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Multi-Phase Resonant Converter

Field of the Invention

The invention relates to power converters. More particularly, the invention relates to

a multi-phase resonant power converter configured to reduce high-frequency ripple.

Background of the Invention

A power supply is a device or system that supplies electrical or other types of energy

to an output load or group of loads. The term power supply can refer to a main power

distribution system and other primary or secondary sources of energy. Power conversion

refers to the conversion of one form of electrical power to another desired form and voltage,

for example converting 115 or 230 volt alternating current (AC) supplied by a utility

company to a regulated lower voltage direct current (DC) for electronic devices, referred to as

AC-to-DC power conversion.

A switched-mode power supply, switching-mode power supply or SMPS, is a power

supply that incorporates a switching regulator. While a linear regulator uses a transistor

biased in its active region to specify an output voltage, an SMPS actively switches a transistor

between full saturation and full cutoff at a high rate. The resulting rectangular waveform is

then passed through a low-pass filter, typically an inductor and capacitor (LC) circuit, to

achieve an approximated output voltage.

Conventional series-regulated linear power supplies maintain a constant voltage by

varying their resistance to cope with input voltage changes or load current demand changes.

The linear regulator tend to be inefficient. The switch mode power supply, however, uses a

high frequency switch, the transistor, with varying duty cycle to maintain the output voltage.

The output voltage variations caused by the switching are filtered out by the LC filter.

Linear power supplies and SMPSs can both be used to step-down a supply voltage.

However, unlike a linear power supply, an SMPS can also provide a step-up function and an

inverted output function. An SMPS converts an input voltage level to another level by

storing the input energy temporarily and then releasing the energy to the output at a different

voltage. The storage may be in either electromagnetic components, such as inductors and/or



transformers, or electrostatic components, such as capacitors.

In general, an SMPS is classified as a rectifier, a voltage converter, a frequency

converter, or an inverter, each according to the input and output waveforms. A rectifier has

an AC input and a DC output. A frequency converter has an AC input and an AC output.

An inverter has an DC input and an AC output. A voltage converter, also referred to as a

current converter or DC-to-DC converter, has a DC input and a DC output.

Advantages of the SMPS over the linear power supply include smaller size, better

power efficiency, and lower heat generation. Disadvantages include the fact that SMPSs are

generally more complex than linear power supplies, generate high-frequency electrical noise

that may need to be carefully suppressed, and have a characteristic ripple voltage at the

switching frequency.

High-frequency ripple results when passing current through the transistor switches and

then filtering the current with passive components. The frequency components of the ripple

are dependent on both the switching frequency and the switching speeds of the semiconductor

switches. The high-frequency ripple generates unwanted electromagnetic interference (EMI)

and must be removed to a high degree for the converter to pass standard EMI requirements.

Conventional power converters pass EMI requirements by reducing the input and

output ripple. Reduction is accomplished by the following methods: large filters, reduction of

switching frequency, and/or reduction of switching speeds. Such techniques are commonly

practiced in nearly all conventional power converters. However, use of each of these

techniques comes with specific drawbacks. Use of large filters adds space and cost.

Reduction of switching frequency increases the size of passive components and cost.

Reduction of switching speeds reduces efficiency.

A variety of different DC-to-DC power converter configurations are currently in use,

most of which are variations of a buck converter, a boost converter, and a buck-boost

converter. Some versions of the buck converter include the push-pull converter, the forward

converter, the half-bridge converter, and the full-bridge converter. A resonant power

converter includes an LC circuit to shape the voltage across and the current passing through

the transistor switches so that the transistor switches when either the voltage or the current is

zero.



A configuration using a push-pull converter is similar to the half-bridge converter

configuration except that the push-pull converter configuration center taps the primary

transformer. A configuration using a full-bridge converter is similar to the half-bridge

converter configuration except that the full-bridge converter includes two transistor switches

coupled to each end of the transformer primary, as opposed to one end as in the half-bridge

converter.

Another conventional power converter uses two interleaved hard-switched converter

stages to reduce ripple. In an exemplary configuration, ripple is reduced by interleaving two

boost converter power factor correction stages which are operating in critical conduction-

mode. However, the interleaving of these converters only yields approximately a factor of 4

decrease in the ripple at the input of the converter. In hard-switched converters, such as

critical-conduction-mode PFC (power factor correction) converters, the output is controlled

via the duty cycle, not the frequency. Changes to the switching frequency have no effect on

the output. It is therefore relatively easy to interleave two hard-switched converters that have

slightly different component values. On the other hand, due to the tolerance of components in

two resonant converters, it is extremely difficult, if not improbable, to match the resonant

frequencies of those two converters making it problematic to operate the two resonant

converters at a frequency equal to the resonant frequency of each one.

U.S. Patent Number 4,695,933 is directed to a multi-phase purely sinusoidal resonant

converter such that the outputs are summed. There is no mention of how to make sure all

converters have the same resonant frequency. U.S. Patent Number 6,583,999 describes a

boost pre-regulator with series resonant half-bridge and also describes a boost pre-regulator

followed by two-phase series resonant converter. U.S. Patent Number 6,9703,66 describes a

generic multi-phase resonant converter using sinusoidal waveforms. There is no mention of

how to match resonant frequencies of each section. Each of these three patents share the

same deficiency. The resonant frequency of the converter is determined by values of the

inductors and capacitors that form the resonant tank. In practice, values of inductance and

capacitance vary around a nominal value with a tolerance, typically on the order of 5% or

10%. The resonant frequency of each converter will therefore vary. For example, in the



typical case, the resonant frequency of a converter is equal to 1/ ( LC J so that a +5%

variance in both capacitance and inductance will lead to a -5% variance in the value of

resonant frequency. In each of the three patents cited above, a converter designed to operate

at a predetermined switching frequency cannot be guaranteed to operate at resonance unless

one or both resonant tank components (the inductor and the capacitor) are hand-selected for

each unit, or unless the switching frequency is adjusted for each unit.

U.S. Patent Number 6,487,095 is directed to a multi-phase resonant converter having

a variable resonant tank that uses a tunable inductor, and a synchronous rectifier coupled to

the output. In order for an inductor to be tunable, it must operate at relatively high flux

densities. This is not an efficient area of operation for an inductor, so the ability to tune the

inductance comes at the expense of converter efficiency.

