(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(10) International Publication Number

WO 2004/088828 A2

(51) International Patent Classification’: HO2M 3/00 (81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(21) International Application Number: AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
PCT/NO2004/000097 CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,

GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG,
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM,

(43) International Publication Date

14 October 2004 (14.10.2004)

(22) International Filing Date: 1 April 2004 (01.04.2004)

(25) Filing Language: English TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM,

ZW.

(26) Publication Language: English

(84) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
10/407,047 3 April 2003 (03.04.2003) US GM, KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), Euro-
(71) Applicant (for all designated States except US): pean (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, H, FR,
POWER-ONE AS [NO/NOJ; Kobbervikdalen 75, GB, GR, HU, IE, IT, LU, MC, NL, PL, PT, RO, SE, SI, SK,
N-3036 Drammen (NO). TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

ML, MR, NE, SN, TD, TG).

(72) Inventors; and
(75) Inventors/Applicants (for US only): APELAND, Ingvar  Published:
[NO/NOJ; Hellemyrtoppen 47, N-4628 Kristiansand (NO). —  without international search report and to be republished
MYHRE, Roar [NO/NOJ; Hyllebk. 33, N-4622 Kris- upon receipt of that report
tiansand (NO).
For two-letter codes and other abbreviations, refer to the "Guid-
(74) Agent: BRYN AARFLOT AS; PO. Box 449 Sentrum, ance Notes on Codes and Abbreviations" appearing at the begin-
N-0104 Oslo (NO). ning of each regular issue of the PCT Gagzette.

2|0 0 0 0

< (54) Title: PHASE-SHIFTED RESONANT CONVERTER HAVING REDUCED OUTPUT RIPPLE

R (57) Abstract: A power converter comprises a pair of resonant converter circuits coupled together in parallel and operated at respec-

tive switching frequencies that are out of phase. The power converter includes a first resonant converter circuit and a second resonant
o0 converter circuit operatively coupled together. The first resonant converter circuit includes at least one power switch adapted to con-
@0 vey power to a first resonant circuit and a first rectification stage adapted to rectify the conveyed power from the first resonant circuit.
& The second resonant converter circuit includes at least one power switch adapted to convey power to a second resonant circuit and a
% second rectification stage adapted to rectify the conveyed power from the second resonant circuit. A filter capacitor is coupled to the
& first and second rectification stages to provide DC output power therefrom. A regulator is operatively coupled to the first and second
& resonant converters to control switching frequency of the power switches, such that the switching frequency of the at least one power
O\ witch of the second resonant converter is shifted in phase with respect to the switching frequency of the at least one power switch

of the second resonant converter. In a preferred embodiment, the switching frequency of the at least one power switch of the second

resonant converter is shifted in phase by approximately 90° with respect to the switching frequency of the at least one power switch
g of the second resonant converter.
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PHASE-SHIFTED RESONANT CONVERTER HAVING REDUCED OUTPUT RIPPLE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to switched mode power converter circuits, and
more particularly, to a phase-shifted half bridge resonant converter that provides a DC

output voltage having minimal ripple.

2. Description of Related Art

Switched mode power converters are known in the art to convert an available

direct current (DC) level voltage to another DC level voltage. A switched mode power
converter provides a regulated DC output voltage to a load by selectively storing energy
in an inductor coupled to the load by switching the flow of current into the inductor. A
resonant converter is one particular type of switched mode power converter that
includes a resonant circuit including a capacitor and an inductor. Current is periodically
delivered to the resonant circuit by operation of one or more power switches typically
provided by MOSFET transistors. The load may be isolated from the resonant circuit
using a transformer having a primary winding that provides all or part of the induciance
portion of the resonant circuit. A sinusoidal current waveform present on the secondary
winding of the transformer is rectified and delivered to the load aé a DC output. The
output voltage and/or current may be regulated in response to changing load conditions
by altering the switching frequency applied to the power switch to thereby control the
amount of current delivered to the resonant circuit. Resonant converters are particularly
advantageous for high power applications since they produce relatively low electro-
magnetic interference (EMI), have almost zero switching losses of the power switches,
and have a generally robust design.

