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FIELD OF THE INVENTION
The present invention relates to DC/DC power supply controllers, and

15 more particularly fo regulated charge pump power converters for integrated

power management systems.

BACKGROUND
Advances in electronics technology have enabled the design and cost-

20 effective fabrication of portable electronic devices. Thus, usage of portable
electronic devices continues to increase both in the number of products available
and the types of products. Examples of the broad spectrum of portable
electronic devices include pagers, cellular telephones, music players, calculators,
laptop computers, and personal digital assistants, as well as others.

25 The electronics in a portable electronic device generally require direct
current (DC) electrical power. Typically, one or more batteries are used as an
energy source to provide this DC electrical power. Ideally, the energy source
would be perfectly matched to the energy requirements of the portable electronic
device. However, most often the voltage and current from the batteries is

30  unsuitable for directly powering the electronics of the portable electronic device.
For example, the voltage level from the batteries may differ from the voltage level

1



voltage |l evels. Also, batteries are unable to respond quickly to rapid
fluctuations in current demand. 5 The typical arrangenent is shown in FIG
1 for a poovzadses el ectronic device 10 that includes an ePeT/gposwesIce 12
such as the one or nore batteries, and a |oad device 14, such as the
el ectronics that require electrical power. Interposed between the energy
source 12 and the |l oad device 14 is a power supply 16 that may performa
nunber of functions. For exanple, a power converter 20, io depicted as
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15 require electrically disconnecting the energy source 12 from the rest of the
portable electronic device 10.  As another example, the power converter 20
may require assistance during start-up.

Regarding the types of power conversion required, the power converter 20
may "step up” (i.e., boost) or "step down" the voltage. That is, the converter 20

20 may increase or decrease the output voltage Vouyr provided to the load device 14
with respect to the input voltage Vs from the energy source 12. The power
converter 20 may also store an amount of energy to satisfy a brief spike or
increase in demand by the load device 14 that the energy source 12 is unable to
provide.

25 The power converter 20 may also regulate the output voltage Vour,
keeping it close to the desired output voltage level and reducing rapid
fluctuations that may cause detrimental noise or cause undesirable performance
of the load device 14. Such fluctuations may occur due to changes in demand,
induced noise from external electromagnetic sources, characteristics of the

30 energy source 12, and/or noise from other components in the power supply 16.



el ectroni c devices 10. The specific attributes of generally known power
converters 20 are discussed below along with the types of constraints
gener al | wos2/&aseount ered. Many general |y known power convRCT/®R&l/Z661ar e
optim zed for a specific energy source 12 and a specific | oad demand from
the | oad device 14. The power converter 20 may not acconmodate, or only
accommodate inefficiently, variations in the voltage and current
characteristics of the energy source 12 io and/or the | oad device 14. For
exanpl e, sone t @FS of power converters 2 cangg%] rovi de, an out put
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15 generally known power converters 20 have a design that will only operate within
a narrow range of input voltages, output voltages and power capacities.

Additionally, as will be discussed below with regard to FIG. 2, some power
converters 20 achieve an acceptably regulated output voltage Vour only through
inefficient voltage regulators.

20 In other instances, voltage regulation by the power converter 20 is
inadequate for the needs of the load device 14. For example, the nominal output
voltage Vour may vary due to variations in the input voltage Vs, variations in the
temperature of the power converter or the output current drawn by the load
device 14. Also, even if Vour is at an acceptable nominal output level, the power

25  converter 20 may undesirably oscillate about the nominal output voltage Vour.
This voltage ripple Vg is defined as the range of the oscillations about the
nominal output voltage Voyr and may impair or preclude proper operation of the
load device 14.

Therefore, existing power converters 20 do not efficiently provide on

30 demand the required power to a load device, nor adjust to variations in the

energy source and load device to provide a stable Vour.
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voltage | evels, such as a sub-one volt input voltage Vs. The existing power
converters 20 usually require an operational bias voltage that is typically
conpar abiveovwigshe out put vol t age demands of the | oad devi B€T/U&91/26é1ch are 5
generally greater than one volt. Also, a certain anount of noise is
superinposed on the input voltage Vs by external and internal sources.
When the input voltage level Vs is low, this noise may becone rel atively
significant, degrading or precluding operation of the power converter 20.
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at a sub-one volt level. Consequently, the service life of the battery in a portable
electronic device 10 is limited by the inability of the device to operate with a sub-
one volt input voltage Vs from the battery. As a result, baiteries are discarded
with a significant amount of charge or “life” still left in them. Achieving additional
20  service life by incorporating additional batteries into the device 10 increases the
size and weight of the device 10.
Therefore, many existing power converters do not operate (or operate
desirably) with a sub-one volt input voltage.
Furthermore, even if a power converter 20 can continuously operate at a
25 sub-one volt input voltage Vs, generally a higher input voltage level (i.e. over 1
volt) is required to start the power converter 20. That is, the converter requires a
higher input voltage at the start-up phase than is necessary for continuous
operation (e.g., 0.4 V higher). Therefore, the power converter 20 must be |
continuously operated once the minimum start-up input voltage is reached, thus
30 consuming power, in order to enhance the amount of energy that is retrieved

from the energy source 12.



For the start-up phase, an external start-up circuit (such as a Schottky
diode) is often added to the existing power converters 20. The start-up
circuit veQe/s4588i n overcom ng the additional input voltapeTvsguics@nent at
start-up and in shortening the period of tinme required for the power
converter 20 to reach its 5 designed output voltage. However, generally
known start-up circuits are usually not capable of operating at sub-one
volt input voltage. Also having to use an external start-up circuit
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the rate \fteyft€d cirbuit design in portable electronic devices 10 is moving toward

circuits with lower operating voltages. For example, current fabrication
capabilities for Complementary Metal Oxide Semiconductor (CMOS) based on
sub-micron technologies (0.5 um and less) typically provide for devices that
20 operate at 3.0-3.3 V. The projected technology development for reducing the
feature size of such integrated circuits will mean further reducing this operating
voltage, and thus power supplies and power converters will have to be developed
for providing these reduced operating voltages.
For example, trends in microprocessor design highlight the need and the
25  advantages of power supplies that operate at the lower operating voltages. The
feature size of the integrated circuit components of a microprocessor is reduced
to increase functionality at a reduced cost. Thus, one chip may contain the
circuitry of a number of chips and discrete components. Smaller feature size
also allows for the microprocessor to perform its functions more quickly. With
30 smaller features, digital switching may be performed more quickly. Since

switched components tend to generate heat in proportion to the rate in which
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WO 02/ 19508 PCT/ USO01/ 26661 they are switched, nore densely packed and nore
qui ckly switched conponents nake heat dissipation a limting constraint on
t he desi gmoot/1945h& mi cr oprocessor. The increased sw t chi npCBUS@/2e@NS t hat
each feature may act as a Radi o Frequency (RF) antenna, emtting

El ectromagnetic Interference (EM) to adjacent 5 features. Reducing the
operating voltage of the m croprocessor acconmopdates the reduction in
feature size, the increased switching and the heat dissipation. Still
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Still further, the distance between features is reduced, and thus the
amount of insulating material between the features is reduced. Consequently, a
lower operating voltage avoids a breakdown through the thinner insulating

20  material between features that would cause microprocessor failure.

Therefore, a significant need exists for a power converter that may provide
an output voltage Vour that addresses the lower operating voltages required by
smaller and faster integrated circuits and microprocessors. More particularly, it is
desirable that the power converter may advantageously generate regulated

25  output voltage Vour in the range of 0.8-1.6V.

Still another drawback to existing power converters 20 is that they are not
suitable for the desired level of miniaturization in portable devices and are not
appropriate for embedded applications, even considering integrated circuit
structures such as Silicon On Insulator (SOl) and Silicon On Metal (SOM). In

30 some instances, miniaturization is not possible due to the number of discrete

external components necessary that are not amenable to integrated circuit
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6 WD 02/19508 PCT/ US01/ 26661 fabrication. These conponents thus require a
printed circuit board (PCB), hybrid or nulti-chip nodule (MCM design
wherei n Weor19se8 and expense of such fabrication is hi ghreTUR@mReb@r an
entirely integrated circuit. In addition, the efficiency of generally known
power converters 20 results 5 in an anount of heat generation that is not
suitable for further mniaturization. Therefore, existing power converters
20 cannot be fabricated as an integrated circuit, especially enbedded with
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Therefore, it is also desirable that the power converter 20 s
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15 Therefore, a higher operating frequency is required to transfer an equivalent
amount of power. However, the higher operating frequency also results in EMI
that is detrimental to the portable electronic device 10. Moreover, the portable
electronic device 10 itself generally has federally mandated limits on RF
emissions that may be exceeded by a sufficiently high operating frequency.
20 Therefore, it is also desirable that the power converter 20 should
advantageously generate minimal amounts of heat or radiated energy (EMI) to
the load device 14, and thus be suitable for being embedded on the same
integrated circuit or module.
Many of the above described problems are compounded in devices
25 requiring multiple voltage levels. For example, portable wireless
telecommunication devices include processing, memory, transmission, and
display functions that by necessity operate at different voltages. Many of these
elements require voltage regulation and low EMI in order to perform satisfactorily.
Moreover, it is typically desirable to extend battery life and to provide for small

30 device size.



7 WD 02/ 19508 PCT/ US01/ 26661 Therefore, various of the existing types of
power converters 20 are inappropriate for addressing one or nore of the

dr awbackwoor/edosabove and for satisfying needs in the i nBOBURY/ 266l mar ket
pl ace. As such, it is desirable to inprove upon the power converter
technol ogy to address various drawbacks 5 noted above. SUMVARY The

I nvention overcones the above-noted and other deficiencies of the prior art
by providing an apparatus and method for a dynamically controlled to
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enhances efficiency of the power converter. Furthernore, the output
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rate to ' i 20 predeterm ned voltage | evel. Therefore, an
i neffici gm&hfr eam voltage regulator is not needed. In another aspect
consi stent wi tfnbhgyd ﬁ%d&@om@s@ﬁé‘%bo%’-%?éd 8hd bthertRdiciitcrosbiithed

sub-one volt input vo ’f"t age V advant ageously 1 ncorporating |ow control
t hr eshol dpdoi art rlngqorowdirt@earmﬁppmatus: and modthed fanal dyhen‘amqiLycﬁantmﬂe@,omer 25

conver? or iignsiegly 2o B Phvne? SRR veE B3l SERsu At oM e B Shar ged
condi ti O“eﬁérd#éddréé Bg detnar@s sg%aua@d ab@béup switch that charges a startup
capaci tor wh the dynam c control is off. Once charged, the startup
capacitor in tin paﬂicu!aéslnaprm)mecaooowtam with thedneentiom, asd&é@émﬁo provi de
charge t Occt)rr?t?oder opera 234 capacciLve power &B}Bu Qt%%e tg pump charge at a rate to
maintain an output voltage Vout across a load capacitor C.. More particularly,
15 the dynamic controller discharges a fly capacitor Cg into the load capacitor C.
when the output voltage Vour drops below a reference voltage Vger. Therefore,
operating at a level corresponding to the demand of the load enhances the
efficiency of the power converter. Furthermore, the output voltage Vour is
intrinsically regulated in that charge is transferred at a rate to maintain a
20 predetermined voltage level. Therefore, an inefficient downstream voliage
regulator is not needed.
In another aspect consistent with the invention, a power converter is
operable with a sub-one volit input voltage Vs by advantageously incorporating
low control threshold switches in the dynamic controller and the capacitive power
25 output stage.
In yet another aspect consistent with the invention, a power converter is
operable with a sub-one volt input voltage from a discharged condition by utilizing
a progressive startup switch that charges a startup capacitor when the dynamic
controller is off. Once charged, the startup capacitor in turn closes a power

30  switch in the output stage to provide charge to the load capacitor C until the load



WO 02/ 19508 PCT/ US01/ 26661 capacitor CL is sufficiently charged for the
dynam c controller to assune control of the power output stage. In yet a
further as@ew19seoHnsi stent with the invention, a power cOnPETABI26p610VI des a
predet ermi ned out put voltage, either increased or decreased (stepped 5 up
or dowmn) with respect to the input voltage. The power converter nmay
flexibly provide an output voltage with intrinsic regulation insensitive to
factors such as the input voltage and tenperature so that a predeterm ned
| ow out put _volta are efficiently

or ovi ded. CRRAG Carls sulidipBNaaGpRLeT B aris CoUTeler R@SSHIRE RITHR) an

i ntegrat eds Hé’pcﬁ\ﬁé‘@ u pggﬁ% r provides efficient and regul ated power
conver sat i on and t rates little heat. In particular, the

i ntegrated powm yekmfwtherrasmst comgastent with theinverkiopnd QQM@IH chpvérédmg

t i t d Furth t d
conver t or PR teaRIBainecy BRUClosy Sty DERaseRPr HrsiatRr o <ih h. ng
more sk OV‘MEIOE;%@%m fa‘slﬁ,@et tdHeGhpGt gbesrrfeowé%mnmﬁamlﬁl

further ed by having no extern conponents by incorpora |ng
i nt egr at earQMldQ:antomraqﬂamltagesmﬂl?mﬂrlnmww@mnsemlhv@m@ct@rﬁyﬂmba&s ons the

cireui 1 withingoh YRR oMKt AT Y eloinTr I EBupil et o0 ¢

i nt egr at e¢bepiple 98414 & orl Iévv@ﬁad%b%iﬁél@ﬁ&}m&vidwt and/ or | ow out put
vol tage. 20 These and ot her objects and advantages of the present invention

shal | be nadelmpgtaareadditiooal awﬁ@@awﬁwmtbeaw%@naaﬂ lmtﬁ@raiedcnptlon

are | for BEMRT BaVettahrokbke e and Stupt R RRRORaRBp) SR " "

i 'l ustrat gensizese BBl Ih particuetneontegradd pavgst diviverter hbsﬁﬁ]%rgmﬂ\,ﬁr al
description of the invention given above, and the detailed _description of

t he enbodiave M\ efnigsionday bwngmpaéltampeeQWVawﬁh@wearpmﬁugt% &4irigermpee,
o et R Rl ifBales ol Bhfliod Aol sl ot
9 WO 02/ 19emand@ly $¥edHiagetdre slowly. The lack of an inductor enables some
15  applications to be further miniaturized by having no external components by
incorporating integrated circuit capacitors. For these reasons, in some
applications the integrated power conVerter may advantageously be embedded
in an integrated circuit with a load device. In addition, in some applications the
integrated power converter is adapted for low input and/or low output voltage.
20 These and other objects and advantages of the present invention shall be

made apparent from the accompanying drawings and the description thereof.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying drawings, which are incorporated in and constitute a

25  part of this specification, illustrate embodiments of the invention, and, together
with the general description of the invention given above, and the detailed
description of the embodiments given below, serve to explain the principles of the
present invention.

FIGURE 1 is a top-level block diagram of a portable electronic device

30  incorporating a power supply with a power converter.



FIGURE 2 is a top-level block diagramof an oscillator-controlled power
converter (open-loop charge punp). FIGURE 3 is a top-level block diagram of
a dynam cedbyresontrol led, intrinsically regulated power POTWE02561 5
FIGURE 4 is one enbodinent of a circuit for a power output stage for the
power converter of FIG 3. FIGURE 5 is anot her enbodi nent of a circuit for
a power output stage for the power converter of FIG 3. FIGUJRE 6 is a

vol tage plot of boundary conditions for the maximumload io condition for

t he power outp of FI RE 7 a_tap-level . block di agram of
an enbodi ment gb@hﬁéﬁﬁ&q’ %)’e?@l?ﬁl( gregd %PS@E%EFPBF qugf@)p@re. is a
fl ow di agg&y r@r (t) he power converter of FIG 7. 15 FI GURE
9is a flow agra or tﬁﬁ'?ffﬂ@poperatlon of FIG 8 FIGJRE 10 is a

fl ow di agram fBlGlrJRE Simanop-lavet blick siagranFoiG dgnamipaliyrentrolled, an

enbodi rrenI of . rcu Qr a power . output stage for the power converter
of FIG 7" tl‘ﬂ rfgu‘aie%ﬁolﬁ/ﬁf) 8P¥F6Fﬁ’ of a power controller circuit for the

pover 520 conve[g@RERA ld:br% eﬁboﬁlrﬁb'%ﬂ@ciréulﬁfbrﬁmmﬂgupéta eviot thege

reference circuit for the power controller of FIG IGUR 14 is an
enbodi menpower eonvefieiraitde. 8i rcuit for the power controller of FIG 12. 25

FI GURE 15 t I |G 14
O 12 15 SRR koo P bR PR Bl o e 1515
controll em@ﬁo\ﬁé@o%nélﬁpﬁg 47 is an illustrative timng diagramfor the
timng control circuit of FIG 16. 30 FIGURE 18 is an enbodi ment of a

mul ti pl e- out puFlGIaREr 6 bvaweltaae platief bgradar eandiians febisomentmimdeadi ng
I nt equal 8&9(%65 orethglp%r\TfFé}toﬁJtpa‘t stage of FIG. 5.

FIGURE 7 is a top-level block diagram of an embodiment of a dynamically
controlled power converter.
FIGURE 8 is a flow diagram for the operation of the power converter of
FIG. 7.
15 FIGURE 9 is ‘a flow diagram for the start-up operation of FIG. 8.
FIGURE 10 is a flow diagram for the dynamic operation of FIG. 8.
FIGURE 11 is an embodiment of a circuit for a power output stage for the
power converter of FIG. 7.
FIGURE 12 is an embodiment of a power controller circuit for the power
20  converter of FIG. 7
FIGURE 13 is an embodiment of a voltage reference circuit for the power
controller of FIG. 12.
FIGURE 14 is an embodiment of a comparator circuit for the power
controller of FIG. 12.
25 FIGURE 15 is a more detailed circuit for the comparator circuit of FIG. 14.
FIGURE 16 is an embodiment of a timing controller circuit for the power
controller of FIG. 12.
FIGURE 17 is an illustrative timing diagram for the timing control circuit of
FIG. 16.
30 FIGURE 18 is an embodiment of a multiple-output power converter

integrated circuit component including integral capacitive elements.

10



WO 02/ 19508 PCT/ US01/ 26661 FIGURE 19 is a bl ock diagram of the
mul ti-output power converter of FIG 18. FIGURE 20 is an enbodi nent of one
of the povep2zosdput stages of the nulti-output power conP€Tw8I/BWH6IFI G 19.
5 FIGURE 21 is an enbodi nent of an output controller of the nulti-output
controller of FIG 19. FIGURE 22 is a circuit diagramfor the output
controller of FIG 22. FIGQJURE 23 is a circuit for the power up signal
referenced in FIG 22. FIGJRE 24 is a pin-out diagramfor the multi-output
power converter of 10 FIGS 19-23. TAl LED DE PTI ON_OF | NVE
POWER CONVERSI 6@%5&%'%%@!0&%%9@%%%@\%%5'@%‘38& PRYRLRPIVE tOFJE'e:f a
charge pu in accordance with the principles of the invention is best
under st ood by considering alternative power conversion techniques in
exi sting power FI3URE 2@issan Emboeliment &f one of thegrowaesqutaubstages ohtha ype of
exi sting power converter. Linear be]%l ators have an efficiency that is

0

directly bBHIRUL RWeT GOpURIterATiFd the 20 input voltage Vs to the

out puts vol t agepNSYRE dNiSan BPJARHENVER drRegtpyB cbhRblldrofiing esultibipuaqui r ed
out put vol tage VOUT would result in about half of the power from an energy

sour ce 12chndroltgrioh&iEi t9ent|ly consuned by the power converter 20. Due to

the lower effig] d resul.ti n | ' egall ators
require a heat EL‘?QE‘%(%P %P{“éW* @%%f)%ﬁ?é’f g‘? ﬁtsgir(g@?tﬂ%fgg%?hl%g%’t ion into

| ow profile 25FgkEes isaehc@sicring powernb)sigeal wetdtehdwl RANIG. 22,
specification standard. Mdrreover, |inear regulators generally require two
di scret e capacFIQURE 24iia & @in-ovi dipgraig ferdhadhulirautput %‘i"ﬁ%‘fcqﬂﬂ)’ ég re,

| i near reﬁﬁgt ?%_?3cannot step-up the input voltage Vs and thus are

i nappi“bpr ' tertain applications. For exanple, a small portable

el ectroni c device 10 such as a hearing aid may benefit froman 30

| nexpensive, single-cell alkaline battery that provides a voltage of
0.8-1.4 V. 11 WD 02/19508 PCT/ US01/ 26661 However, the |oad device 14, in

this casepEio PEBFHEVURPTION O IRFENTION ¢ MY
POWER CONVERSION
15 The operation and advantages of dynamic control of a charge pump in

accordance with the principles of the invention is best understood by considering
alternative power conversion techniques in existing power converters.
For example, a linear regulator is one type of existing power converter.
Linear regulators have an efficiency that is directly proportional to the ratio of the
20  input voltage Vs to the output voltage Vour. Thus, an input voltage Vs that is
twice the required output voliage Vouyr would result in about half of the power
from an energy source 12 being inefficiently consumed by the power converter
20. Due to the lower efficiency and resulting heat generation, linear regulators
require a heat sink that often complicates or precludes integration into low profile
25 packages such as those complying with the PCMCIA specification standard.
Moreover, linear regulators generally require two discrete capacitors, further
limiting reductions in size. Furthermore, linear regulators cannot step-up the
input voltage Vs and thus are inappropriate for certain applications. For example,
a small portable electronic device 10 such as a hearing aid may benefit from an

30  inexpensive, single-cell alkaline baitery that provides a voltage of 0.8-1.4 V.