Summary of the Invention

A resonant power converter draws current from a source that provides a supply

current. Multiple quasi-resonant converters are interleaved and each quasi-resonant converter

receives the supply current and forms a phase-shifted current according to drive signals

supplied by a controller. Each phase-shifted current includes a dead-time delay and is phase-

shifted relative to the other phase-shifted currents. The dead-time delay is determined as a

time value within a calculated dead-time delay range having a dead-time delay minimum and

a dead-time delay maximum. In some embodiments, the dead-time delay is selected as the

midpoint value of the dead-time delay range. The outputs of each quasi-resonant converter

are added together thereby reducing the AC components of current. In some embodiments,

two quasi-resonant power converters are interleaved, each forming phase-shifted currents that

are phase-shifted 90 degrees relative to the other phase-shifted current. In other

embodiments, four quasi-resonant power converters are interleaved, each phase-shifting by 45

degrees. In still other embodiments, three quasi-resonant power converters are interleaved,

each phase-shifting by 60 degrees.

Reducing the input ripple by such a large factor substantially reduces the size of the

electromagnetic interference (EMI) filters. Eliminating the output ripple both reduces EMI,



and significantly reduces the ripple current in the bulk capacitor at the output of the converter.

In some embodiments, the transformers for the multiple interleaved power converters

are wound on the same transformer core, since the sum of flux from all the power converters

is substantially lower than the flux from any single power converter. The resulting multi

phase transformer is smaller than multiple individual transformers since the return flux path is

reduced in size. This reduces transformer size, cost, and losses.

In one aspect, a power converter is disclosed that includes an input power supply

configured to provide a supply current; a plurality of quasi-resonant converters coupled in

parallel to the input power supply such that the supply current is input to each quasi-resonant

converter; a controller coupled to the plurality of quasi-resonant converters, wherein the

controller is configured to operate with a dead-time delay and to generate independent drive

signals that include the dead-time delay, the drive signals are selectively output to each quasi-

resonant converter, wherein each multiple quasi-resonant converter is configured to receive

one or more of the drive signals and to form a modified supply current in response to the

received one or more drive signals thereby forming a plurality of modified supply currents,

wherein the modified supply current of each quasi-resonant converter includes the dead-time

delay and is phase-shifted relative to each other modified supply current, further wherein the

plurality of quasi-resonant converters are configured to perform a power conversion function

on the plurality of modified supply currents, further wherein the dead-time delay falls in the

range between 16L M Cos Sf s and 16LMC 0ssfs+LresC es Us /(4 P I LM) and an output capacitor

coupled to an output side of each of the plurality of quasi-resonant converters.

In some embodiments, the value of the dead-time delay is a midpoint of the dead-time

delay range. In some embodiments, each of the plurality of quasi-resonant converters is

configured to operate at the same switching frequency. In some embodiments, each of the

plurality of quasi-resonant converters comprises a quasi-resonant tank and a transformer. In

some embodiments, at least one leg of each transformer is shared by all transformers. In some

embodiments, each of the plurality of quasi-resonant converters further comprises a rectifier

circuit coupled between an output side of the transformer and the output capacitor. In some

embodiments, the power converter further comprising a filter coupled to the input power

supply, wherein the filter is configured to receive a power supply signal and to output the



supply current to each of the multiple quasi-resonant converters. In some embodiments, each

quasi-resonant converter comprises one of the group consisting of a series quasi-resonance

circuit, a parallel quasi-resonance circuit, and a series-parallel quasi-resonance circuit. In

some embodiments, each quasi-resonant converter comprises one of the group consisting of a

half-bridge quasi-resonant converter, a full-bridge quasi-resonant converter, and a push-pull

quasi-resonant converter. In some embodiments, each quasi-resonant converter is configured

as a buck-type converter.

In some embodiments, the multiple quasi-resonant converters comprise three quasi-

resonant converters, and the plurality of modified supply currents comprise a first modified

supply current formed by a first quasi-resonant converter, a second modified supply current

formed by a second quasi-resonant converter and phase-shifted substantially 60 degrees

relative to the first modified supply current, and a third modified supply current formed by a

third quasi-resonant converter and phase-shifted substantially 120 degrees relative to the first

modified supply current. In some embodiments, the multiple quasi-resonant converters

comprise four quasi-resonant converters, and the plurality of modified supply currents

comprise a first modified supply current formed by a first quasi-resonant converter, a second

modified supply current formed by a second quasi-resonant converter and phase-shifted

substantially 45 degrees relative to the first modified supply current, a third modified supply

current formed by a third quasi-resonant converter and phase-shifted substantially 90 degrees

relative to the first modified supply current, and a fourth modified supply current formed by a

fourth quasi-resonant converter and phase-shifted substantially 135 degrees relative to the

first modified supply current. In some embodiments, the multiple quasi-resonant converters

comprise two quasi-resonant converters, and the plurality of modified supply currents

comprise two supply currents including a first modified supply current formed by a first

quasi-resonant converter, and a second modified supply current formed by a second quasi-

resonant converter and phase-shifted substantially 90 degrees relative to the first supply

current.



Brief Description of the Drawings

Figure 1 illustrates an exemplary schematic diagram of a first embodiment of a power

converter coupled to an input power supply and a filter.

Figure 2A illustrates a curve of an exemplary supply current flowing into the half-

bridge power converter of Figure 1.

Figure 2B illustrates an exemplary current through the inductor LI and the capacitor

CI of the power converter 10.

Figure 3 illustrates a simulation schematic of an LLC ZVS single stage converter.

Figure 4 illustrates exemplary waveforms as related to the converter of Figure 3 as the

transistors Ql and Q2 are turned on and off.

Figure 5 illustrates a circuit equivalent of the converter in Figure 1 between the time

periods t O and tl.

Figure 6 illustrates a circuit equivalent of the converter in Figure 1 between the time

periods t l and t2.

Figure 7 illustrates an exemplary schematic diagram of an embodiment of a two-phase

quasi-resonant power converter.

Figure 8 illustrates an exemplary configuration of two transformer cores having a

shared leg.

Figure 9 illustrates an exemplary schematic diagram of an embodiment of a three-

phase quasi-resonant power converter.

Figure 10 illustrates an exemplary schematic diagram of an embodiment of a four-

phase quasi-resonant power converter.