A drawback of resonant converter circuits is that the output current generally has

ripple that is unacceptable for certain applications. The rectified sinusoidal waveform is
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smoothed by a filter capacitor coupled in parallel with the load. But, the ripple current
into the filter capagitor is relatively large in comparison with the DC output current. The
filter capacitor must remove a relatively large portion of the current delivered from the
resonant cichit, resulting in inefficiency of the resonant converter circuit and increasing
the size and capacity of the filter capacitor. These drawbacks are further exacerbated
when the output power or output current of the résonant converter circuit is very high.
Moreover, the lifetime of the filter capacitor is significantly reduced if the ripple current is
too high, particularly when operated at high temperatures.

Another drawback of resonant converter circuits is that they have limited output
voltage regulation window. The resonant circuit (LC) has a characteristic Q curve (i.e.,
impedance vs. frequency). The average switching frequency is set either above or
below resonance on the side of the Q curve. Output voltage regulation is accomplished
by moving the switching frequency along the side of the Q curve to change the
amplitude of the current in the resonant circuit. Thus, the load range of the output
corresponds to the frequency range of the resonant circuit. If the resonant circuit has a
narrow frequency range, then the load range is also narrow, which makes resonant
converters less useful in applications where load varies over a wide range.

Yet another drawback of resonant converter circuits relates to the voltage
regulation window under no-load condition. Under this condition, the resonant converter
can go into hard swiiching with increased voltage and curreni siress on ihe power
switches as well as increases of conducted and radiated noise. In the worst case, the
load has to be increased to 20-40% of max load for a proper function of the resonant
converter. Also, the voltage stress on the power switches is proportional to the load
range. When there is a short of the output voltage, the voltage across the resonant
capacitor can quickly rise above the input voltage, causing failure of the power switches.

It would therefore be desirable to overcome these and other drawbacks of prior
art resonant converter circuits. More specifically, it would be desirable to provide a

resonant converter circuit having reduced ripple current for use in high output power
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applications. It would also be desirable to provide a resonant converter circuit having

improved voltage regulation.

SUMMARY OF THE INVENTION
In accordance with the teachings of the present invention, a power converter is

provided that has substantially reduced ripple current in comparison to conventional
resonant converter circuits. The power converter comprises a pair of resonant
converter circuits coupled together in paraliel and operated at respective switching
frequencies that are out of phase. |

More particularly, the power converter includes a first resonant converter circuit
and a second resonant converter circuit operatively coupled together. The first resonant
converter circuit includes at least one power switch adapted to convey power to a first
resonant circuit and a first rectification stage adapted to rectify the conveyed power from
the first resonant circuit. The second resonant converter circuit includes at least one
power switch adapted to convey power fo a second resonant circuit and a second
rectification stage adapted to rectify the conveyed power from the second resonant
circuit. A filter capacitor is coupled to the first and second rectification stages to provide
DC output power therefrom. A regulator is operatively coupled to the first and second
resonant converters to control switching frequency of the power switches, such that the
switching frequency of the at least one power swiich of the second resonant converter is
shifted in phase with respect to the switching frequency of the at least one power swiich
of the second resonant converter. In a preferred embodiment of the invention, the
switching frequency of the at least one power switch of the second resonant converter is
shifted in phase by approximately 90° with respect to the switching frequency of the at
least one power switch of the second resonant converter.

The first and second resonant circuits each further comprises an inductor, a
transformer having a primary winding in series with the inductor, and first and second
capacitors in series with the primary winding and connected across an input voltage
source. In an alternative embodiment of the invention, an overvoltage condition of at

least one of the first and second resonant converter circuits is prevented by including
-3.
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first and second diodes coupled in parallel respectively with the first and second
capacitors. The diodes serves to couple to ground excess current in the resonant circuit
when an overvoltage condition is experienced. In another alternative embodiment of
the invention, an additional capacitor is operatively coupled between the primary
winding and the first and second capacitors, in order to prevent frequency shift of the
resonant circuit upon shorting of one of the first and second capacitors upon the
overvoltage condition. In yet another alternative embodiment of the invention, additional
first and second capacitors are coupled in series respectively with the first and second
capacitors.

