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DC TO DC CONVERTER AND POWER
MANAGEMENT SYSTEM

[0001] This application is a continuation of US. patent
application Ser. No. 09/917,256, ?led on Jul. 27, 2001,

Which is incorporated herein in its entirety by reference.

from multiple, isolated DC poWer sources and energy stor

age devices, While delivering high quality alternating current
(“AC”) poWer to a load.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The foregoing features and advantages of the
BACKGROUND OF THE INVENTION

[0002] This invention relates generally to systems and
methods for managing direct current (“DC”) poWer. More

present invention Will become more readily apparent from
the folloWing detailed description, made With reference to

the folloWing ?gures, in Which:

speci?cally, this invention relates to DC to DC converters

[0009]

and poWer management systems and methods.

tional “battery node” hybrid poWer con?guration according

[0003] Today, most hybrid fuel cell/battery poWer sys

FIG. 1 is a schematic block diagram of a conven

to the prior art.

tems, and other systems having multiple DC poWer sources

[0010]

and batteries, are arranged as shoWn in FIG. 1. The arrange
ment shoWn in FIG. 1 is referred to as the “battery node”

poWer management system con?guration according to one
embodiment of the present invention.

approach because the poWer must pass through the battery
output node at the battery voltage. This con?guration there
fore uses battery charge controller and inverter ratings that

[0011] FIG. 3 is a schematic block diagram of a parallel
poWer management system according to another embodi

match the capacity of the fuel cell.
[0004]

Conventional DC to DC converters and their asso

ciated inverter designs and products have several de?cien
cies that make it dif?cult for them to adequately meet the

functional requirements of modem hybrid poWer systems.
These conventional converters are therefore unable to satisfy

the needs of a typical energy user. Among other problems,
conventional DC to DC converters typically generate elec

trical noise and high frequency ripple currents on the input

(source) and output (load) busses. They are also poorly
adapted to the regulation of input current. Furthermore, they
typically exhibit energy conversion efficiencies of only
around 80-90%.
SUMMARY OF THE INVENTION

[0005] According to one aspect of this invention, a DC to
DC Buck and Boost Converter is provided. “Buck” poWer
conversion refers to a reduction in voltage from an input side
of the converter to an output side. “Boost” poWer conversion

refers to an increase in voltage from the input side to the
output side of the converter. According to one embodiment
of this invention, the Buck and Boost DC to DC Converter
includes an electrical circuit that alloWs batteries and other
electrical energy storage devices to be charged from or to
discharge to a variable voltage DC bus. This electrical circuit
can also be con?gured to enable seamless integration With
other energy storage devices and/or DC poWer sources, such
as fuel cells, to provide DC poWer for a PoWer Management

FIG. 2 is a schematic block diagram of a series

ment of the present invention.
[0012] FIG. 4 is a schematic circuit diagram of a Buck and
Boost DC to DC Converter according to another aspect of
this invention.
[0013] FIG. 5A is a schematic circuit diagram of a Boost
DC to DC Converter according to a further aspect of this
invention.
[0014] FIG. 5B is a schematic circuit diagram of a Boost
DC to DC Converter according to a still further aspect of this
invention.
[0015] FIG. 5C is a schematic circuit diagram of a Boost
DC to DC Converter according to the prior art.

[0016] FIG. 6 is a graph illustrating the current ?oW over
time through an inductor of the Buck and Boost DC to DC
converter of FIG. 4.
DETAILED DESCRIPTION

[0017] There are presently tWo preferred PoWer Manage
ment System con?gurations according to this invention,
including a series converter con?guration, illustrated in
FIG. 2, and a parallel converter con?guration, shoWn in
FIG. 3. In FIGS. 2 and 3, the hybrid poWer systems 10, 110
of these tWo embodiments are shoWn having only a fuel cell
20 and a battery bank 25. It should be noted, hoWever, that

the fuel cell 20 could easily be replaced by any other DC
poWer source, by a recti?ed AC source, or by an energy

System.

storage unit, as desired. Similarly, the battery bank 25 could
be replaced by a ?yWheel energy storage unit or other energy

[0006] Improved Boost DC to DC Converters are also
provided Which reduce noise and ripple currents in loW
voltage/high current applications. According to one embodi
ment, a resonant capacitance is provided by tWo resonant

current. It should also be noted that any number of fuel cells
20 and DC to DC Converters 14 can be arranged in parallel

capacitors Which store voltage using sWitches that permit
Zero voltage sWitching. According to another embodiment,
an input capacitor is provided to maintain a constant voltage
input to a resonant circuit. The addition of the input capaci
tor reduces voltage stress in a sWitching circuit.

storage device that is charged With and discharges direct
to supply current to the inverter. And furthermore, the single

battery bank 25 could be replaced by any number of parallel
battery banks or strings connecting to the common bus.

