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SECONDARY WINDING SENSE FOR HARD SWITCH DETECTION ON

THE SECONDARY SIDE OF A TRANSFORMER IN A POWER CONVERTER

CROSS REFERENCE TO RELATED APPLICATIONS

0001} This application claims priority under Article 8 of the Patent Cooperation
Treaty (PCT) to U.S. Non-Provisional Application No. 16/219,508, filed December 13, 2018,

the contents of which 1s incorporated n 1ts entirety herein by reference.

BACKGROUND INFORMATION

Field of the Disclosure

{0002] The present invention relates generally to power converters, and more
specifically to switched mode power converters.

{0003] Electroruc devices use power to operate. Switched mode power converters are
commonly used due to their high efficiency, small size, and low weight to power may of
today's electronics. Conventional wall sockets provide a high voltage altemating current (ac).
In a switching power converter, the high voltage ac input is converted fo provide a well-
regilated direct current {dc) output through an energy transfer element. The switched mode
power converter usually provides output regulation by sensing one or more output quantities
and controlling the output in a closed loop. In operation, a switch is utilized to provide the
desired output by varving the duty cycle (typically the ratio of the on time of the switch to the
total switching pertod), varving the switching frequency, or varying the number of pulses per
unit time of the swiich 1n a swiiched mode power converter. Varying the duty cvele may be
referred to as pulse width modulation (PWM} conirol, while varving the swiiching frequency
may be referred 1o as pulse frequency modulation (PFM) control.

{3004 One type of switched mode power converter topology is a resonant switched

mode power converter, which utilizes a resonant inductance-capacitance (LC) eircuit as part
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of the power conversion process. In general, resonant switched mode power converters with
PFM conirol may have some advantages compared 1o non-resonant converters, such as
operating at higher switching frequencies with fower switching loss, uiilizing smaller
magnetic elements (and therefore utthzing smaller packaging), all while operating with high
efficiency. Resonant power converters generally do not have waveforms with sharp edges
{e.g., waveforms haviog high di/dt or dv/dt) and as such electromagnetic interference (EMI)
performance may be improved, which allows the use of smaller EMI filters as compared to
non-resonant converters.

{0005} LLC converters are a type of resonant switched mode power converter, which
utitizes the resonance between two 1nductors and a capacitor. LLC converters are popular
due to the savings on cost and size by utilizing the magnetizing and leakage inductance of the
power converter's energy transfer element as part of the resonance component of the LLC
converter. Tn addition, LLC converters may achieve stability when they are operated at above
resonance (7.e., operated at a swiiching frequency greater than the resonant frequency of the

LLC} with zero voltage switching, which may result in lower switching losses.
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BRIEF DESCRIPTION OF THE DRAWINGS

{06066] Non-limiting and non-exhaustive embodiments of the present invention are
described with reference to the following figures, wherein like reference numerals refer to
like parts throughout the various views unless otherwise specified.

{B007] FIG. 1A 15 a functional block diagram illustrating one example of a power
converter with a secondary controller with a hard switch sense block in accordance with the
teachings of the present invention.

{0008} FIG. 1B 1s a functional block diagram lustrating an example secondary
controller with hard switch sense block of FIG, 1A in accordance with the teachings of the
present mvention.

{0009] FIG. 2A lustrates a timang diagram with example waveforms for the power
converter of FI1G. 1 in accordance with the teachings of the present mvention,

{0010] FIG, 2B illustrates another timing diagram with example waveforms the
power converter of FIG. 1 n accordance with the teachings of the present invention.

{0011} FI1G, 3 iHustrates a timing diagram with example waveforms for the primary
current, winding signal and winding clock signal in accordance with the teachings of the
present mvention.

{0012] FIG. 4A 15 an example functional block diagram of the secondary controller
with hard switch sense block of FIG. 1 mn accordance with the teachings of the present
mvention.

