DISTRIBUTED POWER SUPPLY SYSTEM WITH DIGITAL POWER MANAGER PROVIDING
DIGITAL CLOSED-LOOP POWER CONTROL BACKGROUND 5The present invention relates to
management of a distributed power supply system, and more particularly to the control and monitoring
of an array of point-of-load regulators or other non-isolated DC-DC converters within a distributed
power supply system. With the development of the electronic and communication technology, the
power supply system is becomirﬁ more complex. As a result, the ﬁluirements of power density

10and reliabili %TW@BEWQ&% W%F&ﬁ%r\%@% W&W‘e]‘r[gg L PRWER &%HrRelectronic

system to require severgiRtiffasnieiRiyain iowvolrgelexsisperEREDRYROEY, 1.8V, 1.2V, etc.,
and the voltage should be regulated precisely. At the same time, relatively high current levels (e.g.,

100A) and high current changing rates (e.g., 1000A/[ts) are also required. It's not a good way to deliver
such a high current to electronic devices 1508&Ic&IgR®diRBNCe, because the impedance of the lines
carrying the high current tends to dissipate a large part of power and deteriorate the load regulation.

So, the physical didia RESBE AREEH R PalFeosmaphzanenk e | distHairg Pe Vs SHBPLAYYHEESIble to
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multi-output power supplies which are not close enough to different loads can't satisty the

requireme .@Qﬂﬂé?@@ﬁ%@%@ﬁ@w@m@%@@%ﬁbﬁfﬁ@@% SliBP{lib@Yé@Ipower supply system
with an intermedigig, huis.CRRIMAAION PR HRRE 2 d DS YRR SRR RUSEI VLS, SiRARSVP the first

stage, the AC input voltage for the whole system is rectified, then converted to tfie intermediate bus
voltage leveinphe sygtéwalivbegens g 1R, canepbsfecivicatésolationrinisunendsi oé pomwenidestie. There are
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regulators txdativabBshvelncumaarievdls Thereli@0a ) and high current changing rates (e.g., 1000A/us)
are also required. It’s not a good way to deliver such a high current to electronic devices
15 over a long distance, because the impedance of the lines carrying the high current tends to
dissipate a large part of power and deteriorate the load regulation. So, the physical distance
between the power supply and its load should be as short as possible to avoid significant
power loss and to make sure of the system stability. That means the traditional multi-output
power supplies which are not close enough to different loads can’t satisfy the requirements.
20 In order to solve the problems above, at present the distributed power supply system
with an intermediate bus configuration is widely used. This system comprises two stages. In
the first stage, the AC input voltage for the whole system is rectified, then converted to the
intermediate bus voltage level (the typical value is 8-12V), and electrical isolation is also
realized in this stage. There are multiple non-isolated point-of-load (POL) regulators in the
25 second stage, and each of them converts the intermediate bus voltage to each of the multiple
levels required by the electronic system. This configuration that each relatively low power
POL regulator is located close to a particular electronic device will help improve the system
efficiency and reliability.
A typical distributed power supply system includes multiple POL regulators. With
30 this approach, the management of these POL regulators becomes very important. There is a

need to control and monitor different operating parameters accurately, and diagnose fault
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need to control and monitor different operating parameters accurately, and diagnose fault conditions
quickly of every POL regulator to get excellent performance of the whole distributed power supply
system. At present, there are mainly three kinds of manager to control the POL regulators in the
distributed system: analog controller, digital power system sequencer and multi-digital controllers. 5In

a conventional power supply syste POL, regulators are controlled by analgg control methods.
Analog conf%]ldl%lgr@eqf‘gl}#%%/ﬁ e%@?ﬁ@fgiégggmg\% %8‘156\95\%?’?66?,6 @ﬁ?& ﬁé%%fg’?boﬁ?has wide
applicationgiiribated ytadepoyplssippn Systerseighiiaeiure sy g trayvbiack of manapaleg control

system is that it is difficult for a host. computer to get the working status_of each POL regulator and to
realize on-m?élt&%ﬁ%ﬂsﬁ?‘i’ |ﬁegv&é?%lmgﬁéﬁmﬁﬂé@ﬂ%ﬂb@?ﬂfﬂ@%@&% BUALP AR EICYESRtrol, a

control configiyiatien abishiincydes eaigitRrsignal processor (DSP) or micro control unit (MCU) based
digital power system sequencer is utilized. In this approach, the POL regulators closed-logp voltage

control is also impiRAEHEENH)ah RRYGCEEREDS syteh MOSUorsgtidPTharsrpatraliad bY y0ktors
through the:ghgia nRaNEIsS KB L LRAHBNES! vERENRIF GHANR Ibal ang mitted fre@hewhesiicomputer to

program POL regulators operating parameters and the monitoring data sent from the digital power
system sedqidriBerckrEs dlihramdrs Aalisations inslirtribuisbepmse stprly spateo R hieRTSHR8Ed on the

PMBUS Projegphadib PR AriRRdai6PRuRIRAGN PLoteaRluiT s digial ReNyRRSHSiee @eduencer is

capable of sensing the output voltage, controlling the ON/OFF state, and sequencing and margining

the output W@W&%@@@@l@@&%?%@@&ﬁtﬁ?@l@rﬂb@%ﬁﬁérals integrated on the
DSPIMCU. The digitaliepiyeh S¥St oS e SR RIS ' FRBIVERES ARNRYS dBLE SRce adapted to

communicate with the host computer. The number of POL regulators can be managed depends on the

amount of eeafimrptienaiichdgrlides ordipiéaDEEMNIDIOCANILYIPITS riclineanarlagan®HER)
voltage contal R ek S e R AR IS Lico power
supply systéesedithapwhiplecdigitabtoretsilenplenatsted bochnkl apidesystermeabbstmepuisttiple digital
ool R 0 L TR 0 S el o ool
bidirg ctionatacemuitterhfoadicthenitisttbentyestconpprgenn THH cegtietdrn pismatiniatianrhaecratid ene
management RGIans SITRro e shoverdesaaed apRiaseh. 2% LRRRRIGY SR g Yoo
power management bus (PMBus) which is based on the PMBus protocol — an open
standard communication protocol. The digital power system sequencer is capable of sensing
the output voltage, controlling the ON/OFF state, and sequencing and margining the output
20 voltage of each POL regulator via various kinds of peripherals integrated on the DSP/MCU.
The digital power system sequencer further comprises a PMBus interface adapted to
communicate with the host computer. The number of POL regulators can be managed
depends on the amount of the peripherals integrated on the DSP/MCU. Although the on-line
management is implemented, the closed-loop voltage control is not flexible because of the
25 analog closed-loop voltage control.
With the increasing calculation speed of the DSP/MCU, a kind of distributed power
supply system with multiple digital controllers is also used. In this system, each of the
multiple digital controllers is responsible to each of the multiple POL regulators for
individual closed-loop control and various protections, and furthermore, as a slave device,
30 each digital controller can have bidirectional communication with the host computer. This

control implementation has on-line management functions similar to the above-described

approach, and it also improves the system design flexibility. However, for every POL
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regulator a corresponding digital controller is required with adequate integrated peripherals and
communication interfaces. Overall system cost may be high, and the communication efficiency may be

low due to too many devices in the system. Thus, it would be advantageous to have a
management system and method for 5controlling and monitoring power converters within a distributed
power supply system. SUMMARY The inyention overcomes these and other disadvantages of

the prior arf B3P BYGURIRG ESBRTEM S Slslnl fiamroller dytotuteth Ednadiaate misatated PRORIRAGE power

converters ih@ chishaiiiiaiesh RAIER PRI SYEIGEtem cdbt Ak BRGNS delbennvaniaiothe power
supply system comprises a g;urality of power blocks adapted to deliver power to the loads, and a

digital sign&tBFEASEIBRYDS PP6AVRIG PRI SRt eV RSYigital power manager adapted to

realize individual digital i@'&%@ﬁt'@@ﬁ’d@@ﬁﬂé%éoﬁ&‘%%@/@ﬁﬁ'dﬁg 4% BYOSrATh@RSSMIAGRArameters and
monitor the 15conditions of the plurality of power blocks. In this invention, the power block, namely,

only the poffditisdingriKbreonidinbRal AbrersGH sy DD & dsimhates pasen e infyreRented in
different manners, e.g., point-of-load (POL) regulator and voltage regulator module (VRM). Inherently,
there is no closed-loop control or protection function within the power block which only provides
relevant analog voltage signals to represent out3YRREGE, output 20current, module temperature and

so on. Therefore, {jg ﬂl%ﬁ‘!i@r?%%r&ﬁﬁ%@%és@a!ﬁ‘acc?tﬁéf'i‘@fsﬁ%ﬁlﬁ&g%'m}?e i Eoiliﬂtg{ eﬁ?&ﬁﬁﬂ(g?g and

protecting the plurality of power blocks. In this control systemimplementation, calculation
capability ahdigifel penysienanpgsoadeptediaisendigitang oweitonarpiyelisrefnaverfolinysetok ivmas to

integyate the glased| ﬁ&%@@%&%&%@ of each of the multiple power blocks into the digital power

manager. 25As a res re 1Is'nd requirement for a separate analog/digital controller for each power
converter as in prioraysigmdindnicdf the amectitene iy westwithesysreraticsgprisonicpdystbm of

Additionally, (e Fo0HQ' SaRIFA WALl B Moke I ablS.dy i e I8 PR R Na B p) or
micro control unit (MCU) based digital power manager adapted to realize individual digital
closed-loop control, execute instructions to program operating parameters and monitor the

15 conditions of the plurality of power blocks. In this invention, the power block, namely, only
the power part of the conventional non-isolated DC/DC converter, would be implemented in
different manners, e.g., point-of-load (POL) regulator and voltage regulator module (VRM).
Inherently, there is no closed-loop control or protection function within the power block
which only provides relevant analog voltage signals to represent output voltage, output

20 current, module temperature and so on. Therefore, the digital power manager is necessary
for closed-loop controlling, monitoring and protecting the plurality of power blocks.