11



require 3.0 V. Linear regulators are unsuitable for such an application.

| nduct or - based power converters and capacitance-only ("charge punp") power
convert engO ar/e@setach capabl e of stepping up or stepping dorOT/EROT/WpALt 5

vol tage Vs. Such designs generally require 1.5 - 3.3 V input voltage VS and
provi de an output voltage VOUT from1.8 - 5.0 V, with the delivered current
between 10 - 200 mA continuous. Wth these designs, sub-one volt input
vol t ages or output voltages are generally not p055| bl e. Moreover, out put

[ t bl
Phrough | HOSHPbABRMAAY deRcas it e peetduha ! S beftad aihsiah
paral l el QuERIBD. | Iiof@aRAS B BSuildbé for UK diBpiidafionower consumed

by the conbination ~increasés. |nductor-based power converters are
typically chosdnduvt@r-b@apd@mmmnvermlys aritheapagitanpe o’ chaigeqrurapy f or

cf 11 0f ont POBRpEPOY RS e caey s akle Gedpumnolle ™ BRGnad Ry EaR il 'Y

vol tage Velagsveagueh desi Envérall suidet N5CIRB AeinpurRsliagepeenti cal |y,
t he out put VQ?tage VoUuT |s@€§:% ortloﬁéq to the |ndtT(';pPance £:\’/al ue of the

i nduct or nmwd@anmtw \tQh’f@gééfouvétqmé &f .04, avibcthei daliveeas ewrant( di / dt ) .

overs - 2boliedth 07 o RRTATRbUS FRTIGR o P FLBER, cvea

out put volg sommp\aev@ltag&wecgeriéaélqmmsnm@nm)"rb@vefr o6tpi polwerr equire

a non-linear ferrite - coil or ferrite bead for the inductor, and al so
require eit &en200-pBginkY\brangerre aspgenewily notruailable.eroest tadal powver

ror oid °c EnplschBs SR Usuatac Hb B ni RO cUive Ry FO T pRfHEL Beomoel 7
2, one gemﬁtdspe&ﬁmmummcartclame-tmbwmwnsumedpdywhé&ommnsﬂmm

I ncorporating an oscillator-controlled power converter 20 (or "open | oop
charge pul¥'§a¥% a downstream vol tage regul ator 22. The energy source 12,

R e e A
probl ens anly &Mrg@rpuhhpepewef coisverteraffon lodysdvesr. apticliip i (.50 to 200
PCT! USOl/ 26iN) since they are relatively efficient compared to a charge pump design. Also,
the desired output voltage Vour is_easier to achieve than with charge pumps.
Specifically, the output voltage Vour is proportional to the inductance value of the
inductor multiplied by the derivative of the electrical current (di/dt).
Consequently, higher operating frequency and/or higher electrical current levels
20 at the input generally do not directly affect the achieved output voltage.
However, inductor-based power converters generally require a non-linear ferrite
coil or ferrite bead for the inductor, and also require external resistors and
- capacitors. Thus, inductor-based power converters are not readily further
miniaturized. The inductor is also a "noisy" component that generates
25 undesirable EMI.
With reference to FIG. 2, one generally known capacitance-only power
supply 16, is shown incorporating an oscillator-controlled power converter 20 (or
"open loop charge pump") and a downstream voltage regulator 22. The energy
source 12, such as a battery, is shown as part of supply 16 for illustrative
30 purposes. Such a design does have an advantage of avoiding the integration

problems and EMI problems of using an inductor.
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Open-1 oop control indicates that the oscillator-controlled power converter
20 does not advantageously use feedback to help adjust its output. Dynam c
(or cloyedot/ospy control by contrast is generally used whenwuseonReesmed
control is needed. For exanple, cooking by timng is an open-loop control
met hod, 5 requiring periodic checks to avoi d under cooking or over cooking.
Thus, cooking wth a tenperature probe is an exanple of dynam c,

cl osed-1 oop control, insuring that the food reaches the desired
tenperature, eyen with variations i i ght .of the foo n the cookin
energyz(() e. g , é%HVYIHQBtCOGFrOﬁWEjHﬁ%?/ﬁ]%ﬁ%& 8§‘i'ﬁat%\‘/?8wé?l?e(gﬂgwei B%Ve&?irge )
punps | t quve 200
T ocept 2By BT o o e i cve

| e charg
the desir ei@sed{lmp mm:odebty conhiast @sgﬁrteralbjl memﬂghenapam\/@ddfontiﬂl 8vi di ng
i ncreased curr

char ge puﬁﬁgd?‘g EOF gg@mp %Llogkﬁgwl%f UI Sl W‘{P&@i?‘f‘%a{’&gc?u latsl Ple

seriess I gsduilify pefiodigichaicks fo HEGHUNYRE BOdKING VR 0VBr cAbkiRg IThuBpedoling r ent
| evel s tﬁéed 15’ergsul ting parasitic resi stanlgg makes for gery |ﬁ%t1§f|'t(1:gient

oper at i onwithrectenapryapuadgirobe imanexanple ehdyrarnicuclospd-laop gaeirelomsyfinghe

f
cwi tches. taas Ro atieS he Mot e Pt BEeR MiffivdefiohS ™ AR~ 11
30-90% WHdddieorthahe cobking@rngy 6sgaehen et vheaticiobaverareygy)punp i s
operating at its designed nmaxi num capaci tgoto service a 20 maxi mum demand

by the |oad deHOM@VeAtOFPQﬂ@OPdé‘Wé%pH@iF@I arenivelicigniansLad Not BIVIHS i ncur s

Bt ndt “apERA SRRl AU eod A BRSe AT A IARARGE e L REB Y

requi re apppardlir @eachiéws n@d@zﬂmatﬁnscuwéntcﬁ‘rw eealt] althcmghgreqiabdmof and
m niaturization of the circuit. 25 T ower converter 20 of

" open- : Fopr@h@ﬂgénfﬁéﬁfﬁe‘y CPH@PD&%”effW’ButTdUQ reqUirament %fr?@sﬁﬂd'ﬂgéi"i”p@ or
controlle wian 20
I s based ?gg&iiqﬁpgﬁgﬁ?ﬁu” Bﬂh%iﬁao out im%dmgq\gétgﬁgﬂggg%\Aé/e;[g‘%?gggégrggepgggse
and di schaggistof®("ppragiiic mwamei' wbepaTs eAt bightihputamridrt devels,dbat rol | er 26.

e o oS i B S S
consumed by the circuit is a function of the square of the input current multiplied
by the parasitic resistance of the switches. Thus, generally achieved efficiencies
are in the range of 30-90%, with the higher efficiencies achieved when the
charge pump is operating at its designed maximum capacity to service a

20 maximum demand by the load device. At lower demand levels, the charge pump
further incurs power losses when switching between states unnecessarily.

In addition, another disadvantage of oscillator-based power converters 20
is that most require about three external capacitors, which prevents integration
and miniaturization of the circuit.

25 The power converter 20 of FIG. 2 (or "open-loop charge pump") includes
an output stage 24 and an oscillator controller 26. The basic principle upon
which the open loop charge pump 20 is based is the alternating of the output
stage 24 between a charge phase and discharge (or pump) phase in response to
the oscillator controller 26. The timing of the switching between the phases is

30 predetermined and typically based on the antici;}aated peak demand at the load

device.
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WO 02/ 19508 PCT/ USO01/ 26661 Types of power output stages 24 include

I nverting and noninverting versions as well as those with various nunbers
of capaciwdvr1weponents for transferring and storing el pcTUSEi@d66@har ge. A
noni nverting output stage 24 is depicted in FIG 2 with a switch matrix
28, one fly capacitor CF, and one |load (or 5 storage) capacitor CL. The
swtch matrix 28 may be an integrated circuit whereas generally known fly
and | oad capacitors CF, CL are di screte corrponents The switch matrix 28,

responsi ve to the os illator, c coup t he ener source 12,
fly capacitor p%ﬁﬁ PBYE" BHWHE?{ é{ Ilnﬁﬁ%je 'HY %Iﬂéla(?g %%H?Y%ﬁ?%t ion and
the di SCh@éﬁ%‘?or%OéH vallratthese wh@i v%?i%ﬁ*sfri&ﬁéér% of"cﬁﬁaé“mlé eBripdinehts 68 | ncl udes
four power sw tches M- M. first power switch ML closes in response to

a charge ¥ahsieiring gnaistging elenirlcah@hafgeq 1A aeinvedingraitpelrstage 24ligctrical | y

I 2
CoURlt Y RePRRd e, Bl 3 e Bl 28, e BRCanadio? Gsy Al SIS 3 o 12
cl osess i NstoRa§eN G dcitonC]l Theas@Rhavmhtrid RS irgydle &2 uitégifateajmtrhm aberddsat or
control |l er 26, eI ectri calrlea/ coupl i n the first termnal 31 of the fly

capaci t or 9ereradly knpwngily @ lﬂaﬁia@a QKﬂ &L afe digerete gampapants: othecL. A
third Po‘é‘?fv Qc@ﬁﬁ%ﬁﬁ? rggBr&J ﬁ/e id tﬁg%&?lﬂﬁﬁ)rtc%ggﬁeftrc%:rc%%ﬁfé@ herergpal SL.

el ectric erence te ergy source 12 to

second t esguel 1234lyQ3‘aptabEtorf Cy andapa¢ chpdciidr C Thi thewHange cvmfiguratioah M
closes in resgonse to the discharge 20 switch signal S2, electrically
coupl i ng aind the dissharaa eonfigurationst the fly capacitor CF to the positive

ter i gal’ 30 of SLBRIARARS Go SUHEA Tt HInORREEKS HhoddIeMRAc T M.

controller 26 turns o e charge sw Sl gna S1 closing t
third powdhedisst pdvesr svilitchVBl1 clbsdseintrespomse tof & cha@e slvisahhsiggal Svfrooh si gnal

S2 i ng the d f tch 25 M4 the | oad
capac t or e ORFIRIPLRNFSIEr b ElSEMRADN OUD U SVBreliasdorTe 3 WBheck ai o
vol tage Vi, %%@Vg)ubisth@ %‘Fér%/ S8l c%hfeb ﬁé’ﬁ%%mnéf@ﬂbmﬁaﬂ Yasatiee gor  CF

and the ener rce y capaci tor Is €lectrically placed
in paral Tae ste@ond@owwrswtchd‘ﬂ?_ CsE? iamespansetios dllsa!n@@e avmtdn gignal&haci t or

L 298 33 iAot BB Bk el ol B kPR 1 e 0"
gleggﬂg r gggés:%{ﬁgoﬂio%tfgﬁ&h@t fernfIRAMSE (\ENW%’@Todcf@aﬁdc‘x‘toF@EaW el gweas fully
switch M3 closes in response to the charge switch signal S1, electrically coupling
a reference terminal 33 of the energy source 12 to a second terminal 34 of the fly
capacitor Cg. The fourth power switch M4 closes in response to the discharge
20  switch signal S2, electrically coupling the second terminal 34 of the fly capacitor
Ce to the positive terminal 30 of the energy source 12.
In operation, the oscillator controller 26 turns on the charge switch signal
S1 closing the first and third power switches M1, M3, while turning off the
discharge switch signal S2 opening the second and fourth power switches M2,
25 M4. Thus, the load capacitor C, provides the unregulated output voltage, (or
intermediate voltage Vint) and is electrically disconnected from the fly capacitor
Cr and the energy source 12. Also, the fly capacitor Cr is electrically placed in
parallel to the energy source 12 and is thus charged to a fly cépacitor voltage
that is less than or equal to the input voltage Vs of the energy source 12. The
30 amount of charge transferred to the fly capacitor Cg will depend on several
factors including whether the fly capacitor Cr was fully discharged, the amount of

14



14 WO 02/ 19508 PCT/ USO1/ 26661 tine the oscillator controller 26 | eaves the
fly capacitor CF in the charge configuration, the electrical

charact ew@nt/esoof the fly capacitor CF, and the input vPCT/@gE/Xs61 For
sinplicity, it will be assuned that the fly capacitor CF achieves a full
charge and thus the fly capacitor voltage VF is equal to Vs at the end of
the 5 charge phase. The oscillator controller 26 will then switch at a
predet er m ned ti me to a di scharge configuration by turning off charge

switch si nalt nlr(l)?1 ﬂ % dthr 4? S@@esm M3, and
turni ng oRM&i E‘él‘f’ép bRlles avgg e@V&@Pﬁﬁ' her LeOGHH Y fourth power
SWi t ches é@nﬂ\é&a% Yhe didtarid nehﬁ?éaémét% df%é!ﬂ&xfcﬁﬁac&ﬂ? cheirf tﬁésmﬁmd to be

Vs) is adde € I nput voltage V: ener gy source 12 by pl acing
the fly cepitage \bs. Epr smnwlubatyxltmlMeesmmedlthatetheély eapagitor e aghievgs asour ce

12. The c I nation ricall | ed, acr |tor CL.
Thus, durﬁﬁ;0 W@eépgéﬁ%ﬁb’@ 8@%30' H%@ g/ §P§I R?R& é@@‘%\ﬁﬁg t he
first §erghiide gf the |oad capaC|tor CLis charged to approach 15
approxi mately twice the input voltage Vs. Again, the anount of charge

transferred to Rhee0$mt’e@tor:e<mtc¢lte(5r26owlhmem swilelp&ha nsﬁdateﬁmtnﬁéﬂlrae to&ctors

such as t redeterm nel trical
char actera§f:ﬁ ‘for{f'l%" H’éﬁﬁb@&t(ﬁf IE,{PE]etgﬂ‘éﬁﬁﬂﬁ%unt of mﬁ%@eﬁ{g he fly
capaci t or ot tiirslp b@@fisﬁ/ﬂ@ms e M3; adld tuheing e@i mmﬁwgefsmmehtsﬁgmﬂmhar ge
phase, the input voltage VS, and the anount of power being drawn_fromthe

| oad Capa@hostm e sepond|apadodhirawer swiichoai2 ddhs dduenine)fly canaciiget ual
|
Lt er Pt 94 g0l 138 Anidh Rl 68 Ik fodnd Voo icorBuL Vol tage

nul tipl e éhurgsyaamgcé appyGHaciagthe dly eapacited d}rylm@dmtlwlelemrmﬂ adamé witht h t he
25 energy source 12 during_the charge phase and al | ctrlcally coupled in

series wiheneneray &oures 13odhecampipationisseigairigall bﬁ‘é’é@e BRRSS tlhﬁeloﬁ%“gsul ting
achi evabl g, éélfo?fdfedn?d d\ﬁﬂhé%d\éﬁgﬁrq] SofhSadaagRedaly viiidgd v, ke

certain ranges fed rm ne t vol 't age s an e “nunber  of fly
capaci t or thelhirst fEhmmbj\mSofrthenDa@bapg@toréguba:lhargemta appredehnecessary to

limt, typically 1% teP % down, the unregul ated i nternedi ate voltage
VI NT #% onﬁpﬁ@xﬂﬁe’ﬁywﬁﬂ nput voltage Vs.

Again, the amount of charge transferred to the load capacitor C;. will
depend on a number of factors such as the predetermined duration of the
discharge phase, the electrical characteristics of the load capacitor C, the
amount of charge in the fly capacitor Cr and load capacitor C at the beginning of

20 the discharge phase, the input voltage Vs, and the amount of power being drawn
from the load capacitor C_ by a load device 14 at Vour.

Consequently, the actual intermediate voltage Vinr is typically 1.6 to 1.9
times the input voltage Vs for each fly capacitor Cr. Achieving greater increases
requires multiple fly capacitors Cr, each electrically coupled in parallel with the

25  energy source 12 during the charge phase and all electrically coupled in series
with the energy source during discharge phase. Thus, the resulting achievable
intermediate voltage Vnr is disadvantageously limited to certain ranges
predetermined by the input voltage Vs and the number of fly capacitors Ce.

The downstream voltage regulator 22 is made necessary to limit, typically

30 by stepping down, the unregulated intermediate voltage Vint from the oscillator-

based power converter 20 to the desired regulated output voltage Vour.
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based power converter 20 to the desired regul ated output voltage VOUT. 15
WO 02/ 19508 PCT/ USO1/ 26661 Typically, the voltage regul ator 22 conpares

t he unregud at/edos nt ermedi ate voltage VINT to a referencePeDUS@Es60IREF from
a voltage reference 38 to determne the output VOUT. The vol tage regul ator
22 is downstreamin that it is functionally separate and subsequent to the
oscillator-controll ed power converter 20, rather 5 than integral aspect of

t he power converter 20. Consequently, the capacitance-only power supply 16
consunes el ectrical ner fromythe switching of the swtch trix 28, the
constantlﬁyﬂ‘ﬁ@pﬁﬁﬁﬁdc’ﬁ%@%%@ﬂﬁw &ﬂmwfﬁéphégf‘f%%ﬂm m@ﬂm%%ower
consumed by ddievyQhd adRfdreaLs FbRage V2er HBM HOVRAgE RIIEIETRE I8 NetbAineO! t age
regulator 22 7s especially to disadvantageous when using the prior art
capaci t antie ouiipyt Yousr Thappltage segwWatos 2€ps diownstreant vdbai it iskinstiopaty

pover convebiae 360 5B5Chvelab e bREHPekTehiBfed pinel Bon i AduRbR)  The

vol t age rmnhliiahtéz;fraﬁézspéd@oth?elOE/I Wer éenveridte@0, nt er nedi ate vol tage VI NT,
consunes nore power. 15 DYNAM C CONTROL I N A PONER CONVERTER I n reference

to existing poW@nseaneriiy dne ze?witaj\@@s@dy 2pveE supply 16:cansUmaselestricahe
. St n . . _ 20
< Gepi ot eherdy BB IRE SWEHIneH Fo Wi Bati38, dhe S ity R0 iRBL T ouer

transfer beeiaianceneolst 26)wsogellds tie powendotksumee bi4he auhagsirdquistoe
out put vol tage VOUT across output termnals 42, 43 1 n accordance with one

aspect of 22hd herRQwen eansurmtigibine theovrliagie: reguletor 22 inernaciallyl y control | ed
oo : _ . :

vari at) ondiseBVERizBsbts W GERE Hie P s RBcEEY Bobier SRERY, 14 17

char act er step doww{dédreape)ibe outpoveliage VQ,r Witrergspeet tocthievieputeroli4@ei s
intrinsically_ voltage regul ated in that the a]m)unt of char ge garansferred.
does not U8l r@o‘??%‘gaé%'ha 8 pAWeHEARYRIterHR{ of Hé@%ﬁ‘é‘_’ H?e InPHEYVRAgS Yaster is
cont 1 ol | e@oh8ebibdiny, e Juhage raliap22 ViR SopiBidbvi i hibriibdRaeaccept ed

range. Thir's 1's'general rred to as re ng W thin an acceptabl e
voltage Vint, consumes more power.

15
DYNAMIC CONTROL IN A POWER CONVERTER

In reference to existing power converter 20 discussed above, one

embodiment of the invention is now described. Referring to FIG. 3, a power

20  converter 40 is depicted in biock diagram form, illustrating dynamic control of
power transfer from an energy source 12 to a load device 14 coupled to the
output voltage Vour across output terminals 42, 43 in accordance with one
aspect of the invention. The power converter 40 is dynamically controlled in that
it adapts to the demands from the load device 14, even with variations in the

25  input voltage Vs, and the transfer and storage characteristics of the power
converter 40.

The power converter 40 is intrinsically voltage regulated in that the amount
of charge transferred does not only correspond to the demand, but the rate of
charge transfer is controlled so that the output voltage Vour remains within an

30 accepted range. This is generally referred to as remaining within an acceptable
voltage ripple Vrip. Thus, the regulation is not performed at a later stage, thereby
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voltage ripple VRIP. Thus, the regulation is not perforned at a | ater
stage, thereby 16 WD 02/19508 PCT/US01/ 26661 elimnating the added

conpl exi two anhspower consunption of a typical separate vPCT/@§@/26€ul at or
22, as discussed with regard to FIG 2. The power converter 40 includes a
power output stage 44 that transfers the charge to the |oad device 14 and
a power controller 46 coupled to the power 5 output stage 44 to

responsi vely conmmand the appropriate amount of charge to be transferred.