Figure 11 illustrates an exemplary schematic diagram of an embodiment of a full-

bridge quasi-resonant power converter.

Embodiments of the power converter are described relative to the several views of the

drawings. Where appropriate and only where identical elements are disclosed and shown in

more than one drawing, the same reference numeral will be used to represent such identical

elements.



Detailed Description of the Present Invention

Embodiments of the power converter are directed to a multi-phase quasi-resonant

power converter. Those of ordinary skill in the art will realize that the following detailed

description of the power converter is illustrative only and is not intended to be in any way

limiting. Other embodiments of the power converter will readily suggest themselves to such

skilled persons having the benefit of this disclosure.

Reference will now be made in detail to implementations of the power converter as

illustrated in the accompanying drawings. The same reference indicators will be used

throughout the drawings and the following detailed description to refer to the same or like

parts. In the interest of clarity, not all of the routine features of the implementations described

herein are shown and described. It will, of course, be appreciated that in the development of

any such actual implementation, numerous implementation-specific decisions must be made

in order to achieve the developer's specific goals, such as compliance with application and

business related constraints, and that these specific goals will vary from one implementation

to another and from one developer to another. Moreover, it will be appreciated that such a

development effort might be complex and time-consuming, but would nevertheless be a

routine undertaking of engineering for those of ordinary skill in the art having the benefit of

this disclosure.

Figure 1 illustrates an exemplary schematic diagram of a first embodiment of a power

converter coupled to an input power supply and a filter. The power converter 10 is

configured as a half-bridge series quasi-resonant power converter, which is coupled to a

power supply 12. The power supply 12 generates an input AC power supply voltage Vin. A

filter 14 is coupled between the power supply 12 and the half-bridge power converter 10, and

is configured to smooth the inherently pulsed current output from the power supply. An

inductor LI, a capacitor CI, a transistor Ql, a transistor Q2, a capacitor C4, a capacitor C5,

an isolation transformer TX1, a diode Dl, and a diode D2 form a quasi-resonant half-bridge

converter 10. The transistors Ql and Q2 function as switches. The transistor Ql includes a

body diode DQl, and the transistor Q2 includes a body diode DQ2. The capacitor C4 and the

capacitor C5 form both the half-bridge center tap as well as input line filtering. The capacitor



C4 and the capacitor C5 provide a DC block for the capacitor CI. The quasi-resonant

capacitance of the half-bridge converter is the capacitance CI in series with the parallel

combination of the capacitance C4 and the capacitance C5.

The capacitor CI and the inductor LI are shown to be in series with the isolation

transformer TXl. However, other configurations are well-established practices for operating

resonant converters, such as placing the capacitor CI across the transformer TXl to form a

parallel resonant circuit, or leaving the capacitor CI in series with the inductor LI and placing

another capacitor across the transformer TXl to form a series-parallel resonant circuit. Other

well known configurations are also contemplated.

In some embodiments, the inductor LI is a combination of an external inductor and a

leakage inductor of the transformer TXl. In other embodiments, the inductor LI is simply an

external inductor or a leakage inductor of the transformer TXl. In some embodiments, the

external inductor is a tunable inductor. Tunable inductors can be made, for example, by

adding windings on both legs of an E-E core inductor and driving those windings in anti-

series.

The transformer TXl is an isolation transformer with center-tapped output. The

diodes Dl and D2 provide rectification of the quasi-resonant current output from the

transformer TXl. In other embodiments, the transformer TXl is configured as a single

output winding, rather than a center-tapped winding. In this case, a full-bridge rectifier is

coupled to the output of the transformer TXl. While such a configuration is possible, in

practice, the voltage drop across the diodes in a full bridge rectifier causes too much power

loss to be practical for most high-efficiency applications, unless those diodes are replaced

with synchronous MOSFETs. In some embodiments, the diodes Dl and D2 are each replaced

with a metal-oxide-semiconductor field-effect transistor (MOSFET).

A controller is coupled to each transistor Ql and Q2 and provides drive signals to the

gates of each transistor. The drive signals include the dead-time delay. In some

embodiments, the dead-time delay is calculated by the controller. In other embodiments, the

dead-time delay is calculated during the design phase and implemented in the controller as a

fixed value. In some embodiments, the transistor Ql and the transistor Q2 are operated in a

complementary fashion, each one driven with a 50% square duty cycle minus a dead-time



delay. The dead-time delay is required to prevent shoot-throughs as well as to enable soft

switching. Shoot- through is defined as the condition when both transistors Q l and Q2 are

either fully or partially turned on, thereby providing a path for current to "shoot-through" from

the input supply voltage Vin to ground. Soft- switching, also referred to as zero-voltage

switching, uses circuit resonance to ensure that power transistors switch at or near a zero

voltage level. This reduces the stress of the transistor component and also reduces the high

frequency energy that would otherwise be burned as power loss.

The current flowing from the filter 14 into the converter 10 has the form of a rectified

sine wave at the driving frequency of the converter. As such, the supply current output from

the filter 14 has a high ripple component. The filter 14 in Figure 1 may be large since the

high-frequency ripple component is extremely high.

Figure 2A illustrates a curve of an exemplary supply current flowing into the half-

bridge power converter 10 of Figure 1. The exemplary supply current is a rectified sine wave.

The power converter 10 is operated as a quasi-resonant power converter by

implementing a dead- time delay into the drive signals applied to the transistors Q l and Q2.

The quasi-resonant operation is described by way of example. The gate drive signals applied

to the transistors Q l and Q2 are square waves with duty cycles a little under 50%. In an

exemplary application, the duty cycle is 46%. In this case, for 8% of the time neither

transistor Q l nor transistor Q2 are driven. By making the dead- time delay in the gate drive

signals long enough, the current through the half -bridge power converter 10 drops to zero and

remains at or near zero until the opposing transistor is turned on. Also, the period of the gate

drive signals is set long enough so that the transistor current has enough time to rise up to its

peak, drop down to zero, and then remain at or near zero for a short period of time.

A difference between quasi-resonant operation and resonant operation is that the

current through the transistors Q l and Q2 is no longer a pure sinewave. In a resonant

converter, the current through the transistors Q l and Q2 is a pure sinewave. In the quasi-

resonant converter, the current through the transistors Q l and Q2 is part of a sinewave that

remains at or near zero during the zero-crossings for a short period of time. Effectively, the

quasi-resonant converter utilizes a resonant tank to switch the transistors Q l and Q2 on and

off at the end of each half-sinewave, thereby generating the dead-time delay. The quasi-



resonant converter operates close to the resonant frequency of the quasi-resonant switching

elements Ql and Q2.