In this control system implementation, the calculation capability and the peripheral
resources of the digital power manager are made full use of, so as to integrate the closed-
loop voltage control of each of the multiple power blocks into the digital power manager.

25 As aresult, there is no requirement for a separate analog/digital controller for each power
converter as in prior systems, which means decreasing cost of the overall electronic system.
Additionally, the control design would be more flexible due to the digital implementation.
In a further embodiment of the invention, at least one host user system is operatively
coupled to the digital power manager. The host user system would control and monitor the

30 power blocks operation and get failure reports via the digital power manager, so better

system performance is achieved with lower cost than the prior art.




In a further embodiment of the invention, at least one host user system is operatively coupled to the
digital power manager. The host user system would control and monitor the 30power blocks operation
and get failure reports via the digital power manager, so better system performance is achieved with
lower cost than the prior art. The main characteristics of this digital management are as follows. I.

Power block The tpgolo%o the non-.isolzttTg %?weiblock can bte buck ﬁoost, buck-boost and so
Sforth. Besides the Powar SORASTSISTEH el s Ha i meaesms At PuiBlRWScludes signal sampling

a
and conversion circuits which can sample the output voltage, output current, module temperature, etc.
and convert them Lneg) analﬁg oltage signals to afford to the external controller. On the other hand,
driving circuits in th Bg\ffe fck receive pulse width modulation (PWM) signals from the external

controller to get pawetdporicesitd ndhlaomid e BIdER Gt ¥ Mok SHBERIEBHENS odfiaRPYEr block
itself doesn't iri.[c)llﬁde. losed- loop control and protection circuits to lower the cost. Control connections
&R

to eath pom e g e PIIORE Koot drvirsst Benosebblosk arclies $&Mhunication.
This furtheg gipphiend @ fesigonclitba B WURHNeskkesRIne: ks%tqﬁlavuﬁa%@§54b@f>fwtc&meﬁ{ed to other
0

methods Another advantage of not using serial communication to the power blocks 15is the elimination

of possible BB S S AMtpitveAthartBreranpasdritng: semisiaiaiosdiridsp control
The digital @;@&ﬂgr'&ﬁﬁrm&tf@rf@ﬁ%‘tﬁ@?lﬁ‘aﬁ&l"&%ﬁlgﬁf&ﬁ@sﬁg%ﬁ@ﬂ%@m RIQieliggal power

manager. For each power block, an analog signal which presents the 20output voltage of the power

block is inptitdthenedatina(DHRer siaalsderitha srermmgestralintdp ashpevier troicylesphnel. The
digifiged sqpsEd QHBUESAMAARICABIRPRAIGTE, HaIAFEL NG YAHANN]IIRIRE Hogkyolatile

memory to get the error value. This error value which is processed with the control algorithm will adjust
the duty cy’tﬂ@ngéWé’i@té@ﬂ protection circuits to lower the cost. Control connections to each power

block are made directly to the controller without the use of serial digital communication.
This further simplifies the design of the power block keeping its relative cost low compared
to other methods Another advantage of not using serial communication to the power blocks

15 is the elimination of possible communication errors and increased control bandwidth.

2. Digital closed-loop control
The digital closed-loop control for multiple power blocks has been integrated into
the digital power manager. For each power block, an analog signal which presents the
20 output voltage of the power block is input into the digital power manager via an analog-to-
digital converter (ADC) channel. The digitized sensed output voltage is compared to the
digital reference value stored in the non-volatile memory to get the error value. This error
value which is processed with the control algorithm will adjust the duty cycle generated
from the digital pulse width modulator (DPWM). Furthermore, if closed-loop current
25 control and/or closed-loop power control is required, then not only the error value
mentioned above but also a digitized sensed average/peak output current of the power block
would be processed together to adjust the duty cycle. The digital closed-loop control
.algorithm is designed to make the output voltage track the reference and at the same time
achieve the desired dynamic performance. Every power block would have individual digital
30 reference and closed-loop compensation parameters. The nonlinear or asynchronous control

algorithm, which is hard to realize using analog devices, can be employed with digital




from the digital pulse width modulator (DPWM). Furthermore, if closed-loop current 25control and/or
closed-loop power control is required, then not only the error value mentioned above but also a
digitized sensed average/peak output current of the power block would be processed together to
adjust the duty cycle. The digital closed-loop control algorithm is designed to make the output voltage

track the reference and at the same time achieve the desired dypamic performance. Every power
plock would HATE MR IGATHTETE SOIE SR SO 50 Bo R D B RBEPLt Phe
nonlinear ofsasjsnicelpnatsiseitel tigebihponahichlishard todiagieengsiagRNR0g Arvieas. can be

employed with digital compensation to improve system performance. Additionally, the digital
closed-loop control is relatively immune from the components tolerances, aging, temperature drift, and

so on. 3. Output vdliegginapRgemeiiaablsing digital closed-loop control, the power blocks are under
precise output voltage control beginning at start up. Thus, the power blocks on/off sequencing can be

easily controlled by SeHgialspssddamgraridréhemaseerdrecs srsRdruaRaig QuBuENelgeIn
addition, the,Rinwyaliage £aLAREABIIRIPER GH WA LIRRGIIe e digitabrefarence. 104. Fault

detection and reporting The digital power manager can query the key operating parameters (such

as output VeAERIcd B setimgessompad visital actersacts tenplredanshetdvar ssausadiag dhocks
circularly ah gifissRNhE SUHRACER-BECAIRE QIR RYRIGMA PR IR BY RRER RN HU IR 1A AlHBLRRL

parameters. In the event of failure, the digital power manager will shut down 15immediately, restart, or
restart with time delay the power block(s) in accordance with specific priority determined by the failure

cauggs to achieve the, gvgLall SYSIGM REYRKTON. At the same time, the field information of the failure

will be stored in the non-volatile memory (e.g-, the flash) of the digital power manager for analysis
afterwards. The digital power manager can query the key operating parameters (such as output

voltage, output current, input voltage, module temperature, etc.) of the power blocks
circularly at different frequencies according to the system performance sensitivity to
different parameters. In the event of failure, the digital power manager will shut down

15 immediately, restart, or restart with time delay the power block(s) in accordance with
specific priority determined by the failure causes to achieve the overall system protection.
At the same time, the field information of the failure will be stored in the non-volatile

memory (e.g., the flash) of the digital power manager for analysis afterwards.

20 5. PMBus communication and the graphical user interface (GUI)

In order to realize the comprehensive management from the host computer to the
multiple power blocks, the digital power manager which centralizes all power blocks
information comprises a PMBus interface adapted to receive programming data from the
host computer and send monitoring data thereto efficiently and in real time. The host

25 computer comprises a graphical user interface (GUI) providing an interface for
programming closed-loop control compensation parameters, thresholds of the protecting
action, output voltage margining and sequencing and for monitoring, getting failure

condition report of the multiple power blocks.

30 6. Boot loader function
The digital power manager has a non-volatile memory used to store data defining a

firmware of the power system manager and reflecting filed information in the event of
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205. PMBus communication and the graphical user interface (GUI) In order to realize the
comprehensive management from the host computer to the multiple power blocks, the digital power
manager which centralizes all power blocks information comprises a PMBus interface adapted to
receive programming data from the host computer and send monitoring data thereto efficiently and in
real time. The host 25cpmputer ¢ rises a graphical user.interface (GUI) providi n interface for
programmir%(lelcl:llrgsééylvog‘ﬁrgvfﬁ?’ﬁer(5)Ifc()§lié1 i E‘F{ggﬁ%ﬁ%ﬁgﬁéﬁ%ﬁr?}'ﬁ}%gﬁ?f%%%f*’tggpﬁﬁ&%t?hﬁ(’ ion, output
voltage marhéidgBandrsaguisidingldnid tallsdohi®oog] @dtifydeione Tendisierkepbitiotsheimultiple
power blocks. 306. Boot Ioager function The digital power manager, has a ngn-volatile memory
used to stolfgjagt%{ FHAiF L G e SRR Sy St PP H AN RB PR P RRHBY#98 information in

the event ofefaitoreaddeysdirropiseesoURescantiphasiany etHERd Ry iBR 4ReIsCAMBaupgraded
through the PMBus in the field and it is called the boot loader function, The registers which contain

firmware d&EEAJer @R AE R SRS aligh thie Y5 sresBrndg s RdesdRfbaRaRoroladiEters and
boot registengnidspreppaibatibaineA £ Mo iR shesdis HIMRBUATeo B fArkassurity

consideration, there are corresponding buffers in the non-volatile memory: application buffer,

configuratidiRAfederosded e thakufess iteantheiwaradad Ssscthobwidatutsegdsttiers, it
can be upgradrditiemy, heePHitersiniaghadedisipralnmeaiaiainaliebraceiG L RaPHSRpmmMand

through PMBus or during the next power cycle according to different settings. The boot loader function

will reduce DEleIspARdRE o stifTeranactiits. hits eetdradasBipsiionuithgedyseiavelampiearsn. 7. Mid
Bus §onveier With 1R ttipd igedpasd tRnyalab e R UpihYsljage

7. Mid Bus Converter with monitoring signals and controllable output voltage
In applications where an on-board power system runs from a nominal source
between 18 and 72 volts and also requires isolation, the use of a converter that generates an
15 intermediate or "mid" bus is often used. In order to maximize the benefits of the digital
control system in these applications, a mid bus converter that is controllable by the digital
power system manager is used. This mid bus converter produces an output voltage that is
reasonably fixed and set by the digital control system. The mid bus converter also provides
signals that allow the digital controller to monitor the output and/or input current of the mid
20 bus converter. This information can be used by the digital controller to optimize the mid

bus voltage for best power conversion efficiency.

BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing and other objects, features and advantages will be apparent from the
25 following description of particular embodiments of the invention, as illustrated in the
accompanying drawings in which like reference characters refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis instead
being placed upon illustrating the principles of various embodiments of the invention.
FIG. 1 is a block diagram of the distributed power supply system with intermediate
30 bus;
FIG. 2 is a block diagram of the distributed power supply system with analog control

system;




In applications where an on-board power system runs from a nominal source between 18 and 72 volts
and also requires isolation, the use of a converter that generates an 15intermediate or "mid" bus is
often used. In order to maximize the benefits of the digital control system in these applications, a mid
bus converter that is controllable by the digital power system manager is used. This mid bus converter

produces an output voltage that is reason fixed.and set by the digital contrg] system. The mid bus
Converter also probied S I b PRI L e E NG IR EST 68 BT O LA Fowt
current of thestad seQbetscegnverter. This information can be used by the digital controller to optimize

the mid bus voltage for hest power. conversion efficiency. BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing anﬁ%nér‘%ﬁ}%?&“slffﬁ Oiﬁbe EMH%%BWWBB@%%WW%WWI%?H}&MW

descriptiong@hpaltigtiar embodiments of the invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts throughout the different views. The drawings

| L oughout
are rot necessarily & 251 e¥ApRiS roniebsenbighigtion sath gsbistial REWEHEIRASSFiftiBles of various
embodime pis:afithe ipsariivn fkGrithia a BigshianrRmebippidisfskuisd RAvRIESHPRLSHStem with

intermediate 30bus; FIG, 2 is a block diagram of the distributed power supply system with analog
control sys odiment of the invention;

FIG. 6 graphically depicts an example structure of the power block and the
connections between the digital power manager and the power block;

10 FIG. 7 is a block diagram of an example POL regulators/VRMs control system in
accordance with an embodiment of the invention;

FIG. 8 is a block diagram depicting example partitioning of memory for the digital
power manager;
FIG. 9 is an example flow diagram of a process for performing start up sequencing

15 of the power blocks;

FIG. 10 is an example flow diagram of a process for closed-loop control in an
interrupt service routine;

FIG. 11 is an example screen shot depicting a graphical user interface (GUI) for
monitoring power blocks within a distributed power supply system;

20 FIG. 12 and FIG. 13 are example screen shots depicting a GUI for programming
different control configurations of the power blocks within the distributed power supply
system respectively;

FIG. 14A and FIG 14B are schematic diagrams of power systems exhibiting no
communication between point-of-load converters and a converter that generates an

25 intermediate DC voltage;

FIG. 15, FIG. 16 and FIG. 17 are schematic diagrams of alternative arrangements of
power systems in which a digital power system controller communicates with the converter

that generates the intermediate DC voltage.

30 DETAILED DESCRIPTION
The present invention provides a digital power manager for controlling and

monitoring power blocks within a distributed power supply system. In the detailed
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FIG. 3 is a block diagram of the distributed power supply system with digital power system sequencer;
FIG. 4 is a block diagram of the distributed power supply system with multi-digital controllers; 5FIG. 5
is an example control configuration with a digital power manager for a plurality of power blocks within a
distributed power supply system in accordance with an embodiment of the invention; FIG. 6

graphically gepicts.an example strycture of the power block and the connections between the digital
power man%&’@ﬁa a @T@W&éﬂﬁ SHefRRa! BUSIAlSER Wist fadestrihr Sk risraeptyliustrated

regulators/\iiridls fogurtiol system in accordance with an embodiment of the invention; FIG.8isa
block diagram depicting,example artitionir}gﬁof memory for the digital power manager; FIG. 9

is an example flowRISEIRETETAGF Cedsibisdreriinag St dis EEn SHRb S poeRrthfocks;

FIG. 10 is anE@xamole oy dirgiaia paraceasdAsiDeess i SRtk D AinIeryRbsgRMice routine;
FIG. 11 is an example screen shot depicting a graphical user interface (GUI) for monitoring power

blocks with#SR dheaushiaipriaied Big 91@%ﬁ?r&@@zlgnWFY@T%St‘élf’er)@%&Nf‘ﬂ)Yel%\Yreen shots
depicting a@uag@wr,qgar.ammmrq{ﬁ@meﬁoﬁ@%Rég@nm@éignq Hirihe RAwR! Lsie kinibe
distributed power supply system respectively; FIG. 14A and FIG 14B are schematic diagrams of power
systems ex?ﬁ?)iﬁﬁlj.}iﬁf? non-isolated point-of-load (POL) regulators (POL1 — POLn) 16a-16n to convert
the intermediate bus voltage 14 to each of multiple levels (shown as DC OUTPUT x)
required by the electronic system. The POL regulators 16a-16n are preferably located close
10 to respective loads to satisfy the system performance requirements.

FIG. 2 graphically depicts the configuration of the analog controlled distributed
power supply system. Each of the plurality of POL regulators 16a-16n is under analog
closed-loop control (ACTRL) 20a-20n. There is no way for the host user system (e.g., a host
computer) 22 to obtain status of the POL regulators 16a-16n or to program their operation.

15 FIG. 3 depicts the control system of the approach with a digital power system
sequencer (DIG PWR SYS SEQ) 24 based on a digital signal processor (DSP) or micro
control unit (MCU). The closed-loop control for each POL regulator is still realized by
analog devices 20a-20n, and the digital power system sequencer 24 is capable of sensing
status and programming operation of each POL regulator 16a-16n via various kinds of

20 peripherals integrated on the DSP/MCU. The sequencer 24 can also communicate with the
host computer 22 through power management bus (PMBus) 26 to realize the overall system
control. The drawback of this control system is the inflexible closed-loop control.

FIG. 4 is a block diagram of the control system implementation with multiple digital
controllers (DCTRL) 28a-28n. Each of the multiple digital controllers 28a-28n is

25 responsible to a corresponding one of the POL regulators 16a-16n for closed-loop control
and various protections. Additionally, as a slave device, each digital controller 28a-28n can
have bidirectional communication with the host computer 22 through the PMBus 26. But
there are too many digital devices in the system resulting in relatively high cost.

Referring to FIG. 5, a distributed power supply system 30 is shown in accordance

30 with an embodiment of the present invention. The distributed power supply system 30
includes a digital power manager (shown as DIG PWR MGR) 32, a front-end isolated
AC/DC converter 10, a front-end isolated DC/DC converter 12, and a plurality of power

-8 -




communication between point-of-load converters and a converter that generates an 25intermediate
DC voltage; FIG. 15, FIG. 16 and FIG. 17 are schematic diagrams of alternative arrangements of
power systems in which a digital power system controller communicates with the converter that
generates the intermediate DC voltage. 3S0DETAILED DESCRIPTION The present invention

provides a djgital power manager for controlling a onitoring power blocks within a distributed
power sup;ﬁ{gg%%?e‘?ﬁ?fﬁu@l@gﬁﬁlﬁe@?&%ﬁﬁﬂ&ﬁ%ﬁ%’ﬂ%ﬁfg{)ﬁ CelelnBnTATREPXISHE 528 to
describe liksoelerbasdis JHusiradesiipithé diereswer mBefesrisg finstinsind ciostielfopt @aes of the

distributed power S'<li%§)|y system, the AC input voltage is rectified by an isolated AD/DC converter
(shown as AERSRYIE BiiM5then through an isolated DC/DC converter (DC/DC) 12, converted to a

relatively low voltage gilvécoldbies intarsaadiaie bris eltaaRdl B (¢ @le detbddodRl thshSeoand stage,
there are multiple non-isolated_point-of-load (POL) regulators (POL1 - POLn) 16a-16n to convert the
‘F@O@B{ @EHBRIE

interfediafe YGELers), it Jdesaditgse RSBt eSS by the
electronic syRiepwINARRLMOAERLRA AGRATR MR OsaR ARSe ARIeIESiive loads to

satisfy the system performance requirements. FIG. 2 graphically depicts the configuration of the

analog corfFSHEdoatsBMREah IR FegwhpRr s\RfeMCrogaraemevplinegity Bt 3adalhather16a-16n is
under analgg,claseasinon RRERr QIR A0RA0 N TREL AN UL REROR! USRESUSIRE" (.0., 2
status of the P %6

host computer) 22 to obtain L regulators 16a-16r or to program their operation. 15FIG.

3 depicts tﬁ@c@%ﬁhd?@yg{t&h@&W@am@a@wm@m@ﬁwlﬁgﬂ&%ﬁmﬁe@@ﬁ@@pt{m@mm SYS
SR 24 bioet ALBAUIY SN BSRIRI R G A0 BRI IME ot closed-oop

control for each POL regulator is still realized by analog devices 20a-20n, and the digital power system

sequencer duietsaistibte bitscsiglstbios spdlpdyrandaifgroperatiedvenest FrRlOnaegeatot 16a-16n
via varous ke o 20uRRhErAIN NISAII O D AR/ MGl The eaenerad gan 2l

communicate with the host computer rough power agement bus (| 15) 28 o realize the
overall systenveamnirs!. [THeddbankafithd tonttel sysiemds teepmilexitieldosdddobpscontrol.