{0613] FIG. 4B 15 a tuming diagram tHustrating the implementation of the hard switch
sense block of FIG. 4A in accordance with the teachings of the present invention,

{8014] F1G. 515 a flow diagram representing the function of the secondary controlier
hard switch sense of FIGS. 4A and 4B in accordance with the teachings of the present

mvention.
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{B018] FIG. 6 15 an example functional block diagram of the secondary controller
with hard switch sense block and a himit control in accordance with the teachings of the
present invention.

{8016} FIG. 7A 15 an example functional block diagram of the secondary controfler
with hard swilch sense block and limit control of FYG. 6 in accordance with the teachings of
the present mvention.

{8017} FIG. 7B 15 a iming diagram iHusirating the implemeniation of the hard swiich
sense of FIG, 7A in accordance with the teachings of the present mvention.

{0018] FIG. 7C 15 another example functional block diagram of the secondary
controller with hard switch sense block and hmit control of FIG. 6 in accordance with the
teachings of the present invention.

{0019} FIG. 8 15 a flow diagram representing the function of the secondary controlier
hard switch sense of FIGS. 6 and 7A-7C in accordance with the teachings of the present
mvention.

{0028} Corresponding reference characters indicate corresponding components
throughout the several views of the drawings. Skilled artisans will appreciate that elements
in the figures are illustrated for simplicity and clarity and have not necessarily been drawn to
scale. For example. the dimensions of some of the elements in the figures may be
exaggerated relative to other elements 1o help to improve understanding of various
embodiments of the present invention. Also, common but well-understood elements that are
useful or necessary in a commercially feasible embodiment are often not depicted in order to

facilitate a less obstructed view of these various embodiments of the present invention,
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DETAILED BESCRIPTION

{8021} Examples of a resonant switched mode power converter in which hard switch
detection is achieved from sensing the secondary winding are described herein. In the
following description, numerous specific details are set forth n order to provide a thorough
anderstanding of the present invention. It will be apparent, however, 1o one having ordinary
skill 1u the art that the specific detail need not be employed to practice the present mvention,
In other instances, well-known rmaterials or methods have not been described in detall in
order to avoid obscuring the present mvention,

{0022] Reference throughout this specification to “one embodiment,” “an
embodiment,” “one example,” or “an exarple” means that a particular feature, structure or
characteristic described 1n connection with the embodiment or example 15 included in at east
one embodiment of the present invention. Thus, appearances of the phrases “in one
ernbodiment,” “in an embodiment,” “one example,” or “an example” in various places
throughout this specification are not necessarily all referring to the same embodirnent or
example. Furthermore, the particular features, structures or characteristics may be combined
in any suitable combinations and/or subcombinations in one or more embodiments or
examples. Particular features, structures or characteristics may be included in an integrated
circwt, an electronic circuit, a combinational logic circuit, or other suitable components that
provide the described functionality. In addition, 1t is appreciated that the figures provided
herewith are for explanation purposes to persons ordinarily skilled in the art and that the
drawings are not necessarily drawn 1o scale.

{0823 Resonant converters, such as LLC converters, typically include a resonant tank
ctrcuit that includes a tank mductance and a tank capacitance, as found for instance in LLC

circwts. Resonant converters may take advantage of soft switching control to provide output
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voltage without the associated high switching losses, high switching stress on the power
switch, and high EMI caused by fast switching edges.

{8024} Soft switching the power switch of an LLC converter may also enable zero
voltage switching (ZVS) in which the voltage across the power switch is zero prior to or at
the instant the power swiich 1s turmed ON which may reduce the swiiching losses for the
LLC converter. For an example of a half-bridge LLC converter, two power switches
{referred o as a high side switch and alow side switch in a half bridge switching circutt) are
used to control the transfer of energy from the input of the power converter to the output of
the power converter. The power switches are controlled such that when one power switch 1s
0N, the other power switch 1s OFF, and the two power switches are generally controlled to
be ON for substantially equal amounts of time under steady-state conditions. In general, a
switch that 1s ON {or closed), may conduct current, while a swiich that i35 OFF {(or open) does
not typically conduct current. In one exarnple, the first switch i1s ON while the second switch
is OFF. The first swiich is tumed OFF with a non-zero current. After the first switch tumns
OFF, the voltage across the second switch will typically fall.