The power converter 10 in Figure 1 has resonant tank components LI and C I in series

with the transformer primary PI. For discussion purposes, the tie point between the capacitor

C4 and the capacitor C5 is approximated as a fixed voltage equal to half of the bus voltage

Vbus, where the bus voltage Vbus is the voltage across the output terminals of the filter 14.

When the transistor Ql is ON and the transistor Q2 is OFF, a voltage equal to half the

bus voltage Vbus appears across the series combination of LI, CI, and PI. When the

transistor Q2 is ON and the transistor Ql is OFF, the voltage across the series combination of

LI, CI, and PI is the same, but of the opposite polarity.

When the power converter 10 reaches its quasi-steady-state point of operation, the

output capacitor C8 is charged to a constant value of Vout. A power supply reaches quasi-

steady-state operation when, for a fixed input source and output load, the pattern of currents

and voltages in the circuit are identical from one switching cycle to the next. When the

transistor Ql is ON and the transistor Q2 is OFF, a voltage of Vbus - NVout appears across

LI + CI, where N equals the turns ratio of the transformer TX1. This voltage causes the

current through the inductor LI and the capacitor C I to increase from zero to some peak

value, and then go back down to zero, looking like a half-sinewave. The current through the

diode Dl looks the same as the current through the inductor LI and the capacitor CI, scaled

by N.

Figure 2B illustrates an exemplary current IpriA through the inductor LI and the

capacitor CI of the power converter 10. Section B shows the current while the transistor Ql

is ON and the transistor Q2 is OFF. Section C shows the current after the transistor Ql is

turned OFF and the transistor Q2 is already OFF, and the current is forced through the body

diode DQ2. The time period corresponding to section C is equal to the dead-time delay.

Section D shows the current while the transistor Ql is OFF and the transistor Q2 is ON.

Section E shows the current after the transistor Q2 is turned OFF and the transistor Q2 is

already OFF, and the current is forced through the body diode DQ1. The time period

corresponding to section E is equal to the dead-time delay. Section A is the same as sections

E.



When the current through the inductor LI and the capacitor CI decreases to be equal

to the magnetizing current flowing in the transformer (at the transition of section B to section

C or the transition of section D to section E), the net current flowing into the secondary is

zero and the secondary diodes Dl and D2 turn off. At this point, the magnetizing inductance

of the transformer, which is relatively large, sustains a nearly constant level of current

circulating in the inductor LI and the capacitor C I until the opposing switch is turned on

(shown in section A, C, and E). Therefore, as long as the transistor Ql is turned OFF after the

current through the inductor LI and the capacitor C I has reached zero, the timing of how long

after the current has gone to zero is not very critical. The current through the inductor LI and

the capacitor C I therefore looks like a half-sinewave followed by a short period of time that

the current is close to zero. The fact that the converter switch (either transistor Ql or

transistor Q2) is turned off just after the current through the inductor LI and the capacitor C I

goes to zero causes the current to look slightly lopsided, as shown in Figure 2B.

In contrast, a true resonant converter creates a current through the inductor LI and the

capacitor CI having a purely sinusoidal waveform. This is typically done by driving the

switches at a frequency higher than resonance to guarantee that the opposing switch is OFF

by the time the current has resonated down to zero. As the frequency is increased further

away from resonance, the output voltage Vout decreases. Provided the converter switches

operate far enough off the resonant tank frequency, small differences in value between the

inductors or capacitors in interleaved converters won't matter very much. The gain of the

circuit is relatively low when operated far enough off resonance.

The alternative is to drive the switches exactly at the resonant frequency of the

inductor LI and the capacitor CI. To accomplish this in practice is to either adjust the

frequency once the inductor LI and the capacitor CI are known exactly (since all component

values have some tolerance) or to choose various inductors or capacitors to match the switch-

driving frequency. In the case of a single converter, either approach works, though both are

costly. In the case of an interleaved converter, the inductors and capacitors are chosen so that

each of the interleaved converters has exactly the same resonant frequency.



The dead-time delay is determined by calculating a dead-time delay range defined by a

dead-time delay minimum and a dead-time delay maximum. The dead-time delay is the time

between turning off the gate drive to one of the half-bridge switches and turning on the

opposing switch. The dead-time delay must fall within specific limits, defined by the dead-

time delay minimum and the dead-time delay maximum, to obtain ZVS (zero-voltage

switching) of the transistor Ql and Q2. ZVS occurs when the voltage across a transistor is

zero (or approximately zero, such as 0.6V or -0.6V due to the voltage drop across the body

diode of the transistor) prior to turning on the transistor. ZVS is beneficial because it

eliminates switching losses and therefore allows high-efficiency operation. When a transistor

in the quasi-resonant converter is switched off, the inductance in the main current path

prevents an instantaneous change in current by commutating the current to the body diode of

the opposing transistor. If the opposing transistor turns on while its body diode is already

conducting current, ZVS is obtained. Due to capacitance in the system, the current, after

being switched over to the opposing transistor, eventually resonates back to the body diode of

the initial transistor. If the opposing transistor turns after the current has resonated back to

the initial transistor, then there is a great deal of switching loss.

The minimum allowable dead-time is the dead-time such that the voltage across the

transistor which was previously turned off has fallen to zero before turning that transistor on.

In other words, the dead-time delay minimum, t_off,min, represents the minimum time of

waiting between turning off one transistor and turning on the opposing transistor that is

required to obtain ZVS. The maximum allowable dead-time is the time after which the

voltage across the transistor which was previously off has fallen to zero and then begun to rise

again. In other words, the dead-time delay maximum, t_off,max, represents the maximum

time of waiting between turning off one transistor and turning on the opposing transistor that

still allows operation with ZVS.

The dead-time delay minimum and the dead-time delay maximum are based on circuit

operating values (bus voltage, switching frequency, maximum load power) and component

values (transformer magnetizing inductance, resonant inductance, resonant capacitance, and

transistor output capacitance). The only way to alter the minimum and maximum allowable



dead-time is to design the half-bridge converter with other components or with a different

switching frequency since the output power is application dependent and is not a variable.