[0018] As noted above, the schematic block diagrams in
FIGS. 2 and 3 illustrate a series and a parallel PoWer

Management System 10, 110, respectively, according to

A DC to DC Converter is provided in a module of

preferred embodiments of the present invention. Referring

a PoWer Management System. The PoWer Management
System preferably provides both full poWer source manage
ment and poWer conditioning. In other Words, the PoWer
Management System preferably manages poWer How to and

to FIGS. 2 and 3, each of the PoWer Management Systems
10, 110 includes three main modules: the Controller Module
12; the DC to DC Converter Module (including the current

[0007]

control circuit) 14, 114; and the Inverter Module 16. Any
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number of independent power sources, such as fuel cell 20
and battery bank 25, are also included.

[0019] The independent poWer sources 20, 25 can operate
over different voltage ranges. The Controller Module 12
senses and analyZes the operating output of the poWer
sources 20, 25. The DC to DC Converter Module 14, 114 in
conjunction With the Controller Module 12, manages and
consolidates the poWer from these sources 20, 25 into a DC

bus 13 for processing by the Inverter Module 16. The system
10, 110 delivers AC electrical poWer to a load through an

output 18 of the Inverter Module 16. The system 10, 110 also

automatically controls the charging and discharging of the
battery bank 25.
[0020]

The DC to DC converter 14, 114 operates With its

oWn current control circuit 15. It also communicates With the

system controller 12 and receives input signals from the fuel
cell controller 22. Therefore, the terms “DC to DC Con
verter” and “DC to DC Buck and Boost Converter” can be
used to refer to not only the actual DC to DC Converter

sWitch related hardWare, but also to the current control

circuit 15 and the integration of these subsystems With the
system controller 12 and the fuel cell (or photovoltaic array,
or recti?ed AC, etc.) controller 22.

[0021] In both the series and parallel con?gurations, each
DC bus 13 can operate at its optimum voltage. In the

relatively loW voltage and high current eXamples shoWn in
FIGS. 2 and 3, the converter circuits 14, 114 use poWer
MOSFETs to charge and discharge inductors to transfer
poWer to and from the DC poWer sources. Both the series

and parallel poWer management con?gurations 10, 110 are

preferably con?gured to operate fully automatically betWeen
Zero and full poWer throughput in any of their various
operating modes. The transition betWeen these modes can be

the DC to DC Converter 14) controls the voltage of the
variable voltage DC bus. The Control Module 12 thereby
provides coordinated control of the PoWer Management
System 10. All of the modules, or subsystems, of the PoWer
Management System 10 can be physically integrated
together into a single hardWare package.
[0024]

FIG. 3 shoWs one possible embodiment of a par

allel PoWer Management System con?guration 110. Refer
ring to FIG. 3, in this parallel system embodiment 110, the
current control circuit 15 detects and controls the DC
voltage on the buses for both the battery 25 and the poWer
converter 114. As shoWn, one of the primary advantages of

the parallel system 110 shoWn is that the voltage output from
the fuel cell 20 goes directly into the inverter 16. Because
only a relatively small amount of the poWer is required to

travel through the DC to DC converter (i.e., during battery
charging or transient conditions), this con?guration signi?
cantly reduces losses (such as sWitching losses) and
improves ef?ciency. This con?guration also reduces noise
and ripple currents.