10,45 e e S e e en praien il A el

15 could be advantageously utilized.

As shown in FIG. 6, the front-end AC/DC converter 10 draws power from an AC
voltage source, and provides a DC voltage to the front-end DC/DC converter 12. The
isolated DC/DC converter 12 regulates its input DC voltage to the intermediate bus voltage
(IBV) 14 which is provided to the power blocks 34a-34n. The front-end AC/DC converter

20 10 or DC/DC converter 12 may comprise more than one regulator to obtain desired DC
voltages. The digital power manager 32 draws its power from the intermediate voltage bus
14 or from a board bias voltage source (shown as BIAS). Alternatively, the front-end
AC/DC converter 10 and the frond-end DC/DC converter 12 may provide a plurality of
intermediate voltages to the power blocks over a plurality of intermediate voltage buses.

25 The digital power manager 32 communicates with a host user system 22 via a serial
data bus (e.g., I2C) for programming, setting, and monitoring the distributed power supply
system 30. The host user system may include a computer coupled to the I12C interface, either
directly or through a network, having suitable software adapted to communicate with the
digital power manager 32. As known in the art, the computer may be equipped with a

30 graphics-based user interface (GUI) that incorporates movable windows, icons and a mouse,
such as based on the Microsoft Windows® interface. The GUI may include standard

preprogrammed formats for representing text and graphics, as generally understood in the
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25responsible to a corresponding one of the POL regulators 16a-16n for closed-loop control and
various protections. Additionally, as a slave device, each digital controller 28a-28n can have
bidirectional communication with the host computer 22 through the PMBus 26. But there are too many
digital devices in the system resulting in relatively high cost. Referring to FIG. 5, a distributed power
supply systaerg:r.llﬁ%lr?nshown in.accardance 30 \a/l\{lth an embodlrgngt gflflsth%gr sent invention. The

distributed power suﬁsﬂ/nsﬂelg‘fé‘fﬁ nc u%glsglé[t d%‘?‘?g?rplg\%algﬁ% 15 ?Nnoral\é I‘@WMGR) 32,
a front-endsisetaiés he 0, cod\hethos Qisar fean paiptasoiatea E M (heopaatien dPtrnd a plurality of
power blocks 34a-34n. Digital closed-lo ontrol. (shown as DIG C-L CNTL) is provided ach
Povior block S By LIRS & BRAT SEaD AL SO REAAL H R ONBEIGBTEEhS] diprovided
below. TheTtevdgsibiosks ci4aasdae sy esarty thatpawe viatioGhEgdnelienatnondsbiated SDC/DC
converters, without closed-loop ?ontrol or protection circuits within themselves. The power blocks

34a-34n dpit@ bR ASh lSYE! PRIt limited to, point-of-load regulators, power-on-load

regulators, DC/DGronyeriphscaBlagadis aHlstarsao srit ier e gamerabie valtagarey current
regulating devices generally known to those skilled in the art. Each power block produces a required

output voltSgRngEcRshebprer ths diptal penanigarersid 2and fswarsidirskdy dihelidual or may be
grouped d%w@éagw@@ndh%k}@f@@}%&gpgwg@@fimm%%@@BIJ@;dH@ BUEEHIL B AgiAM

advanced fault management schemes and define margining functions, monitoring, start-up behavior,

and reportiPPebrbiGE IBsridaidhsarapistalosiess sysh MaPAMRTSYiinhiTe IBOVRATBIGERAHPISNG. 5 is

preggnted sglghy M&K_%m?%fﬂ%ﬁ%%f@%@ g I%ﬁ?lﬁﬁg%&wﬂbafs%pc%ﬁﬁplocks 15could
be advantageously utilized. As shown in FIG. 6, the front-end AC/DC converter 10 draws power

from an AG YL IY) a8l iersssarmrdevbagtows YaEaRe PR DOIERt Eedudter 12. The
isolated DGIRG.CoRNEHR! Iaraaiaies dis m%%gvegﬂgge@%&g/&@%m@q@tﬁy%ﬁm@e (IBV) 14

which is provided to the power blocks 34a-34n. The front-end C converter 2010 or DC/DC
converter Higitel\pewripriseassore thadromeereigenit 0P BVodihim des ped D bloditafseceitrs digital power

e e PR N g ocoe e

12 hhay pravideva phwatiblaskinteputedibitge/divagddoeptbenpoldblackesqueteatplusality of intermediate

voltage buses. FIG. 7 is an example of a grouped power blocks control system in accordance with
an embodiment of the present invention. As previously mentioned, the power blocks 34a-
34n may be grouped depending upon the characteristics of the loads. In the embodiment of
FIG. 7, there are two groups — one group of point-of-load (POL) regulators 42 and one

20 group of voltage regulator modules (VRMs) 44. Although FIG. 7 shows two groups each
having four components, there may be a greater or lesser number of groups and/or power
blocks within each group in alternative embodiments.

The POL regulators 42 controlled by the digital power manager 32 are typical

representatives of the power blocks 34, and the VRMs 44 (for which closed-loop control

25 may be implemented by analog or digital devices) are also controlled by the digital power
manager 32. The digital power manager 32 may be based on a digital signal processor (DSP)
or micro control unit (MCU) with adequate peripherals and communication interfaces
integrated in it. The signals presenting output voltage, output current, temperature, operating
status etc. of the multiple power blocks (illustrated in FIG. 7 as the Voutl, Ioutl, T1, PGA

30 lines, etc., corresponding to each of the POL regulators and the VRMs) are sent into the
digital power manager 32 via different analog-to-digital converter (ADC) channels 46

and/or general purpose input/output (GPIO) module 52 integrated in the digital power
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25The digital power manager 32 communicates with a host user system 22 via a serial data bus (e.g.,
12C) for programming, setting, and monitoring the distributed power supply system 30. The host user
system may include a computer coupled to the 12C interface, either directly or through a network,
having suitable software adapted to communicate with the digital power manager 32. As known in the

art, the computer equipped with a 30graphics-hased yser interface (GUI) that incorporates
ovable wiIBES Iy RS ROt A LG AL DL Bortie R EHEGH mGR Mtrtace. Tho GUI
may includscataungl sigch gikagfrogrponacsl dokaats tae dipratpotivgitxhaacd 2rdpeipalsassgétherally

understood in the art. rmation received from the digital power.manager 32.is di ed on the
computer BB AN EAE R A L SR TR A SOt the

distributed gigws GUDRMBESIERIG07hyY Makmovehanges yIDhelpaktistdacsaesposdaidhe &ash. The
digital power. manager 32 can be controlled via the GUI ar directly via the 12C bus by SCil}‘sing high and

low Rvel cOMiahtY: resuleiers gngt hsicdMshas esrisd rp diédigta P s muidiRe iR 34 and

the connectiope/vefweandie Giaitahsawersm aitaaar-a3mikd HhghPpivdIarAdr Althewehtepicted as
a buck converter, the topology of the power block 34 ma&&e buck, boost, buck-boost and so forth.

Besides thédlr wavlatossand VRS trspesiiteled indVAM ugals o he eiher SRPRIOBISAR power
block 34 CQRIREARHSINA!RATHIIBSHAPE-CP TV S IPLEifHY S 6 SAMBEFHCHNNM vahicihgas sample

the output voltage, output current, module temperature, etc. and convert them into analog voltage
signals pro%?ding to the external digital power manager 32. A driving circuit (DRV) 40 on the power

blogh 34 recelves e i MR s vRAcaioR RINMnERRI OB R didi ARiRsmanager

32 to 15achieve power block output voltage closed-loop control and various protections. FIG. 7 is

an exampleashagisublerhbdditiotis exiuasbspsidminiet soiendasnegal. egsodinsentof the
present 'nVe‘%E‘.t.'g@tt&% B %ﬁﬂ%ﬁﬁ? t 9{&?%&9&‘?5@4%@&% 834 IRYa0G gmeﬁ&gpendmg

upon the characteristics of the loads. In the embodiment of FIG. 7, there are two groups - one group of
point-of-loage(H®eysawmilabbe subcanosempind msogi ofdvasitasseatbprgesol ot the p@aRIvisys4ef. Although

C, oy L e eI DR LR AR gl e o
coritfolled gt aigRaipdidr 4hampaer Birdee Hypiodia egrespobativabopipe owspdidiciestd4, and the
VRMs 44 qgé Waf?egﬁg%‘? -413%? W%4 which is to be programmed and/or monitored. As also
shown in FIG. 7, the digital power manager 32 has a unique user-programmable 7-bit
address (ADDR) programmed by hardware or software to communicate with the host user
system via a serial bus 54. The serial bus illustrated in FIG. 7 for example purposes is
20 PMBus which is based on the open standard power management communication protocol.
FIG. 8 is a block diagram depicting example partitioning of memory for the digital
power manager 32 based on the page mode shown in FIG. 7. The digital power manager 32
is coupled to two memory blocks, including a non-volatile (N-V) memory 56 (e.g., flash
memory) and a random access memory (RAM) 66. The non-volatile memory 56 includes
25 firmware data 57 and logging data 58 for failures that have occurred. The memory
containing firmware data is segmented into several sections, including application registers
59, configuration registers 60, boot registers 61, application buffers 62, configuration
registers 63, boot buffers 64, and user memory 65, which are described in turn.
The application registers 59 contain data values reflecting the programming of the
30 individual POL regulators/VRMs such as output set points, output margining, output current
thresholds, closed-loop compensation parameters, start up/shut down sequencing, VID

codes, etc, and reflecting monitoring of operating conditions within individual POL
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25may be implemented by analog or digital devices) are also controlled by the digital power manager
32. The digital power manager 32 may be based on a digital signal processor (DSP) or micro control
unit (MCU) with adequate peripherals and communication interfaces integrated in it. The signals
presenting output voltage, output current, temperature, operating status etc. of the multiple power

blocks (illustrated in .7 as the Voutl, lout 1. TI, PGA 30lines, etc., carresponding to each of the
PO reguIAtR AR A TED B S TG i BOb P TR I3 T EREH: pover
analog-to-digisdedne faili Adadiriocha e T kbpplitar ge et gsaae fpuiclbpsid aPik) module 52
integrated in the digital power manager 32. If necessary, an analog multiplexer 48 may be utilized to
introduce 3RS BMRSAS UETEISORIAGioEP ORI RRERE S EEAN BbEr SRS S "Ke pulse width

modulationA3y¥iste signaipecifiite Bighaitianst valtage identification definition (VID) signals (illustrated
in FIG. 7 as the PWM I, EnaA, VIDA lines, etc., corresponding to each 5of the POL regulators and the