In one enbpdinent, . the power qutput stage 44 is a.capacitive charge punp,
i ncor por ablRyE IR AdEaGarapleddy 4d pORer ansdmplieT BERMMGASPEAEs Prhe
| oad capagpfsde (dgutdter 88, 85 acissad withaegardtedFIgy, @vi des the output vol tage
VouT in lo relation to its stored charge. The power output stage 44 al so

i ncor por at es aTheyowermativeder 48 inadudes apoier outyitshage 44 thattransesner gy

ond Ty oliSehatte SHe R aRuke 4 APBREL LERBalsl 4a PR o FRF RGP
resi stanceugutshife 44 ¢ RIINsBRAVEShATand4fe BRproiRidte REOAR b RABRIe to

consunption. The power output stage 44 includes 15 a switch matrix 48
coupl ed t bettrensfeedapaci tor CF, |oad capacitor CL, and energy source 12

flor oot gur! g LS AONSTmRE NS pRlR S 6 4ERA 12a ShRLERBRARRe 210 2

di scharge (or phase, —as 1 s common W

parti cul aﬁhmtp, thoorparating ecloatigapabsieC, hb®ss\hé obtpmteinindl 425 48ddpited to
couple the fly capacitor CF in parallel electrically to the energy source

12 to chalagé eanacitor £ pleraps flectdeal gharge and grevides thecowlRyt yatagea¥elr ihe

| oad pac] : ' V4i4C. ' trically
oouBTEaRARn P SRedshart i A SrbRedelE Uecasd habolo gt oo,
di schalr gecab@ﬁ’?r GhFHGr mewrin@bhavge%omghfe:mm@,dscbmcdi1§cﬂmath|g¢oa% he "stacked
up" vol tages of the ener source 12 and f, capacj tor CE ace 25 into
el ect ri caFaRGHAE Ly W@%é@ gg&h@é%&p@@qm@y kaaprlﬂ @éﬁ@%@dtog&ﬁ\f@.ay Thus, the

ower out r | e
UoUr ni gRlbartag86,d) oEehdseflBFIOW uaiafeERated 86 KR 16 pRWIB Copfalemi®,
appr eci at @ méaphave reducedappiércednsunspiidne Tenwpoweuopiput staggeddlincludescapabl e

of st %) d ggsvﬁt%wnmgfjrg(%Se ggb&gé t(t) Ii'hee h)r/] ?:g})at\:/i c)lrtf?pg?oa\c/jscg%atcrilto} %?_, gr%lr%nergy
source 12 for configuring the power output stage 44 between a charge phase
and a discharge (or pump) phase, as is common with charge pumps. More
particularly, during the charge phase, the switch matrix 48 is adapted to couple
the fly capacitor Cr in parallel electrically to the energy source 12 to charge the
20 fly capacitor Cg. Also during the charge phase, the load capacitor C, provides
poWer to the load device 14 and is electrically uncoupled from the energy source
12 and the fly capacitor Cr.
During the discharge phase, the switch matrix 48 is adapted to discharge
the “stacked up” voltages of the energy source 12 and fly capacitor Cr placed
25  into electrical series with the load capacitor C, as discussed above. Thus, the
power output stage 44 may charge the load capacitor to an output voltage Vour
higher than the input voltage Vs of the energy source 12.
It will be appreciated that in some applications the power output stage 44
is capable of stepping down (decreasing) ihe input voltage Vg with the same
30  configuration as shown in FIG. 3. The switch matrix 48 may be switched so that

only the fly capacitor Cr alone with its fly capacitor voltage Vg is coupled across
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30 configuration as shown in FIG 3. The switch matrix 48 nmay be sw tched
so that only the fly capacitor CF alone with its fly capacitor voltage VF
i's coupl adoaptwss 17 WO 02/ 19508 PCT/ US01/ 26661 the | oaBCT/apacicsa@r CL
during the discharge phase. Typically the fly capacitor CF has a snaller
storage capacity than the | oad capacitor. Thus, each discharge phase is

I nsufficient alone to overcharge the |oad capacitor, especially given the
dynam c control to be discussed in nore detail below By contrast,

p the. ouluo3gBRPRSIST By UG Tuisahaidedolasy. cPIAIY RS ab GRECEAL Gy |

source 12560 @HANG étﬁzag%réeﬁ)%citg%émﬁetleﬁgﬁ:hgﬁ??drtgﬁgﬂfg,aéé‘ch dstRaigag the

configuration in advan to step down w y th |y capacitor CF
coupl i ng gpbasenis inbefiidgiest aforgetophasehdrgeltbe iaacheapasitor, egpeciallygivan ihey of

havi ' t | er. 50 bl . fi ' 1 d

aani ove.t AEMGIB PRI BeiCivaeagan Dir SRl BrBhe B PREAS Somiaere! | ©
converi er pdflel 8ofPdtdts ©004reSdciBURSH FOXMVanBs for stBPhingald BECo@PUYROItags
stepping up (incr easmngéét he i nput voltage, the inefficient downstream

vol t age r bycoafigurirap} capaniior rans energlieours 12 ia eeuplerp seriegd power

ctage 44 AQMGE HipEras e AR R el e adshRpeb & s e
out put volyitAGsiPafe ANcAPRIDr G AJUpHRE Aluking ited disehbiffe phagyifaild @b laetiRves. For
exanple, a 2.2 I nput vol t?d%e Vs may be converted to a -1.6 V output

vol t age Vihgrilexieiliareiihavinga slynaetie cadtrelles S8 erpabie af econfiguingasd bel ow

for clari L | . havi ng the benefit of the

I nst alr%(?l bée‘a‘l%sﬁ]ggﬁi?\e’g%E%QEF%&?%@E%&Q@@%BP%& ion to inverting power
converters 40. TNeldford, aintepthogiovwardonvbtter 486 capablée of steppityndown the
controller 50, a voltage reference 52, and an environnental ?&Mol | er 64

f; 8 adv?nt inped yeltge asallas strepipgvdr (Bereaingsthgyipalvoliage, the 2B 1 0op
vt ded. e pS¥eaitystitbRitbuitor 29 ielhod OGO H Mol EdintidlicRe! no

contr ol | epolv@r convertat2Q imeFIGM2, thnoktequiredd to transfer additional charge
fromthe energY S0 _r_ceéétothe | oad cagacito [ response to the
e

out puttd vol t ag liga; Q@ﬂ"?fy@‘&%‘r@é@? rﬁ‘ﬁ%be\%\’%“g’ﬁé ONINYREING, nani ¢
control I et GeBFE&GTo WitstHE! BBUphT Witagh NeAEeppdsidTalgebRat 8infto the

input voltage Vs. For example, a 2.2 V input voltage Vs may be converted to a
-1.6 V output voltage Vour. Generally, noninverting embodiments are illustrated
below for clarity, although one skilled in the art, having the benefit of the instant

20 disclosure, should recognize application to inverting power converters 40.

Multi-loop power controller 46 corﬁprises a dynamic controller 50, a

voltage reference 52, and an envirbnmental controller 64 to advantageously
control the power output stage 44. A first control loop 56 is formed by the output
voltage Vouyr from output terminal 42 being provided as feedback to the dynamic

25  controller 50. The dynamic controller 50 commands the switch matrix 48 to
transfer additional charge from the energy source 12 to the load capacitor Ci in
response to the output voltage Vour being below a predetermined value Vger.
The dynamic controller 50 makes the determination of whether Vour is below a
predetermined value in comparison to a reference voltage Vger from voltage

30 reference 52. One suitable Vrer may be provided by the energy source 12 if it is
sufficiently voltage stable to simplify the voltage reference 52 (e.g., lithium

18



predeterm ned value in conparison to a reference voltage VREF from vol t age
30 reference 52. One suitable VREF nmay be provided by the energy source 12
if it iswauot/fdses ently voltage stable to sinplify the vol pay®Sefeesience 52
(e.g., lithium18 WD 02/19508 PCT/US01/ 26661 batteries are voltage
stable). Thus, the voltage reference 52 may then be provided by a voltage
divider or nultiplier of the input voltage Vs to achieve the desired

ref erence voltage VREF. For certain applications of the invention, the

first | .1 5 | ' ffici f d ' | of th
power & ahaReretA Y rblelnTarB eine s tege i attBS Pag et 88 out pur
vol t age V%idéd‘bﬂ‘é@dﬁa@@fdhﬂd%h@r rfniuﬁlﬁiiliepgﬂl‘h"e%pbﬂﬂﬂta@@ V% fieathible tHeOP

power controller” 46 ma urther include a second control loop 58. In the
second codesixdd rafergncegyolialge \Hear ge on the fly capacitor CF is sensed as a

fly capacitor yoltage VF 10 t he, dynam.c caontroll er T n

di scharge of tE@r Ff ap 'F?g¥n%ﬁFWﬁdHYerH%ﬂ&e ﬁﬁi}%@"ﬁf’&&f’gﬁ%ﬁﬁ&n t he
fly capacktficidat fér dyrfarieaohtrdforiheQividriransiéredfanefpowsdrverBPLOX Mat el y
80% The optinum state of charge exists because undercharging the fly

capaci t or agifere aulegslated gutt &oiagy Vouwit chi ng | osses and overcharging the

Regar di ng unnecessaly Sauppiadhe BBt EantflebRise. fe, FRUPRAE povell Coi
mat ri x 48cesitbiRres wilifaitrachciuderastcarl cestrlidssisas i thidisedaridstortait r ol
| oop by remaining in the discharge phase until nore charge is needed

(i.e., vogrrkBphe dhargmontingyly cepacitardemis-spnset asraflySapasiy vabiaggyr
contrast, i 1 ck f+xed : r

addi 1 1onaP7de SR EoioiRr 80, (1S ohF HibchR BPER MLtandiT Eubon | ¢
realized Hgmagriahayig predicated bpogthepfpsapacitoy Gfirspreacharg amepfimum
capacitor CF to acquire a significant_anmount of char For exanpl e,

char gi ng B&ta@iFhakIee APPFRANMBIRY 8P 7+ uThe ORHFYEN Fiie G’?EBﬁ[QQr 8i§at t he
oper ati ngm%}gﬁ’zgﬂ&éﬁcﬁﬁgﬁﬁ%ﬂ%%r@a%’cif& FSkslitd ﬁ?uﬁ?éﬁ’es@ﬁ%éwitﬁﬁ%‘%r

Swi tches di ssi nrelation to this iIncrease erating
f r equency los€es saqurErtiyargirnghthesomaphcionCe ainnbcess By Bmits dise tate ofol t age

| evel of the f capacitor CF to avoid undercharging during the charge
phasel® anBOVRHEAAFEd unnecessary

Regarding unnecessary switches losses, dynamic control of the switch
mairix 48 achieves efficiency in part as described with the first control loop by
remaining in the discharge phase until more charge is needed (i.e., Vouyr drops
below Vgeg). Oscillator-based charge pumps 20, by contrast, are switched at a

- 20 fixed rate even when not necessary. Additional efficiency in the dynamic control
of the switch matrix 48 is realized by remaining in the charge phase long enough
for the fly capacitor Cr to acquire a significant amount of charge. For example,
charging to 40% rather than 80% of full charge would require that the operating
frequency would double to transfer the same power. Power switches M1-M4

25  dissipate power in relation to this increased operating frequency. Consequently,
the second control loop 58 senses the voltage level of the fly capacitor Cr to
avoid undercharging during the charge phase, and thus avoid unnecessary
switching losses. "

Optimizing the charge on the fly capacitor Cr also includes avoiding

30 overcharging. Capacitors are characterized by their rate of charging as a
function of time. Specifically, as capacitors approach a fully charged condition,
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switching |l osses. Optim zing the charge on the fly capacitor CF al so

I ncl udes avoiding 30 overcharging. Capacitors are characterized by their
rate of ovaoyigses as a function of tine. Specifically, asPCHPaCi26661S
approach a fully charged condition, 19 WO 02/ 19508 PCT/ US01/ 26661 their
rate for accepting additional charge decreases. Thus, the initial anmount of
charge acquired by the capacitor takes less tinme than a later simlar
anount of charge. For exanple, it would take less tinme to charge the fly

cont houtf i i e e ARy i Be Gl IRy SOy © O
capaci t or chirgeCautmedan the capaenv ket hesssimbahamatiater sitdilamarmbenicdfar ge

phase for a period of time longer than required to achieve the_ optinmm
| evel of Ehaidge FAr eXpnpleyit takeyleestimestocahasge th By crRACHS) GrWitRinst er

nore powe $ | t o'o e may
be i 0 det :anr ‘r’hé #e@ggl#%g:r@g%$ﬁ$ @ﬁgﬁéﬁlgﬁlg{% ﬁﬁ%ﬁ%ﬁ ég&\,’;\%ﬂu qua‘&%gﬁﬁt to
t hose ski bhedintiohchhgyeawbuld e acodptec bl dhe Wy thpacitordCr. nGoasequenilycont r ol

| oops 56, 58, di scusse above, .t he power converter 40 . advant ageousl y
oo leinge SEih BRoY S5/ B9 hagkdoa PREPE P IMEIONGRETAN ¢ ho

energy so 8 | ; t F%Tb mi e of

t he forvva‘r’g(fﬁ‘ﬁron Pgef&]'%\f)%mgg‘?@bnﬁ rg Ie\llénlgﬁucﬂé | s%%ﬁ%éﬂéc?bré?rwg?%ugﬁi ng
out put cuoppotiutity tchizansfepoiore @omienal s 42, 43) and/or bypassing (i.e.,
directly coupling the energy .source 12 tq.the outpyt, termnals 42, 43) the
power converte tsg'@.ugﬁgeta(pp%ggtpg tgﬁhé\etc?@mu'@rlev%éﬁpgﬁ%wyl Sviting :
condi i ONgefGAHFEH brdifEalg AT érmﬁb%_l@%s Wslild et tentiodfobe wkillagut

vol tage may I ndicate | nadéquate r I ning charge in the energy source 12
t o warr anin themit.nued operation of the power converter 40. As anot her

e e G iR Che 810 G, MO TSR s 48 BT s
in the powBhve GABRIWE cotefBf 40 MAS ANErtAge SUEIPIHCIEAYE & $Biwdr@ cohioput put
termnals 42, 43 based 25 upon control |o0op 60. As yet an additional
exanpl e, odpab@whesateynanewr mierel ppaametars ©f therenrargy source 12 are provided
15  to the dynamic controller 50. One use of the forward control loop 60 would
include disabling (i.e., interrupting output current to the output terminals 42, 43)
and/or bypassing (i.e., directly coupling the energy source 12 to the output
terminals 42, 43) the power converter 40 due to unsafe conditions or
performance limiting conditions sensed in the energy source 12. For example, a
20  low input voltage may indicate inadequate remaining charge in the energy source
12 to warrant continued operation of the power converter 40. As another
example, the electrical current drawn from the energy source 12 may be too high
for sustained operation. Thus, a protection circuit may be included in the power
converter 40 for interrupting output current to the output terminals 42, 43 based
25 upon control [oop 60.

As yet an additional example, a large demand by the load device 14 may
warrant continued operation of the power converter 40 in parallel to a direct
coupling of the energy source 12 to the output terminals 42, 43. This may be
especially true when the input voltage Vs and desired output voltage Vour are

30 approximately the same. An increased output current I, is achievable by having

two paths providing current to output terminals 42, 43.
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warrant conti nued operation of the power converter 40 in parallel to a
direct coupling of the energy source 12 to the output termnals 42, 43.
Thi s may voe 02/especi al |y true when the i nput voltage Vs anBCTO®Sivmasiout put
vol tage VOUT are 30 approximately the same. An increased output current IL
I s achi evable by having two paths providing current to output termnals
42, 43. 20 WD 02/ 19508 PCT/ US01/ 26661 As a further exanple, the fly
capacitor voltage VF (second control |oop 58), and the input voltage Vs

G schar ged andArd Rihe” skample, ShE K arorote vatRgeSreeoni S50 fbeR Sohay
advant age 5
oAl o b Lot b o s e B b er Cont ol

| oops 56, comyertarditsis, dischasgpdand iz na start-ep copdilign. flis siart-upepndidonn

64 The. RSO RB Al Lo 5P Rl st Bs R BTl R GG ana

provi des axsaprEneing@idseribée belopan ¢ io control ler 50 for aI ter| ng t he
predeterm ned val ue for the output voltage VOUT. For exanp

envi r onment al contrlﬂG@mbﬂm’ﬂﬁﬁwlﬁb‘h@%ofmOthﬁéC@Wi@HP@p%éﬁt5%@'?5160’50 has

becone un | o drive

t he dyna eﬁ?&g&?r%ﬂﬂ drl{ééé%?rﬁggm?ﬁ%ﬁéagu Sﬁfé’dagﬁ@%c%gﬂ@ %B?é@pa%t icularly,
the envi I‘élp'léﬁél’f\téb et eavirenimeéntaireyntislieadapt Heb tnvismmmeniahcomtsdlkzicd
operating 15 condition of the gower converter 40, such a t e i nstantaneous

out put voPeRIRS a sABtreliparametaneh anp HroUER? ﬁ@%“@@ﬁgt%"lo Bamjg e
envirg Q”e%ﬁl]rolfé?rgdﬁlrl Erlﬁéw%ko@f@ﬁ @?&é%ﬁle iHY & h?(/H‘tégst . Uort O

drive the power conver opera I'ng condi ti reover,

such al t eskamph, thd enpirentatriaiicoriiolicrledemaysense thaidbe dysattic ognioblierhe
dynam c controller 50 to a stable initial condition exanpl e,

As . t.h
the adapt P9dagdacogie Hpsigble: angyinresRanse theraifs Mgy prQY'aﬁzﬂ S'Sea'ttﬂg{} VBs i nput
to the enyd gy fgadorﬁRﬂEF 8hh&h s@ébl é@@yc&.mdwﬂamépaﬁemarngﬂ iRy 50 can

be made to respon to changes 1n a | oad device e.g., CPU " volatile
menory, aeahocg}menml gontadller @dvmey de, adbpied zacbsensmaall.m@taiﬂaweetaém}; or to

Tt . T L S S TNt
and current each approaching a constant value. The environmental controlier 64
may then adjust the predetermined value to drive the power converter 40 to a
stable operating condition. Moreover, such altering of the predetermined value
may include resetting of the dynamic controller 50 to a stable initial condition.

20 As another example, the adaptive control loop 62 may include a conirol
signal Sc that is input to the environmental controller 64 whereby the dynamic
controller 50 can be made to respond to changes in a load device 14 (e.g., CPU,
volatile memory, analog-to-digital converter, digital-to-analog converter) or to
other parameters. The load device 14 may advantageously perform better with

25 an adjusted output voltage Vout from the power converter 40. As another
example, the output control signal Sc may be a reconfiguration control signal,
such as for selecting a desired inverting or noninverting mode or predetermined
output voltage Vour. As yet another example, a protective function (e.g.,
bypassing, disabling, or altering the output voltages) may be dictated by the S

30 command to preclude damaging a load device 14. For example, the load device
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exanpl e, the output control signal Sc may be a reconfiguration control
signal, such as for selecting a desired inverting or noninverting node or
pr edet er waezi195081t put vol tage VOUT. As yet anot her exanpl BCT/@S@rwbEcti ve
function (e.g., bypassing, disabling, or altering the output voltages) nmay
be dictated by the Sc 30 conmand to preclude danaging a | oad device 14. For
exanpl e, the | oad device 21 WO 02/19508 PCT/ US01/ 26661 14 may fail under
high current, and thus, linits may be inposed to preclude this occurrence.

Dependi ng_ypon the t .of switch rix. 48 that is utilized in. he

i nvent i onjﬁ\fﬁ‘?‘y fﬁﬁ%“’l%%t%‘@? cgqraﬁta@ggifmgs,émgsr M@%@R%@d@ﬁﬁ?le%gﬁﬁ ol ler
50 for spoblgréyd. ch matrix 48, as represented by switch signals S1, S2,
and S3 to SN, as will be discussed in nore detail below. It should be

appreci at ed t hBepehding yparaibhectype of switah dnathix 48358t isapiized drthe.  are

illustrative of char stor d_ transf nent.s. . sent
di screte Hyﬁgﬁ?f"o\@s“ogﬁ ﬁﬁ@gg@%@ %rﬁr%%ﬂqg%gm%o&ﬁ?'g&ghﬂ:%ge'{\ﬁéogver ,
due tost hehd bRieiPiaitiy 48f ad Pspreyeraat bycswatohodigealsS, Shand S3 ¢ ppast or CF
and | oad capacitor CL may include various |levels of storage capability,

such as wiilhbe gigcusseghitmose detadl keloweeranmic, chip thick film tantal um

Boubl o 1 ayer RauRuerBR&pbPedbfiar sy BpRRor Grat neIG T Cadaier oo b

anount of aildilasPam@corerae stdnage Bndstransferestnpanéfite ssrinmagiopieisent ener gy
transfer requires either that small doses of charge be transferred froma

smal | f| ydisgprieicepacigrs\arintegiatad gircuiy6rRaFHRY arfa®§uency or that | ar ger
d f ch t 40
1T A bi o FiqiBeven 8036 U naRbfly S K dimafilt SophafieltiThe 97O O

power out papadtor@sarttoagiscapacitob€, dhiacinskele vaniods lewvsis ofistoaage W t h regard
to FIG 5. In particular, unlike the prior art osci contro| |l ed power

conver t er C2BabitiyeSegtharivithcnel 6apaqitasy (% Gopamia & {q?tifc{k-efilqrb\;@nta at i ng
L oacosy aSBRAA ERETAGE okl BRI RIS BB A0 capspiiny 000G,
that the t@yerggpacitorse TiRe ampounbof cdpacilhceds ireflectieb et the aadourhaf ge st or age
or gerllse ' agtio?ggg (ezgl;i)g&ﬁty.s urchhus?%rgvri] erthggrarene amount of energy transfer requires
either that small doses of charge be transferred from a small fly capacitor Gg with
a high operating frequency or that larger doses of charge be transferred more
slowly. Thus, the power converter 40 is flexible in that the same dynamic
controller 50 may control various power output stages 44, as will be discussed in
20  more detail with regard to FIG. 5. In particular, unlike the prior art oscillator-
controlled power converter 20, the dynamic controller 50 may operate in the low
operating frequency range appropriate for power output stages 44 incorporating
ultra-capacitors, as will be discussed.
It should further be appreciated that the energy source 12 may include
25  various electrical charge storage or generating devices such as one or more
electrochemical cells (e.g., a battery), photovoltaic cells, a direct-current (DC)
generator (e.g., a wrist watch charged by a motion- powered generator in
combination with a rechargeable battery), and other applicable power sources.
As another example, power converters 40 consistent with the invention
30 may be used advantageously in electronic devices powered by other power

supplies. For example, a device receiving its power from a standard alternating
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el ectrochem cal cells (e.g., a battery), photovoltaic cells, a
direct-current (DC) generator (e.g., a wist watch charged by a notion-
powered geaerstses in conbination with a rechargeabl e bat PeTypo/mnel ot her
appl i cabl e power sources. As another exanple, power converters 40
consistent with the invention 30 may be used advantageously in electronic
devi ces powered by ot her power supplies. For exanple, a device receiving
its power froma standard alternating 22 WO 02/ 19508 PCT/U801/26661

current (AC I I I f t

Corren Ao L il bEBIR AT el RBUS b R,
provi ded pByePfor a@&%mél@bﬁﬁr@of&hb déR/lo%OI‘Fhé)DE %wéﬂ“ﬁrd%ldéﬂ magipes Wi thout
further adjustment and regulation. For exanpl e, mc:%&ocessor may be

oper at i nguaSUIEaMe‘fpwmb@reymlansmbthe elepbgmcslmmmr&@r gpendeadat 5 V.

Consequent o] r converter. 40 n C nc may be
used to stedblafhuh TRETAPEE vncigropis iR PR Hs i 407 2 EABR AT e
CHARGEs PUNR Uit e‘réfe‘I%Ic;slﬁladeera@farsevc et:csmselauamyl a powepbbhwdtet 4har ge
punp power output stage 44 iS shown for the enbodi ment of the invention

|1 1 ust r at BHaeeorganes wibiibemnvantion raey bejuseddo ster-dpwidhe dapyuoliaoade 44 is
configura I nverting and noni nverting. Four switches M, M,
M3, M4 ar@u@iﬁopsocg%ESCh the energy 1s source 12, such as a DC source,
and a suitable fly capacitor CF between a charge phase and a di scharge
phase with respect to a |oad capacitor CL, as was described for FIG 2.
Speci fically, SRAGHIVEICHARGIE PUMEOURPLE #Ato swtch signal S1,
vvherega/ ML coupl es the positive termnal 30 (input voltage Vs) of the
energy source 12 to the first termnal 31 of the fly capacitor CF and M3 20

coupl es a seconyitt psfaidie t341CE 4t baefsuitablepdrirg® bulip power outpdt sget4hes M2
and M are open during the char phase. During the di scharge phase,

switch si ifnshoven f Qrsthe@mme@b@gth@mgw%Négtrmdaaﬁjpmer qomteriar o ofnput

vol t age Vg f gl Youit C pl aced
into seri es@'arr<I'21r(r}?'ge§pt§l&¥r y SW ?g%%ﬂ%&o&mﬂ@ur@@%@ @l?ggﬁlg&ﬁﬁﬁrgaés@donse to
swi tch si goainvBaingl Esur switthesd1, Mey M3) a4 8fe asedCto switch the energy

15 source 12, such as a DC source, and a suitable fly capacitor Cr between a

charge phase and a discharge phase with respect to a load capacitor C., as was
described for FIG. 2. Specifically, switches M1 and M3 close in response to
switch signal S1, whereby M1 couples the positive terminal 30 (input voltage Vs)
of the energy source 12 to the first terminal 31 of the fly capacitor Cr and M3

20  couples a second terminal 34 of the fly capacitor Cr to ground. Switches M2 and
M4 are open during the charge phase.