[0025] Referring noW to FIGS. 4, 5A, and 5B, three DC
to DC Converter circuits 114, 214, 314, respectively, have
been developed to perform the functions of the invention. Of
course, many other circuit arrangements could be developed
to perform the same functions and the invention is therefore

not limited to any particular circuit arrangement. Circuit A,

shoWn schematically in FIG. 4, provides a fully bi-direc
tional buck and boost (and buck-boost) converter 114.
Circuits B and C, illustrated in FIGS. 5A and 5B, respec
tively, are DC to DC converters 214, 314 With a boost

capability only.
[0026] Referring to FIG. 4, Circuit A consists of an “H”
sWitch bridge having four sWitch and diode pairs S A and D A,

seamless. Various possible modes include a ?rst mode (e.g.,

SB and DB, Sc and Dc, and SD and DD, coupled to the

Startup/ShutdoWn Mode) in Which the battery 25 is supply

buck/boost inductor LBB. In this arrangement, the DC to DC

ing all of the poWer to the DC bus 13 and inverter 16; a

converter 114 circuit alloWs both buck and boost current in
both directions. This converter 114 provides a current
controlled type of converter that folloWs the current

second mode (e.g., Normal Operation Mode) in Which the
fuel cell 20 is supplying all of the poWer to the inverter 16;
a third mode (e.g., Recharge Mode) in Which the fuel cell 20
is supplying all of the poWer to the inverter 16 and is also

charging the battery 25; and a fourth mode (e.g., Transient
Mode) in Which the fuel cell 20 is supplying less than the
total amount of desired poWer to the inverter 16 and the

battery 25 is supplying the balance of the poWer.

[0022] The series con?gured PoWer Management System
10, shoWn in FIG. 2, Will noW be described in more detail.

Referring speci?cally to FIG. 2, the term “series” refers to
the fact that the DC to DC Converter 14 is located in series
With the Fuel Cell 20 and the Inverter 16. The series
con?guration illustrated in FIG. 1 has an input to the

inverter that is at the battery output node voltage. Unlike the
conventional Hybrid PoWer con?guration, the series PoWer

demanded from the fuel cell by the inverter (or other load).
This circuit provides eXcellent control of both bucking and
boosting voltages With a minimum number of components.
[0027] Although FIG. 4 shoWs the DC to DC Converter
114 installed in series With a fuel cell 20 and inverter 16,
such as in the PoWer Management System con?guration
shoWn in FIG. 2, because the converter can transfer poWer
in either direction, the Circuit A converter 114 can also

operate in the parallel con?guration of FIG. 3. In the parallel
PoWer Management System con?guration 110 shoWn in
FIG. 3, bi-directional buck and boost capabilities, such as
those provided by this converter 114, are required. In the

series con?guration 10 illustrated in FIG. 2, hoWever, only
a single direction boost capability is required. Of course,
many other multi-source poWer systems are possible Which

Manager 10 includes a Controller Module 12 in addition to
the DC to DC Converter Module 14 and the Inverter Module

Would require the fully bi-directional buck and boost capa

16. The combination of these modules can be referred to as

bilities of the Circuit A converter 114 or a similar converter.

a PoWer Manager or PoWer Management System 10.
manages both the Inverter Module 16 and the Converter
Module 14 to provide an integrated control system. The
primary functions of the Controller Module 12 are to control
the current draWn out of the fuel cell and to operate the

[0028] FIG. 6 is a graph illustrating the current ?oW over
time through the inductor LBB of Circuit A of FIG. 4.
Referring to FIGS. 4 and 6, Circuit A operates as folloWs.
When sWitch SA is closed (on) and sWitch SD is closed (on),
current ?oWs from the fuel cell 20 through the inductor LBB
to ground. The circuit remains in this state until the inductor

Inverter Module 16. The Controller 12 (in combination With

LBB is charged to a threshold voltage. This state is shoWn as

[0023] The Controller Module (or System Controller) 12
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stage 1 in FIG. 6. Avoltage (or current) monitoring circuit
(not shown) monitors the voltage across (or current through)
the inductor LBB.
[0029] Once the inductor LBB has been charged to the

threshold voltage, sWitch SD is opened (off) and sWitch Sc
is closed (on), While sWitch S A remains closed (on). This
state is shoWn as stage 2 in FIG. 6. During this stage, current
is ?oWing from the fuel cell 20 to the inverter 16 and battery
25. If the voltage at the output of the converter 114 (i.e., the

input to the inverter 16) is raised (or boosted) above the
voltage at the input of the converter 114 (i.e., the output
terminal of the fuel cell 20), then the circuit is in the boost
con?guration. In the boost con?guration, the slope of the
line in FIG. 6 representing stage 2 is doWnWard and is
proportional to the voltage delta across the inductor LBB

