and said D
blocks; and
modifying said voltage output in response to said compensated

instruction.
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