During the discharge phase, switch signal S1 is removed, opening
switches M1 and M3. Then, the input voltage Vs of the energy source 12 and the
fly capacitor Cr are placed into series arrangement by switches M2 and M4

25  closing in response to switch signal S2. Thus, the first terminal 31 of Cr is
available for coupling to the load capacitor C,. via switch M2 and the second
terminal 34 of the capacitor Cr is coupled to the positive terminal 30 (Vs) of the
energy source 12 via switch M4.

Reconfiguration switch signals S3 and S4 control in what sense the series

30 combination of fly capacitor Cg and energy source 12 are placed across load
capacitor C,_ so that the power output stage 44 may be operated in either
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avai lable for coupling to the |oad capacitor CL via switch M2 and the
second termnal 34 of the capacitor CF is coupled to the positive term nal
30 (VS) o¥ovhiesoenergy source 12 via switch MA. Reconfi gupariuse/ses1t ch
signals S3 and S4 control in what sense the series 30 conbination of fly
capacitor CF and energy source 12 are placed across |oad capacitor CL so
that the power output stage 44 nmay be operated in either 23 WO 02/19508
PCT/ US01/ 26661 inverting or noninverting node. A noninverting node neans

that th t | t V i ded .at th it Tt |
42" (Vour ) THRATILQERPVETS WHOFIRYS o ArioTinvering visia Meangclie Beitout or enced
to ground,, lfﬁ'%é VYEL is previcReeat tH@?B&tl‘%/@%tutﬁJﬁeFf?lhBPM Y9b dﬂpénd/ﬂé afive

provi ded at e negative output term nal Vour) he opposite
al gebr ai costpy tmnmale43 ouT )vsgeagtallyseta‘remm tongriognd. s"cmmertn:@‘ modiae

' hen f d
bround.  TReAseRE RO Brbretas? Vourss brbvin af Mo feedivecodphesmna de0r
is elect w&?ﬁ)lahop@lmltﬁél obgogulf@a@@bté.b\éﬁgrpalé m& .nbaf va)lra’vgje \4@ of W@Jé'ri'érgy'rhe

(negative polarity %‘ second termnal 350 capaci tor S
el ect ri cakbyragoUh| €de positive Obﬂ@JfrtegatnaJ/éZde@ui latbemgmleraully r@fm&ncgd

rocont § gulS B TeRBes RS BRTH bt Bl 2 P ot Sfachr BL i1 0! 10
reconf | gubw%"ywbm e b dtpusticanmal 34 (VOUEY.! TRel (Rebiifvec ommands

of signals S3 and I's avoided to prevent either swtch NB or MB being
cl osed si mlar&sﬁéw@ngl tamainal 35 oéihehloadssapasiong. i elpptrically cawplegjo phevent

i nadverte capacitor CL. Thus, noninverting-node
resul ?@ i ﬁgéx?\%]g{'{ph?ge ﬁ?l dArity) first termnal 32 of the |oad
capaci tor bei n§opirueritg hibddie perfesmed with the pebebutpat stage 44i Iy tlosizigm nal
31 of the fly capacitor via swtch M. The ative-polarity) . second

term Eal erflgur?élqrbww!@@a{wﬁtamf@@w@ $Igﬂélr% @@% QReng facentigBRtiey of 20
itch MB b
openi ng PAREHES Mo dREP Wl sRifel S in e, RMEanGY bE bignglgs 2 DY

reconf i guSatis @voidaad tbqi‘resethfﬁelﬂml sifitchiNh os MBbéing4losBilsimultanebosly with
capacitor CL, in_addition_to i n couledtoth? out put tef dnals 42, 43
as beﬁ%reelth%swsgc‘sh Mq%nyetqﬁhﬁgpb preveht inadvertently shorting the loa

capacitor C.. Thus, noninverting mode results in a first, (positive polarity) first
terminal 32 of the load capacitor being coupled by the closing of switch M5 to the
first terminal 31 of the fly capacitor Cr via switch M2. The (negative-polarity)
second terminal 35 of the load capacitor C,_is referenced to by the closing of

20  switch M8.

Inverting mode is performed with the power output étage 44 by opening
reconfiguration switches M5 and M8 with signal S3 and closing reconfiguration
switches M6 and M7 with signal S4. Thus, the load capacitor C, in addition to
being coupled to the output terminals 42, 43 as before, has its first terminal 32

25  referenced to ground by the closing of switch M7, and thus positive output
terminal 42 (Vout') is referenced to ground. The second terminal 35 of the load
capacitor C is coupled by the closing of switch M8 to the first terminal 31 of the
fly capacitor Cr via switch M2.

It should be appreciated that reconfiguring a power output stage 44 allows

30 for one circuit to selectably provide both a noninverting or an inverting output

voltage at the same output terminals 42, 43. Thus, a fully integrated linear power
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25 referenced to ground by the closing of switch M/, and thus positive
output termnal 42 (Vour+) is referenced to ground. The second term nal 35
of the | owdo2/empscitor CL is coupled by the closing of swCTHSMR6@ t he
first termnal 31 of the fly capacitor CF via switch M2. It should be
appreci ated that reconfiguring a power output stage 44 allows 30 for one
circuit to selectably provide both a noninverting or an inverting output
voltage at the sane output terminals 42, 43. Thus, a fully integrated
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exanpl e, pveeing combminVérting4basaxbon aol dxterpat parapuster Souirpoierrstlage 44, may
respond to sensed paraneters such. as the. polarit f a discrete conponent
| oad capaPftaspetef 6§oaﬁ]qﬁ’ m%?éféé(&ﬂh'fty gﬁjprioi’(&jp f aariabie ?/%.C VRP{Ce‘s%‘a‘E‘?”Ba Y,
reconf i gu F S W j | i ' hi p t hat
ray b ot QAEBhe RS iobasq Br Mg OPRIEeR Y G ordty H R ot ous

ot her poweoninoiigr46 reiadiy seebhfiguoeticstherdesivedmodie. Favexample, p@wase used.
For exanple,, t nor.e,.f| capaci t or be ch charged i.n parall el
to the engpgvo%%lf%;8°T%°QH8¥P%Qﬁa’eé&ffﬁ:ﬁ%§g%%%£gﬁ$$wwﬁe%q%gdgai n
greater ShaprHOeYPLUAYAs 4 pBidrity ¥F a lscretdi donffonetld IGaPeMBAcilep O abt er 40
may further include a hybrid inverting and noninverting arrangenent

wher ei n oinitigtecontiguiing swicheswWs-¥dn\Ataraatively, geeeniigigable switches M5-

e’ WS SRDLRAMRD b8l ons hickhtin et FRG.SC B0 SRR v, P
Si mul t aneousl! y | shdaidRirther be appreciated that various other power output stages 44
consistent with the invention may be used. For example, two or more fly
capacitors Cg may be each charged in parallel to the energy source 12 and then
additively placed in series to gain greater step-up voltage capability. In addition,
20 a power converter 40 may further include a hybrid inverting and noninverting
arrangement wherein one portion of the power converter 40 provides a
dynamically-controlled, intrinsically voltage regulated positive output voltage,
reference to ground, at the positive output terminal 42. Simultaneously, another
portion of the power converter 40 provides a dynamically controlled, intrinsically
25  voltage regulated negative output voltage, referenced to ground, at the negative
output terminal 43.

It s'hould be appreciated that another switch matrix 48 consistent with the
invention may reconfigurably step down the output voltage Vour, in either
noninverted or inverted form. For example, when stepping down (decreasing)

30 the output voltage Vout with respect to the input voltage Vs, the fly capacitor Cr
alone may be coupled across the load capacitor C.. Consequently, a power

25



portion of the power converter 40 provides a dynamcally controll ed,
intrinsically 25 voltage regul ated negative output voltage, referenced to
ground, avovhesmegative output termnal 43. It shoul d berapprs@cicatied t hat
another switch matrix 48 consistent with the invention may reconfigurably
step down the output voltage VOUT, in either noninverted or inverted form
For exanpl e, when stepping down (decreasing) 30 the output voltage VOUT
with respect to the input voltage VS, the fly capacitor CF al one may be

coupl ed across th d capacitor CL. Con uently, a power 25 Q2/ 19508
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magni t ude e than the to magnitude of the
i nput vol Fg‘d}%lg@fl (g Qﬁ@o%&oégﬂﬁ%%%gﬁggﬁsﬁ switching the | oad capacitor
CL as shown i nAklda additibhgl &x@atple apihet hydifidatibas wauld tliowtiot imwvatting thd2
electrically coupled to ground and to the positive output, term nal VOUT+
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tctﬁgpf ff@ Lg“pééjg‘(ﬁ{"g ﬁhé( ﬁ'lpi@%ﬁé'ée \lgr(51>n\9‘ \éCWSg insteHd 8\93\7\/@&1@& Ei ase,

ge acr 0%¢ 1 he nergy sourc scrlbed

above. Dutapaciton€ dsshewgdn Fithaéehetivad thyactiop @i hasntﬂFrs&terrmnalﬁZ:oupl ed
across the | oad capacitor CL as deSCél bed, above for a n inme@tzifg step
down conf PlpGiiaally gouplestie arrEnd aaditpdae Pasitiye CUfRifiptaINa &H#
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15 charged across the energy source 12 as described above:.' During the discharge
phase, the fly capacitor Cr alone is coupled across the load capacitor Cy_ as
described above for a noninverting step down configuration. Since the positive
output terminal Vour* 42 is electrically coupled to ground, the negative output
terminal Vout™ 43 will be dynamically controlled.

20

ANALYSIS OF DYNAMICALLY CONTROLLED CHARGE PUMP

Referring to FIG. 5, one embodiment of a charge pump power output
stage 44 (or "charge pump") is shown for use with the power converter of FIG. 3.
25  The power output stage 44 is operated in two phases: charge and discharge,
(i.e., pump) as described above for the oscillator-controlled power converter 20 of
Fig. 2. The power output stage 44 is coupled between the energy source 12 that
provides an input voltage Vs, and the load device 14 that accepts a current load
[.. Unlike Fig. 2, no voltage regulator 22 is depicted. The power output stage 44
30 is configured with load capacitor Cy, fly capacitor Cr, and four power switches
M1-M4 as described above for Fig. 2. In order to illustrate the advantages of
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stage 44 (or "charge punp") is shown for use with the power converter of
FIG 3. 25 The power output stage 44 is operated in two phases: charge and
di schargayo ot/19568 , punp) as descri bed above for the oscilparosewcwsdr ol | ed
power converter 20 of Fig. 2. The power output stage 44 is coupled between
the energy source 12 that provides an input voltage Vs, and the | oad
device 14 that accepts a current load IL. Unlike Fig. 2, no voltage

regul ator 22 is depicted. The power output stage 44 30 is configured with

| oad capa i tor our, Somer swi t ches - M4 as
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fraction of the input voltage Vs to which the fly capacitor CF is charged,
where 0< scharge’ and “disghargeTrafeponihgfin canragier Jw&p@m@et@rfeaffw the

capaci t or t 0 boost the output voltage VOUT The
boundé‘?y ng t@pgdr@ﬁ?%rh% e p@‘\f\)er out put stage 44 that nust be satisfied

to supply the maxi numload current IL are shown in FIG 6. The out put
vol tage VOUT drops as the fly capacitor CF is charged duri ng t he charge
h

phase. 201At€ t he end o‘kaﬂ‘héraPB‘P'I‘ SitheginBrE vaftadseY » Ha yhicla g By caPaeitari cal

charge nust be transferred to increase the |oad voltage VOUT back to the
r ef er enceCrd$ chg@edrmhere Psre plYisposes of this anal ysis, |t i s assumed t hat
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The boundary conditions for the power output stage 44 that must be
satisfied to supply the maximum load current I, are shown in FIG. 6. The output
voltage Vour drops as the fly capacitor Cr is charged during the charge phase.

20 At the end of the following discharge phase, enough electrical charge must bé
transferred to increase the load voltage Vout back to the reference voltage Vger.

For purposes of this analysis, it is assumed that the power switches M1-M4

and storage capacitors Cr, C. will operate from an initially discharged condition
(i.e., Vour = 0, VE = 0) at time (1) =0, regardless of how low the input voltage Vs is

25 or whether a load device 14 is present. Furthermore, the analysis assumes a
first and second control loop 56, 58 implementation wherein the state of charge
is monitored for both the load capacitor C. and fly capacitor Cr respectively.
Moreover, a load voltage V| across the load capacitor C will be used

interchangeably with the output voltage Vour.
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25 or whether a |load device 14 is present. Furthernore, the analysis
assunes a first and second control |oop 56, 58 inplenentation wherein the
state of woar/gsosis nonitored for both the | oad capaci t or PCl/USOIR6bb 1y
capacitor CF respectively. Mreover, a |load voltage VL across the | oad
capacitor CL wll be used interchangeably with.the output voltage VOUT. 27
WO 02/ 19508 PCT/ USO1/ 26661 During startup, the power output stage 44 goes
t hrough nany charge di scharge phases untiI the out put vol tage VOUT char ged

on CL rises ahove a redet erm ned val ue SI red out put volfage), or
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phase while VouT > VREF." Si nce th| s analysis 15 illustrates a maxi num power
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A dead ti ﬂﬁmﬂﬁlrﬁgbeﬁ@@[ofl%ﬁﬁ %ntby%lé thegirmngad tiie'®) £ artd bn@iﬁg@ts 20

bet ween the char and di scRarge ‘phases with the sw tches - all open to
el i m nat etisney(tpossiTHhis mipinudmdinee Testevides sfficignt dime fqnthe dlSCharge of
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the ener gy4568H=Hes hltheSdisdHrge phiase wiHile \RRSIS VY& Shpethisenalyss 42. | f
switches ML and M4 are closed at the sanme 25 tine, the fly capacitor CF is

short édl, degiatssryMaWmompewer earpobysiHalign.ckusiipgnmediately below Veer
at the time (t) = c. Thus, the reference voltage Vrer has not been exceeded

during the discharge phase, and the charge phase/discharge phase is performed
again.
A dead time delay Tpg_ between time (i) = a and time (i) = b occurs
20 between the charge and discharge phases with the switches M1-M4 all open to
eliminate any possibility of a momentary short circuit (i.e., an intervening delay to
mitigate transconductance). For example, if switches M1 and M2 are closed at
the same time, then the positive terminal 30 of the energy source 12 is shorted to
the positive output terminal 42. If switches M1 and M4 are closed at the same
25  time, the fly capacitor Cg is shorted, degrading performance and possibly causing
damage due to heat generation.
This analysis illustrates that an opportunity exists to switch the switch matrix
at an optimal rate. First, if the output voltage Vout exceeds the reference voltage
Vrer after the minimum discharge time Tps, an opportunity exists to remain in
30 the discharge phase. Unnecessary (and thus inefficient) switching back to the

charge phase is delayed as appropriate. Similarly, sensing when the fly
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damage due to heat generation. This analysis illustrates that an
opportunity exists to switch the swtch matrix at an optimal rate. First,
i f the ow@ur/19s08 t age VOUT exceeds the reference voltage PURER1Zf6b@r t he
m ni mrum di scharge tine TDJS, an opportunity exists to remain in 30 the

di scharge phase. Unnecessary (and thus inefficient) sw tching back to the
charge phase is delayed as appropriate. Simlarly, sensing when the fly 28
WO 02/ 19508 PCT/ USOl/ 26661 capacitor CF is charged simlarly avoids
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advantages Tor a power converter as increase y l1fe while
sati sfyi n@ghheharg:epu:ﬂnsnmnéabbyrﬂn&:powensumrt stage #hwilf r@ldluowthg effidiensayreft es

ggf,vlein zin the E?pémjerﬁpo oi§ tth csbjeéhves are cowﬁlctlng tF%r example alt%rc])(aghyp' cal

a hlgh operating frequency reduces the output voltage ripple Vgip, it also reduces
the efficiency of the power output stage 44. Optimizing thus requires finding a
subset of parameters for which the performance constraints can be met. If there
is adequate margin, the design can then be optimized by selecting the values

20  within this subset that maximize the efficiency of the design. This will provide
advantages for a power converter 40, such as increased battery life while
satisfying the output performance constraints. The following illustrates optimizing
the power output stage 44 with power switches M1-M4 and typical power
requirements.

25 Starting with the equations for the circuit depicted in FIG. 5, the loop
currents and node voltages can be found as a function of the load current I and
fixed parameters during the charge and discharge cycles of the power output
stage 44. The fixed parameters include the input voltage Vs, resistance of power
switches M1-M4, capacitance values Cg and Ci, and the reference voltage Vgrer.

30 Although the input voltage Vs may change over time, the worst case analysis
assumes that it is fixed at its lowest expected value during its lifetime. Some of
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25 Starting with the equations for the circuit depicted in FIG 5, the | oop
currents and node vol tages can be found as a function of the | oad current
IL and fwWaediyses anmeters during the charge and di scharge PgTUSE/WH61t he
power output stage 44. The fixed paraneters include the input voltage VS,
resi stance of power swtches ML- M4, capacitance values CF and CL, and the
reference voltage VREF. 30 Although the input voltage Vs nmay change over
time, the worst case analysis assunes that it is fixed at its | owest

the ot her 11 dfhe” sibdmarietdrp & e iR ey ERsPRABI ST 4T 5 Ven
design (¢e.g., si&d ecaifactdanaCitOf,3ypéd of fbwet ywicloM IpRME BIS M Th@ Viditiable,

etc.). The variable paraneters are s and TDI S. By eval uati n% boundary
condi t i onparaypeisrs ate & @ndtTomsBy pyalugtiag ézgyadaah@,orwﬂprnﬁe speaifg Soiltﬁ@ns

i mam pogabiostABpRt fef BerPUAt. JHEhd ant abAfioREErs HhEENR st Pel o e

sol ut i ons tiDfoaldsurebrt fl,eisané irdxigamapbssibledfantHd et set of ﬁgdd tag the
maxi mum | oad current IL t hat can be supplied for a specific set of

par anet er yarig@gle\pargmedershd heaseluiions ©r the difipigntial eauatiane Gan &N Pe over a

cont 1 nuousSFERIT B R Tad ftep R RTRLBEM SR A Pce 39 Fosr
val ue for patdraetdri Bymardag tits paritheters, ahéeﬁ@anmhelomnm@magoe@t@bl e
val ue, a subset of paraneters will also satisfy this condition. The

ef fi ci encyange ph@eﬁ@m#ue@lﬁ%hbe feungyeThe madimuRtiPadecursntdi iBe over this
subset, of cBﬁt:) r?ur@}sefunﬁ%HSFtheoégr\éh%B%J ?ﬁlg'lﬁlhﬁ%%é@kﬁhg Ié%ﬁéﬂh@%? he

m ni mum per mance constrain e discharge the vol tage
across CF tlﬁlmﬁmﬂﬁﬁloaﬂﬁcuweﬁFQ &lce¥db/thé ibmﬂmwm Iacﬁéﬁlaﬁ)e vallie| tsuBsetofCF CL
+ CF VL VLO + CF Vora (1 -,e ADI STDI S CFf CL + CE where:

VOUT = ( Vgaqayp@jers/w} alep sgtlgfy| tbm@dﬂpq)_ Ih@ efﬂm@l_cypféhe power output
stage 44 can then be maximized over this subset of parameter values, providing

efficiency while satisfying the minimum performance constraints.