114 of FIG. 4, and is explained here for illustration. This
reverse poWer How is potentially desirable for rechargeable
DC poWer sources. PoWer How to the fuel cell 20 (from right

to left) is enabled in the boost con?guration by closing
sWitch Sc and cycling SB. It is enabled in the buck con?gu
ration by cycling sWitch Sc. Apractical application of Where
poWer ?oW from the inverter/battery Would be desirable is
Where the fuel cell is replaced by a second storage device
such as a battery. For example, a battery bank operating at
nominally 24VDC can be used to replace the fuel cell 20. In
this circumstance, in the conventional direction (left to
right), the DC to DC converter 114 boosts that voltage to

nominally 48VDC, Which is the operating voltage of the
original battery bank. In the opposite direction (right to left),
the DC to DC converter 114 bucks the voltage of the original

(i.e., the difference betWeen the input and output voltages),
and the current through the inductor LBB is being dissipated.

battery bank to 24VDC, for instance, to recharge the battery
that replaced the fuel cell.

[0030] If the voltage at the output of the converter 114 is
loWer than the voltage at its input, then the circuit is in the

[0035] As noted brie?y above, a novel method of substan
tially decreasing the peak to RMS current ratio is also

buck con?guration (i.e., voltage at the inverter input is
reduced beloW the voltage at the fuel cell output). Current
and poWer are still ?oWing from the fuel cell 20 to the

inverter 16 and battery 25, but the slope of the line in FIG.

6 representing stage 2 Will be upWards, again in proportion
to the voltage delta across the inductor LBB. In this state, the
current through the inductor continues to ramp up until
sWitch S A is opened. The converter 114 can be kept in the
buck con?guration simply by cycling sWitch S A to alloW the

provided. This method is enabled, for instance, by using four

parallel gate (or sWitch) and diode pairs. Again referring to
FIGS. 4 and 6, the use of four parallel gate and diode pairs
alloWs the converter 114 of Circuit A to reduce the current

peak and tailor the shape of the current ?oWing through the

inductor LBB during each cycle. This is accomplished by

current to maintain a steady level.

operating pairs of sWitches for the ?rst three stages of the
cycle. During stage 1, the sWitches S A and SD are on. During
stage 2, the sWitches SA and Sc are on. And, during stage 3,
sWitches SB and Sc are on. During the fourth and ?nal stage

[0031] In the boost con?guration, after the energy in the
inductor LBB is substantially dissipated, sWitch S A is opened

only. Alternatively, the cycle can be constructed of three
stages rather than four, With the ?rst tWo stages being the

(off) and sWitches SB and Sc are closed (on). Closing
sWitches SB and Sc discharges the remaining energy in the
inductor LBB fast Without stressing the tWo diodes DB and

the third stage being that of conducting current through
diodes DB and Dc only. In other Words, the third stage of the

Dc. At the same time, hoWever, some current is also ?oWing

four stage process could be eliminated, if desired, to create

through the diodes DB and Dc. When the current through (or
voltage across) the inductor LBB drops beloW a threshold
value (i.e., current less than 5A), sWitches SB and Sc are
opened (off), alloWing the diodes DB and Dc to complete the

a three stage process.

discharge of the inductor LBB. Once the current through the
inductor LBB reaches Zero, another cycle is started by
closing sWitches SA and SD.

[0032] The inductor LBB should be discharged after reach
ing the end of stage 2 before beginning a neW cycle (stage
1). A current from right to left may still be passing through
the inductor LBB at the end of stage 2. In other Words, a
reverse current may still eXist in the inductor LBB at this
point. If sWitches SA and SD Were simply turned back on and
sWitches SC and SB turned off, a large forWard current Would

be generated from the fuel cell through the inductor LBB to
ground. These tWo oppositely directed currents could dam
age the diodes. Accordingly, the inductor LBB is completely
discharged before the neXt boost cycle is started.
[0033] It should also be noted that the converter 114 of
Circuit A maintains a high current level during stage 2. This
high current level increases the RMS current and eliminates
the need for generating a large current peak. The bi-direc
tional aspect of the converter 114 of Circuit A alloWs the

(stage 4), current is conducted through diodes DB and Dc
same as the ?rst tWo stages described previously and With

[0036] “Boost only” DC to DC Converter circuits 214,
314 are shoWn in FIGS. 5A and 5B, respectively. These
converter circuits represent a signi?cant improvement to the
conventional converter circuit design described in the tech
nical paper: Duarte, Claudio Manoel da Cunha and Ivo

Barbi, “A NeW Family of ZVS-PSW Active-Clamping DC
to-DC Boost Converters: Analysis, Design, and Experimen
tation”IEEE Transactions on Power Electronics, Vol. 12,

No. Sep. 5, 1997, pp 824-831 (the “Duarte paper”) (see FIG.