A more complete understanding of a phase-shifted resonant converter circuit
having reduced ripple current will be afforded to those skilled in the art, as well as a
realization of additional advantages and objects thereof, by a consideration of the
following detailed description of the preferred embodiment. Reference will be made to
the appended sheets of drawings, which will first be described briefly.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 depicts a prior art resonant converter circuit;

Fig. 2 is a graph depicting the ripple current in a filter capacitor of the prior art
resonant converter circuit;

Fig. 3 depicts a multiple-phase resonant converter circuit in accordance with an
embodiment of the invention;

Fig. 4 is a graph depicting the ripple current in a filter capacitor of the multiple-
phase resonant converter circuit;

Fig. 5 depicts a resonant converter circuit providing resonant circuit overvoltage
protection in accordance with an alternative embodiment of the invention;

Fig. 6 depicts a resonant converter circuit providing resonant circuit overvoltage
protection in accordance with another alternative embodiment of the invention; and

Fig. 7 depicts a resonant converter circuit providing resonant circuit overvoltage

protection in accordance with yet another alternative embodiment of the invention.

-4 -
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention provides a resonant converter circuit having reduced ripple

current for use in high output power applications and that has improved voltage
regulation. In the detailed description that follows, like element numerals are used to
describe like elements illustrated in one or more of the figures.

Fig. 1 depicts a resonant converter circuit 10 in accordance with the prior art.
The resonant converter 10 converts an input DC voltage Vi, to an output DC voltage Vout
applied to a load (not shown). The resonant converter 10 includes a pair of power
switches 12, 14, typically provided by MOSFET devices. The drain terminal of the high
side power switch 12 is coupled to the input voltage Vi, the source terminal of the low
side power switch 14 is connected to ground, and the respective source and drain
terminals of the power switches 12, 14 are coupled together to define a phase node.
The phase node is coupled to a resonant circuit that includes inductor 16, the primary
winding of transformer 26, and capacitors 32, 34. Inductor 16 is coupled in series with
the primary winding. Capacitor 32 is connected between the primary winding and the
input voltage Vj, and capacitor 32 is connected between the primary winding and
ground. The secondary winding of transformer 26 includes a center tap defining an
isolated ground, and positive and negative taps coupled to respective rectifying diodes
36, 38. The rectifying diodes 36, 38 are coupled fogether to define an output terminal
that provides the output voltage Vo, with filter capacitor 42 coupled between the ouiput
terminal and the isolated ground.

A driver 22 alternatingly drives the gate terminals of the power switches 12, 14.
In turn, a regulator 24 controls the driver 22. The opening and closing of the power
switches 12, 14 provides an intermediate voltage having a rectangular waveform at the
phase node. The regulator 24 may include a feedback loop that derives measurements
of the output voltage Vout or output current /o, and uses that information to control the
switching frequency applied to the power switches 12, 14 in order to regulate the output
voltage Vi and/or output current /o, at desired levels. The rectangular waveform at the

phase node produces a resonance in the resonant circuit, resulting in a sinusoidal

-5-
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o

current waveform being present on the secondary winding of the transformer 26. The
sinusoidal current waveform is rectified by diodes 36, 38 and smoothed by capacitor 42
to provide the DC output voltage V.