15 During the discharge phase, the voltage across Cr and C;_ are:
V.=V_.— _EL__V (1 - e_;LDlsTDls ) _ 1 I.t
PR core, C,+C, *
C A T 1
V, =V,,+—F—V ~ g ostos ) It
S ool our ) c,+C, "
where:
C
Vour = (Vs + Vg —Vy0)— £ LRy
CYL CF
20
C, +C;
;LDIS ==
RDISCLCF

and Vo and Vo are the initial fly capacitor voltage Vo and load voltages Vi, at
the start of the discharge cycle. When the fly capacitor Cr is being charged, the
load capacitor C_ is being discharged. During the charge phase, the voliage

25 across Crand C,_ are:
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'41S RDI SCLCF and VFO and VLO are the initial fly capacitor voltage VFO and
| oad voltages VLO at the start of the discharge cycle. Wien the fly

capaci t ow@h2/1%s0bei ng charged, the |oad capacitor CL is beT/mgoidiésahar ged.
During the charge phase, the voltage 25 across CF and CL are: 30 WO

02/ 19508 PCT/ US01/ 26661 VF = VFO+(VS -VFO)(1l-e ;'CHGIDHG 1 VL = VLO - 1
ILt L where: 1 ACHG = RCHGCF 5 The initial fly and | oad voltages VF, VL
are at the start of the charge phase. This set of four equations al so has
four unknown values: VF, VL, |L, and TCHG, and,therefore will have a

uni que solution (if one exi st %.:"fﬂqé% géfrd)flﬁrﬁ f%)lr&? )t i ndi ng this solution

using the boundary conditions illustrated in FIG 6 is as follows. A
charge time TCHG is found by e‘Qeﬁ‘&at‘i—glLf he foll ow ng equation: 10 B(T +T +
2T ) O- A(l1 - e~ CHICHG + CHG DI S D + CTcHG where: A=(1-E)VS C) B

=LC[(1 +E)VS-V,, ,, J1-eaDSIDS L +FC=sl-CF (l-e;DSsTDS)
cL+CF D WNeI®'cF RDISCE (1- e':LD,STD,S) + CL TDIS + 2CTDEL CL + CF CL + CF
CL + CF

5  The initial fly and load voltages Vg, V. are at the start of the charge phase.
This set of four equations also has four unknown values: Vg, Vi, I, and
Tche, and therefore will have a unique solution (if one exists). The algorithm for
finding this solution using the boundary conditions illustrated in FIG. 6 is as

follows. A charge time Tgua is found by evaluating the following equation:

10
0= A1 — gPerotenc'y 4 Beng * Toss +2Tpgy)
D + CTCHG
where:
A=(1-¢g)V;
C —ApisT
B:.___L__ 1+ &)V, -V, 1—e"rs Dls)
C, +Cy 0-+£)V; = Vi K
C=1- ——&—— (]_ — e‘lms;Tms )
C,+Cp
. CL CF RDIS CF a- e_lDISTDIS )+ CL TDIS +2C TDEL
Co+Cr CrCy C, +Cp

The value of Tchg that solves this equation must be constrained to be greater
than zero to be valid. Solutions will not exist for all combinations of the fixed and
15 variable parameters.
With Tcuag known, the maximum load current I, for the current value of the

parameters is given by:
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The val ue of TCHG that solves this equation nust be constrained to be

gr eat er

conbi nat ivome2/ef508 he fixed and 15 vari abl e paraneters.

maxi num |

than zero to be valid. Solutions will not exist for all

oad current IL for the current value of the parameters is gi

W POT/USHAGké1IOoWN, t he

ven

by: 31 WD 02/ 19508 PCT/ US01/26661 CLCF IL +C [(1+E)VS - VREF | (1 E-~Di STDI S)

VFO =

C/ LF[1 _C+FC(1- E-~'DISTDIS )I(TCHG + ZTDEL) + L FCL [ CF RD'S CF
(1- E-,1-TDIS) +TDIS CL + CF CL + CF The voltage across the fly capacitor

VF at the end of the discharge phase is: - VnEF} (1- E -~"DI STDIS) +

EVS - CL[(1+OVSL+CF¥X@RISCF (1- EDSIDS) - (T +ZTDEL) (1- E

-a DI STDI

Vref | L

voltage VREF is the rippl dl
(i.e., frequency of the voltadge tipple) for this set of

f TCHG +
eval uat e,
during di
t he peak

10

15

S) - TDIS ] | IIL:etg—j#eﬁlﬁiﬁ)‘%%ﬂéﬁlﬁ_%Fﬁé)l owest vol tage reached
by the | oad voltage VL at t +€egi nni ng of the

5 di scharge phase is:

VLO _

(TCHG + ZTDEL ) C L Che Hﬁf_%rsp ce bet V\%en this and the reference

VREHE cic R4

and can occur atcekithep UB?F P»edivhnl ng char ge phase,
scharge. Because the foad cUrrent

ThpWioltaye aendsd thedly capgoitos Vhat g ond of theatiischarge phase is:

TDEL + 2TDEL The pdak i-npdt vglt .9,8),S0-i nferesting to
D o R ol fef b
I L

C -
Vo =&V, — c +LcF [(L+ €)WV — Vigp (L= €775 )
1 C,

[

R..C.(1— S_ADISTDIS (T + 2T 1— g—ﬂmsTms -T I
CL‘FCF CL"‘CF DIS F( )—( CHG iz ) ) pis 1

The lowest voltage reached by the load voltage V| at the beginning of the

discharge phase is:

1
Vie= Vref - E,_ I Teye + 2T p5;)
L

The difference between this and the reference voltage Vger is the ripple Vgip:
Ve =Veer —=Vio
The operating frequency (i.e., frequency of the voltage ripple) for this set of

parameters is:

1
Tope + Tppr + 2T g,

f:

The peak input voltage is also interesting o evaluate, and can occur at either the
beginning of the charge phase, or during discharge. Because the load current |
is assumed to be constant, the peak input current I during discharge occurs at
the beginning or end of this phase. The peak current during the entire cycle is

the maximum of these values:
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15 the beginning or end of this phase. The peak current during the entire
cycle is the maxi num of these values: 32 WO 02/ 19508 PCT/ US01/ 26661 Is =
max{l cxcwoOD/BI508 IDIS2 } Icxc = VS - VFo Rchs (1+E)Vs P&L/@SO1266H1SI =
Rais | = (1+ EW -VLo EUDIS + CF (1- E-ATDIS )l DIS2 RDOSCL + CF L
Referring to Table 1, the maxi mum |l oad current IL, voltage ripple VR P,
peak input current IL, and the operating frequency were evaluated as an
illustration for a conbination of fixed paraneters including the reference
voltage 5 VREF and the input voltage Vs at which the charge punp is
expected to operate relij randrthg fhy (CF) and | oad (CL) capacitance
values. In this iIIustrgf%x%{{c”ﬁ’ll’ﬁd\?\ﬁ%&out put stage 44, the resistance of
the capacitors CL, CF ks ighor€d. The tine delay TDEL used to prevent all
switches ML-M4 from beilcwg‘cl gsed at the sane tine was fixed at 0.25 RSec.
Two time delays TDEL occur in“ach charge- | o discharge cycle. 33 WD
02/ 19508 PCT/ USOl/2666; OoflitE)¥edVghar ge Punp CF = 22, uF, CL=220, uF,
Vrefl.2 V, Vs=0.8V Qpefating RCHG = RDIS (Q Point 0.1 0.2 0.3 0.8490
0.8306 0.8214 TDI'S (Sec) 1,857f 3.0204 3.9898 |IL (mA) 838.17 447.09
306.12 Vrip (mv) 8. 99533L(itié"ﬁ:ﬁm%emm+__F_(1_8—um)IL

2 C

DIS L+ F

Referring to Table 1, the maximum load current I, voltage ripple Vrie,

peak input current I, , and the operating frequency were evaluated as an

illustration for a combination of fixed parameters including the reference voltage
5  Vger and the input voltage Vs at which the charge pump is expected to operate
reliably, and the fly (Cg) and load (C,) capacitance values. In this illustration of a
power output stage 44, the resistance of the capacitors C., Cris ignored. The
time delay Tpe. used to prevent all switches M1-M4 from being closed at the
same time was fixed at 0.25 uSec. Two time delays Tpg. occur in each charge-

10 discharge cycle.
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Table 1: Charge Pump Operating Points for Moderate Capacitance Values.

The series resistances encountered during the charge (Rcug) and

discharge (Rpis) phases have the most significant effect on the maximum current

capacity of the power output stage 44, as shown by the three operating point

columns in Table 1. Although larger fly (Cg) and load (C.) capacitors improve this

capability, the amount of improvement is mitigated as their resistance increases.

Increasing the capacitor values appears to have a greater proportional effect on

10

reducing the output voltage ripple Vgip, rather than the current capacity.

What the analysis described above shows is that a power output

stage 44 may be dynamically controlled to achieve a desired output voltage Vour

given that the output voltage is sensed as feedback.

3
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directional (recoverable) and can thus be charged and di scharged thousands
of tines, unlike conparable storage nethods |i ke el ectrochem cal
batteri ewoA BB exanpl e of a suitable ultra-capacitor isPCHESHR6EA
avai l abl e from Maxwel I (r) Technol ogi es, San Diego, California. It should
be appreciated that the term"ultra-capacitor” is nmeant to enconpass a
nunber of types of |arge capacitors generally characterized as havi ng a
hi gh efficiency due to relatively |ow charge | eakage. Thus, "ultra 25

capacttor | noyRES AR AL e RER b i s, Ko 2
pseudo capagaluat folymer) @ﬂ@@rydﬁdé@ein\MIéétr@ﬂ@Ubﬂbegsm@QihaDécth@ed)by'sel‘it
i nvention, charge punps incorporating ultra-capacitaors for the

capaci t or diseharging MBIQW@S@QQHC’@U%T\@IS%Q@@%I@do'ﬂa\ﬂ%\ﬂ Qickylifs qf\ﬂoi 0

S0°200 e Nt SR, The ot Rl e SPHE A s ged T e aynam

contr o4 | eeleafronfc moﬂmmmsuh@ﬁosdumtomwmd cirargepumps 20 enultoperdted i n
nore detail bel ow t% capabl e of t%per atin v%]hlat t he frequenci es of tg@
is

osci | | at ofit BuWeyclasdhgbap hpvess: thegais Brwhich dne eleshoRiGeaRacer 3N

I f 3
oL 20 e Bkl o REBISh APl P BIE LYy ARSI LABSMRRSP Sl
addi ti onaU|ss:har@geCoa9aip.léntlyL ksown fosuillaton-coapraliers @6stor SHRFIENEINMPLOUPMNER
CONVERTER 10 Referrin nbod t d
control | et %S@We ¥ %IG @h@\g,fomj)@rgﬁOpggne%epggr@élgswqqyepﬁgséa?}ﬁ%ggriﬂio 92 t he
| nventy ONdriyefl Rt BRA defndh feeggﬁl LGB Purfth AR ERAHThgdsusl bpofie o

appar ent e di scussi on I'l'ustrative enbo allows for
a step upbelowst djz.down of an i nput voltage Vs from an energy source 12 to

a regul ated ou ut vol t VOUT ly 15 cont lin

noni nverting c é’inéﬁ Bﬁ’ﬁ@?mp Qﬁ?ﬁlﬂg‘%ﬂ% rﬁ[ﬂ %@ﬁ?? g‘oﬁqsgrter 40A
may al so aa@mfa%n%tf Lﬁ%—bﬂ?é&ltdf@bhé%ﬁ(ér Rgh@vo p@ c{elf)cééthat havepssiff i cal |y,
power sw tches adapted to respond to | ow Threshold swtching signals

S1 and SZdustamﬁmesaneasumdmew@ks appeordhs. Hel Wika-capacitpiodan convert er
40A YT ec& lo%hgrerllclzaq%oug‘eenf[aye/gr gaspa%n'tor ﬂ%a‘?% &teg%nce'réyc 3fectr%§%tlcally by

polarizing an electrolytic solution. There is no chemical reaction involved in its

energy storage physics. Consequently, the ultra-capacitor is extremely bi-
directional (recoverable) and can thus be charged and discharged thousands of
times, unlike comparable storage methods like elecirochemical batteries. An

20  example of a suitable ultra-capacitor is the PS-10 available from Maxwell®
Technologies, San Diego, California.

It should be appreciated that the term “ultra~-capacitor” is meant to
encompass a number of types of large capacitors generally characterized as
having a high efficiency due to relatively low charge leakage. Thus, “ultra-

25  capacitor” includes double layer electrolytic capacitors (often known as super
capacitors, ultra capacitors, and power capacitors), as well as pseudo capacitors.

In accordance with another aspect of the present invention, charge pumps
incorporating ultra-capacitors for the fly capacitor Cr and load capacitor C.. are
capable of providing 5 W of electrical power or more, for which rate an operating

30 frequency of 50-200 Hz would be appropriate.
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20 thus be of small size and cost. The illustrative power converter 40A of
FIG 7 includes a power controller 46A and the power output stage 44A
simlar twoonesdescri bed above for FIG 5. The power conP€DUR@r264@A

i ncludes a conparator 94 responsive to VouT dropping below a reference

vol tage VREF to generate a switching signal. Advantageously, 25 the
conparator 94 is further responsive to the voltage of the fly capacitor VF
and the input voltage Vs for controlling the duration of the charge phase.

Speci fically, C ar.at or, i 1 .t chi ' | ot e ] ame
conparator 94 ?ﬁeﬁgﬁg@%ﬁoﬂwlﬂﬁgﬁo@t’%% ﬁ@%%ﬁﬁ*?%@u‘g&ﬂgg?s @bg%swgpés as
foll ows. Bestried hansRAdgRilRRASE, is @apaBidaifeaparatty &t thetfrequenkidshef theput
voltage sVs 30 is coupled to a first conparator 1 nput 100 via conparator

i nput swi p8dillaipr-baged chpigRRUMAS 28 pewsHet, the AYPFBICGRMEOISRSPIs alfognal  S1.

Vo"and 1 neSend gy BB R SEpntoh ok BRalrd e R ConsRRIruRY' | e

resul ti ngdyssinig controliet SUMay tekel ddvarigge ot thie additiergd stérage capabiiitiesl to a
second congar ator input 104 via conparator input switch MO also in
response PbUIRGRRACHPES-e switch signal S1. The conparator then generates a
5 switching signal when the fly capacitor voltage VF reaches a

predeterm ned fraction of the input voltage FVs. During the discharge
phase, the ref SUBIONEMQIEHPORER CONVERTER to the first conparator input
100 via conparator input switch M1 in response to discharge cycle swtch
signal S2. Also, a predeterm ned fraction of VouT io provided by VOUT
divid 108 is t he : ' rat or
mput i toh VT Pag ag 1 0AE EMORBRESER Byl S3fuBled POBE

scal i ng otomerieruiDA impateordancenwitio dimg principles3ef the invsindionds depicigshrant to

h kill [ h h ' nbi ' , al i b
oot opr 1 aiep- ke blbBk el Bime dis SiSSelie Rt iTthe G8p it Beione
exanpl e i g}iéﬁlugﬁéﬁ@b BRRINEA! AR A6P VY dite ABWrdoH i(@gt olehgd

voltage reference VREF that is relative % ow. Thus, the V di vider 108

al | ows scikifragn dovenerpy sVQGE tto aseglidatedouipet voltsigegy eutrtef dynampiealil t age
0 oA P ERUATD QUL bor 8P b AP E PR V1T

converter 40A may also operate at an input voltage Vs below one (1) volt.

Specifically, power switches M1-M4 adapted to respond to low threshold
switching signals S1 and S2. Moreover, as will become apparent below, the
power converter 40A may readily be implemented as ah integrated circuit and
20 thus be of small size and cost.
The illustrative power converter 40A of FIG. 7 includes a power controller
46A and the power output stage 44A similar to one described above for FIG. 5.
The power controller 46A includes a comparator 94 responsive to Vout dropping
below a reference voltage Vgrer t0 generate a switching signal. Advantageously,
25  the comparator 94 is further responsive to the voltage of the fly capacitor Vg and
the input voltage Vs for controlling the duration of the charge phase. Specifically,
a comparator input switching circuit 98 enables the same comparator 94 to be
used during both the charge and discharge cycles as follows.
During the charge phase, a predetermined fraction of the input voltage €Vs
30 is coupled to a first comparator input 100 via comparator input switch M9 that

closes in response to charge cycle switch signal S1. A Vs divider 102 interposed
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voltage, a VouT multiplier may be used instead or a divider used to scale
down 20 the output fromthe voltage reference 96 to a desired reference

vol tage WREB2/1958 mi | arly, other variations woul d be appareat/uSar26séiep down
power converters. Moreover, a second conparator may be used in addition to
conparator 94 if necessary. The switching command fromthe conparator 94
Is received by atimng 25 controller 112 for generating charge switch
signal S1 and discharge switch signal S2. Advantageously interposed

bet ween t he, conpar at.or. 94 dthe timn ontroller 112 is a delay 114 for
causi ng aBﬁiy‘ﬁ \%‘é’ﬁl@ M?%’%? ﬂ%?wgy&oubc%‘, E)é?é%v'(?%%@l‘? B’?dﬁ%ﬂﬂm?fg d
unnecessa ' ' : ! f f ' ' f

i aher - opegot £ &ftfe 30t FEHIRS BF VR, TRRIMY Srpdctior vBlTaS\RTE [ oM

depi ct ed coupletio a $evondridmpdraiw inpelr 804 via confipararpopwrswitchpdd Ostisgie 44A

when it is discharged and the dypamgc c roller 37 WO 02/19508
PCT/ US01/ B6®5PON89), ﬁﬁ%f%&ycf%ﬁ‘éﬁg*&é'ﬁf‘ﬁg& oﬁj h@rﬁé’fﬂ%ﬁéﬁor&g?ﬁ&e”ﬂ%@é B4A, as

will be dgﬁlﬁ&ﬁihﬁ%igﬁhl wnérnethéqryﬂ&talga‘eitbhéél%%rw teacdhbSa gredeferdinéd - up

circuit 116 I's necessary for | grated cirrcuit enbodi nents of the present
enbodi menfractiombf the inpat valtedyecd\y.s may | atch to ground during a 5 cold

start (i.e., initially discharged | oad capacitor, CO, preventjng the
dynani ¢ controplué'ngbédf RrIRNA%E. dBRTeisTenge Yeita VE&F'%GPHBHPdg‘PJB% 44A.

Mo | t Ci i ; . ti i d duri
re ge”ﬁfﬁcbﬁ&a{r?@g?ﬁgi Sllg'tcf)frweatr%ﬂggl}’nlpz.{g%%t% M td8ohsg red during

a cold start tin out put vol tage VouT The
start-up discharge dyife switde gigriané82aAlsouppretptemneinpd diactior of dogy nal 30 of

lo th 12. to t first t 1 nal 31 of th I it CF
"ot hoRo { nATPVRRS B oyt Byidercl 0 isouplacieriap Ssobd Sompaalai ARaDAY o
However, dggpapatdr ﬁ'@ﬁfé%ﬁ/itcﬁwm Wéﬁ??hé’e £ SHRch SinbfH2 M2, 1t shoul d be

appreciated that t tart-up circ Is effectively coupled to the |oad
capaci tor CL i WVith eagardto thescalingaoftvarious inpputs he theasoinparatos84isit ebowldl ow.

LS A D PR RREPATD AFhSE Mol P 5 U e BB RA C A ™
capaci ty pafagphSpiaeasr SEENRE hShlicHiOns.TFer ifstdrfde the NugtratigeExample is
characterized by a
15 based on a step up power converter configuration and a voltage reference Vger
that is relatively low. Thus, the Voyr divider 108 allows scaling down the Voyr as
needed to use a single reference voltage to achieve a range of desired output
voltages Vout. In applications where the Vour is lower than the reference
voltage, a Voyr multiplier may be used instead or a divider used to scale down
20 the output from the voltage reference 96 to a desired reference voltage Vger.
Similarly, other variations would be apparent for step down power converters.
Moreover, a second comparator may be used in addition to comparator 94 if
necessary.
The switching command from the comparator 94 is received by a timing
25 controller 112 for generating charge switch signal S1 and discharge switch signal
S2. Advantageously interposed between the comparator 94 and the timing
controller 112 is a delay 114 for causing a hysteresis in switching for purposes
such as avoiding unnecessary switching and to reduce the effects of EMI
emissions from higher operating frequencies.
30 A bootstrap start-up circuit 116 is depicted in FIG. 7 for initiating operation

of the power output stage 44A when it is discharged and the dynamic controller
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decrease in the output voltage (voltage droop) that is of a predeterm ned
magni tude to require additional capacity. Thus, the by-pass circuit 118 nmay
20 compameOVIDIF0g 0 t he reference voltage VREF. Wien a vol pap@Sdrmoef i s
detected in VOUT, the by-pass circuit 118 may generate a by-pass switch
signal SB for by- pass swtch MB that responds by coupling the positive
termnal 30 of the energy source 12 directly to the output term nal 42.
Simlarly, the by-pass circuit 118 nmay respond to an inpending failure of

t he power verter 40A d t 25 yolt wher.ej xt.endi
serv!oce I 55&1?%3 pRidak E%Wgﬁoiﬂf kow W 3’%@ %O %Kcﬁg’h gi ﬁl?e«#n power
converter nf’&é‘de-{_ﬁwﬁnthtr@gam’t‘om@ 1Qircuit 118 also conpares the input

voltage VS to the referénce voltage VREF and operates switch MB
accordi ngly. TWestaneJmcmnt 16 ishregasaary foointegtated ¢euib emblodimenisgof

|1 he fl 0, di )
t e pover TEsARSPAGPTSREIRER H6R BagFoR R mwaﬁaﬁoﬁéé&uﬁe@@mgsa
di schag geeoldaétartt(héls lrﬁhéhﬁdl&ch&géa%éﬁ EaPackd? GIP P&y y?ﬁa*ﬁwso 1/ 26661

is perfornmed to prevent l'atch up to ground in integ rat circuit
i npl enent aohivaligr 50 fram taking @twmhome pawer wpugsm ‘HA Marer start- up

operation 132 .th onv. 1 t0

oper at 1 ondeaaralic e SRLEHEBRBRTH B BB R G e O AT
oper at i onyhfifosragnglat ihe aasitstiestpubioltagavVsyy.upt ed, as represented in
bl ock 136 by a _determ nation as to whether an output voltage VOUT droop

has occurred, dhe@ startripcirauinkld is damistad iasreoLpling e PasEve ?Q(WBM%@f dr oop

in Vo an5| ent
| oad l‘fa-ha ﬁ‘?rgg}g@&ceel@(:%ﬁ apawsﬁ\{% gﬁ%e pom@j b%‘%nd\'/%?tc%rrg%%%

bl ock 136dietily tootherfireptermirtig 32cdfabe [ddboapaditonCii Hdwdyerpdas to & qmideor med
electrically COUpllllygg:%) t he outﬁlut termnpals to the ener%y source for . a

peri od of of ?l_rﬁ@fm segdgywitgh Mg; 8 sheyldbepeReciatad daptdng siart é'thWGHE is
consi st en, fﬁ%ﬁ\%&\%\e&ﬂglgﬁ%%é’ fbaﬁ)gﬁ%aéﬂb? ér? Q{arPM R&sE s?ér‘f)‘iéifda‘ﬁgh% Yas is

uncouples onver energ source 'he” out put
t er m nal sdﬂs&usé@d béiowa,dvant age of uncoupling includes 15 avoiding

erdh 0t 12t b B oL R} A8 uchidb e S S AP RioHer 4 rad BRI 1

used durlng certain situations such as a transient high load beyond the capacity
of the power converter 40A. The transient high load is characterized by a
decrease in the output voltage (voltage droop) that is of a predetermined
magnitude to require additional capacity. Thus, the by-pass circuit 118 may

20 compare Voyr to the reference voltage Vger. When a voltage droop is detected
in Vour, the by-pass circuit 118 may generate a by-pass switch signal Sg for by-
pass switch MB that responds by coupling the positive terminal 30 of the energy
source 12 directly to the output terminal 42. Similarly, the by-pass circuit 118
may respond to an impending failure of the power converter 40A due to low input

25  voltage wherein extending service life is best served by removing the power
consumption of the power converter 40A. Thus, the by-pass circuit 118 also
compares the input voltage Vs to the reference voltage Vrer and operates swiich
MB accordingly.