SC).
[0037] Circuit B, shoWn in FIG. 5A, and Circuit C, shoWn
in FIG. 5B, are designed to be Zero-voltage sWitching (ZVS)
pulse-Width modulation (PWM) active-clamping DC to DC
boost converters. The circuits are based on the “boost-buck

boost” circuit shoWn in FIG. 1(c) of the Duarte paper. The

general circuit con?guration shoWn in FIG. 1(c) of the
Duarte paper is reproduced here as FIG. 5C. In each of the

4) betWeen boost cycles (stages 1 and 2).

circuits shoWn in FIGS. 5A, 5B, and 5C, poWer is trans
ferred to the load during a boost stage, While the clamping
action is performed during a buck-boost stage. The converter
circuits of FIGS. 5A, 5B, and 5C differ from earlier con
ventional boost pulse-Width modulation (PWM) converters
because of the incorporation of an additional auXiliary
sWitch (S2), a resonant inductor (LR), a resonant capacitor

[0034] PoWer How to the fuel cell 20, although not Wanted
in practice, is also possible using the bi-directional converter

(CR1) (Which includes the output capacitance of the poWer
sWitches), and a clamping capacitor Cc. In each of these

inductor LBB to be discharged faster (i.e., during stages 3 and
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circuits, switch S1 is the main sWitch. Voltage VS is the input
voltage and voltage V0 is the output voltage. Inductor LR and
capacitor CR1 are the resonant circuit inductor and capacitor,
respectively. Inductor LB is the boost inductor.

[0038] Despite the similarities betWeen these converter
circuits, the converters 214, 314 of Circuits B and C,
respectively, each offer an improved design over that of the
prior art circuit 414. More speci?cally, an additional capaci

any sWitching losses (ZVS), because the ?rst resonant

capacitor voltage VCR1 became null. During this stage, the
current through the resonant inductor LR changes its polarity
and ramps up to reach the boost inductor current IS. At time

t5 (t=t5), the diode DB becomes reversibly biased and poWer
is not transferred to the load. This stage ends When the main

sWitch S1 is turned off at the end of the ?rst sWitching cycle
to start the neXt sWitching cycle.

tor is included in each of Circuits B and C to achieving soft

[0043]

sWitching and reliable current control for loW voltage (e.g.,
less than about 100V) and high current (e.g., up to around
150 A) applications. The circuits developed and described
by Duarte and Barbi are primarily aimed at high voltage

by splitting its resonant circuit capacitance betWeen tWo
capacitors CR1 and CR2 to alloW Zero or loW voltage sWitch
ing by both sWitches S1 and S2. More particularly, the second

Circuit B offers an improvement over the prior art

contemplate the need for additional capacitors for satisfac

resonant capacitor CR2 acts as part of the resonant control
circuit that includes the resonant inductor LR and the ?rst
resonant capacitor CR1. The oscillation that occurs When the
main sWitch S1 is sWitched on and off can be neutraliZed

tory sWitching. By recogniZing and addressing this need, the

using the second capacitor CR2 by selectively sWitching the

tWo converters 214, 314 of FIGS. 5A and 5B are able to
offer improved performance over prior art DC to DC con
verter circuits, such as the one 414 illustrated in FIG. SC, in

auXiliary sWitch S2. When the second capacitor CR2 is
substantially smaller than the ?rst capacitor CR1, oscillation
control can be provided at loW voltage. By dividing the
capacitance betWeen the tWo resonant circuit capacitors CR1
and CR2, the voltage on sWitches S1 and S2 can be ramped

(i.e., around 300V-400V), loW current (i.e., around 5 A)
applications, and because of the loW current involved, do not

loW voltage/high current applications.
[0039] Referring to FIG. 5A, the DC to DC converter 214
of Circuit B includes the addition of a capacitor CR2 on the
output side of the resonant circuit across the auXilliary
sWitch S2. The second resonant capacitor CR2 is bene?cial in
loW voltage and high current applications such as fuel cell

the capacitors store the voltages With no voltage losses, they
provide ef?cient poWer transfer betWeen the input and the

and battery systems because it substantially reduces output
DC current ripple and sWitching losses and provides better
control for combined loW voltage/high current applications.