More specifically, the power switches 12, 14 are alternatingly driven' in
accordance with a half-bridge power cycle in which a dead time period occurs between
successive positive and negative going periods. The power switches 12, 14
respectively have both an internal body capacitance (not shown) and an external
snubber capacitor 13, 15. These two capacitances are referred to collectively as the
snubber capacitor of the power switch. In a first part of the power cycle, power switch
12 is turned on at a time in which the voltage across its snubber capacitor is at zero.
This causes the snubber capacitor of power switch 14 to charge to the input voltage Vi,
When power switch 12 is conducting, a current path is formed through inductor 16,
primary winding of transformer 26, and capacitors 32, 34. Next, power switch 12 is
turned off, causing the snubber capacitor of power switch 14 to discharge and the
snubber capacitor of power switch 12 to charge. When the voltage across the snubber
capacitor of power switch 14 falls to zero, current is conducted through the body diode
of power switch 14 and power switch 14 is turned on. This causes the snubber
capacitor of power switch 12 to charge to the input voltage V;,. When power switch 14
is conducting, @ current path is formed through inductor 18, primary winding of
transformer 26, and capacitors 32, 34. Then, power switch 14 is turned off, causing the
shubber capacitor of power switch 12 to discharge and the snubber capacitor of power
switch 14 to charge. After the voltage across the snubber capacitor of power switch 12
falls to zero, current is conducted through the body diode of power switch 12 and power
switch 12 is turned on. The power cycle continuously repeats in this same manner.

By varying the switching frequency applied to the power switches 12, 14, the
amount of coupling to the resonant circuit and hence the amplitude of the sinusoidal
waveform may be controlled. The exemplary resonant converter circuit 10 generally
has a switching frequency above the resonant frequency. For example, the switching
frequency ranges from 125 kHz to 325 kHz. The length of the dead time between

-6 -
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successive activation periods of the power switches 12, 14 is optimized as a function of
the switching frequency to achieve zero voltage switching.

One unique feature of this topology is to have a relative high magnetizing current
in the transformer 26 to charge snubber capacitors of power switches 12, 14 during no
load condition to achieve a desired output voltage regulation window. The rms ripple
current (/) applied to the filter capacitor 42 may be characterized in accordance with the
following equation:

1 . .
Ir = J;f(lp Slnt_[out)zdt = \/(—g'—l) *[out

wherein , is the sinusoidal current waveform on the secondary winding of the
transformer 26 and /o, is the DC output current. Thus, the ripple current /, into the filter
capacitor 42 is roughly 48.5% of the DC output current /... This is illustrated graphically
in Fig. 2, which illustrates the rectified sinusoidal waveform on the secondary winding of
the transformer 26. The shaded regions correspond to the ripple current /.. It should be
appreciated that the filter capacitor 42 must remove a relatively large portion of the
current delivered from the resonant circuit, resulting in inefficiency of the resonant
converter circuit 10 and a large power-loss in the filter capacitor 42. This necessarily
requires the size and capacity of the filter capacitor 42 to be increased.

Referring now to Fig. 3, a multiple-phase resonant converter circuit 100 is
depicted in accordance with an embodiment of the invention. The multiple-phase
resonant converter circuit 100 essentially comprises two separate resonant converter
circuits coupled in parallel and operating out of phase by 90° so that the rectified
sinusoidal waveforms will overlap and thereby reduce the ripple current into the filter
capacitors. Each of the two separate resonant converter circuits is constructed
substantially as described above with respect to Fig. 1.

Particularly, a first resonant converter includes a pair of power switches 112, 114
in WhICh the drain terminal of the high side power switch 112 is coupled to the input
voltage Vi, the source terminal of the low side power switch 114 is connected to
ground, and the respective source and drain terminals of the power switches 112, 114