The operation of the power converter 40A of FIG. 7 is illustrated in the flow

30 diagrams of FIGS. 8-10. Referring to FIG. 8, the power converter operation 130

begins with the storage elements discharged, and thus a start-up operation 132
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I nvention, the transient by-pass does not uncouple the power converter 40A
from the energy source 12 and the output termnals 42, 43 so that the
power comweptersos 40A contri butes to providing the power depaaudedebst t he

| oad device 14. 20 If the output voltage still remains |ow (bl ock 140),
then the by-pass may be placed in a |atched state (block 142). If in block
140 VOUT has recovered, then another protective feature is perforned in

bl ock 144 by meking a determination as to whether a current overl oad

dition, exists. th L h f
i tat i ol PRSI ORARR eOF aieh e e vt mRegkee Srul FHBsGlefls or o

certain da&%@ﬂ B_@-deé'c]'fiﬁé?% FUESY9 ahﬁgtﬂ.Pﬁﬂeﬁﬁéh%déﬁera%ﬁ"’ﬁﬁ?g thdBowsf put

current may be 1n a failure node t i's signaled to the power "converter
oper at i oncagrierapsraiion it 80 coovasnintma elyhaeiic ppération 11484) astwitk beut put
termnal i,s discpnnected fr t he energy source (block 146). If, however,
in bl ockdfﬁg'qer?g‘?’aﬁirgg?fg edr'Pert overl oad, then in block 148, a

det er m nati on DyngthidBgerafont BAGEhdally ebnfiriied il GaBiruptdkasi s of f. This
represents situations where the various protection neasures may result in

a situati teprapentedtin®lakE36 By astommination asdymisshenaseutput yaliage er needs

pouer _conVart BroosprSprbrd S ER bbh Bt oPeaishoparedtiepn o rtaty)
el se to  dysspincvQRas aldrep il Bheekiptd4bltagd Ve iHditdingapRirgs trahsidnt fvaid a
sequential flow diagramis shown in FIG 8 5 illustrates various

pr ot ﬁCt i oihaimaayreyesed thet carapilify op e pewetcemwsies 4@ént If in bleak 186ntautuousl y
consi 27 enrdHR (aReR7 TS vahaBREb HAsK fo PERGAES efEbtricly colBhigle .,

132 ref er eniped témmifale. todhé ened@pseured foma pedvd dif dpreafbldek 188)A advant age of
this start-up operation 132 1o includes illustrati how a ggtggr converter

40A in ap@@ﬂﬁ%aw"(% {mﬁomﬁmwipawnw%egmﬂb@%e W"?ﬁ_ﬁp than one
vol t of 'ﬂaHgﬁ)nagp\té-%%s old é@%%!?yg@?@?’@ th¥ pdifst dRbRef %A'fFHrﬁ%eﬁ%ﬁﬁrC?y reuit

appl i cations I'n a orage = capacitor, such as t
capaci t or sGlucentyand hies vutrt termihalsi42, 43. | Avpdvantage o ovveoupling inoludes 46A.

ow ot pueVABIEHASSHATGHELS! 06 R Ju B doon ard el weulsErestit ma’ ™' o #S @
recovery period after the transient ends. In other applications consistent with the
invention, the transient by-pass does not uncouple the power converter 40A from
the energy source 12 and the output terminals 42, 43 so that the power converter
40A contributes to providing the power demanded by the load device 14.

20 If the output voltage still remains low (block 140), then the by-pass may be
placed in a latched state (block 142). If in block 140 Vour has recovered, then
another protective feature is performed in block 144 by making a determination
as to whether a current overload condition exists. For example, the energy
source may have a safety limitation on the amount of current that can be

25  provided, perhaps for a certain duration. Alternatively, the load device 14
drawing the output current may be in a failure mode that is signaled to the power
converter operation 130. Thus, if in current overload (block 144), the output
terminal is disconnected from the energy source (block 146). If, however, in
block 144 there is no current overload, then in block 148, a determination is

30 made as to whether or not the controller is off. This represents situations where

the various protection measures may result in a situation where the power
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consuned by the overall power converter may be reduced. Typical

osci |l | at or-based power converters 20 incorporate a bootstrap external

| ar ge poweo oBcdsog t Ky di ode el ectrically coupled fromthe popUgyl/S60lr ce 12
to the |l oad capacitor CL. The Schottky di ode conducts when the | oad 20
capacitor voltage VL is low, to begin charging the | oad capacitor CL, as
well as providing power to the | oad device 14. Wthout the additional
Schottky diode, the |oad device 14 would tend to prevent the | oad

capaci tor CL r.qi.ng due. t to |cal

I nt egr at eSOQY%% qeegi%itg(pﬁg rr?&k] HA@ ‘f 5‘8 qggxtr%ﬂgrdrgccﬁfq&ﬁﬁ@ mdehépﬁ/ @vent S
desi r abl epﬁ’W@t adwdristtdpataiidn 1 8@ ret&ﬁws)ﬁﬁstbha.tmop@@ﬂbh lelbeld 1Beyslse @nverter
20. In addition, the Schottky di ode consunes power during nornal operation

of the osdymﬂﬂatco@PQI@Ht)lﬁo(lbﬂ% Per converter 20 t her eby reduci ng

pover conver t T RO oF FRBITCIER A Bal PRl ow dEg T AR b B 01

nor mal 5 opgiuglrates. varidslgroiegtieh anddﬁedeabtae nhay e pedormed lmdapdrrmtlyay be
integrated with the power converter 40A vvrthout external co %nts 40 WO

02/ 19508 mq‘/cgebwczl@érs@r thed vagipys COMPInAaNaQ! BROLSHVE IRAHESINEK O8n i ni ti al
condi tion; n' é}a gn{tl@gﬁ iR an/@Htlbﬁ al ready applied to the povver
566

converter that an input voltage is available to the power
converter. Theﬁteéerdageo rﬁl@agj the startrcqﬁepemtrbrmwﬂhetdrencedtm P& iscont rol | er

power contipBcled oW AIagER B‘F@E%“neé YANIEEE oY Staftsf oRE atERta2 ¢ or | OaPUNP
is flogt e(ﬁh ftme%qlfustfc}% then v&er*{fbn%ﬁé?‘HORri'n aéé’ord%neemﬁth thefinbéntigrock 154

the contr IS O start up switch is closed to provide input
vol t age Vmayde bartetawith lgssdhpnaontonlt@dmuyd®i volthgek ThisBis especially st art - up

capaci tor s referenced.to round n the start-up io0
capaci tord%f?%‘n%}%?{?@& It AP %’(gns \&Bereén a.cg%)mf%%ﬁ Siqiege a st or age
capaci t or cabh&eidr, sucdPPés ARPREHIRIphckd OF Knéﬁéihe?ﬂ%éﬁé@uﬁﬁ@éht%bérbf Gali t

I ncludi ng start-up capacitor UWP i s uncoupled fromthe switch matrix of

t he power powareentgollerddlocMotspler, theaiartiupeoparation i 2 Gpgoasisaseld®theet ur ns

E:gnt) Ir ] rel:}’f‘)’éﬂﬁo'é 6‘8&'&&.@@{ gérﬁw%hﬁ “diRrSAReeniBge BUhTS §hefin e BShiyate the

consumed by the overall power converter may be reduced.
Typical oscillator-based power converters 20 incorporate a bootstrap
external large power Schottky diode electrically coupled from the energy source
12 to the load capacitor C.. The Schottky diode conducts when the load
20 capacitor voltage V. is low, to begin charging the load capacitor C,, as well as
providing power to the load device 14. Without the additional Schottky diode, the
load device 14 would tend to prevent the load capacitor C. from charging due to
latch-to-ground tendencies of typical integrated circuit switch matrices 48.
Adding the Schottky diode prevents desirable miniaturization of the
25  oscillator-controlled power converter 20. In addition, the Schottky diode
consumes power during normal operation of the oscillator-controlled power
converter 20, thereby reducing efficiency. _
Therefore, it is desirable to start the dynamically controlled power
converter 40A without detrimentally affecting efficiency during normal operation.
30 ltis also desirable to do so in a way that may be integrated with the power

converter 40A without external components.
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I s operation cycles repeat as necessary. Referring to FIG 10, the dynamc
operation 134 referenced in FIG 8 is illustrated in flow diagramform
First, theobtysesmpacitor is switched into parallel wth paBUSeIREb61vOl t age
Vs so that the fly capacitor may be charged (block 170). Wen the fly
capacitor voltage VF exceeds sone predeterm ned fraction of the 20 input .
voltage Vs (e.g., 80%of Vs) (block 172), then the charge phase ends by
uncoupling the fly capacitor CF frombeing in parallel with the input

volave VS | (Ohgeldeh GRalsh s PRgh R S5 TMebl AT AT TR SBLRE e,
the dynagiga®Resirdd fbdi 1& thepoWe? RoHPe®ér SAEH 118¥K 18Rahat 4P thput f
stepping up, then 2 uring discharge phase, the fly capacitor voltage VF

i s added voltageeisiavailablediotthggowerwaaveder. Thersaggtennabomis maderasyto

and pr esch LR Hrulet eI GaB al St B8 P8 B PRkE Yo
oper at § on(pigék 184). Neushpbives eontdslicrii®Bal(blodrtiGHNI theh izosraakdiabupgeous! y
al l ow for adjusting the output volta%e VOUT as 30 desired such as by

chaglgi ng capagiion Srapnue is/iatad éblopkrt 56) and wiarbp ppsuRtieTBEHAPPS661 Thus,
[ 177 ) | ' f |
VREF 11 ecs ¢ 15 bR TR IR cdfydfE R & g ¥ ShRln o, bgdEfo 0 | o

VREF is less t down operation). If

yes, thenpidwdd Input epragd Vs i€thabrimeup saphcite Caonp gislotkd 5Bpadd tlagaci t or CL
(block 178). Orherw se, the input voltage Vs and the fly capacitor CF are
pl aced i nSEirkdp capagitardserumhds refaensagde orennatblog H6Q)- 1‘%@)9. tﬁ?tsé?n'é‘ipt her

bl ock 178 a mdani [ td ey ' : dt
a1 ow' T il PREREER S 1 LR BR 188) i SyeRipd 1o A Sl efiqih TR 12
vol tage V(3J., (dadbcapddiy) (bidekni64)rendiyeestad-upperaii includiBwy staittup in this
VREF (bl oERPABEY Carbie 3 WiGRIBI] BOber I BU R BRIV HAIENE the
compar at ofpiod 1688 FE the Hart IR GG 152 Téthali biBei 159 tB'sBeqFHHY
charge/ di scharge cycle'’is insuftficient to charge tllf)1e ﬁ(oag capacitor CL for

VOUT to estzeedp CiREE, wanstfficiens thaetiuadathe corirgiet dindchirsggqueptstartrumedi at el vy
i s needed. |n_other instances thestﬁprecedi ng charge/discharge cycle is

suf f i ¢ enPPErAYGR CYCIRS §PRaHAR NBERTSAYVon 134 then may
Referring to FIG. 10, the dynamic operation 134 referenced in FIG. 8 is

illustrated in flow diagram form. First, the fly capacitor is switched into parallel
with the input voltage Vs so that the fly capacitor may be charged (block 170).
When the fly capacitor voltage Vr exceeds some predetermined fraction of the
20  input voltage Vs (e.g., 80% of Vs) (block 172), then the charge phase ends by
uncoupling the fly capacitor Cg from being in parallel with the input voltage Vs
(block 174) and delaying for a dead time delay Tpg. (block 176).
The discharge cycle then begins in block 177 by determining whether the
dynamic operation 134 is for step up or step down operation. [f stepping up, then
25  during discharge phase, the fly capacitor voltage V is added to the input voltage
Vs whereas, if stepping down, the fly capacitor voltage V¢ is used alone. This
selection may be predetermined and preset rather than being determined during
each phase of the dynamic operation 134, although these additional
determinations advantageously allow for adjusting the output voltage Vour as
30 desired such as by changing the reference voltage Vger.
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15 continue waiting for a period of time until the | oad device or

sel f-di scharge of the |oad capacitor discharges the | oad capacitor
sufficiem®y2/198hen VOUT is not greater than VREF, the flpcrapacisser CF is
uncoupl ed fromthe |oad capacitor CL (block 184), which includes
uncoupling the input voltage VS fromthe |oad capacitor CL if stepping up.
Then, another dead tinme delay TDEL is inposed 20 (block 186), and the cycle
repeats by returning to the charge phase of block 170. It should be

appreciated th for clarity the aforenenti oned dynam eration 134
begi ns with chii‘l;]?‘n‘@ tﬁﬁ@‘ﬁ? acdgigENingHops G}?tdrelass%;’c‘ﬁﬁr‘lf”‘i?\%?%éer%cgcharge
phase is ol ' rald Q’Eb(ﬁ i inG AARMNE _Cpar ge
phase i s, \I)i@l?lé%]yg%t I,S Igsélgﬁde[gbgﬁ@#tgﬁl%ﬁewt 'ig'ri?ﬁseplggscharéeergﬂgg)egh%
Speci f i cayésy, thehéhe dweapaoiereCi aloneris plaxedsacioss thenleadcapacioCs (heskge

h ti h ti .addi t| h ' d o A d
bl ow VREETS)- THErise 13 4 abeSS Ve i B8 dhipabRENE0GH 2 olasift B ea- ¢ hen
the di schagges BBR38 th8 FAd eapdtor CRf(bRICKk!1178) I fA%'tréithsr_ giesk ri7eeast 1@, ays.

Thereatter, the power converter 40A remainS in the discharge state again
wai ting forinimure digciwede Sneatelaydnisd2 them perfogses teafpwdali dizebarge ofi t h

f .
conver t or R0 grpaqir G yiRQGYREbaaBREF bumhlh §kede 30e0Gnk Thokgrated
circuit inplengpbAdiiE dfhanie cberdiici 084 deiitelie tisig stk denily easiap(t wo netal ,

two poly salici de)_ utilizing MOSFET transistor switches capable of |ow
t hr eshol dvokagge Vosr isugrestes than the wiatanee volisga dser (eak i1 82)-hEhisds 08I ng

co- pendi n d I | ' ' 0: US
Sor ol oo B 6P gRRiHehop®d FREPE HiSaBata” B R AP ES A5 wosrer
nani ng Yi pandereid @lrind i&precading chege/diseharye sydrelssihgufficiot pochagd by
reference. In addition to having a |ow threshold control, the disclosed
MOSFET dethelpadmapacior ufenVowspaxaned Vren anatier $UPSESNEPt buting to t he

o o boflor e A oS PR Bapt Mot
current cahanjd/disghirgetdyeledissufitiente ausy thrutlyrmamicesgerbtion édrtpen atayng  an
array 1? f lcgrvl\’lt-lr'ﬁuher \?v%ﬂi%lgdfovgspFeEri-lc_)ddgfvtgrﬁg %htiﬁh%*lé’é%? Be\r/iec roersseel'E |gck?asrgg o Itr?eg e
load capacitor discharges the load capacitor sufficiently. When Voyr is not
greater than Vger, the fly capacitor Cr is uncoupled from the load capacitor C.
(block 184), which includes uncoupling the input voltage Vs from the load
capacitor C_ if stepping up. Then, another dead time delay TpgL is imposed
20  (block 186), and the cycle repeats by returning to the charge phase of block 170.
[t should be appreciated that for clarity the aforementioned dynamic
operation 134 begins with charging the fly capacitor Cr until such time as a
discharge phase is warranted. In the illustrative embodiment, however, the
charge phase is, in effect, a nested operation within the discharge phase.
25  Specifically, the power converter initiates and remains in a discharge phase until
such time as additional charge is needed (e.g., Vour drops below Vger). Then a
charge phase is performed. As soon as completed, then the discharge phase
begins again after the requisite described delays. Thereafter, the power
converter 40A remains in the discharge state again waiting for more needed

30 charge.
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15 transistor in FIG 11. The MOSFET power switches M- M4 are

advant ageously designed for |ow on-resistance and high off-resistance for
ef fici entwoprr®bs on of the switch matrix 48, as descri beBCTmuSts6@bove
referenced application. Generally, n-type MOSFET devi ces are chosen for
being smaller to fabricate, faster to swwtch, and normally off w thout a
gate voltage. In sone 20 instances, p-type MOSFET swtches are

advant ageously used, however. First, as will becone nore apparent bel ow,

[ -t ! i tch t t first t ' | f the fl
capaci tor G aMlit Fetefdticer 0 aBiTaa it Seataten pods gt iulsiise A% Y ouet or
a sub- onen¥akl cBRASHEASFIA Bf FiGr 7 T&&dﬁﬁ%&usﬂﬁuéﬂﬁate@%ﬁ#ﬂé@raﬁd h one

aspect of "the invention that needs to o bi'as one power 25 Switch ML in
order to sireuit inmplemanied withrev8:36emniciomndotble saligide-process Guiotmeted tiwecl udes a

-t MOSEET st .SW f. l,.vate th -

G roui t  TBB sk e Lo Ne Mg BT FeiyE Sione CANR S A BrSREN R

si gnal § ( guB-oneSolt) 83ntroR Ms.dascfibéd wPtHe fllbivitg dd*pendingtaittl cemmionlydi scussed
further herein below. The drain of M5 is coupled to the 30 input voltage Vs

and t he gawaedrappiioatien fildeoomblarclt 88p2QR0:tWS: Heripl Not 00erni nal , &ntitlegk t he

fly capacigtQr . WQ - ] . 43
v 02/ Los0etperAssRokEl DR TR IS RRY | NS T} Rt TPRE. Ve
ﬁg&l’e t gtsz gﬁg@#ﬁr),wsvﬁi_cw% hszam Sihg@rpotréiﬁdit{i/ @k@@hit:@.glm addhibta_te irfagﬁtfgi%m_-

ver, Wi | - e transjistor as nmentioned and is
t hus cl oskw WeﬁﬁhQ|ﬁ&0§©’@érth@&iﬂquﬂq%é\A&:ﬁT HeYicas have @lpvii-ERFIStANES s

situatjion, . At - | : h P and
cour o&d o5l OBk 101 &Pichel By il st eRhE e i8Ralih Boctrddfibe, 10
swi t ch MSwith the duvedeidn. and the start-up switch M5 begins to conduct the

I nput voltage_Vs to the |oad capacitor CL. However, the rent capability
of this one smahe pawsrswiichesMiM4.aswell ag th%}gg'r@ést%tchjgé h@YBacitor CL.

T o Ve seP R TR e et AR Ger oy Reperuge e
capaci t or aflarrdypefdow-thaddhold ME@SFEPevicals] allieotigloreprasersiedrasen sihgtehe
s 7Cl et eatianEsias i AG: 1o he nsET Geter Suitches MR slavrevataeooins
closes, 1t RgsighRH oM R 88FefStance and high off-resistance for efficient operation of

the switch matrix 48, as described in the above referenced application.

Generally, n-type MOSFET devices are chosen for being smaller to

fabricate, faster to switch, and normally off without a gate voltage. In some
20 instances, p-type MOSFET switches are advantageously used, however. First,
as will become more apparent below, using a p-type power switch M2 between
the first terminal 31 of the fly capacitor C¢ and the first terminal 32 of the load
capacitor C allows for a sub-one volt progressive start-up circuit 116 in
accordance with one aspect of the invention that needs to only bias one power
25 switch M1 in order to start the power converter 40A.

The start-up circuit 116 includes a p-type MOSFET startup switch MS
configured to activate the start-up circuit 116 when the power output stage 44A is
discharged. The various signals (e.g., S1, S2, S2N...) for controlling the
switching are discussed further herein below. The drain of MS is coupled to the

30  input voltage Vs and the gate and source are both coupled to the first terminal 31

of the fly capacitor Cr. The two power switches M3, M4 coupled to the second

43



at the drain is passed to the source, which in turn is coupled to a first
termnal 15 190 of a start-up capacitor CQPUVMP. The second term nal 192 of
t he startwap2/19epaci tor CQPUVP is coupled to a transi st or PORUROINbEGT MLS
configured to ground the second termnal 192 of the start-up capacitor
CQPUMP when the power controller 46A is inoperative. O herw se, the
transistor pair M4, M5 is configured to float the second termnal 192 of
the start-up capacitor CQPUMP. 20 Specifically, the second term nal 192 of

the start : N ol il t Ny .t ch ML5
and to thE&@Aﬁ@%ZF %ﬁfp‘ﬁ_ yp S?\I/:[nbf g%%kl/ﬁlﬂ.etggsmpa[%gﬁhEﬁ/%?%hhggiftrt]éé)ﬂiégg%émgrrounded
and has i Cg igéoetimhg asihis Sjyuatione dddweerbtraspowenpeitch Ma ischpife when t he
power controller 46A i s operati ng. Tffere ore, when the ?V\BI’ controller
46A i s oplRBEIIRS 2% Mendeeed antis Husdloseshwih the powes Contsplierd e iy or
CQPUWP i s d} t iTLRRCR! @KL, | 148, dvbi i ked to
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swi t chs Myatentieth sohesepzoupled Yool that is isitialy zata. nihuRifeegateraf startBpG. 12, a

' it h t hat i itable f t he. t 40 f Fig. 7.
o 1o 1 PRI bBimited el nlumaniCr U peSR couCchhedbmpbrat or
94 to per{gripsIIRG ihe B éﬂéjd'cﬂgrgne charge phase and during the discharge

n

phase. During the charge and discharge phases, the circuit will have 44 WO
02/ 19508 PCT/ UBowexesdhe quirkent capalyilityead ihistane sroab MOPERETis dnaufficienigo 46A

otc ) oubiage e 1Rh PRERTI " ThdrekrS. e cda Mt 1t 6 ek iitrod age
VS di yb defo di88e pRMET @Witchev i BBUhatViPkliAggt Wtabl VawllsslsiRidBdethbresd i on

(e.g., 80% for conparison with the fly capaCitor 5 voltage VF, as
di scussedcapaciior L. Spaitically, thedngubvoiogdrendbe saurae xhelsiitwig switch and

comari solf I Fr FEFUER ntFuBe Pifsi e Sovitnl o3 chsfudRssBThec 1o
al so il ugipuaieragd ¥ fidmm sitethMaS ¢ Yuhéewbiviteh M3 BlostSetheadmgtit vatiagenal | er
circuit,46A provides a plurality of signals P_S2NB, P _S2NA, S2, S2N, 1o