[0044] Referring noW to FIG. 5B, the DC to DC converter
314 of Circuit C is another boost converter embodiment

[0040] The principle of operation of Circuit B is as fol
loWs. The inductance in the boost inductor LB is assumed to
be large enough for the inductor to act as a current source

(IS). The clamping capacitor Cc is selected to have a large
capacitance so that the voltage Vc across this capacitor can
be considered a constant. The main and auXiliary sWitches

doWn to alloW Zero voltage sWitching. Furthermore, because
output nodes of the converter 214.

capable of use in the PoWer Management System 10 of FIG.
2. In this converter 314, an input capacitor C1 has been
added to the input side of the resonant circuit of the prior art
converter 414 of FIG. 5C. Without the capacitor C1, the

voltage at node Adips in high current applications, and large
voltage sWings occur at that node. These voltage sWings
cause a large voltage stress on sWitch S1 and result in an

S1 and S2, respectively, are sWitched in a complementary
Way. The main sWitch S1 is turned off at time (t)=tO, When the

inability to achieve reliable control of the current through
the resonant inductor LR.

sWitching period starts.

[0045] With the addition of capacitor C1 in the circuit, the
voltage at node A can be held steady during sWitching.
Because the input capacitor C1 maintains a constant voltage

[0041] Before time to, the main sWitch S1 is on and the
auXiliary sWitch S2 is off. When S1 is turned off at time to,

the resonant capacitor CR1 is linearly charged, by the boost
inductor current IS, to a base voltage V0. Due to the presence

of the resonant capacitor CR1, the main sWitch S1 is turned
off With no sWitching loss. When the voltage VCR1 reaches

the voltage V0, the boost diode DB begins conducting. The
current through the resonant inductor LR and the resonant
capacitor CR1 then evolves in a resonant Way, and the

resonant capacitor voltage VCR1 rises from the base voltage
VO up to a increased voltage equal to VCC+VO. At that point,
the voltages are clamped. As the capacitor voltage VCR1
becomes equal to VCC+VO, the voltage across the auXiliary
sWitch S2 is Zero, and the sWitch S2 turns on With a no loss

Zero-voltage sWitching (ZVS). The resonant inductor LR

at node A, the voltage stress on the main sWitch S1 is

reduced. Speci?cally, by dampening the voltage sWings at
node A, the input capacitor C1 ?lters out high voltage sWings
and keeps them from affecting the sWitch S1. This steady
voltage at node A helps achieve soft sWitching and good
current control.

[0046] Having described and illustrated the principles of
the invention in various preferred embodiments thereof, it
should be apparent that the various implementations of the
invention described above can be modi?ed in arrangement

and detail Without departing from such principles. We claim
all modi?cations and variations coming Within the spirit and
scope of the folloWing claims.

current then ramps doWn until it reaches Zero, When it

changes its direction and rises again.

[0042] This stage ends When the auXiliary sWitch S2 is
turned off With Zero volts on the sWitch S2 due to the

presence of the added capacitor CR2 at time t3 (t=t3). The
voltage across the resonant capacitor CR1 falls, due to
resonance betWeen inductor LR and the ?rst or second
resonant capacitor CR1 or CR2, until it reaches Zero at time

t4 (t=t4). In stage 5, the main sWitch S1 is turned on Without

What is claimed is:

1. A poWer management system, comprising:
a plurality of independent DC poWer sources connected to
a DC bus; Wherein at least one of the independent
poWer sources comprises a rechargeable DC poWer
source for supplying poWer to and receiving poWer
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from the DC bus, and wherein at least one of the DC

prises integrating betWeen a plurality of modes Wherein each

power sources is a fuel cell or a PhotoVoltaic (PV)

of the DC poWer sources is either supplying some or all of

array;

the required poWer, being recharged by one or more of the
other DC poWer sources, or being isolated from the DC bus.

a DC to DC converter connected betWeen an output of the

rechargeable DC poWer sources and the DC bus in
parallel With the fuel cell or the PV array; and

a system controller for managing poWer transfer betWeen
the multiple independent DC poWer sources and the DC
bus.