The component tolerances are taken care of by virtue of the fact that the allowable dead-time

delay is a range of values rather than a single value. Because there is an allowable range of

dead-time, as opposed to a single value, this enables compensation for slight differences

between component values. In the case of multi-phase converters that interleave multiple

quasi-resonant power converters, as described below, this enables compensation for slight

differences between component values of the interleaved converters.

For example, based on nominal component values, suppose the dead-time delay

minimum, t_off,min, is determined to be 300ns and the dead-time delay maximum,

t_off,max, is determined to be 500ns. In this case, the controller is set to produce a dead-time

delay of 400ns. Now, if the tolerances on the components cause the actual value of t_off,min

to be 250ns and t_off,max to be 425ns, then the controller which is set for 400ns would still

be operating the converter within the allowable range of dead-time. If the component

tolerances cause the value of t_off,min to be 375ns and t_off,max to be 585ns, then the

controller which is set for 400ns would still be operating the converter within the allowable

range of dead-time.

The following shows an embodiment for determining the dead-time delay range of an

LLC ZVS single state converter. Figure 3 illustrates a simulation schematic of an LLC ZVS

single stage converter. The half-bridge converter shown in Figure 3 is similar to the half-

bridge converter shown in Figure 1 except that the converter of Figure 3 is configured as a

series-parallel resonant circuit. The converters in both Figures 1 and 3 are LLC converters.

In the simulation schematic of Figure 3, the transformer is an ideal transformer and L_M

models the magnetizing inductance of the transformer. In Figure 1, the transformer shown is

a real transformer that has a parallel (magnetizing) inductance. In an exemplary application,

the gate drives are operated at 27,322 kHz and 43% duty cycle which corresponds to 15.8µ

ON-time and 2.5µ OFF-time.



Figure 4 illustrates exemplary waveforms as related to the converter of Figure 3 as the

transistors Ql and Q2 are turned on and off. As shown in Figure 4, the waveforms follow the

following progression:

1. At time t0, Drive B shuts OFF just prior to the secondary current Isecl going to 0 .

Ideal operation occurs if Drive B shuts OFF at exactly the time that the secondary

current Isecl goes to 0; however, accounting for the tolerances of the various

components requires the possibility of shutting off slightly ahead of the secondary

current Isecl going to 0 . If Drive B shuts off after the secondary current Isecl goes to

0, then there would be a shoot-through where both half-bridge transistors Ql and Q2

are conducting simultaneously.

2 . Three things take place immediately following the turn-off of the gate drive of

transistor Q2:

a . The voltage Vsw (the voltage across the transistor Q2) begins to fall at a rate

determined by the magnetizing current Imag in the transformer TX1 and the

effective capacitance Cossl and Coss2 of the two transistors Ql and Q2 which

also includes any parasitic capacitances or external capacitance located across

transistors Ql and Q2.

b. The secondary-side current Isecl quickly falls to zero since the driving voltage

Vsw is also quickly decreasing (to to ti)

c . The magnitude of the resonant current Ires on the primary side quickly

decreases until it is equal to the magnetizing current in the transformer (to to

ti). For example, the magnetizing current Imag = -230 mA and the resonant

current Ires = -260 mA at tO, and the magnitude of the resonant current Ires

decreases to -230 mA after tO.

3 . When the secondary-side current Isecl reaches 0 (shortly after to), (also corresponding

to the resonant capacitor current Ires decreasing to the value of the magnetizing

current Imag), the secondary-side diode Dl turns OFF effectively disconnecting the

secondary-side from the rest of the circuit.



4 . When the secondary-side becomes disconnected from the primary-side, the voltage

Vpri (as measured by a differential voltage monitor) across the primary very rapidly

decreases until it is equal to HB minus half of the bus voltage Vbus.

5 . When the voltage Vsw reaches 0V (at ti), the body diode of the opposing transistor

Ql turns ON and the magnitude of the resonant capacitor current Ires decreases from

the level of the magnetizing current Imag down to zero (at t2) .

6 . Figure 4 shows that the resonant capacitor current Ires passes through OA, at t2, at

which point the voltage Vsw begins to rise again because the body diode of the

transistor Q2 has become reverse biased and Cossl and Coss2 provide a path for the

reversing current. This operation should be avoided since it is desired that the voltage

across the opposing transistor Ql to be close to 0V when the gate drive turns ON to

eliminate any switching losses.

The dead-time limits are defined by the time at which the voltage Vsw falls to zero (ti)

until the time at which the voltage Vsw begins to rise (t2) . Figure 5 illustrates a circuit

equivalent of the converter in Figure 1 between the time periods t O and tl. Figure 6 illustrates

a circuit equivalent of the converter in Figure 1 between the time periods t l and t2.

The dead-time delay minimum is equal to the time required for the drain of the

transistor Q2, V_half_bridge, to fall from the magnitude of voltage across the bus Vbus to

0V. The voltage V_half_bridge is driven by the magnetizing current Imag (approximated as a

constant value) flowing through the parallel combination of the output capacitances of the

transistors, the capacitors Cossl and Coss2. Note that the capacitance of the resonant

capacitor Cres is ignored since it is typically 2 to 4 orders of magnitude higher than the output

capacitance of the transistors. The value of the transistor output capacitance Coss used in the

following equations is the time-averaged value for the transistor switching over the voltage

range 0V to Vbus in parallel with any external capacitance across the transistors. In the

simulation results shown in Figure 4, external values of capacitor much higher than the

natural output capacitance of the transistors were added to dominate the value of overall

capacitance and thereby provide a predictable model.



Since the magnetizing inductance Imag of the transformer TX1 is typically very large,

the current flowing through the transistor output capacitances can be modeled as a constant

during the time that the current is commutating from one transistor to another. The time

required to commutate the current from one transistor to the other, which is also equal to the

dead-time delay minimum t_off,min, therefore satisfies the following equation in which the

current through the transformer at the time of commutation is equal to the peak magnetizing

current Imag,pk and Coss represents the output transistor capacitance (including any external

parallel capacitance) averaged between the two transistors Ql and Q2 and averaged over

time.

mag,pk oss
off ,mm

Also, the magnetizing current is determined by the peak magnetizing inductance LM,

switching frequency fs, and bus voltage Vbus:

^bus

2 mag ,pk
(2)

1

f s

Combining equations (1) and (3) gives

bus bus

1off,min f s

MC (5)

The dead-time delay minimum t_off,min corresponds to t l in Figure 4 and represents the time

from t O to tl.