VRMS) are generatBi PoHEHa SR redssrs S hramanatiitaaiias g o maresepisosshiie 52
integrated ifisfie] okel RRWEFENAdRIIHhES eRsate ot Jedklatwrsr-apsteiRsrespectively. The

PWM signals may be either synchronous or asynchronous as may be cog’;igured in the operating
program of RSEBIGRAPIBASF YHRARG FoP, crorfisdratintafRelhveionnsatio FaiguEian, My&tibde
mechanismq £anteb ANHERRRIEEREWVBRWE! Bk Ad oAV 2 ShBRaHPviAgalTBEIn FIG. 7 as

page 0, page 1, page 2, etc.. Setting and monitoring parameters that are not specific to an individual
power bIocRdéfésal\ﬁF&ys available and can be sent and received across all pages. To set the

parggneters of a SpREIGIP Rk ERAVIALELAZRTIMER Varkds ARt 19 B5asi D6 seRsing Sianalneta specific

POL 15regulator 42 or VRM 44, a page pointer has to be set to point to the page corresponding to the
POL regulatberasing/ wringhevtehvidable e pragraiasieteshidornobiwieg. As also shown in FIG. 7,

the digital power FADAGSK ARJIARAFHIGHIS USRL-RLAYIPOIRAN G Rk AsltisRe A RPR) AEgIaMMed by
hardware or software to' communicate with the Rost user system via a serial bus 54. The serial bus
illustrated ifAiTFIGArE foteacampsié bumserscshisi2 oR\DB dowitlivhléd BaseghdtMifus PJére deiadatbepower
managem ication pratocol. .. EIG. 8is a bleek diagram. depicting e I rtitioning of
memony fo T e e g 3 R el power
mah@ger 32 gsstwspleth tdi fioem emomgrblecksiimglodisgr< sevtingslatile (N-V) memory 56 (e.g., flash

memory) and a rapdom access memaory (RAM).66. The non-volatile memaory 56 includes 25firmware
gnls Q/ 1mal ?Har? %e ungC%OyS ore

data 57 and Iogginged%lst(z:’ar BT aturés that fsve oé%ﬁ??éa ecar?]emory contalnilr%aeﬁrmware data is

segmentedrfomseicer ahdeati oystenn ddediificaglichiienaegiaiafscture, location, application code
version, etc.

The user can access the user memory 65 through the 12C interface. Upon start up, the

20 configuration and programming data is written from the non-volatile memory 56 to the
RAM 66, and the manager thereafter accesses the RAM to use the data. During normal
operation, the monitoring data is stored in the RAM. In the event of failure, the latest
monitoring data is logged into the non-volatile memory for analysis afterwards. This
minimizes the number of read/write cycles of the non-volatile memory 56 to thereby

25 increase its operational life.

In more detail, FIG. 8 shows a register block 70 in the RAM 66 containing a copy of
the application registers 59 which consists of the monitoring data for run-time conditions of
each POL regulators/VRMs, including output voltage (Vo) 70a, output current (Io) 70b, and
temperature (T) 70c. There is a ring buffer of plural values (e.g., two). The parameters are

30 continuously sampled and stored into the ring buffer with the oldest data being overwritten
so that a running record of the last samples of the parameters is maintained. In case of

system failure, the ring buffer will store data for plural monitoring cycles immediately, and
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59, configuration registers 60, boot registers 61, application buffers 62, configuration registers 63, boot
buffers 64, and user memory 65, which are described in turn. The application registers 59 contain data
values reflecting the programming of the 30individual POL regulatorsNRMs such as output set points,

output margining, output current thresholds, closed-loop compensation parameters, start up/shut down

sequencing, VID codes, etc, and reflecting manitoring of operatin ndjtions withjn individual POL

regulators/ VR %ﬁ&?@&%@‘&fﬁﬁ?vﬁ%ﬁ&‘?%fﬁﬁ ré%ﬁé%?ﬁﬁﬁo&ﬁ@?&ﬁﬁj%&?dr’é’é? B g00d

values, faulclatititinasogiGolpiecepiplchtiqgiegisistmbshaltéaipuped based on the page mode as

illustrated in FIG. 7@8 page pointer is adapted to access specific page associated to a specific
73

POL regulator or VI R RIS RRLPLATBR S SRRSO NP A A G LS R IRAUTAG S h FBG ramming
of the digitadpewdldaaN3ggharABdsdefinesdhpeondigeraienofderRawe I siBRHEh as

membership in a group and group configuration, fault propagation configuration, interrupt

configuratio IHFEFHASARIENSS T dogdsialaT At RIIRIAS RRE IR IS ERAINBSRFRISHNBAC address, etc.
10The boottgsidieie bopiaiveaain Wabas LN Rase (VL AREEAIPIRAPHISIRISOL.

erasing/writing the non-volatile memory (e.g., flash) during booting. The application buffers 62,

configuratiGheherarsvesbinekpddchiiefslay R ERren Tk e FaE Hjoreatty Ts&rBAMSHch can be
downloadleggoiough EMRymThedela incheDulfssaicar MR idhennpliialenioisters 59,

configuration registers 60 and/or boot 15registers 61 in different mannérs according to users' settings.

The user ﬁ@ﬁ%ﬁ%ﬁ@é&%ﬂ%@ﬁ%@ﬁﬁ%@%ﬂn@n@@&hw Soréariser saaveneitien such as
sysigm ide@él@ﬁ@ﬂ%‘is@%‘&?f@lﬁ%@%@ tﬁe?é'a%l1%%%%%1&%??@%&&%&%&?&4&” can

access the user memory 65 through t 2C interface. Upon start up, the 20configurat!on and
programmibdetenasqueneentrian(fragurngevbhtiegh&emrense to)tars shown. Each entry includes

a “1” in the column(s) of the power block(s) that should be on and a “0” for those to be off.
Each sequence entry also includes respective user-defined delay (Delay 1 through Delay 11).
The sequence entries are used to control the turn-on times of eleven power blocks as now

15 described.

Returning to FIG. 9, initially all power blocks 34 are disabled and all the digital
reference values of each power block for closed-loop control and the actual delay value are
zero. At 72 a startup sequence is begun. Note that the subscript “i” is used in FIG. 9 as an
index indentifying each successive sequence step.

20 Starting at step 74, the process enters a loop in which to determine whether each
power block should be turned on immediately or later according to whether the delay since
the last step has reached the corresponding user defined delay value from the sequence
entry. If the actual delay is less than the user defined delay value, the delay value will be
incremented at step 75, and then the loop repeated from step 74. Otherwise, the associated

25 power block(s) will be enabled at step 76, which means the corresponding digital reference
will be set to a desired operational value. Because all power blocks are constantly under
closed-loop control, their output voltages are automatically adjusted in response to this

setting of their digital reference values. At step 77, the sequencing process checks whether

each of the power blocks has been enabled or not. If it is false, the process will continue to
30 loop through step 74 until all power blocks are enabled and ends at step 78.
FIG. 10 is an example flow diagram of a process for closed-loop voltage control in

an interrupt service routine (ISR) executed by the digital power manager 32. Once an
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RAM 66, and the manager thereafter accesses the RAM to use the data. During normal operation, the
monitoring data is stored in the RAM. In the event of failure, the latest monitoring data is logged into
the non-volatile memory for analysis afterwards. This minimizes the number of read/write cycles of the
non-volatile memory 56 to thereby 25increase its operational life. In more detail, FIG. 8 shows a
register block 70 in the RAM 66 cgntaining a copy of the application registers 59 which consists of the

monitoring HAFEHBF FYRRAPRSN G RECSFSARH! ssEr g GritsseRmtie [ AsamdBRiB RS oltage (Vo)
70a, outputisterapt ¢barotOil andrnRReiaitee 116)id MsntideRd PRy hiuferief alsal-klpes (e.g., two).