2. A poWer management system according to claim 1,
Wherein the system controller is con?gured to control the
current supplied from each of the poWer sources to the DC
bus and from the DC bus to each of the poWer sources.

3. A poWer management system according to claim 1,
further comprising an inverter for converting DC poWer
from the independent DC poWer sources into AC poWer.

4. A poWer management system according to claim 1,
Wherein the fuel cell comprises a fuel cell controller.

5. A poWer management system according to claim 4,
Wherein the system controller communicates With the fuel
cell controller to control the amount of poWer supplied by
the fuel cell to the DC bus.

6. A poWer management system according to claim 1,
Wherein the DC to DC converter further comprises a con

verter control circuit that communicates With the system
controller to control an amount of poWer transferred
betWeen the DC to DC converter and the DC bus.

7. A poWer management system according to claim 1,
further comprising an inverter, Wherein the DC to DC
converter is arranged in series betWeen the fuel cell or the
PV array and the inverter.

8. A poWer management system according to claim 1,
further comprising an inverter, Wherein the DC to DC
converter is arranged in parallel With the fuel cell or the PV
array and the inverter.

9. A method for managing multiple independent DC
poWer sources, comprising:
arranging a plurality of independent DC poWer sources in
communication With a DC bus; Wherein at least one of
the DC poWer sources comprises a fuel cell or a PV

array;
converting a voltage from one or more of the independent
DC poWer sources to conform to a voltage of the DC
bus; Wherein converting a voltage from one or more of
the independent DC poWer sources to con?rm to a

voltage of the DC bus comprises arranging a DC to DC
converter in series betWeen one or more of the inde

pendent DC poWer sources and the DC bus and in
parallel With the fuel cell or the PV array and the DC

bus; and
controlling the amount of poWer that the DC bus supplies

11. A method of managing multiple independent DC
poWer sources according to claim 9, Wherein converting a
voltage from one or more of the independent DC poWer
sources to conform to a voltage of the DC bus comprises
arranging a DC to DC converter in series betWeen a

rechargeable DC poWer source and the DC bus.

12. A method of managing multiple independent DC
poWer sources according to claim 11, Wherein the DC to DC
converter is arranged in parallel With the fuel cell or the PV
array and an inverter.

13. A method of managing multiple independent DC
poWer sources according to claim 9, further comprising
supplying the DC poWer from the DC bus to an inverter for
conversion into AC poWer to enable the provision of AC
poWer to a load.

14. A DC to DC converter, comprising:
an input node for receiving poWer from a DC poWer
source;

a plurality of sWitch-diode pairs arranged betWeen the
input node and an output node; and
an inductor arranged betWeen tWo or more of the sWitch

diode pairs, Wherein the inductor is con?gured to
convert a voltage betWeen the input node and the output
node in response to actuation of the sWitches.
15. ADC to DC converter according to claim 14, Wherein

the plurality of sWitch-diode pairs comprises four sWitch
diode pairs, and Wherein tWo sWitch-diode pairs are con
nected on each side of the inductor.
16. ADC to DC converter according to claim 14, Wherein

current through the inductor is fully bi-directional.
17. ADC to DC converter according to claim 14, Wherein
a ?rst sWitch-diode pair is connected betWeen the input node
and a ?rst end of the inductor, and Wherein a second

sWitch-diode pair is connected betWeen the ?rst end of the

inductor and ground.
18. ADC to DC converter according to claim 14, Wherein
a third sWitch-diode pair is connected betWeen a second end
of the inductor and the output node, and Wherein a fourth

sWitch-diode pair is connected betWeen the second end of
the inductor and ground.
19. An improved DC to DC converter having a boosting
inductor connected to an input node, a clamping capacitor,
a plurality of diodes, and a resonant circuit comprising a
resonant inductor and a resonant capacitor, Wherein the

improvement comprises an additional capacitor con?gured
to stabiliZe a voltage.

20. An improved DC to DC converter according to claim
19, Wherein the node comprises an input node to the

to or receives from one or more of the independent

resonant circuit.

poWer sources.

21. An improved DC to DC converter according to claim
19, Wherein the node comprises an output node from the

10. A method of managing multiple independent DC
poWer sources according to claim 9, Wherein controlling the
amount of poWer that the DC bus supplies to or receives
from one or more of the independent poWer sources com

resonant circuit.