The difference between the dead-time delay maximum and the dead-time delay

minimum is determined by the time it takes the resonant current Ires to go to OA after the

body diode of the opposing transistor Q2 has turned on. After the body diode of the opposing

transistor turns on (at tl), the opposing secondary diode D2 also turns on. The voltage across

the resonant inductor Lres is now the difference between the resonant capacitor DC voltage

level and the reflected output voltage Vpri. The voltage across the resonant inductor Lres at

this point would have been 0 had the DC voltage of the resonant capacitor Cres remained at

exactly Vbus/2; however, due to the limited size of the resonant capacitor Cres, there is some

ripple voltage across the resonant capacitor Cres and therefore some driving voltage across

the resonant inductor Lres.

The ripple voltage on the resonant capacitor Cres can be calculated by equating the

energy change due to the ripple with the input power. The change in energy ∆Ε in the

resonant capacitor Cres from its peak voltage Vcmax to its minimum voltage Vcmin is a

function of the resonant capacitance Cres and input power Pin as shown below:

AE = C
res

(
V
V

C max
+ V

C mm
.

Since the average capacitor voltage Vc is equal to half of the bus voltage Vbus, Equation 7

becomes

(
V
V

C max
- V

C mm
. )

/
P n

res bus

J s

The driving voltage at time t2 is half of the peak-to-peak capacitor ripple voltage which is

known by Equation 9 . This voltage drives the inductor current Imag to OA from its initial

value of Imag,pk.
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Combining Equation 12 with Equation 3 yields:
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To obtain ZVS, the dead-time delay minimum, which also corresponds to t l in Figure 4, from
Equation 5 is:

off, m LMC f (5)

Where LM represents the magnetizing inductance of the transformer, including any parallel

inductance which is added across the transformer, fs is the switching frequency, and Coss

represents the average capacitance across the primary-side semiconductor switch. Note that

while in most cases the value of Coss will be dominated by the parasitic output capacitance of

the primary-side semiconductor switch, it will also include capacitance due to any external

capacitors placed across the primary-side semiconductor switch, the reflected capacitance of

the secondary-side switches, the parasitic capacitance of the transformer, and any other

parasitic capacitances in the circuit which appear in parallel with the primary-side

semiconductor switches.

The dead-time delay maximum corresponds to t2 in Figure 4 . From Equations 5 and 14,
the dead-time delay maximum is:



L C V

Where Coss, fs, and LM were described in the preceding paragraph, Vbus represents the DC

voltage driving the primary-side of the converter, Pin represents the power into a single

converter section (e.g. half of the net input power if there are two converters in parallel) and

LresCres is equal to l /(2 s) where f es is equal to the resonant frequency of the resonant

tank elements. The mid-point of the dead-time delay range with a full-power load is the

preferred place to set the dead-time delay applied to the converter to provide the greatest

likelihood that component tolerances will not move the turn-off region outside of the ZVS

operating region. The mid-point of the dead-time delay range occurs at the following point:

t1off,mid
=

A multi-phase quasi-resonant power converter includes multiple quasi-resonant

converters coupled in parallel at the input and rectified to a common capacitor at the output.

Each quasi-resonant converter includes a transformer. In some embodiments, each of the

multiple transformers is commonly wound on a core of a multi-phase transformer. The

supply current provided to the input of each of the multiple converters is phase-shifted

according to the drive signals supplied to each converter, thereby forming multiple phase-

shifted currents, each current phase-shifted relative to the other multiple phase-shifted

currents. The multiple phase-shifted currents are added back to each other at the output,

thereby reducing the current ripple within the power converter. The size of the passive filter

components and the magnetic components within the power converter is reduced by reduction

of current ripple and by use of a multi-phase transformer.

Figure 7 illustrates an exemplary schematic diagram of a first embodiment of a two-

phase quasi-resonant power converter of the present invention. The two-phase quasi-resonant

power converter 100 shown in Figure 7 includes two half-bridge quasi-resonant converters

coupled in parallel at the input and rectified to a common capacitor at the output. Each of the



two half-bridge quasi-resonant converters are the same as the power converter 10 of Figure 1,

except that the second half-bridge quasi-resonant converter is coupled to the capacitors C4

and C5 of the first half-bridge quasi-resonant converter. The power converter can be used

independently, or as a part of a larger converter.

The power supply 12 generates the input supply voltage Vin. The filter 14 is coupled

between the power supply 12 and the power converter 100, and is configured to smooth the

inherently pulsed output of the power supply. The power converter 100 includes two half-

bridge quasi-resonant converters. A first quasi-resonant converter includes the capacitors CI,

C4, C5, the inductor LI, the transistor switches Ql, Q2, the transformer TX1A, and the

diodes Dl, D2. A second quasi-resonant converter includes the capacitors C2, C4, C5, the

inductor L2, the transistor switches Q3, Q4, the transformer TX1B, and the diodes D3, D4.

The outputs of each of the two quasi-resonant converts are added together and coupled in

parallel to an output capacitor C8. In some embodiments, each of the transistors Q1-Q4 is a

metal-oxide-semiconductor filed-effect transistor (MOSFET). In other embodiments, the

transistors Q1-Q4 can be any other type of conventional semiconductor transistor. A

controller supplies the gate drive signals for each of the transistors Q1-Q4. Figure 7 shows a

single controller coupled to the transistors Q1-Q4. This is merely illustrative. One or more

controllers can be used to provide the independent drive signals sent to each of the individual

transistors.

As shown in Figure 7, a first terminal of a first secondary winding of the transformer

TX1A is coupled to an anode of the diode D2. A second terminal of the first secondary

winding is coupled to a first terminal of a second secondary winding, thereby forming a

center tap of the secondary winding. The center tap is coupled to ground. A second terminal

of the second secondary winding is coupled to an anode of the diode Dl. A first terminal of a

first secondary winding of the transformer TX1B is coupled to an anode of the diode D4. A

second terminal of the first secondary winding is coupled to a first terminal of a second

secondary winding, thereby forming a center tap of the secondary winding. The center tap is

coupled to ground. A second terminal of the second secondary winding is coupled to an

anode of the diode D3. A cathode of each of the diodes D1-D4 are each coupled to a first

terminal of the output capacitor C8. A second terminal of the output capacitor C8 is coupled



to ground.