100258] Soft switching generally refers to turning ON the second switch as the voltage
across the second swiich reaches near-zero. Using this type of swiiching prevents energy loss
from discharge of the capacitance across the terminals of the switch during switch turn-on.
To achieve ZV S, the power switches are controlled such that there 1s a pernod of time,
referred to as “dead time,” where both power swiiches are OFF prior 1o one of the power
switches turming ON. Further, during the “dead ttme™ period when both switches are OFF,
the voltage across one of the power switches may be reduced to zero and once at zero volts,
this switch could be turned ON with minimal switching loss (achieving ZVS).

{8826} In other words, soft switching may generally refer to turning on etther the high

stde switch or the low side switch when there 1s non-zero tank current in the resonant tank
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circwt of an LLC converter and the voltage across the termunals of the high side switch or the
tow stde switch is at a2 minimum. Hard switching generally refers to turning ON the high side
switch or the low side switch when the tank current is substantially zero, or flowing in the
opposite direction, allowing the voltage across the terminals of the high side switch or low
side swiich to be substantially non~zero. Worded differently, hard switching refers to tumn
ON either the low side switch or the high side switch when 1ts current 13 substantially zero or
flowing in the oppostie direction. When the high stde switch and low side swilches are hard
switching (ZV'S 1s not possible), switching losses occur. Under certain conditions, there may
be substantially zero tank current in the resonant tank circwit. To one exanple, the tank
current 1s zero when both the high side switch and the low side switch have been turned off
for a long enough period of time such that there 1s no tank current. In another exaraple. a
load imcrease at the output of the power converter could lead to a depletion of the tank
current. As the load increases, the resonant converter may fall into an “overload condition”
and too much energy s taken from the resonant tank circuit and the remaining tank current at
switch tum-off approaches zero. In other words, the “overload condition” may take too much
enerey from the resonant tank circuit and the tank current falls to zero or reverses direction,
driving the half bridge voltage in the opposite direction before the switch turms on.

{8027} For an example of a half-bridge LLC converter, the high side switch and low
side switch are generally controlled to be ON for substantially equal amounts of time under
steady-state conditions and their operation may be characterized by its switching period,
which 13 the inverse of the switching frequency. In general, the on-time of etther the high
side switch or low side switch is substantially equal to the off-time under steady-state
conditions. As such, the switching period mav be made up of two half ¢vcles, which are
substantially equal under steady state conditions. Buring one of these two half cycles, either

the high side swiich or the low side switch 13 ON. For the subsequent half cyele, the switch
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that was not conducting during the previous half cycle 1s ON and the switch that was
previousty conducting is now OFF.

{0028} For the LLC converter to deliver more power, the switching period of the high
side switch and the low side swiich is increased {i.¢., the switching frequency is decreased).
As such, the periods of the half cveles {(thus the on-times of the power swiiches) are also
ncreased. When the load suddenly increases, the sadden inerease in the switching period
{and as such, the periods of the half cvcles) can cause 0o much energy 1o be taken from the
resonant tank circwt and the end of cycle tank current (at the end of the haif cycle)
approaches zero. Further increase in the load can cause the resonant tank current to reverse
direction before the end of the half cycle.

{0029} Hard switchung may generally be detected by directly sensing the tank current
on the primary side of the power converter. When the tank current reaches zero or is near
zero, hard switching occurs. As will be discussed, examples in accordance with the teachings
of the present invention sense the boundaries of hard switching by indirecily sensing the tank
current on the secondary side of the power converter by sensing the voliage changes on one
or more secondary windings. For example, the polanity of the voltage of one or more
secondary windings changes from positive to negative, or vice versa, around the time that the
tank current is substantially equal to zero. A hard switch phase angle can refer to the ratio of
the amount of time that occurs between the tum ON of either the high side or low side power
switch and the secondary winding polarity change. Under no-load conditions, the secondary
winding polarity change occurs in the muddle of a half cycle. As the load increases, the
secondary windimg polarity change occurs closer to the beginning of the half cycle. Ator
near the boundary of hard-switching, the secondary winding polanty change occurs almost
cotncident with associated primary switch turn ON. If operating deeply in overload

conditions, hard switching will cause the winding polarity change before the associated
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primary switch i ON. As such, a hard switch phase angle threshold can be utilized to
indirectly sense when the power converter 1s hard switching m accordance with the teachings
of the present invention.