-7 -
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are coupled together to define a first phase node. Snubber capacitors 113, 115 are
shown coupled across power switches 112, 114, respectively, as described above with
respect to Fig. 1. The first phase node is coupled to a first resonant circuit that includes
inductor 132, the primary winding of transformer 146, and capacitors 136, 138. The
secondary winding of transformer 146 includes a center tap defining an isolated ground,
and positive and negative taps coupled to respective rectifying diodes 152, 154.
Likewise, a second resonant converter includes a pair of power switches 116, 118 in
which the drain terminal of the high side power switch 116 is coupled to the input
voltage Vi, the source terminal of the low side power switch 118 is connected to
ground, and the respective source and drain terminals of the power switches 116, 118
are coupled together to define a second phase node. Snubber capacitors 117, 119 are
shown coupled across power switches 116, 118, respectively, as described above with
respect to Fig. 1. The second phase node is coupled to a second resonant circuit that
includes inductor 134, the primary winding of iransformer 148, and capacitors 142, 144.
The secondary winding of transformer 148 includes a center tap defining an isolated
ground, and positive and negative taps coupled to respective rectifying diodes 156, 158.
The rectifying diodes 152, 154, 156, 158 are coupled together to define an output
terminal that provides the output voltage Vou, with filter capacitor 162 coupled between
the output terminal and the isolated ground.

A first driver 122 alternatingly drives the gate terminals of the power swiiches
112, 114, and a second driver 124 alternatingly drives the gate terminals of the power
switches 116, 118. In turn, a regulator 126 controls the first and second drivers 122,
124 such that they have a predetermined phase difference. In a preferred embodiment
of the invention, the predetermined phase difference is 90°, but it should be appreciated
that other phase differences could also be advantageously utilized. The rectangular
waveform at the first and second phase nodes produces resonance in the respective
resonant circuits, resulting in sinusoidal current waveforms being present on the
secondary windings of transformers 146, 148. The sinusoidal current waveforms are
rectified by diodes 152, 154, 156, 158 and smoothed by capacitor 162 to provide the DC

-8-
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output voltage Vo The regulator 126 may include a feedback Joop that derives
measurements of the output voltage V,. or output current Io,; and uses that information
to control the switching frequency applied to the power switches 112, 114, 116, 118 in
order to regulate the output voltage V,, and/or output current I,y at desired levels,

Matching the resonant circuit components, i.e., inductors 132, 134, capacitors 136, 138,

142, 144, and transformers 146, 148, may accomplish effective current sharing between
the two resonant converters.

An industry standard phase shift device, such as the Unitrode UCC3895 device,
may provide the regulator 126. Alternatively, any commercially available phase shift
device capable of changing the frequency, dead time control and duty cycle of driver-
outputs while maintaining a constant 90° phase shift between driver outputs to the
resonant stages could be advantageously utilized. [t may also be advantageous for
certain applications to utilize two separate regulators operating out of phase by 90°,
instead of a single regulator, although this solution may not be desirable from a cost -
perspective.

The rms ripple current (/) applied to the filter capacitor 162 may be characterized

in accordance with the following equation:

I =‘/—2—f(1 sint+ 1 cost—1I )zdt=1f(-7—z-2—+-”——l)*1
r T ¥4 y out 16 8 out -

wherein [, is the sinusoidal current waveform on the secondary winding of the

transformers 146, 148 and I, is the DC output current. Thus, the ripple current /; into
the filter capacitor 162 is approximately 9.5% of the DC output current /oy, i.e., a
substantial reduction in ripple current from the prior art resonant converter circuit. This
is illustrated graphically in Fig. 4, which illustrates the two phase-shifted rectified
sinusoidal waveforms on the secondary windings of the transformers 146, 148. As in
Fig. 2, the shaded regions correspond to the ripple current /,, which clearly shows that
the filter capacitor 162 need only remove a relatively small portion of the current

delivered from the resonant circuits.
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It is anticipated that the phase-shifted resonant converter of the present invention
would achieve low levels of ripple current roughly equivalent to that of conventional
forward, half-bridge, and full bridge converters, while at the same time utilizing resonant
inductors (i.e., chokes) substantially smaller than these conventional devices. As a
result, the phase-shifted resonant converter of the present invention can be utilized in
relatively compact units.