P_s1, si, aghedraieiscpassed trrihaspercgevdiich ibdughis eaunied toaiistiemeigal val ent
R L e L i e A
the power capaditoh e\l is coupled to a transistor pair M14, M15 configured to ground
the second terminal 192 of the start-up capacitor Cqopump When the power
controller 46A is inoperative. Otherwise, the transistor pair M14, M15 is
configured to float the second terminal 192 of the start-up capacitor Cqopume.
20  Specifically, the second terminal 192 of the start-up capacitor Cqpump is coupled
to the drain of p-type switch M15 and to the source of n-type switch M14. Switch
M15 has its source grounded and has its gate biased by a negative bias to open
switch M15 when the power coniroller 46A is operating. Therefore, when the
power controller 46A is operating, the second terminal 192 of the start-up
25  capacitor Cqpumpe is disconnected from ground. Switch M14 has its drain coupled
to the input voltage Vs and has its gated biased by a positive bias to close switch
M14 when the power controller is operating.
Referring to FIG. 12, a circuit is shown that is suitable for the power
converter 40A of Fig. 7. FIG. 12 illustrates one circuit embodiment for biasing the
30 comparator 94 to perform comparisons during the charge phase and during the

discharge phase. During the charge and discharge phases, the circuit will have
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M requiring nore current than the other sw tches, and power sw tches M,
M4 are p-type and thus switch nore slowy than n-type power MOSFET power
15 switchve@oMs08B. Certain delays are required in the siBaBUSOWB6d1he
respective gates in order to prevent transconductance wherein one or both
of M, M3 is closed at the same tinme as one or both of M2, M4. Referring
to FIG 13, one enbodinent of a voltage reference 96 is shown and is
capabl e of sub-one volt input voltage Vs operation in accordance with an

20 aspect p?évi&.lf'sqy bBYA %ttél?%séﬁ SO RBhtrGHE £8K il bE %b'ér%t% prg_Eﬁéra@inplol tage

ref erence-to-rail circul I'solating the voltage referencé-to-ra
circuit 2@ switchinglsigrgds (e.g.,131e S pid.).vDutingéhd/sharye phaganwith &F1f er 204

[ifi . lifi .ref g th [t
o) oo AP VA, 15 SRS 5 L R 8 855 chge yatne
vol tage r gfapBBRmitsd RhtiidH (EY. (80P for Aol with ﬂf@fl%éaﬁééi@/

Proportional to the Absolute Tenperature (PTAT) circuit 206 bi ases the
circui§ 200ltageVeras digcussdd ©8.FIG4 7adurirgy thendisehdrgdiphase with 82 otogiag at or

94 | depi d | 46 f FIG . 7. Df ial
anpl 111 or 150808 M2, e 2GR S 0As Tie atfuf vologs ypus R h Blbrle i »
rej ect i N0 cBATPERR0MIY e oreieiitdl voliabe it P\ Bitago reTBfrizadss.si gnal s may be

i nduced noise on the inputs. Integrated circuil differential anplifiers
have rel ati vel ¥lGol2 @apillusigaliea thaustbewimiog/congolerChi2 obthe p@8&l  Thi s has

i nmplicatiqns,in t © nons:li rity i.n.an,i ' r iin
or bt df ng chatcblrdBUEA % Riae, A BRie o Picdfid BESENE, RIS A& sERelg, | o
46A. For PPISAVISHi, 90 N QB CABSE M hitré @letif bélBRY ttopifdrimNpardduivalénitib tee
differential anplifier conbination is depicted, wherein the first

di f f er ent chargenpwitah signab@1 eagdhe sischaige switalp signal St sThig ghwraNte of nput  and

at its noguRvL sy BalyPRior g IBRYANE I ANENS up 3 Rid, bbRer SHECAETRYY °0;
the first M4 fdRiird hmddre a0t trein tRe%ther SWitdHesd ahd powrdaliicnes vz, vnal  of

athird differential anplifier 210 and the output of the second
di f f er ent P& PAWRS phddhu gwitch meyelewlyttban noyee toneriMSEf pewer t hi rd

o CoEr L PEAZP 5, Eein W00l VLA Ahe ale R EoBlofl? |
conpar at ogats inadrdegisp@veht {radcondlotancefwioeneirhend lor bdth of M1, M3 is
closed at the same time as one or both of M2, M4.
Referring to FIG. 13, one embodiment of a voltage reference 96 is shown
and is capable of sub-one volt input voltage Vs operation in accordance with an
20 aspect of the invention. A constant current circuit 200 powers a voltage
reference-to-rail circuit 202, isolating the voltage reference-to-rail circuit 202 from
changes in the input voltage Vs. An output buffer 204 amplifies an unamplified
reference voltage from the voltage reference-to-rail circuit 202. In order o
temperature compensate the voltage reference-to-rail circuit 202, a parallel diode
25  array Proportional to the Absolute Temperature (PTAT) circuit 206 biases the
circuit 202.
Referring to FIGS. 14 and 15, one embodiment of a comparator 94 is
depicted for the power controller 46A of FIG. 7. Differential amplifiers 206-210
are advantageously used since they are effective in rejecting common-mode
30 signals. For example, common-mode signals may be induced noise on the

inputs. Integrated circuit differential amplifiers have relatively low output gain.
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differential amplifier 210. Referring to FIG 16, one enbodi nent of a
timng controller circuit 112 is depicted for the power controller 46A of
FIG 7. Be@owadshg, the timng controller 15 circuit 112 PeT/sssnai bl e for
perform ng the necessary individual switch commands to reconfigure the
power output stage 44A between charge and discharge phases. |In addition,
the timng controller circuit 112 for the power controller 46A nust
correctly phase paired switches and sequenced switches to avoid certain

switch co | . . povver

Swi tches IF\‘:/EJ %é ﬁﬁﬁ" ﬁaqbe clwaa%/ b{' rﬂﬁ%gﬂt&éﬁ%ﬁﬂﬁﬁ@f%ﬂéﬁ}t@ﬁgpgo

di schar ge pmadmgpmmssaw durrers gslth fordai¥ stegelseofshe power conﬂellmc}?ﬁoron (or
t ransconduct anc occurs wherein, for exanple, the energy source 12 is

monent ar y PER mgoﬁome caacel|atisnof frputinesrlingarity  rae détasanta sraplifiRet er ri ng
to FIG 1¢ 5is
depi ot eq. CyRiInGIBrR, dorified Whefein i hisTUHbraA hifler 20638Ed g 2 1.2

i nt er nal | ynpuiat fitb eedpptiaeiirgput @midr\H atdts ﬁélsltl\“@mpﬁﬁ Aisgeahdidifféreatidi schar ge
phase signal L. I nterna t he dypam.c controller 50, The P_S2Nb

P anal 1 o nmiltER a8 B eikis V- Satt erdgiv Bical SehV £ pb S esitks \WBTNaEI oy ed
with respate dphilst g fﬁé%ﬁbrérﬁnalﬂ RS 206 RSCoUARPE B RBands teiflihaias
i nverted from due t type I\/Q 30 open y ap S|t|ve vol t age.
The P_S2Naf asthn{dldufgerepba\lmmphﬁarmmmme @ldpuhofpthetgqmenmﬁnual del ayed

ith t P S2Nb., . The P.S1 i 46, WD 19508
Pt UsoL) Satuier RDB IS FOMRRH 4R keSS, RnHl ke b flte GBIl AMBRER 1O t ches
ML Mgy Theros#N ifbhl biphfol 212 ashieRfed 89 aotlie fofowéiditerfiar t he

start-up circuit 116, specifically swtch M4 N signal is an

i nvert ed Wgreasmthsf cmemmfah@npaeafton switching 6lgntal QQ'@H Qaéﬁufrqmam Yhiedi t ch

ML5. 5 Wi the pres vention has been illustrated by description of
elfest R AR 20

sever al le the illustrative enbodi nents have been
described in ﬁéié#rﬁh@ft@hile det @hé,emﬁodumelhobfhhﬁhmgh@ﬁtrbm éicusppld jgants to
restrict or in any limt the scope of the appended clainms to such

detail . A@ieptqteméqr taamwig:@@traﬂ@r 4%@:‘ FlGari &¢§lqaﬂmhe>tlr@pg@@ntrp&ert hose
K gt Bib0E 132 s RIS Y Bilrfornfihg Y RlodbeaR Tntiduar SRR ! |1 0 2

noni n
commands to reconfigure the power output stage 44A between charge and

discharge phases. In addition, the timing controller circuit 112 for the power
controller 46A must correctly phase paired switches and sequenced swiiches to
avoid certain switch combinations. For example, neither of the charge phase

20 power switches M1 and M3 should be closed at the same time as either of the
discharge phase power switches M2 and M4. Otherwise, a cross conduction (or
transconductance) occurs wherein, for example, the energy source 12 is
momentary shorted to the output terminal 42, as discussed above.

Referring to FIG. 17, a timing diagram for the timing controller circuit 112

25  is depicted. Specifically, the S1 signal is the charge phase signal used internally
by the dynamic controller 50. The S2 signal is the discharge phase signal used
internally by the dynamic controller 50. The P_S2Nb signal is a higher current
switch signal for a p-type MOSFET M2, delayed with respect to the S2 signal to
prevent cross conduction, as well as inverted from S2 due to p-type MOSFET M2

30 opened by a positive voltage. The P_S2Na is a high power switch signal for a p-
type MOSFET M4, delayed with respect to the P_S2Nb. The P_S1 signal is a
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power output stage 44A has been discussed. Having the benefit of the

I nstant disclosure, it would be apparent to those skilled in the art that
it woul dweo2/csnsi stent with the invention to dynam cal | yPCOUS61c66@N

i nverting charge punp power output stage. 15 A power converter 40A
consistent with the invention may be incorporated in a w de range of
products. For exanple, a power converter 40A taking advantage of the small
si ze achievable with integrated circuits and | ow power consunption

propertieg;: ' e RO '@9_%( a |

battery pgl Eagbtrgﬁfei\ﬁﬁgg%eoﬁﬁ@ﬁbg%rw @géﬁeﬁge %‘}H er?gg gy@d-r%ér}%?’\?ude
20 on densighal Maremwertiedaepsior fof ton Berdignal 46rXheantait-sfpetitcuit 118, t he

i nvention, wh i ncor porated inside an _engagé soyrce 12 or in a | oad

ther | R .
devi ce 14 SB??‘EPQM@N'W ¥Hér dpe S stamal is ansypaCH vEFdeR obP 1dRRHIGSTAMi de
range of rd: I Y3yl | 10. For exanple, the reduction in
si ze and \?‘\Ei%’%tmtgfﬁé%ﬁ%ﬁgg%@ %@ﬁdrr@g%ﬁ woul d 25 allow |l ess intrusive
medi caf di agno¥¥hits thenereggntielvertiory has bean tllustratbdvieyl descripticthedfi sexeyal
devi ces, whether worn or inplapted. .In addition, portable electraqnic
cur rent | y SPRRIBANEAML IS fas llystrafiva pRDodimeRts Ty eensdessibed ihe
| mpr oved ki ing : [ =Y ?la&q g he
i nventi on?x?%a%gb?iglééd"égr%ﬂﬁf @%ﬁf)erqﬁlggﬁca? h%érll SS@?‘?@E e Sﬁ a‘gfgﬁ%ﬁ devi ces,
f or i nst afind, thersoope ed ke apperdéd Eaimayo bechp Hetiln b ditioral gldvahiages rrndeased
efficienc nd .perfornmance ma enhanced | owering the power 47 WO
02/ 19508 '@@P?é@% 'V%@%ﬁ?ﬁﬁo%ﬁk@%&%%@gf requency, and thus the
noi segwhen al F@W@séawéé%nﬁ@ugm dyRaffcdIRttofipBBNHonifil éfinghafgd LithpPr
fully integrated power converier "40A consistent with the invention would
provi de apswef putpiistagesfdh Ihasilfaer dincugsede rHavipg the benefitefdine istants | ogi ¢

i rcui d, ot her., | d_devices. For | he. 40A
mmy be empaisa et WOLEPRE aPRATR & fysr RS R Re Al YL b8 ai ni ng a
mermory, | eghsiseint Qlithttheinwidh toriypahfcaR citiot an imErihg CRRFR p&mpt aspects

of the invention related to dynam'cally adapting to the input voltage,
especi al | power UG gtada.o a | ow i nput voltage, allow for

15 A power converter 40A consistent with the invention may be incorporated
in a wide range of products. For example, a power converter 40A taking
advantage of the small size achievable with integrated circuits and low power
consumption properties described above may advantageously be incorporated
into a battery package to enhance battery service life and energy and amplitude

20 ondemand.

Moreover, a power converter 40A consistent with the invention, whether
incorporated inside an energy source 12 or in a load device 14 utilizing an energy
source 12, would improve or enable a wide range of portable electronic devices
10. For example, the reduction in size and weight of an energy source 12 would

25  allow less intrusive medical diagnostic, energy-delivery, or actuated medicine
delivery devices, whether worn or implanted.

In addition, portable electronic currently powered by batteries or similar
energy sources 12 may be improved by incorporating the power converter in
accordance with the invention. In portable communication devices and portable

30 audio devices, for instance, improved service life may bé obtained through the

increased efficiency, and performance may be enhanced by lowering the power
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I o applications wherein the input voltage is volatile or otherw se

unsui table for generally known power converters. For exanple, photovoltaic
cells provodz19spower in relation to the surface area and porUsomRsnd1 Of

i ncident radiant energy. Consequently, devices using photovoltaic cells
may often be inoperable due to insufficient Iight, may have to limt
functionality to remain within the typical 15 anount of avail abl e power,
and/ or have to i ncrease the surface area devoted to photovoltaic cells.

Thus, & PRURLe NG bELrARA Bl oMhd Bl oo, I BNSLLAG b3l an

use in a Wrder fange I ons. i onal Turther
exanpl e, acmdnmseddgmaanacitor CF and | oad capacitor CL has been

illustrated for clarity. It should be appreciated %@&hose 20 skilled in
the art that p&& %'éfﬂ/%yPéf@'YAOW%@ﬁglpﬂf‘@{tCOW?'ﬁe't icengisterswitbie ncl ude

a pluralij ri(lﬁgﬁlg{ml\/\)’mﬁ@ ?&)l&@%%yq:mgﬁtg/ Qrfnaﬁ‘gmc'l’érﬁ oWer%fefpﬁg%rmﬂ‘éhéQrs L.

Mor eover , y cap CI t or capa tor y conprise€

various &igic ageuitteand ether dnteglated deviges afdr ergmple, the pangyr .cofiveraot her
exanpl e, 29 ower converég@%MA consistent with the invention 25 may be

i ncor por a may Regrake g A Rﬂ"Bﬂn an inggrated Ghrdit ab?'op%m?'n'%ﬁverter
40A t aki ngné}ﬁg@n @@Cﬁ,&fﬁ 8@0%@(5{:[ led&d 8Bfchb oW power consunption (i
perties e

ef ficiency) escri ove may advant ageously be |ncorporated

into a batterpretbéergeret,cbheabpecte diadlhé aventien velated of dyreamdiceeadspingd
arrplltude n derran&ﬂd?gcor t| n t he power converter 40A woul d be
accorrpl i st RPYHY ©Sp ﬁ*\a I withgegaist tof oy swpsd veliage alloy! ioswi ng

et P%Paﬁ%"f“’@%?ﬁfﬁwﬁ ARfele Y8R qbehRaihstlahi Bre1
PRI MARY Bg@riémry mvmwmmmmrmm&ﬁermmﬁmc cmmfamézUN TI ME,

VI a { st d Dra D. b S |
Do 0ms 10 POWBRIN Tl B e TR0, Sten Ane NG AU ke Hieie R AckD! ERGER

BATTERY S h%%
Nebri gi c; @éﬁé@&gé?ﬁﬁrﬁb@e@%@%g%%gbﬁ%ﬁﬁ:@{ ED BA'EIbTrgﬂRgl%r%%%mA@BUI LT-IN

CO\rrRO_LER;suﬁammglgm auayrhav@aoils'ute‘uncmrmhry gramadin wikkiin thg typicadmd U S
E[J?\Iill'% &n%b@%%gtcat Serl al %"}@?ﬁ%’lf %_\50427 Qaﬁplstulrf%ce%'?'gg te'fﬁ\/l NG A
photovoltaic cells. Thus, a power converter 40A may allow for smaller
photovoltaic cells and use in a wider range of lighting conditions.
As an additional further example, a single fly capacitor Cr and load
capacitor C. has been illustrated for clarity. It should be appreciated by those
20  skilled in the art that power converters 40A consistent with the invention may
include a plurality of fly capacitors Cr and/or a plurality of load capacitors C,.
Moreover, the fly capacitor Cr and/or load capacitor C_ may comprise various
storage devices for electrical and magnetic energy.
As another example, a power converter 40A consistent with the invention
25  may be incorporated in a wide range of products. For example, a power
converter 40A taking advantage of the small size and low power consumption
(i.e., efficiency) proberties described above may advantageously be incorporated
into a battery package to enhance battery service life and energy and amplitude
on demand. Incorporating the power converter 40A would be accomplished in
30  manner similar to that disclosed in the following co-pending and commonly
owned applications all filed on April 2, 1998: U.S. Serial No. 09/054,192, entitled
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TIME, nam ng Dragan D. Nebrigic Mlan M Jevtitch, Vig Sherrill, N ck
Busko, to Peter Hansen, and WlliamMIllam Al of the aforenentioned

appl i cat ivome2/s9588 her eby i ncorporated by reference in thePeT/®R/6641y.
THREE- STATE CHARGE PUMP CONTROL In other versions consistent with the

I nvention as discussed herein, dynamc control of a charge punp may

mai ntain the fly capacitor voltage and/or 15 the | oad capacitor voltage
within a predeterm ned voltage ripple band. The advantages of chargi ng and
o schar o BRkSY BATRAZRY HAVING T BUIETARISRI OISR 19 hatap PPl @

I ncl ude enhancing erficienc e Tly capaci s utiltzed wthin a

vol t age r BNTOTERY RMNCﬁME}mermMg \dédmhaGgetstmraaﬂ’ddZDra@ad D.hdebrgier 8. | osses

opt | mi2i ngerbNendo et Trenitee PATTRR A AN AL B CBNTR )RR of (he

fly_capachicoy T8ND B HYERISERVIGE HURTYRIE ASSIE IR GARLER 4 vol t age

across the capaci t or in a predetermne age r|pp nd is
f or irr:proﬁfdgarﬁD iNedomigye; USe Sedibt blgeO@ﬁOﬁQl(BW'ﬂé‘L&@f BAGT ERY HAMABIGf t he

of "t he baty SRR DR B iGN RR Farkie it afihan fﬁgeﬁé"ééim' -

ripple baggdq(e 9. Pro¥)disHal A?ﬁé&ﬁor'r'svyﬂ&ﬂﬂo éd%sob@tﬁ _hitld@ BlaaE

declines due to the intern resi stance of the battfery, especi al y durlng
peak | oad&lAANGIArBUY-T- NO@NTBOLMEH T&EXEB'ENEP\BP&QFER%@EERV&E)RUN he

battery. equent | t he |tor % e | e uld al so
becone | omg g?m{%g g?’ég é\{ Maf ‘Ee\)ﬁ&&?hyég %emf})zﬂ& poﬁk%SR of the
30 capgci Peitér GhnseH! drid \V\ﬁlnhmvmmawpam@f tHe afdfeinBhR6REY aB BRdationgcgeOf the
battery, this voltage drop in the battery can cause stability problens in
t he ci rcuheremgnmp@rzatp@meraﬁemngsmﬁmaemlremnsequent |y, enbodi ments

consi stent with aspect 6 .- tage reference to
avoid instability probless . NG AC ages to reducing
the fixed vol tW@therr%%@%@ohéisfe%Mﬁ&ﬁetiM/éht’bh%@d@éuém@lrpattery

vol tage. For exanple, a 5 desired output voltage may becone unachi evabl e
at a gi vedyn@mwtwtqf@wargetpa@w wiayrmainiain tthey 8y sepBritergvaliagegndiomp. | n
respoq%s)e ;Pgedﬁ)%ﬁg#ﬁ%c tgﬁvol eg%u\f/?ﬁlnbé’:‘He%re}/eran}\é&%rtaS@ nSS%' Bé dﬂ'a'i'hg harge punp

st age

advantages of charging and discharging the fly capacitor within a predetermined
voltage ripple inciude enhancing efficiency. The fly capacitor is utilized within a
voltage region in which the rate of charge transfer and the internal losses duting
transfer are optimized. Switching losses are mitigated by optimizing the charge
20 transfer during each charge/discharge cycle of the fly capacitor. Similarly, one of
the advantages of maintaining the voltage across the load capacitor within a
predetermined voltage ripple band is for improved efficiency.
The voltage ripple may be defined in terms of the source voltage Vs (e.g.,
battery voltage Vgar), with two scaled thresholds of the battery voltage used for
25 defining the fly capacitor voliage ripple band (e.g., aVeart, BVeat). HOowever, the
baitery voltage Vgat declines due to the internal resistance of the battery,
especially during peak loads and during the latter portions of the service life of
the battery. Consequently, the fly capacitor voltage ripple band would also
become lower. Since the resistance in the switches M1-M4 and the ESR of the
30 capacitors C. and Cr is low compared to the internal resistance of the battery,

this voltage drop in the battery can cause stability problems in the circuit.
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capacitor may be utilized to achieve the desired output voltage, while
reducing the voltage thresholds used to trigger the charge/di scharge
cycles. One@omewpsodf to determning the trend in battery voPCHESI/®6410 sanpl e
the battery voltage during a no-load condition, such as during the tine
del ay between charge and di scharge cycles used to prevent cross-bar
currents. Referring to FIG 18, a flow diagramillustrates the operation of
one circuit for controlling the voltage ripple of the fly capacitor

First, a r.m ion is.15 made as t et her, t flLy capacitor.ls

char ged- t SURBAHE F S aE Ecrdehfyt B5R8bts' ol b e RR Uskh [k
200) . If Rekagd Rsfefdntectopdmid Mistdtilitg pestgeghsunt i | the maxi mum fly capacitor
vol tage is reached (block 202). Wen the fly capacitor is sufficiently

charged, the fHpWayeachess may hmadvgntages iofadusngiberfoedialiegge and the
2230 v ¢ epRneetnteeogRd 12RO, BTt dbaten) yeRRLe Ty BRABIEH ce o

in addsti desiré@ outputabiiage neadbebcsmbangehisvablesat a\ivbn trbgudddybaiengci t or

charged and waiting to be deployed, delay is avoided (i.e., the delay of
havi ng t o VelREQWithireveligga-dpadingshargs pERIP: Ha regpnse tosensied the sensed as

droppi n €, : i : S

[ ncPgasgd.}@@née(aa\éﬁd%t%%gﬁ?m?gg’cae?? &g@hoﬁﬁi%eré%&%{ p2§l%§8n %ogj?[g{ﬁ %on , It is
agvant ageoapaclbitnrhaaye bgh]c&illikeawb aelpigve tho de$ic?d detpmlneomgeqwt/hilde\mblwmg W t h

t he source vol tage an capacitor uncoupled (e.g., step-down

confi gur aih%m'?aggﬁm@hﬂ'@%/ U§ﬂ8 ti{jgges tha ehs rﬂ@&'éﬂfaggﬁﬁyﬁﬁga@%ﬁ WakoE with
one e e ' T ' | he fl
onpaciy b CPimbing the e if haltienf (IRAG R0 damdie HEBanE SARIHGe AR 4 08 .Y

t o whet henotlbad conhdiliony slittage dusing disss tineatielay betyueegn tlargeeandedisclearge
vol t age, VREF. |f the outé)r&t voltage is not |ess than or equal

i.e., Vo . <
to the 50'0@‘62'[5%95@@@@!‘%%%6‘% ¥f erence voltage, the fly capacitor
I's not necessa'ﬁéfé(rrmg)qeqq@q gt ﬁ?lo%iagi;arﬁrﬂ strahss ﬁférﬁﬁﬁb{igﬁ of & 'Cﬁ'éui? n the

wait state (block 20 Once t he outplit voltage does rop to the reference
vol t age oformintrolling thekvatiage rippheof thiedlyf ¢apacitpacFirsly aidetexinptienlist o t he

o DU 0 RS bR 6 35 el BB Bk g e B 251
tv QF‘E a; Qevg{awagé}n.%ﬁi Vo5 QL4 aerclRobs 11998, thBaty ddpacitbrisBHA Y uRRRAS! t OF
maximum fly capacitor voltage is reached (block 202). When the fly capacitor is
sufficiently charged, the fly capacitor is uncoupled from the source voltage and
the load capacitor (block 204) and is placed within what may be referred to as a
20 wait state. This wait state becomes a third state of the charge pump in addition
to the charge and discharge states. With the fly capacitor charged and waiting to
be deployed, delay is avoided (i.e., the delay of having to charge the fly capacitor
after the output voltage is sensed as dropping too low). Thus, the power capacity
of the charge pump is increased. In addition, in certain charge pump
25  configurations, it is advantageous to have the load capacitor provide the output
voltage with the source voltage and fly capacitor uncoupled (e.g., step-down
configuration). Therefore, the wait state incorporated in accordance with one
aspect of the invention is advantageous in these regards.
When the fly capacitor is in the wait state, a determination is made in
30  block 206 as to whether the output voltage is less than or equal to the reference

voltage, i.e., Vo < Vger. If the output voltage is not less than or equal to the
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M N (bl ock 210). Once discharged to the bottomof the fly capacitor voltage
ripple band at this mnimumfly capacitor voltage, then control passes
back to Wook10® to recharge the fly capacitor and to berCpuspzwed for the
next charge-wait | o discharge cycle in accordance with the invention.