The parameters are 30continuously sampled and stored into the ring buffer with the oldest data being

overwritten S HRALSR- ghifr S edid srehenalgsionbrielgamerionisdisidhrd nldn pinesess Nase of
system failtasithe FinghPuSiRy lhIasGRIACO T sk MARLOIBAC VISR RMeRiaRIeaNd set the

associated fault flags. The running record in the RAM 66 will be logged into the nonvolatile memory 56

precéding tHbsertethsykigitirehirawsdoutput Mrtiage;fiosn the digital g piotesto etithesiggramming
start up SequeRCIgOfHie mw@aﬁia?@p&%&g@@@pangmm& Ingepltage ipigiferent loads

in certain 5sequence according to the loads characteristics and application requirements. In an

embodimeseBtthalenihtpat oo Startillpdiugiibadny forcte sensiediipovibe Bigitrkndsg. wéldlven
power blocks) 416D ER/RY) %'E%‘%eg%%? AAnia! fysie aihy 'Qé}ﬁfbtltﬁg%?ﬁﬂn?ﬁéﬂ’ I piprk start up

instant) is set by the user through the GUI. Referring briefly to the screerillustrated in Figure 12, an

example ofalgprithprhnthaeraypcpbaldon bras wshseuenviag v0gsytinkronpis shoima algatibmxample,

th four Vi > [ e l.through
oo tance 11y e I G s B AES Shouic
be on and dyBinior parfsemanige. dffcdehdPPIENenive fantegchipovireribbbeksespectivel ubay lefined delay

(Delay 1 th Delay 11). The segquence entries are,used to control the turn-on times of eleven
power bIocigsl%ag‘l,161 ﬁ%%?%&@gce:ﬁ}tﬁgo. =1 lﬂlrﬁrﬁﬁzs SPE? . 9, initially all power blocks 34 are disabled

and all the digital Féeréhdéustrhiesaofbadmpenableblthelufer tdasedideopedonttahanef the petwal delay

e e TR S e e L e p G s

index indentl C|nSg eACH Siclessive sequen e
whith to d@i@m&sﬂb@%ﬂﬁﬂiﬁﬁ%‘simd to be monitored (e.g., voltages, operation flags), as well as the

frequency of updating the monitoring data. And all parameter values could be displayed in a
coordinate graph intuitively.
FIG. 12 and FIG. 13 are example screen shots depicting a GUI for programming
control configuration for the power blocks. Using the GUI illustrated in FIG. 12, the user
20 can program the start up sequencing of the multiple power blocks, as well as the checking
power good and warning conditions sequencing, resetting sequencing and low power
shutdown sequencing of the power blocks. A “1” in the bit maps to a given power block will
attach that power block to the corresponding power good/warning checking, reset condition
or low power shutdown with defined delay time; a “0” will ignore that power block for the
25 specific signal. Using the GUI illustrated in FIG. 13, the user can program the output set
point, margining configuration, warning and power good condition thresholds, sensing
voltage scale, etc. of each power block.
FIGS. 14A — 17 present an additional feature that can also be implemented using a
digital power manager and can provide for more efficient operation of a distributed power
30 system.
FIGS. 14A and 14B depict a general implementation of an on board power system.

In both cases a DC bus is created (+VDC BUS) that is used to provide an input source to
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power block should be turned on immediately or later according to whether the delay since the last
step has reached the corresponding user defined delay value from the sequence entry. If the actual
delay is less than the user defined delay value, the delay value will be incremented at step 75, and
then the loop repeated from step 74. Otherwise, the associated 25power block(s) will be enabled at

step 76, which means. the onding digital reference will be set to a desired operational value.
mecause alP OV B EoasCo ROl VST JbSceBRic) Eh SHEIOE I PGS a0t
automaticathoasiugitdedi vespanst dctidis wating ot netreigibald eferarad slughe A GiRited 7, the
sequencingvs\iocess chec s@v(\gﬂ?ther each of the power blocks has been enabled or not. If jt is false,

the process WEES MRS 8D A EUTLEE Y RfidrdRcpanes MoRm foenaBiE 4% aP nds at step

78. FIG. 10Tihevaxa@Bpis Bovidha g aifadnosess tak&laseswarns volage iailah i anintarrupt
service routine (ISR) executed by the dfi%ital ower manager 32. Once an interrupt event happens, the

process wilf &hYer R R8FrRG B AV SR 2000 A7 R6 AN RTRstiG) auliveltaghs s atreba of the
invention, thgwpsacesmepiers theeiosad-taer eotraiSRsalieRr e WhroiIsrRaeN eseto-digital

conversion is finished. The process next begins a major loop 82 that is repeated for each power block.

At step 84, IpRVETiSESdLse GHtea dts ditnia PSRl dnelged B P Gisnay serEhce value
to get the egronLEeTIVDRIIUYRIUE WO iMAF ARt erdu dbeRQRemandn RYakdgriyative (PID)

control algorithm at step 86 will adjust the duty cycle generated from the digital pulse width modulator

(DPWM) atstegubmetP&iqadniiaagychsssgdooproonitbess gentrahniethodp ae arjistisn denotBer control
algggthms shigh, 25 BARIBRA PSIREY¥RCRIRRAS SR RGOV R R ShplRXeHigother

embodiments of the invention in order to improve static and/or dynamic performance. If each DPWM
value for eQFHF aseribokseadpeautivelyhsasolried R tuRfedotverttn8éd-loop process ends at step

0. FIG. 11 iysieatera G et enablen S HSEL 18 AN PTRNTANGS AL PRYBDIocks

Using the GUI, the user can progra specific performance parameter power blocks that
are desired3idDis eneatitd feaiey A Ushdye pooyreatiplyfREgehick wedias ihdipatGencyrofdpdating the

o i AR S e e R A RS A
thelpower Bigitids bersiegnttee Ghivdl estratediom delGeeltBatipenesaies the +VDC BUS and any of the
PoL converters 92 that are attached to it.

An advantage of the centralized control approach as described herein (e.g., FIG. 5) is
the ability to gather and process information pertaining to each of the PoL stages. If the
same ability exists for the isolated input stage, it is then possible for the centralized

20 controller to calculate operating parameters and make adjustments that optimize over all
performance. One desired optimization would be overall power conversion efficiency.

FIG. 15 shows such a centralized control architecture. In this diagram the PoL
converters 92 of FIGS. 14A and 14B are replaced by power blocks 102. The power blocks
102 provide power conversion that is controlled by a single digital power manager shown as

25 power system controller 104. The power system controller 104 monitors each of the output
voltages from the power blocks 102 and generates the required control signals to create
regulated outputs from each of the power blocks 102, for example as described above. Each
power block 102 has multiple connections to the power system controller 104 and includes
signals that allow the power system controller 104 to gather operating information such as

30 output current, output voltage, and operating temperature. It is possible for the power
system controller 104 to determine the delivered output power of each of the power blocks

102 from these monitored signals. The output power results for each of the power blocks
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20can program the start up sequencing of the multiple power blocks, as well as the checking power
good and warning conditions sequencing, resetting sequencing and low power shutdown sequencing
of the power blocks. A "1" in the bit maps to a given power block will attach that power block to the
corresponding power good/warning checking, reset condition or low power shutdown with defined

delay time; g,-0" will ignore that power block for the 25specific signal., Using the GUI jllustrated in FIG.
13, the useﬁ():%ﬁagr%lﬁgal?ﬁ %H%l%’ﬁ%@%‘t o, %Sé?&nﬁﬂ’ﬁr@ilﬁ iéégatf?o‘?ﬁt%’?ﬁ %}&ﬁ%{%@g’ﬁﬁe od
condition thyesknlds, sensing voltage scale, etc. of each power block. FIGS. 14A - 17 present an

additional feature that can also be implemented using a digital power manager. and can provide for
more efficient opeﬂfﬁ&ﬁs{ﬁrﬁ ﬂ}gﬂ{i‘bﬁﬁeﬁ(&]ﬁée}?gﬁ@&ﬁﬁ@g D fe &G 900ysiten K fahiti @ General

implementaiiditiohdmnkaaig AANnhEYSBMhdpbath sasas soRfousliscraatil thidagaBYS) that is
used_to provide an input source to Point of load (PoL) DC to DC converters 92. Each of the PoL

converters 9Pl BRSSP RiBPa Ryl paBy st ag Addeddn thadsgletrddivierP& to an attached
load. The regiilaied VodtagesdndaddnIeRebisRAVES RIS FRY MRS sheneparetpifmV to 5V for

example. The +VDC BUS could be any voltage in some cases as low as 3.3V and in others as high as

5400V. VoltagBellstdideristigtiaito Gualng arvsrienp praitrmihsprvst syesBeantaiay ¥nd 18V are
common. IndriGed4dthR Y RipuRbiSHS Hervadiy B st DS aRGaHPIVEIiE ARt takes its

input from a DC source 96. The isolated DC to DC converter 94 produces the +VDC BUS. A control
method thefopbtines Récyiaalcd, dminaguralegede theeguienbipeks Hidpsielespenitassdbyny of

thegg cont&ﬁkryﬂg%ﬂﬁ ¥l ariong 85 1063cR@5ihs a{te&hsg rﬁ%ﬁ%ﬂtf@ﬁ%ﬁe%gmoduce the

desired regula utput voltage over the operating conditions of isolated DC to DC converter 94.

FIG. 14B sheWs avarRehydinendisiidear tthehdREVIAreut antexsohtaddd O Cepoy®les! Rodresated from
ACt ' j its.i t i f th
an AC 1o D DRYRY B RBYOSWNHCRTRCGN RS %]II gg%o@[?%{l g&%ﬁgﬁggﬁtﬁﬁm&%g POfh of these

t
implementations there Is'no communication, an rib e power conversion device
that generdbéscdse the ol BedDE D Eropwfatier 106 could be of the regulated or semi-regulated type

and the voltage on the TRIM pin would modify a reference value or feedback value in order

15 to influence the delivered bus voltage. A measure of the current delivered to the +VDC
BUS is also available to the power system controller 104, and by monitoring the +VDC
BUS voltage itself the power system controller 104 has the means to calculate the power
delivered to each of controlled power blocks 102.