Returning now briefly to the prior art resonant converter 10 of Fig. 1, in the event
of a short across the output terminals, the voltage across the resonant capacitors 32, 34
can rise above the input voltage Vi, causing failure of orie or both of the power switches
12, 14 due to presence of voltage across the device during turn on. Specifically, the
voltage across one of the resonant capacitors (e.g., capacitor 32) rises above the input
voltage Vi, while the voltage across the other one of the resonant capacitors (e.g.,
capacitor 34) reverses. This causes excess current to conduct through the associated
power switch (e.g., switch 14), resulting in failure of the switch.

To address this particular problem, Figs. 5-7 depict alternative embodiments of
the invention in which the resonant converter circuit is additionally provided with
overvoltage protection. Each of these figures depicts a single resonant converter circuit
rather than the dual phase-shifted resonant converter configuration described above
with regard to Fig. 3. It should be understood that single resonant converter circuits are
shown for the sake of simplicity, and that it is intended that the overvoliage protection
circuitry of Figs. 5-7 be implemented as part of the dual resonant converter circuit
described above.

More specifically, Fig. 5 illustrates a resonant converter circuit providing resonant
circuit overvoltage protection in accordance with an alternative embodiment of the
invention. As noted above, the resonant converter circuit of Fig. 5 corresponds to a
portion of the dual phase-shifted resonant converter of Fig. 3. The embodiment of Fig.
5 further includes diodes 162, 164 connected in parallel with resonant capacitors 136,
138, respectively. The diodes 162, 164 provide overvoltage protection for the power

switches 112, 114. As described above, in an overvoltage condition, the voltage across

-10 -
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.one of the resonant capacitors 136, 138 rises above the input voltage Vj,, while the

voltage across the other one of the resonant capacitors 136, 138 reverses. In such
case, the reversed voltage across one of the resonant capacitors 136, 138 will be
discharged through the associated diode 162, 164, causing the voltage across the other
resonant capacitor to equalize at the input voltage Vi,. This has the effect of clamping
the voltage across the resonant capacitor to the input voltage Vj,. Moreover, the

inductor 132 acts as a current limiter (i.e., choke) to limit the current that passes through

the resonant circuit, thereby limiting the current drawn through the power switches 112,

114 in the event of an overvoltage condition.

Fig. 6 illustrates a resonant converter circuit providing  resonant -circuit
overvoltage protection in accordance with another - alternative embodiment of the
invention. The embodiment of Fig. 6 is substantially the same as that of Fig. 5, except
that an additional capacitor 166 is included within the resonant circuit in series with the
primary winding of transformer 146. Referring back to the alternative embodiment of
Fig. 5, when the overvoltage condition occurs and one of the diodes 162, 164 is
conducting, the associated capacitor is effectively shorted. This causes the resonant
frequency of the resonant circuit to shift due to the reduction in the capacitive portion of
the resonant circuit. The additional capacitor 166 serves to retain the capacitive portion
in the event of a short of one of the resonant capacitors 136, 138. The capacitance of
the additional capacitor 166 and each of capacitors 136, 138 is selected such ihat
shorting of one of capacitors 136, 138 would have limited or no substantial change on
the total capacitance of the resonant circuit.

Fig. 7 iliustrates a resonant converter circuit providing resonant circuit
overvoltage protection in accordance with yet another. alternative embodiment of the
invention. The embodiment of Fig. 7 is substantially the same as that of Fig. 6, except
that the additional capacitor is included as two separate additional capacitors 172, 174
connected in series with the capacitors 136, 138, respectively. The additional
capacitors 172, 174 provide the same fuhction as the additional capacitor 166 of Fig. 6,
i.e., to retain the capacitive portion in the event of a short of one of the resonant

-11 -
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capacitors 136, 138. The capacitances of the additional capacitors 172, 174 and each
of capacitors 136, 138 are selected such that shorting of one of capacitors 136, 138
would have limited or no substantial change on the total capacitance of the resonant
circuit.

Having thus described a preferred embodiment of a phase-shifted resonant
converter circuit having reduced ripple current, it should be apparent to those skilled in
the art that certain advantages of the system have been achieved. It should also be
appreciated that various modifications, adaptations, and alternative embodiments
thereof may be made within the scope and spirit of the present invention. The invention

is further defined by the following claims.