{8030} To lustrate, FEG. 1A llustrates a functional block diagram of an example
power converter 100 and controller including a hard switch sense block 132, Also shownis a
primary controller 1235 and a secondary controller 126, which together may be referred to as
the coniroller of the power converier 100, As shown, the primary controller 125 1s on the
primary side of the power converter 100 and referenced to input return 109, while the
secondary controller 126 1s on the secondary side of the power converter 100 and referenced
to output return 121 However, 1t should be appreciated that the primary controller 125 and
the secondary controlier 126 may not be isolated from each other and one or more elements
ncluded in the secondary controller 126 may be included m the pnimary controller 125 and
vice versa. The power converter 100 shown is a resonant power converter coupled in a half-
bridge topology with rectifiers at ifs output. It should be appreciated that other power
converter topologies {resonant or not, 1solated, or non-tsolated} could be used with
embodiments of the present invention. Further, synchronous rectifiers may also be used for
the output rectifiers,

16031} In the depicted example, the power converter 100 is shown as including a
switching circuit, which includes switches 81 104 and 82 106, coupled to an input of the
power converter 100 and an energy transfer element T1 111 coupled between the input and
the output of the power converter 100. The primary controller 125 1s coupled to generale first
and second drive signals GH 130 and GL 131 to control swiiching of switches §1 104 and §2
106, respectively. Switch 51 104 may also be referred to as a high side switch while switch
§2 106 may be referred to as a low side switch. A resonant tank circwit 187 s also coupled to

switches §1 104 and S2 106. The resonant tank circuit 187 mcludes a tank mductance and a
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tank capacitance. In the depicted example, the resonant tank circuit 187 15 an LLC cireutt
such that the tank inductance includes a leakage inductance LLK 115 and a transformer
magnetizing inductance LM 116 of the energy transfer element T1 111, The tank capacitance
includes capacitance C1 117. The leakage mductance LLK 1135 and the transformer
magnetizing inductance LM 116 may be either discrete coraponents {discrete magnetic
structures) or combined 1nto a single transformer (single magnetic structure) with leakage and
magnetizing elements, such as the energy transter element T1 111, The tank current of the
resonant tank circuit is shown as prumary current Iep 110,

{0032} As illustrated, the power converter 100 is coupled to receive an input voltage
VIN 102 on the primary side and provide output power to the load 124 coupled to the output
of the power converter 100 on the secondary side. High side switch S1 104 15 coupled to
receive the input voltage VIN 102 at one end, and coupled to the low side switch 52 106 at
the other end. The low side switch 52 106 1s further coupled to input retum 109, The
terminal between the high side switch S1 104 and the low side switch 82 106 mav be referred
to as the half bridge node HB 108, In the example shown, both the high side switch §1 104
and the low side switch 852 106 are illustrated as n-tvpe metal-oxide-semiconductor field-
effect transistors (MOSFETs) along with their respective body diodes. The high side switch
§1 104 and the low side switch 82 106 are controlled with first and second drive signals GH
130 and GL 131 such that the voltage applied to the input of the resonant tank 187 (i 2., the
voltage af the half bridge node HB 108) 15 substantially a square wave.

{8033} Asshown, the energy fransfer element T1 111 includes the primary winding
112, a first output winding 113, and a second output winding 114, The dots on the windings
of the energy transfer element T1 111 signify a point of equivalent polanty of coupling
between the windings. As illustrated, the primary winding 112 1s coupled in parallel with the