Al t hough not depicted in FIG 18, it should be appreciated that a further
determ nation could be nmade of both a maxi mum and m ni num vol t age

reference for the output voltage so that voltage ripple in the output

vol tage c h : fUl: [ 2SS e

control c 8%%%3%%6\@%9%&/ g{ae ﬁ;? ?éﬁﬁ?;ﬂﬁﬁﬂﬁ%eﬁ%mg%@%ﬂ er
enmbodi menthetortrelismee maineiarthe watstates (biegk 204d Oncd-tHe odiput dolidgenddes
diagramof a circuit for providi nggsel Zact abl e di fferent output voltage

level s. EERP B%(ﬁ\?p’le@?reﬂé%’PBa% of bglow (bjoak XPB)3then theFlyscapaciipliss. o v are

h ot ' : t I I
zog}t,\grrpl atC égﬁl‘égﬂgﬁﬂgéﬂ olae%?{daﬁ)%%(ggg& ? Zdls@g’a%é}géf\@b @E)?k\%)%\éz's%\p\glrf& as hi gher
vol t age | eawphsitqreemainsindh¥)disdiarye state gindil a detqrminsticrpgis rAdde {288k 210) t he

out put st 3 6 MyceprEbaolisdbdlr urtsTReshedtiTaim i camedor bolRad¥r ors
and | 0ad gapegdos ) O G FisolhitBali6 ¥R BoRSASNBTRAS LRS! ARl rigtiages

g P
are showmn'in FIG 19. The dynamc control for each output stag a- 232e
i s provi deanbat shis mihimuouftypcapacitot voltdgs, tix@a contiel padses bagk poblaokR201 | er

234 receiyes bandgap voltage reference 236, f scal i,ng a reference

vol t age. VIERqErgnat By pRac i anddndecpiepaiiordhe SRt P HtgB Uit r of oach
out puty St AEBhAFFRCYeE h adétrdaHes WitRGheuivdittiopont rol ler 234 is al so
responsive to an €nable bus 238 to selectively turn on each output stage

232a- 232e. The Although oot depicteshinridiG. di8, #hopikcbbé appresiated thay a dsteer

PCT/ USO01/ 26661 . charge ,and di sch switch signals to the.respective
out put st SotmingibTL eS8 Rads B hEh. 3 ettt 80 alfuboa8E ot ed as a
si gnal busefatdnde @F%&B&@ut V@ﬁé@&&b YI?A’[WOHE@@ riﬁbié in'tﬁétd?}ﬂéuﬁw%b@do@lld 234

generates these charge/discharge signals I'n response to fly capacitor
vol t ages VYeTuiher eendralled. fThus, Buthrrthysiareaigds the contrel couid be eoptoyed. 0
VQUT) .
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MULTIPLE-OUTPUT POWER CONVERTER
Another embodiment of a power converter 230 is depicted in FIG. 19, a

block diagram of a circuit for providing selectable different output voltage levels.

For example, levels of 1.8V, 2.5V, 3.0V, 3.3V, and 5.0 V are shown. It should
20 be appreciated that other voItagé levels are contemplated, such as lower

voltages (e.g., 1.2V, 1.5 V) as well as higher voltage levels (e.g., 7.0 V).

Each integral output stage 232a-232e for the various voltage levels may
be a step-up or step-down charge pump power output stage as described above,
with respective fly capacitors Cg1-Crs and load capacitors Ci1-Cs. Five levels

25 and associated output stages are shown in FIG. 19. '

The dynamic control for each output stage 232a-232¢ is provided by a
multi-output controller 234. The multi-output controller 234 receives a bandgap
voltage reference 236 for scaling a reference voltage Vggr 10 the various
threshold levels necessary to conirol each output stage 232a-232e. The multi-

30 output controller 234 is also responsive to an enable bus 238 to selectively turn
on each output stage 232a-232e. The muiti-output controller 234 provides
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Referring to FIG 20, a circuit for one exanple of the power output stages
232a-232e of FIG 19 is shown, simlar to that described for FIG 5 above.
The flywapzacistor CF, which is coupled between nodes VnFeYF/HE@GH6661d
VnFLY-Low, and the |oad capacitor CL , which is coupled fromnode VoN to
ground, are not shown. 10 The power MOSFETS MLA, M2A, ML B, and M2B shown
in FIG 20 <correspond to switches ML, M2, MB and M4 descri bed above.
Additionally, a p- type MOSFET switch M3 coupl es the source voltage (VCO

to th - i 5 o 234 ' ' d
to char ge CTHioq SEE cisEhEE torpHbRe 63k réRpiive Btk ddés paa ezl TUUFY
be gener airedcinrdahee with thulinventionpdépictet a9 blsigna? BastSei’eaid 82 When t he
depondi g 'ERRSAUVAG. (6ol AR o a1 Sl GRrorateey pese Rhasay SCkgecont r o
[ ls f ' 4 g ' th
i gnal 5 1 SOTERTR RELAAPES M7 YaPklof 1BItaGEs VRLYPREQR e e BuBEBRa0ee (0% o
FIG 24, &.éh] dSKVOIUHGr &0 VOWEpi cted for an output controller 234a for one
h I | | I ..1.8V) .of th | i -.0utput | 234.
e e FRFGEE 2B by St b S B BBl e
by swi tChQBQaQ@ZéQWFI%Q%%h@Wn’E anﬁi%ﬂ% %t@@éﬁbeﬂﬁ%d?@ﬁgo\%! The

battery voltage VBAT being conpared at conparator 250 to the fly capacitor
vol t age VHy capadiiey G lwhige is ¢ydled betweer nofles Weér euicp@nddir agey, \dmdacr oss

the respegtiye |oad ..capacitor is accopplished bynsw t chi bet n two
scal cd t nit e EPagiet Wokis ol Romsde Ve Wbt fug BolREpvie
conpangd at compargvisr MOBHETS MA, MEARUM 1B lahaag2B@howhia Fieswot s of the
swi tched conparisons are provided to the swtch | ogi ¢ and crossbar del ays

circuit 2sarregpenthia switchas Mil o2 M3 aed dMvhdgacriredhalions. sAdditigaally,gned s S11

hr eshol dber PSSR W REF CoblFS g 3BuiiRgp (/57 PahbEskig Hi5c0s -
PCT/ USO1/ 2ebmilti-eutpiug 8bhifolldy 2dpiscdirictivated iflicsédratodthaigé the dasl gnal S31
fromthe switch | ogic and crossbar delays circuit 254 advant a%sousl y

al | ows f ofapaeifars (py-Cas dyeing staskyp. dt i 6igned wopll begpeatated bythehe i nput
vol tage of, ifRitpit YohBBhs: 434 MereSREr HheM M ofiput BSwer stage 232a-232¢ is
being operated. As discussed above, depending upon the type of MOSFET
used (e.g., p-type, n-type), the control signals for some switches may be inverted
or delayed with respect to the signals for other switches. (e.g. S1, S1n, S2, S2n,
etc.)
20 Referring to FIG. 21, a block diagram is depicted for an output controller
234a for one channel or voltage level (e.g. 1.8V) of the multi-output controller
234. The voltage ripple control of the fly capacitor voltage V¢' is accomplished
by switching between two scaled thresholds oVear, BVear based on the batiery
voltage Veat being compared at comparator 250 to the fly capacitor voltage V.
25  The voltage ripple control of the output voltage Vo across the respective load
capacitor is accomplished by switching between two scaled thresholds oVger,
BVRrer based on the reference voltage Vrer as compared at comparator 252 to
the output voltage Vo'. The results of the switched comparisons are provided to
the switch logic and crossbar delays circuit 254, which in turn produce the charge
30 and discharge signals S1'and S2'. An input multiplexer (MUX) 256 controls the
switching between the thresholds in response to whether the controller 234a is
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5 out put stages 232a-232b may be permanently configured as step up (boost)
or step down (buck) or reconfigurable step up / step down. For the latter,
the out puo oosvs ol | er 234n includes a conparator 258 senBChgSewastdlier t he
battery voltage VBAT is above or below the reference voltage VREF, with
the result provided to both the input MJX 256 and switch | ogi c and
crossbar delays circuit 10 254. Referring to FIG 22, a logic diagramis
depicted for one enbodi nent of an output controller, such as controller

234a of Flfirefily il thel Maiol S thdihardd ottt & BRfa) SSTRAN FRNSWALIFPIORRS SR T

by performng e conparfFsons w our conp ors cont r’nuousl y,
and by usicrossihanwdsiaysaincsiti2bdhadvgntageoubly alldvwsctor start-api as destritsdd ci rcui t
270, whi ch out put passed to an output section 280. The S3_n output is
shown as é‘b%eﬁ%re@‘:’géb;ayed output froma three input AND gate with inputs

ey L2, DA A ol gl SRR I Sl o HORNER

power VCC, of a conparison of the e voltage
and of 5a cobpdsiages 232a-R282bahay bapermaheatiecofifigiirad ials stbe updboost) ovol t age

VCC). Th h - h ' f the | gad ' [ S3
Wil be SHIARAPYBIDRERS TPEaR qlratedieh SRdsTan odbe. EPaMa PSS it h Fespect
to the sQuisif coplbAgL2SMIRCIRIES PBbRparatel D98 8eNSNgAGNE! M Batdry G 23, a

power up circuit is depicted forcggodum ng the 25 power up (PUP) sfgnal. In
par ti cul avoltage Vsguiscabove! erdplowdiae irgfeperng ddidgeo/mrewith iiparesafit an AND

gate. The first, an econd | t he AND gate are caupl Vi.a
Paststor Ravideg BBalERE rblIithS28s shiBsibRadeb arif Sof Mamefd <
Conseqgenblky, PUP will go high after the source voltage VCC has stabilized
since the second input sees a | owpass filtered version of the source

vol tage VCC. 3GefemiagrioidG @2rpdpgigliagrap) is-dapicted jeicene amifodiment of an

that the Phitioclffer SRR cstelzat SRS FertRBydelE, WEREHTE"
above | endohipeiigehy @se perfoRned ivkperforiimp iRt eshparsonst witesurcat i on.
Consequently, a full rmultiple-output power converter 230 rrg% be conplete

within acomparaipss afd-264 eritinagEslywane by Msindh@wnstipamisyitlenig isted as
described g\ Rchil§ logic control circuit 270, which outputs are passed to an output section
280. |
The S3_n output is shown as a 50 msec delayed output from a three input
AND gate with inputs of the power up (PUP) signal that is a filtered version of
the source power VCC, of a comparison of the Vo with the reference voltage
20 VREF, and of a compatrison of the reference voltage VREF with the source
voltage (VCC). Thus, the start-up charging of the load capacitor C; using S3_n
will be shutoff 50 msec after the reference voliage stabilizes with respect to the
source voltage (VCC) and output voltage Vo
Referring to FIG. 23, a power up circuit is depicted for producing the
25 power up (PUP) signal. In particular, the source voliage VCC is provided to one
input of an AND gate. The first and second inputs of the AND gate are coupled
via a resistor R31. The second input is also coupled to ground by capacitor C1.
Consequently, PUP will go high after the source voltage VCC has stabilized since
the second input sees a low-pass filtered version of the source voltage VCC.
30 Referring to FIG. 24, a pin-out depiction of a multiple-output power
converter 230 is shown. 1t should be appreciated that the illustrative circuit
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foll owi ng pendi ng and conmmonly owned application which was filed on 5
Novenber 22, 1999 by Dragan D. Nebrigic, et. al.: US. Serial No.

60/ 166, 8380 o508 | ed " ACTI VE PACKACGE FOR | NTEGRATED Cl RCUpdt/us#i/sheli s
hereby incorporated by reference herein inits entirety. The pin-out of
the FIG 24 provides the advantages of separate input. power (VINL-VIN5)
and separate power grounds (PWRGND) for each voltage 1o output. For
exanpl e, noi se may be reduced by separating each stage nore conpletely.

b | ; : ; \ _ b ) !
pover - condPafs el Ethd RidHGell s f fHBRIRE AR ol di BHEARAE. Vet i ng
control pQdniseqaemity, sofedlmyultipledoutpbepenabtanvairies 2GENABYL Bé contlai wHihin

id h | d ' ' f ' f th
Ul 1 pl - BRAIL VIS s BvkRace e rapaBiordBeprPpGIes Fedlarcribertin the
d tivati i ; i [
eact | vat igfowifoboRBBPARI cafndHl bAnbEREblaskh ShichEsbiisssy  servi ce

life within an ne application, 1t my be
deeneds i mplmvemitert22, rra@batyi Dragan Df Nebrigi€, eteabut b8t Serial dge60/¢86)a23t o

i1 o preobiirh S ENE AR OB bR HATET BipaDiBReR)2 reflSha 11 ng
functionsjc raadd lg{, ,re@}e%éé hEWR invigd é,ﬂ?gyl. evel, only one of the five

out put vofr]ta e levels may be sustai ned exanple to keep the nmenory from
bei ng erased. CThegdooetof $he FKe 24ipravisles-tbataslvaniagesrof sepacatednp®30 i s
especi al l y _usef ' | ectronic,devices wher re of the follow ng
Fequi r omeHPWeERY Y- VING) S5858Ra R Biwer Sl e SR YRGB BaPh ablEee bat tory
consunpt i @itput 2)For ewaklphs HASR st be rddifcetl Ty fiperatingdVbacie Blagei Bie (2) smal |

volunme allotted to the electroni'cs and energy source; (3) €conomc
fabri cat i eampirielys ddatdover,(rgmovingyinpat pawenuia a givenesrtiagof the pultiplevel s;

5) efficie operatiQ W n 0 e d ngd. l,.es of
61 ot r oni CahRoRBERBN TRl st Emaiaiy drbeaRRARindea by spiefaiRa,
sat el | i t ecbir6IfBHI6Rs nBEDHSIPRAlsedl gi t al assistants (PDA) and | aptop
conputers, and_portable nmultinmedia entertai nment devices. Wth the 54 WO

02/ 19508 PCT/ USte/eredia pinsoinNABleRt e ENARI?) posiclestirhpragiametieni cat i on
devicgs, LBECARRON RAYRASHS of I mapIb-Gitplit BbRePUbREN YRS mE)DEtde S 230-

for intermittent deactivation. For example, at the latter stages of the battery
service life within an application such as a cell phone application, it may be
deemed important to maintain two of the five output voltage levels to sustain
display functions, processing functions, and memory functions while preventing

20  heavy power consumption such as used by transmitting functions. Thereafter, at
a lower voltage level, only one of the five output voltage levels may be sustained
for example to keep the memory from being erased.

Consequently, the multiple-output power converter 230 is especially useful

in electronic devices where one or more of the following requirements exist: (1)

25  efficient power conversion for reduced batiery consumption; (2) low
Electromagnetic Interference (EMI) emission; (2) small volume allotted to the
electronics and energy source; (3) economic fabrication and assembly; (4)
regulated multiple voltage output levels; (5) efficient operation over a wide range
in power demand. Examples of electronic devices with these requirements

30 include portable cell or satellite telephones, personal digital assistants (PDA) and

laptop computers, and portable multimedia entertainment devices. With the
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It should be appreciated that power converters 230 consistent with aspects
of the invention would vary in the nunber of output |levels and their 5

i nt er depavaencisod or power and control according to the apptT@atimmncl 55 WO
02/ 19508 PCT/ US01/ 26661 WHAT IS CLAIMED IS: 1. A power converter
conprising: a power output stage including a | oad capacitor and a fly
capacitor, the power output stage configured to receive an input voltage
froman energy source and to provide an output voltage across out put

term nal s

| hei ! I out put
term nal s?obﬂgg%Q%rO f g%&;é}totcgéf'lggee{?g u%rﬁ@.xhtc%ﬁ? bé&&g%gt g%sgm&%dgﬁﬁtr)ée{ga\/\e@en a
char ge st #dresumhcmditipthaufpeit poakee convdrtargi280t he charge state includes the
fly capacitor bein Lectrically hn garallel to the input voltage and
wherein the di B&Wg’tﬁ srEpPEeTIAEdinakPewer $orvekiers&nP Gonsisten) Wil ectrical Iy
coupl ed a - { ; i nadier bly
coupl od t & prasshie RREAERIKLan NG EKIRTE Sl Bl oS e RER LY pu
vol t age atestkependehoadorgapesn arat camicbl taccardipgy taldteeapplicationef er ence vol t age
to transfer electrical charge fromthe energy source to the | oad capacitor
by switching the fly capacitor to the charge state and back to the
di scharge state, the dynamc controller further adapted to respond to a
fly capacitor voltage across the fly capacitor to switch the fly capacitor
fromthe charge state thereby controlling a voltage ripple band of the fly
capacitor voltage. 2. The power converter of claiml1l, wherein the dynamc
controller is responsive to the fly capacitor voltage in conparison to a
maxi mrum fly capacitor voltage threshold and a mininumfly capacitor
vol tage threshold. 3. The power converter of claim 1, wherein the dynam c
controller is responsive to the output voltage being above predeterm ned
threshold by switching the fly capacitor to a wait state wherein the fly
capacitor is electrically wuncoupled fromthe energy source and the | oad
capacitor. 4. An electronic device including an energy source, a |oad
device, and the power converter of claim1 interposed between the energy
source and the | oad device.
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56 WD 02/ 19508 PCT/ US01/ 26661 5. The el ectronic device of claim4, wherein
the electronic device conprises one of a portable conmunication device, a
port abl e wed/c®bs devi ce and a portabl e audi o device. 6. PChaseesy61

i ncl uding an energy source, the power converter of claim 1, and out put
termnals, the output termnals adapted to electrically couple to a |oad
devi ce, the power converter interposed between the energy source and the
output termnals. 7. An integrated power converter including a plurality of

t he pome‘lvﬁxq_vlgréle_hm%f[) l%:ai m1l. 57

1. A power converter comprising:

a power output stage including a load capacitor and a fly capacitor,
the power output stage configured to receive an input voltage from an energy
source and to provide an output voltage across output terminals, the load
capacitor being electrically coupled across the output terminals, the power output
stage further configured to switch between a charge state and discharge state,
wherein the charge state includes the fly capacitor being electrically in parallel to
the input voltage and wherein the discharge state includes the fly capacitor being
electrically coupled across the load capacitor; and

a dynamic controller operably coupled to the power output stage
and adapted to respond to the output voltage across the load capacitor and to a
predetermined reference voltage to transfer electrical charge from the energy
source to the load capacitor by switching the fly capacitor to the charge state and
back to the discharge state, the dynamic controller further adapted to respond to
a fly capacitor voltage across the fly capacitor to switch the fly capacitor from the

charge state thereby controlling a voltage ripple band of the fly capacitor voltage.

2. The power converter of claim 1, wherein the dynamic controller is
responsive to the fly capacitor voltage in comparison to a maximum fly capacitor

voltage threshold and a minimum fly capacitor voltage threshold.

3. The power converter of claim.1, wherein the dynamic controller is
responsive o the output voltage being above predetermined threshold by
switching the fly capacitor to a wait state wherein the fly capacitor is electrically

uncoupled from the energy source and the load capacitor.

4. An electronic device including an energy source, a load device, and
the power converter of claim 1 interposed between the energy source and the

load device.
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5. The electronic device of claim 4, wherein the electronic device
comprises one of a portable communication device, a portable medical device
and a portable audio device.

6. A battery including an energy source, the power converter of claim
1, and output terminals, the output terminals adapted to electrically couple o a
load device, the power converter interposed between the energy source and the
output terminals.

7. An integrated power converter including a plurality of the
power converters of claim 1.
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