The inductor LI, the capacitor CI, and the parallel inductance of the isolation

transformer TXIA form a quasi-resonant tank circuit within the first quasi-resonant

converter. Similarly, the inductor L2, the capacitor C2, and the parallel inductance of the

isolation transformer TXIB form a quasi-resonant tank circuit within the second quasi-

resonant converter. Within each quasi-resonant tank circuit, the inductive reactance and the

capacitive reactance are equal, thereby establishing a quasi-resonant condition. The capacitor

C4 and the capacitor C5 provide a DC block for the capacitors CI and C2. The quasi-

resonant capacitance of the first quasi-resonant converter is the capacitance CI in series with

the parallel combination of the capacitance C4 and the capacitance C5. Similarly, the quasi-

resonant capacitance of the second quasi-resonant converter is the capacitance C2 in series

with the parallel combination of the capacitance C4 and the capacitance C5. In some

embodiments, the inductor LI is the leakage inductance of the transformer TXIA, and the

inductor L2 is the leakage inductance of the transformer TXIB.

The flux through the transformers TXIA and TXIB adds to zero since each

transformer has a sinusoidal flux phase shifted from each adjacently coupled transformer by

90 degrees. It is therefore possible to wind the two transformers TXIA and TXIB on a single

two-phase transformer core, thus reducing the size of the transformer. Figure 8 illustrates an

exemplary configuration of two transformer cores having a shared leg. The shared leg is

shaded in Figure 8. The shared leg is larger than each individual corresponding leg if the two

transformers are not shared. The sum of the flux in the first core and the second core has the

same peak value as that of either core leg individually.

The current through the filter 10 in Figure 7 has a much lower ripple component than

the current through the filter 10 in Figure 1. Furthermore, the ripple current in the filter 10 in

Figure 7 has a fundamental frequency component which is higher than the fundamental

frequency component of the filter 10 in Figure 1. The size of the filter 10 in Figure 7 is

therefore significantly smaller than the filter size in Figure 1. Furthermore, the ripple current

in the output capacitor C8 is significantly reduced in the power converter of Figure 7

compared to the power converter of Figure 1, thus enabling the use of much smaller values of

capacitance and leading to higher lifetimes of the capacitors. The capacitors C4 and C5 also



have reduced ripple current in Figure 7 compared with Figure 1.

The supply current, such as the current 20 shown in Figure 2A, is supplied to each of

the two half-bridge quasi-resonant converters of the power converter 100. The first half-

bridge quasi-resonant converter forms a first phase-shifted current, such as current IpriA in

Figure 2B, that flows through the primary of the transformer TX1A, and the second half-

bridge quasi-resonant converter forms a second phase-shifted current, such as current IpriB in

Figure 2B, that flows through the primary of the transformer TX1A. The first phase-shifted

current is phase-shifted relative to the second phase-shifted current by 90 degrees. Both the

first phase- shifted current and the second phase- shifted current include the dead-time delay.

The gate drive signals provided by the controller include the dead-time delay and the phase

shift, if any, that form the phase- shifted current. In practice, the first phase- shifted current

may not be phase-shifted relative to the supply current input to the converter 100, and the

label "phase-shifted" is used to indicate some manner of modification has been done to the

supply current, such as introduction of the dead-time delay.

In general, resonant converters can be operated at frequencies other than the resonant

frequency. Changing the frequency off-resonance reduces the power transfer and provides a

method of regulating the output across the entire load range. In operation of the power

converter 100, each of the quasi-resonant converters are operated near resonance, effectively

creating a "DC Transformer" in which the output and input are isolated from each other, but

the ratio of output voltage to input voltage is fixed. The power converter uses multiple

interleaved LLC quasi-resonant converters operating as DC transformers, as well as the dead-

time delay to overcome the tolerance problems created when operating multiple converters

with different resonant frequencies at the same switching frequency.

The multi-phase quasi-resonant power converter described in relation to Figure 7 is a

two-phase quasi-resonant power converter. In other embodiments, the multi-phase quasi-

resonant power converter is configured as a three-phase quasi-resonant power converter or a

four-phase quasi-resonant power converter.

Figure 9 illustrates an exemplary schematic diagram of an embodiment of a three-

phase quasi-resonant power converter. The three-phase quasi-resonant power converter 140

is configured similarly as the two phase quasi-resonant power converter 100 in Figure 7



except that three half-bridge quasi-resonant converters are used. In the three-phase quasi-

resonant power converter 140, the phase-shifted current formed in the second quasi-resonant

converter is phase-shifted 60 degrees relative to the phase-shifted current formed in the first

quasi-resonant converter, and the phase-shifted current formed in the third quasi-resonant

converter is phase-shifted 60 degrees relative to the phase-shifted current formed in the

second quasi-resonant converter and phase-shifted 120 degrees relative to the phase-shifted

current formed in the first quasi-resonant converter.

Figure 10 illustrates an exemplary schematic diagram of an embodiment of a four-

phase quasi-resonant power converter. The four-phase quasi-resonant power converter 110 is

configured similarly as the two phase quasi-resonant power converter 100 in Figure 7 except

that four half-bridge quasi-resonant converters are used. In the four-phase quasi-resonant

power converter 110, the phase-shifted currents formed in the quasi-resonant converters are

phase- shifted 90 degrees relative to each other.

The concepts described above have been applied to half-bridge converters.

Alternatively, the concepts can be applied to alternative types of converters. A configuration

using a push-pull converter is similar to the half-bridge converter configuration of Figure 1

except that the push-pull converter configuration center taps the primary transformer. A

configuration using a full-bridge converter is similar to the half-bridge converter

configuration of Figure 1 except that the full-bridge converter includes two transistor

switches coupled to each end of the transformer primary.