magnetizing inductor LM 116 s0 that the in-phase winding terminal, as indicated by the dot,
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connects to capacitor C1 117 The primary winding 111 1s coupled to the high side switch S§1
104 and low side switch 82 106. The first output winding 113 1s coupled to output rectifier
D1 118 while the second output winding 114 is coupled to output rectifier D2 119, As
shown, rectifiers D1 118 and D2 119 are diodes. However, in another example, rectifiers D1
118 and D2 119 may be transistors used as synchronous rectifiers and could be controlied by
signals oulputted by the secondary controller 126, Energy 1s transferred and rectified by
outpul rectifier D1 118 when the high side switch §1 104 15 turned ON and the low side
switch §2 106 15 turned OFF. When the high side switch S1 104 1s turned OFF and the low
side switch 82 106 1s turned ON, energy 1s transterred and rectified by output rectifier D2
119 One end of the output capacitor Co 120 15 coupled to rectifiers D1 118, D2 119, and
output return 121, The other end of the output capacitor Co 120 1s coupled o the first output
winding 113 and the second output winding 114, The load 124 15 coupled across the output
capacitor Co 120. An output may be provided to the load 124 and may be provided as either
an output voltage Vo 123, output current To 122, or a combination of the two.

{0034} Power converter 100 can have a primarv side and a secondary side, which in
one example are galvanically isolated from each other. It should be appreciated that
embodiments of the present disclosure may be used with non-isolated power converters as
well. A controller coupled to the primary side on an input side of the power converter is
generally referred to as a primary controller while a controller coupled to the secondary side
on the output side of the power converter 13 referred to as a secondary controller. The
primary controller 125 and secondary controller 126 may communicate via a communication
tink 129 across the galvanic isolation using an inductive coupling such as a fransformer or g
coupled inductor, an optocoupler, or other devices that provide isolation. The primary
controller 125 and secondary controller 126 can be implemented on separate integrated

circut (IC) dice that can either be packaged m a single 1C package or packaged 1 separate IC
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packages. Anintegrated circwt package typically includes a lead frame to provide
mechanical support for the die or dice within the IC package.

{8038} The power converter 100 further inchudes circuitry to regulate the output. A
feedback signal Urr 127 representative of the output of the power converter 100 (output
voltage Vo 123, output current lo 122, or a combimation of the two) 1s provided to the
secondary conirotler 126 and may be a voltage signal or a current signal. The secondary
controtier 126 1s coupled (o receive the {feedback signal Urs 127 and outputs a request signal
REQ 128, Inresponse to the feedback signal Urs 127, the secondary controller 126
deterrmnes whether energy should be delivered from the primoary side to the secondary side of
the power converter 100. Secondary controller 126 outputs the request signal REQ 128 to the
primary controller 125 via the comnumcation hnk 129 The communication link 129 may
provide galvanic isolation between pritoary controller 125 and the secondary controller 126
and may be implemented by using devices such as an opto-coupler, a capacitor, a magnetic
couphng, or an inductive coupling. In one example, the inductive coupling that forms the
comnunication fink 129 may include conductive loops formed of lead frames that support the
primary controller 125 and secondary controller 126.

{0036] The request signal REQ 128 may be representative of one or more conunands
to control the switching of the high side switch 81 104 and the low side switch 82 106, The
request signal RE(Q 128 may be a rectangular pulse waveform that pulses to alogic high
value and quickly retuwrns to alogic low valae. For example, a grouping of M number of
pudses in the request signal REQ 128 may correspond 1o a “burst on” command and the
primary controller 125 begins switching either the high side switch §1 104 or the low side
switch §2 106. A single pulse in the request signal REQ 128 may correspond to a “switch”™
command and the primary controller 125 turns OFF whichever high side switch St 104 or

tow side switch 82 106 1s currently condacting, and turns ON whichever switch was not
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conducting. Farther, a grouping of N number of pulses in the request signal REQ 128 may
correspond to a “burst off” conmumand and the primary controller 125 stops switching both the
high side switch 81 104 and the low side switch 82 106. The primary controller 125 could
inchude a decoder to decode the commands from the request signal REQ 128, However, it
should be appreciated that other schemes, such as pulse width modulation, frequency
modulation, or other techniques could be used to transmut burst on, burst oft, and switch
commands.