With the additional monitoring and control elements described above, it is possible

20 for the power system controller 104 to employ an efficiency optimization routine that
optimizes the ratio of total delivered output power from the power blocks 102 to the power
provided by the isolated DC/DC converter 106. This can be achieved by using the
information to adjust the voltage delivered by the isolated DC to DC converter 106 to get
the best possible conversion efficiency for the power system.

25 FIG. 16 illustrates another method of using the power system controller 104 to

| modify the voltage on the trim input of an isolated DC to DC converter 106. In this
implementation a pulse width modulator generates a rectangular waveform with a duty cycle
modified by the power system controller 104. A capacitor C1 is used for low-pass filtering
and provides a DC voltage which is proportional to the average of the PWM signal

30 determined by multiplying the PWM duty cycle and amplitude. The actual voltage
delivered to TRIM pin is the average PWM value scaled by the voltage divider that is

formed by the connections associated with R1, R2, and R3 as well as whatever impedance is
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PoL converters 92 that are attached to it. An advantage of the centralized control approach as
described herein (e.g., FIG. 5) is the ability to gather and process information pertaining to each of the
PoL stages. If the same ability exists for the isolated input stage, it is then possible for the centralized
20controller to calculate operating parameters and make adjustments that optimize over all

performance. On sired.gptimization would be qverall power ersian efficienc IG. 15
shows sucﬁ%e%eélr%rga ({aﬁ con ropél}éﬁri%ltl:ttlgrg?tfﬁnt%igo | egng\i\é?f#:eB%ﬁ? i%?g?@r’t‘é%eﬁ; U FRYE. 14A and
14B are reflaeedssyipenveillhiotkso 2. alfve foVET bgekshldhpsadtienpowardteippiesiondgat is
controlled b‘ix a single dj ital(&%gwer m(gré%ger s{%ownbﬁs ZSEower ) s%eén controller 104. The power
system contrBlIEN TG4 MdINtORY 8 ARAGFTS SELAR SRR LHBMH 8 HBGAIBRS I8 it generates
the requiredmeopiddtsignals to create regulated outputs from each of the power blocks 102, for

example as described above. Each power block 102 has multiple connections to the power system
controller 104 and%lf&bég%‘@%gtmét‘”é%% iRl pos g it R PO RS g dRMMIED EPating

informationrgalghe dse APoiipiatiourfettir e UL YAERGIR) SRAIORIIVINGJQMRE[RINER sikigpossible for the
power system controller 104 to determine the delivered out(%:t ﬁ(})(l\)/%/er of each of the power blocks 102
c

from these FRBERBFEA & ghrd therpldedddt o feaymdaol ¥ tRE3H BRI comsits o rodakn then be
summed bysbe pawels/8eA crmdrotal- 104 irdaisrminaithedalRl seliversdipewelock andhe system

shown in FIG. 15 uses an isolated DC to DC converter 106 that allows additional monitoring and

control by t3lHss L shemndaHhems conld plstbs eerlacsaril sHORBARY SlitpibTeiRRgIt and
outpyt curres A& ARdaAJRihEIaRAIRE F3 P P RPENRIR 1 9628 hGORBERHIE/Bralog to digital

conversion inputs on the power system controller 104. A digital to analog converter output on the
power systepi it dlercenld bsihemasterd TR rifpdre thahinisotaseironmaieisatieneroto®through a

voliage dvitereanei o BERG0sy oS iU ualage 1 U ARNEEMORS 1NAisag peniored

by 10 the power system controller 104 by a connection to an analog to converter Input via the
R3 over R4hgoitalgtediDidde. IEecarvavtan e 6or transsuksien O GIO® vonvesten tostathadbility to

e e T e T
pinkyould reodifycamreddrei 66 raleirasitheddbaukambatan odethe power system controller 104
through the serial bus as a digital word. If the isolated DC to DC converter 106 has an
analog control scheme this value will be converted to an analog signal inside the isolated
DC to DC converter 106. If the isolated DC to DC converter 106 uses a digital control
method, such as duty cycle generated by a microcontroller, the isolated DC to DC converter
20 106 will simply process this digital word to obtain the desired trim result.
The efficiency optimization method described above is based on optimizing the ratio
of delivered power to provided power for the DC to DC power system relative to the +VDC
BUS. However, if an additional signal is provided to the power system controller 106 that
represents the voltage at the DC source input it would also be possible to provide this
25 optimization for the total power conversion from source to load.
FIGS. 15, 16 and 17 show an isolated DC to DC converter as the means of
generating the +VDC BUS however, similar control features could be implemented in an
AC to DC power supply to achieve a similar purpose.
In another implementation of the isolated DC to DC converter an input feed forward
30 technique could be applied. In most switching DC to DC converters an approximation of
output voltage is a function of applied input voltage and switching duty cycle or applied

input voltage and switching frequency. If very tight regulation as a function of delivered
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15 to influence the delivered bus voltage. A measure of the current delivered to the +VDC BUS is also
available to the power system controller 104, and by monitoring the +VDC BUS voltage itself the
power system controller 104 has the means to calculate the power delivered to each of controlled
power blocks 102. With the additional monitoring and control elements described above, it is possible
20for the power system controller 104 to erEplot/Wan efficiency optimization r(%ﬁtei)ne that optimizes the

ratio of totaPHENSPEEBLL IR ISUEF Ao 154Dt fo PP YRS 8F TOVRIB I isolated

DC/DC convgiisly ¥o6anldiiproatidac: adiiayedigdbingiiheiideiationte asiusibhecvatiage delivered by
the isolated DC to DC converter 106 to get the best possible conversion efficiency for the power

system. 25PRETESTR PR S¥An StEs IR dodelding thEp salee sfsmpebrtsadics 58ltaghodify the

voltage on theRiyiipRrifabisalapdstiBl e setRETRIR ARG mihisHapiRmanationAdtulse width
modulator generates a rectanqular waveform with a %t:%/ cycle modified by the power system controller

104. A cap&LH5F of fesR res i ot B PATERFIE R PENALS PRl guhN R rdibttional to the
average of the RMévksienalBadstermninegehynd o ibe iR Wiktiduts QME'%%%%M&HQ@- The

actual voltage delivered to TRIM pin is the average PWM value scaled by the voltage divider that is
formed by tﬁ@ BimrRdids e britsd e fe tom dfarmation ielphiverpddie aedigitplegsiabbus
presented QydNgLEUMIRID GERRIEYRERIRGh R tiRilsated e fohifs converter 106. The low pass filter
will not provide a perfect DC signal but the small amount of ripple voltage that exists will not have an
adverse result on WBiseYsiRusebodimeatsyedttn incationhayd begropricalbsicyn znshows another
want Implgiaasidhe aafiianaleamumybieatiap denuled it eelieg NRARIDIEANOR.RAIGRIY means
of a serial port between the power system controller 104 and the isolated DC to DC converter 106.
This serial gefailsongisbs ofedetbeteiseithewidlenasiig Diomlthe sPind sadistqumofithnitatotiavadd be 12C
or SPI. Clo [ but these could also be replaced with a UART as well. When
using 105e§|§ﬁ%)q gﬁhﬁ]‘%c |8§&§§1%8rlt e power system controller 104 or the isolated DC/DC converter
106 could be the master (i.e., the device that initiates the communication protocol between the two
devices). With this implementation the monitoring signals are digitized by the isolated DC to DC
converter 106 for transmission to the power system controller, and analog to digital converter channels
for this purpose are no longer needed. The isolated DC 15to DC converter 106 receives the trim
information from the power system controller 104 through the serial bus as a digital word. If the
isolated DC to DC converter 106 has an analog control scheme this value will be converted to an
analog signal inside the isolated DC to DC converter 106. If the isolated DC to DC converter 106 uses
a digital control method, such as duty cycle generated by a microcontroller, the isolated DC to DC
converter
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20106 will simply process this digital word to obtain the desired trim result. The efficiency
optimization method described above is based on optimizing the ratio of delivered power to provided
power for the DC to DC power system relative to the +VDC BUS. However, if an additional signal is
provided to the power system controller 106 that represents the voltage at the DC source input it would
also be possible to provide this 250ptimization fo(r:g)\eﬂ{/? | power conversion from source to load.
FIGS. 15, 16 and 17 show an isolated DC to DC Ttonverter as the means of generating the +VDC BUS
however, swiliar iseitimktertures could be implemented in an AC to DC power supply to achieve a
similar purpose. In another implementation of the isolated DC to DC converter an input feed forward
30technique could be applied. In most switching DC to DC converters an approximation of output
voltage is al funguarifupppliegsiaputoapagagand switching duty cycle or applied input voltage and
switching frequency. If very tijght reggﬂlf?ct'on as a function of delivered output current is not required,

t

which is the case VT HEHEAON & SATRP WP last adamiisty LR APRPSkiif Ate output voltage

by adjustingesitheiolshe Rppicablacentppais hater&idubnedela: Rl PRren Qsmitolelpian to the
value of the applied source voltage. In this implementation it is possible to use the TRIM pin to
influence ti&¢elationship of 5 either of these possible control parameters in relation to the applied

source voltage. Tﬁiﬁigﬁﬁl'%l@é}tﬁ{iﬂﬁ Hampeifyt hhatpumMAlaaeindelatian tecthe.voltage
applied to the trim pin. This also holc%ytruﬂé?f the%rﬁ%??rmagg% is delivered by a digital serial bus and

processed BORIgHARI ARGt p eI EnpE s MesknBsing Pavihe integeieddnisaitdiginthe
invention hgygbegmpatticularh shewnand ﬂ'W%SHH@ﬂsi%ME SeMnderIereiydhoge skilled in the

art that various changes in form and details may be made therein without departing from the spirit and
scope of tHESPRRSROrsAS denHenny daa sppeisdatplaaiens closeddiond venbplotlienaive: 1. A power

Supply SYS{ey&RAYISH of said plurality of power blocks.