Figure 11 illustrates an exemplary schematic diagram of an embodiment of a full-

bridge quasi-resonant power converter. The full-bridge quasi-resonant power converter 70 is

configured similarly as the half-bridge quasi-resonant power converter 10 in Figure 1 except

that the capacitor C4 is replaced with a transistor Q3, and the capacitor C5 is replaced with a

transistor Q4. The function of the two capacitors C4 and C5 (Figure 1) is incorporated into

the quasi-resonant capacitor Clres of Figure 11. So the DC bias that is blocked by the

capacitors C4 and C5 (Figure 3) is added to the quasi-resonant capacitor Clres, as well as the

AC component. It is understood that each of the multi-phase quasi-resonant power converters

described above can be configured using the full-bridge quasi-resonant converter 70 in Figure

11.



Although the quasi-resonant converters are described above as a parallel quasi-

resonant topology, it is contemplated that the topologies can be configured using parallel

quasi-resonant, series-parallel quasi-resonant, LLC quasi-resonant, or any other type of full

quasi-resonant topology.

In operation, the power converter can be configured to turn off phases at smaller loads

in order to increase efficiency. The actual turn-off point varies from one converter to another

to maximize the efficiency over the entire load range. In some embodiments, the turn-off

point is 40% load. Many efficiency standards require meeting specific efficiency targets at

certain load points such as 100% load, 50% load, and 20% load. Other standards take an

average efficiency at 25%, 50%, 75%, and 100% load. Converter design for efficiency

typically maximizes efficiency at 20%, 25%, 50%, 75%, and 100% load points since this

provides the best average efficiency, as well as meeting specific efficiency targets for

standards that require the specific target points. Turning off one of two interleaved converters

increases resistive loss while decreasing overhead operation losses (e.g. gate drive of

transistors) and some switching losses. It is typical for a best trade-off in efficiency to occur

somewhere between 25% and 50% load, with turn-off at smaller percent loads (approximately

25%) for high-power converters (e.g. lkW), and turn-off at larger percent loads

(approximately 50%) for low-power converters (e.g. 200W).

In some embodiments, the multi-phase quasi-resonant power converters are used in

high-power level applications, for example at power levels of 1 kilowatt or higher. It is

understood that the multi-phase quasi-resonant power converters can be used in applications

at any power level.

The present invention has been described in terms of specific embodiments

incorporating details to facilitate the understanding of the principles of construction and

operation of the invention. The specific configurations shown and the methodologies

described in relation to the various modules and the interconnections therebetween are for

exemplary purposes only. Such reference herein to specific embodiments and details thereof

is not intended to limit the scope of the claims appended hereto. It will be apparent to those

skilled in the art that modifications may be made in the embodiment chosen for illustration

without departing from the spirit and scope of the invention.



CLAIMS

What is claimed is:

1. A power converter comprising:

a . an input power supply configured to provide a supply current;

b . a plurality of quasi-resonant converters coupled in parallel to the input power

supply such that the supply current is input to each quasi-resonant converter;

c . a controller coupled to the plurality of quasi-resonant converters, wherein the

controller is configured to operate with a dead-time delay and to generate

independent drive signals that include the dead-time delay, the drive signals

are selectively output to each quasi-resonant converter, wherein each multiple

quasi-resonant converter is configured to receive one or more of the drive

signals and to form a modified supply current in response to the received one

or more drive signals thereby forming a plurality of modified supply currents,

wherein the modified supply current of each quasi-resonant converter includes

the dead- time delay and is phase- shifted relative to each other modified supply

current, further wherein the plurality of quasi-resonant converters are

configured to perform a power conversion function on the plurality of

modified supply currents, further wherein the dead-time delay falls in the

range between 16LMCossfs and 16LMCo
SS

fs+L eSC eSVbuS
2 ( PiNLM); and

d . an output capacitor coupled to an output side of each of the plurality of quasi-

resonant converters.

2 . The power converter of claim 1 wherein the value of the dead-time delay is a midpoint

of the dead-time delay range.

3 . The power converter of claim 1 wherein each of the plurality of quasi-resonant

converters is configured to operate at the same switching frequency.



4 . The power converter of claim 1 wherein each of the plurality of quasi-resonant

converters comprises a quasi-resonant tank and a transformer.

5 . The power converter of claim 4 wherein at least one leg of each transformer is shared

by all transformers.

6 . The power converter of claim 4 wherein each of the plurality of quasi-resonant

converters further comprises a rectifier circuit coupled between an output side of the

transformer and the output capacitor.

7 . The power converter of claim 1 further comprising a filter coupled to the input power

supply, wherein the filter is configured to receive a power supply signal and to output

the supply current to each of the multiple quasi-resonant converters.

8. The power converter of claim 1 wherein each quasi-resonant converter comprises one

of the group consisting of a series quasi-resonance circuit, a parallel quasi-resonance

circuit, and a series-parallel quasi-resonance circuit.

9 . The power converter of claim 1 wherein each quasi-resonant converter comprises one

of the group consisting of a half-bridge quasi-resonant converter, a full-bridge quasi-

resonant converter, and a push-pull quasi-resonant converter.

10. The power converter of claim 1 wherein each quasi-resonant converter is configured

as a buck-type converter.

11. The power converter of claim 1 wherein the multiple quasi-resonant converters

comprise three quasi-resonant converters, and the plurality of modified supply

currents comprise a first modified supply current formed by a first quasi-resonant

converter, a second modified supply current formed by a second quasi-resonant

converter and phase-shifted substantially 60 degrees relative to the first modified



supply current, and a third modified supply current formed by a third quasi-resonant

converter and phase-shifted substantially 120 degrees relative to the first modified

supply current.

12. The power converter of claim 1 wherein the multiple quasi-resonant converters

comprise four quasi-resonant converters, and the plurality of modified supply currents

comprise a first modified supply current formed by a first quasi-resonant converter, a

second modified supply current formed by a second quasi-resonant converter and

phase-shifted substantially 45 degrees relative to the first modified supply current, a

third modified supply current formed by a third quasi-resonant converter and phase-

shifted substantially 90 degrees relative to the first modified supply current, and a

fourth modified supply current formed by a fourth quasi-resonant converter and phase-

shifted substantially 135 degrees relative to the first modified supply current.

13. The power converter of claim 1 wherein the multiple quasi-resonant converters

comprise two quasi-resonant converters, and the plurality of modified supply currents

comprise two supply currents including a first modified supply current formed by a

first quasi-resonant converter, and a second modified supply current formed by a

second quasi-resonant converter and phase-shifted substantially 90 degrees relative to

the first supply current.
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