10037} The secondary controller 126 determunes the switching frequency or switching
period of the high side switch §1 104 and the low side switch 82 106, In one example, the
secondary controller receives a sense signal SENSE 132 which may be representative of
nutiiple charactenstics of the power converter 100, In one example, the sense signal SENSE
132 may include the magnitude of the input voliage Viv 102 and may be a voltage or current
signal. The sense signal SENSE 132 mav also be representative of the sensed output power
(POUT), power delivered by the energy transfer element T1 111 (P_T1), 1oput power or
power processed by the converter and may be a voltage signal or a current signal. The
secondary controtler 126 utilizes the feedback single Urs 127 and the sense signal SENSE
132 to determine the time between pulses of the request signal REQ 128, which is related to
the switching frequency or switching period of the high side switch §1 104 and the low side
switch §2 106 and the subsequent on-times of switches 81 104 and 82 106. However, 1t
should be appreciated that the sense signal SENSE 132 may or may not be present. The
secondary controller 126 may utilize the feedback signal Urs 127 to determine the time
between pulses of the request signal REQ 128 and the subsequent on-times of switch §1 104
and switch §2 106.

{3038] Secondary controler 126 is coupled to receive a rectifier conduction signal

that 1s representative of the polanty of the energy transfer element T1 111 power converter
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100. In various examples, the mstant of changes in the polarity of the voltage 1n the rectifier
conduction signal indicate that the primary current fer 110 1n the primary winding 112 of the
energy transfer element T1 111 is substantially zero. In one example, the rectifier conduction
signal includes a {irst winding signal D1 135, which 1s representative of the voltage of the
fivst outpul winding 113, and the second winding signal D2 136, which is representative of
the voltage of the second output winding 114, As shown, fust winding signal D1 13515 the
voltage al the cathode of rectifier 118, while the second winding signal D2 136 is the voltage
at the cathode of rectifier 119. For the case of synchronous rectifiers, the first winding signal
D1 135 and the second winding signal D2 136 would be the voltage of the drain of the
respective synchronous rectifiers. As will be further discussed, the secondary controller 126
mcludes hard switch sensing. Hard switch 1s sensed by mdirectly sensing the primary current
Fer 110 (tank current) from the secondary side of the power converter 100 by sensing the
voltage changes of the first output winding 113 and the second cutput winding 114, For
example, the polarity of the voltage for etther the first output winding 113 or the second
output winding 114 can change from positive to negative, or vice versa, around the time that
the tank current is substantially equal to zero. Hard switching may be sensed by comparing
this voltage polarity change with the switching of the high side switch 81 104 and the low
side switch 82 106.

{0035} F1G, 1B illustrates a functional block diagram of one example secondary
controlier 126 in accordance with the teachings of the present invention. H s apprectated that
secondary controller 126 of FEG. 1B shares many stmlarities with the example of secondary
controtier 126 of FIG. 1A, and that similarty named and numbered elements referenced
below may be coupled and function simmlar to as described above. In the example of FIG,
1B, secondary controller 126 includes a transconductance amplifier 137 (also referred to as a

feedback reference circuit), control toop clock generator 139, comparator 140, comparator
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141, hard switch sense block 143, and request fransmutter 144, Transconductance amplifier
137 (i.e., feedback reference circut) is coupled 1o receive the feedback signal Urs 127 and a
feedback reference 138. The output of the transconductance amplifier 137 {i.e., feedback
reference circut) is the load signal CMP 134, In operation, the output of the
transconductance amplifier 137 is a current responsive to the difference between the feedback
signal Urs 127 and feedback reference 138, The greater the difference between the feedback
signal Urs 127 and {eedback reference 138, the larger the output current of the
transconductance amphifier 137, The output of the transconductance amplifier 137 may be
coupled to a compensation circuit 133, whach 1s shown external to the secondarv controller
126 In the example shown, the compensation cirewit 133 15 coupled to output retum 121 and
mcludes a resistor and capacitor coupled together mn series along with a capacitor coupled in
paraliel (o the series coupled resistor/capaciior. The compensation circut! 133 provides loop
compensation for the feedback loop of the power converter 100. Further, the compensation
circuit 133 may alter the response time of the feedback loop of the power converter 100.
With the compensation circuit 133, the load signal CMP 134 received by the control loop
clock generator 139 may be a voltage signal. In one example, a larger value for the load
signal CMP 134 corresponds to a smaller output load 124, In other words, the load signal
CMP 134 increases as the oad 124 decreases.