2. The power supply system of claim 1, wherein said power blocks include a power part of
non-isolated DC/DC converters, signal sampling and conversion circuits, and driving

circuits.

3. The power supply system of claim 1, wherein said digital power manager comprises an
analog-to-digital converter (ADC), a digital pulse width modulator (DPWM), general

purpose input/output interfaces, and a central processing unit (CPU).

4. The power supply system of claim 1, wherein said power blocks do not have protection

functions.

5. The power supply system of claim 4, wherein said digital power manager implements

protection functions for each of said plurality power blocks.

6. The power supply system of claim 1, wherein said power blocks are selected from point-
of-load (POL) regulators, voltage regulator modules (VRM), power-on-load regulators, and
DC/DC converters.

7. The power supply system of claim 1, wherein said operating parameters include output
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a plurality of power blocks, each power block adapted to convey power to a respective load responsive
to a respective pulse width modulation (PWM) control signal; and a digital power manager adapted
to (1) program operating parameters and receive monitoring data of said plurality of power blocks
using peripherals integrated in said digital power manager, and (2) generate the PWM control signals
of all the pQWEr télcgc sin tress}‘%a(;)nse to sai monitortin dat? so as to in&olement closeg-logp control of
the power conv§ye8 B)?lgac ggi%gp Gra iP§°5’1’a 6%\}\? rcool%é%%?atfnrﬁ% plg\a}\fé}rgf}%pw s;s/%l em of claim 1,
wherein saidquitvegng itk snicloligdmyowngabuabuovelagatecCdxceannudriatpesignel sampling
and conversion circuits, and driving circuits. 3. The power supply system of claim 1, wherein said
digital power manager comprises an analog-to-digital converter (ADC), a digital pulse width modulator
(DPWM), gerEabpuwifasgiipsisautftdriaifaceseana aidehpiedporsessingagoitf(@R). 4. The power
supply system of. claim 1, wherein said power blocks do not have protection functions, 5, The power
supply systE B Ea TS FHEEGT a5ARISHIEISSEWE PHERIYBME TR ARA e SR BRI M BNS for each
of said plurgdity, power blocks. 6. The power supply system of claim 1, wherein said power blocks are
selected from pointof-load (POL) regulators, voltage regulator modules (VRM), power-on-load
regulators, and DC/DC converters. 7. The power supply system of claim 1, wherein said operating
parameters) INGy ¢ et KPYASSEF ARIR SSOMEeaRIBL d il PreRREaHamEePBligpIRieRn30d
margining, and said monitoring data includes input voltage, output voltage, output current, and
temperatur’é‘.ter.a%e power supply system of claim 1, wherein said digital power manager further
comprises a user interface adapted to receive programming data and send said monitoring data. 9.
The power supply system of claim 8, wherein said user interface further comprises an 12C interface.

r

10. The polierlbameny aysstephy s etenml chirmbr ool oomgrisingst hewusgsyptcap opelrddsaid digital

power manaqe; Self G HOsIeer SYRIGH: Mé@%e‘f%?l?&ﬁ?&rﬁx&f @&Bﬁ%&é%?é—t}%ﬁ{@?ﬁsgf oviding
programming of Said operating parameters and moniforing said monitoring data of each of said

plurality ofiptsmiechseridingpropapovies sl oppsung phoiaiatels awdensiniaidgiigidal power manager
further comprises. -volat I ini lurality of registers. 12. The power supply
'ﬂ?&lﬁ&ﬁqlﬁ%%ﬁa Sl Gp}eﬁjlrlgl%ﬁé%ﬂrﬁg 0%%&' HIBUEY

system of claim 11, wherein said gisters Include: an application register containing data

values (1) programming operation of said power blocks and (2) monitoring state of said power blocks;
a configuraionfegisiat SapRANIpasiat valss definion .ceafiaualon fRalaogr upply system:

comprises a non-volatile memory containing a plurality of registers.

12. The power supply system of claim 11, wherein said plurality of registers include:

an application register containing data values (1) programming operation of said
power blocks and (2) monitoring state of said power blocks;

a configuration register containing data values defining a configuration of said power
supply system;

a boot register containing data values reflecting base layer operation to said non-
volatile memory;

buffers including an application buffer, a configuration buffer, and a boot buffer
containing new firmware data;

a user-definable space; and

a logging data space containing field information in the event of failure.

13. The power supply system of claim 1, wherein said digital power manager is adapted to

perform a respective closed-loop voltage control process for each of the power blocks, each
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a boot register containing data values reflecting base layer operation to said nonvolatile memory;
buffers including an application buffer, a configuration buffer, and a boot buffer containing new
firmware data; a user-definable space; and a logging data space containing field information in the
event of failure. 13. The power supply system of claim 1, wherein said digital power manager is

adapted to %er@({_% a resl[?ective 1cI sed-loop \Ié?‘gﬁw%g control process for each of the power blocks,
uding

S Op voltage control process 1 . :
each close E1oop voPtage ntro prgcess Inc calculating an error value as the difference

between a referencdcubdtiaganten @enidacnlthgeliffpreretitngesn o uifuntivaltegecaiide sespective power
block; proces&ié#%the error. value tg %ene ate a processed error valye; and generating the PWM

control signal 18P tAEPFEEPELR A S5 FB?([@I%%% B RREEFRULEY Wfor value. 14. The power
supply system of girisestihgwinesaior prosess @ dhecerimovald nebidetn.exatuting an algorithm
selected from a pro ortional-intge%ral-derivative (PID) algorithm, a non-linear algorithm, a hysteretic

algorithm, and an SSYHRIRE S ARYorARTe! stenatder Shsvssrasiiys RYykes M askdpasst 28 Wherein said

processingpitsdpedugrs paagessing of a sensed average/peak output current of each of the power
blocks to realize closed-loop current control and/or closed-loop power control. 16. The power supply
system of claim 1, further including a converter circuit operative to supply an intermediate bus voltage

to each of the paWBEWIRGkEPRNG IRt BISRIC JigitRtRAYRo SaRIRgBliS ARarAive JBIEaspOoNse to said

monitoring data of the power blocks and information representing power supplied by the converter

circuit to cSHFETERE Relanatimevedtssbitageermsrneriorshitegsakieiatyy achiBalguébma
conversioneifiHiRaRY M HHBRONEYSHERY RYSRR, Jld APOWRERURRY SYSiRMAM cOMPrising:  a

plurality of power blocks, each power block adapted to draw power from an intermediate power bus
and to convey power to a respective load; a converter circuit operative in response to a voltage

control signaj tpys %J%B%?&E%@?J%ﬁ%%%&&ﬂ\%ﬁﬁ By Al S MERIALE fdsaceiraoe

corresponding to the voltage control signal; a
of a sensed average/peak output current of each of the power blocks to realize closed-loop

current control and/or closed-loop power control.

16. The power supply system of claim 1, further including a converter circuit operative to
supply an intermediate bus voltage to each of the power blocks, and wherein said digital
power manager is operative in response to said monitoring data of the power blocks and
information representing power supplied by the converter circuit to control the intermediate
bus voltage from the converter circuit to achieve a desired conversion efficiency of the

power supply system.

17. A power supply system, comprising:

a plurality of power blocks, each power block adapted to draw power from an
intermediate power bus and to convey power to a respective load;

a converter circuit operative in response to a voltage control signal to supply the
power to the intermediate power bus at an intermediate bus voltage corresponding to the
voltage control signal; and

a digital power manager adapted to (1) program operating parameters and receive
monitoring data of said plurality of power blocks using peripherals integrated in said digital
power manager, and (2) generate the voltage control signal in response to said monitoring

data of the power blocks and information representing power supplied by the converter
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a digital power manager adapted to (1) program operating parameters and receive monitoring data of
said plurality of power blocks using peripherals integrated in said digital power manager, and (2)
generate the voltage control signal in response to said monitoring data of the power blocks and
information representing power supplied by the converter circuit so as to control the intermediate bus
voltage to achre e a d srred c ersron effi rcee C %lttgeeptgvgc 13\%)9 AV crgnvlr881 The power supply
system of ¢ aim ereln ital pe power manager enerates a discrete analog Control signal
supplied toetffecmny@rﬁdta:gmuﬁrmlpplrytsghﬁé’rﬁ intermediate bus voltage generated by the converter
circuit, the discrete analog control signal having an analog value representing a desired output voltage
of the converter circuit and being used by the converter circuit to adjust its output voltage to the
desired outpsit Mgdtpgeer S8pplpayzesties Stlpily 1Sy siestdih chaidiglié] pdweiﬁaaxgei@émm wnications
bus connec&s the dflﬁ?iaﬁr power manager to the converter circujt and is used by the digita ower

manager to E5HitS fantesRah Sl de Qe reryEtrhs iR daroatal fa?darrrme

bus voltage generated by the converter circuit, the discrete analog control signal having an
analog value representing a desired output voltage of the converter circuit and being used by

the converter circuit to adjust its output voltage to the desired output voltage.
19. The power supply system of claim 17, wherein a digital communications bus connects

the digital power manager to the converter circuit and is used by the digital power manager

to control the intermediate bus voltage generated by the converter circuit.
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