-12 -
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CLAIMS

What is Claimed is:

1. A power converter comprising: _

a first resonant converter circuit including at least one power switch
adapted. to convey power to a first resonant circuit and a first rectification. stage
adapted to rectify said conveyed power from said first resonant circuit;

a second resonant converter circuit including at least one power switch
adapted to convey power to a second resonant circuit and a second rectification
stage adapted to rectify said conveyed power from said second resonant circuit;

a filter capacitor coupled to said first and second recitification stages to
provide DC output power therefrom;

a regulator operatively coupled to said first and second resonant
converters o conirol switching frequency of said at least one power switch of
each of said first and second resonant converters, such that switching frequency
of said at least one power switch of said second resonant converter is shifted in
phase with respect to switching frequency of said at least one power switch of

said second resonant converter.

2. The power converter of Claim 1, wherein said switching frequency of said
at least one power switch of said second resonant converter is shifted in phase by
approximately 90° with respect to said switching frequency of said at least one power

switch of said second resonant converter .

3. The power converter of Claim 1, wherein each of said first and second
resonant circuit further comprises an inductor, a transformer having a primary winding in
series with said inductor, and first and second capacitors in series with said primary

winding and connected across an input voltage source.

-13-
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4, The power converter of Claim 1, wherein rms ripple current (/;) applied to

said filter capacitor may be characterized in accordance with the following equation:

2 5o
I,. =J;Z'-E(Ipslnt+‘[p COSt-—Iom)Zdt

wherein I, is a sinusoidal current waveform applied to said first and second rectification

stages and /o is DC output current.

5. The power converter of Claim 4, wherein said ripple current /; applied to

said filter capacitor is approximately 9.5% of the DC output current lout.

6. The power converter of Claim 1, further comprises means for prevenfing
an overvoltage condition of at least one of said first and second resonant converter

circuits.

7. The power. converter of Claim 3, further comprising first and second

diodes coupled in parallel respectively with said first and second capacitors.

8. The power converter of Claim 7, further comprising an additional capacitor
operatively coupled between said primary winding and said first and second capacitors.

9. The power converter of Claim 7, further comprising additional first and

second capacitors coupled in series respectively with said first and second capacitors.

10.  The power converter of Claim 1, further comprising means for limiting

current that passes through at least one of said first and second resonant circuits.

11.  The power converter of Claim 1, wherein said at least one power switch of
each of said first and second resonant converters further comprises a first power switch
operatively coupled to an input voltage source and a second power switch operatively
coupled to ground with a phase node defined between said first and second power
switches, a corresponding one said first and second resonant circuits being coupled to

said phase node.

-14 -
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12. A method of providing DC output power comprising:

configuring a power converter including a first resonant converter circuit
including at least one power switch adapted to convey power to a first resonant
circuit and a first rectification stage adapted to rectify said conveyed power from
said first resonant circuit, a second resonant converter circuit including at least
one power switch adapted to convey power to a second resonant circuit and a
second rectification stage adapted to rectify said conveyed power from said
second resonant circuit, and a filter capacitor coupled to said first and second
rectification stages; and | |

controlling switching frequency of said at least one power switch of each
of said first and second resonant converters, such that switching frequency of
said at least one power switch of said second resonant converter is shifted in
phase with respect to switching frequency of said at least one power switch of

said second resonant converter.

13.  The method of Claim 12, wherein said controlling step further comprises
controlling switching frequency of said at least one power switch of said second
resonant converter to be shifted in phase by approximately 90° with respect to said
switching frequency of said at least one power switch of said second resonant

converter.

14. The method of Claim 12, further comprising preventing an overvoltage

condition of at least one of said first and second resonant converter circuits.

15.  The method of Claim 14, further comprising preventing a frequency shift of

a resonant frequency of at least one of said first and second resonant converter circuits.

16.  The method of Claim 12, further comprisingtlimiting current that passes

through at least one of said first and second resonant circuits.
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