{0040} In the example shown, the control loop clock generator 139 receives the sense
signal SENSE 132 and the load signal CMP 134 and outputs the switching frequency signal
FSW 145 to the request transmitter 144, The switching frequency signal FSW 145 15
representative of the switching frequency of the primary switches (81 104 and 82 106) and
may be a rectangular pulse waveform with logic high and logic low sections. The control
loop clock generator 139 utilizes the sense signal SENSE 132 and the load signal CMP 134 to

deternune the lengths of the logic hugh and logic low sections. 1t should be appreciated that
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the sense signal SENSE 132 maybe optional, and the control loop clock generator 139 can
include a voltage controlled oscillator (VCO) or other schemes which are responsive to the
load signal CMP 134 to determine the lengths of the logic high and logic low sections.

{8041} For an LLC converter, the logic high and logic low sections are generally of
equal length during steady state conditions. The tirne between consecutive leading edges
{e.g., consecutive rising edges) for the switching frequency signal FSW 145 1s referred to as
the switching pertod Tsw. Or m other words, the surn of the length of the logic high section
and the logic low section 1 the swiiching pertod Tsw of the switching frequency signal FSW
145, The switching period Tsw of the switching frequency signal FSW 145 15 generally also
the switching period for the high side switch S1 104 and the low side switch §2 106,
However, there may be a period of time, referred to as “dead time,” where both the hagh side
switch §1 104 and the low side swiich 82 106 are OFF prior to one of those swiiches tuming
ON to allow the voltage across that switch to reduce to zero, achieving ZVS. When dead
tirne 1s utilized, the swiiching period for the hugh side switch S1 104 and the low side switch
82 106 15 substantially the switching period Tsw of the switching frequency signal FSW 141
plus the dead time after turning off the high side switch 81 104 and the dead time after
turning off the low side swiich 82 104,

{0842 Each switching period Tsw for the switching frequency signal FSW 145
mchudes two half cycles. The switching frequency signal FSW 145 15 logic high during one
of these half cycles and logic low duning the other half cycle. In one example, the high side
switch §1 104 15 ON (i e., may conduct current) when the switching frequency signal FSW
145 15 logic high, while the low side switch 82 106 15 ON (i.e., may conduct current) when
the switching frequency signal FSW 145 1s logic low. The switching period Tew and the
lengths of the half cvcles are used to control the amount of energy delivered to the load 124.

In one example, the longer the switching period Tsw {i.e., the longer the half cycles), the

16
SUBSTITUTE SHEET (RULE 26)



WO 2020/123478 PCT/US2019/065433

more energy 15 delivered to the output of the power converter 100 and the load 124 due to the
gain of the resonant tank 187

{8043] Under steady state conditions, the two half cycles are substantially equal.
However under transient condittons, such as a varving foad, sudden changes in mput voltage,
efc., the lengths of the two half eycles are not equal, thereby varving the overall switching
period Tsw {0 bring the output of the power converier nto regulation. For the example of an
mcreasing load, the two half cycles and the overall switching period Tsw will progressively
ncrease to regulate the output of the power converter 100, When the hard switch sense block
143 senses that the power converter 1s operating at the boundary of hard swiiching or 1s hard
switching, the half cycle can be ternwnated. The termimation of the half cycle when a hard
switch event 13 detected may alleviate sorne of the issues with hard switching, As will be
further discussed, the hard switch sense block 143 generates a hard switch sense output,
which in one example includes hard switch sense signals HS W1 148 and HS W2 149, The
control loop clock generator 139 recetves the hard swiich sense signals HS W1 148 and
HS W2 149 from the hard switch sense block 143, Signal HS W1 148 1s representative of
detection of hard switching from the first output winding 113 while signal HS W2 14915
representative of detection of hard switching from the second output winding 114, When
either signal HS W1 148 or HS W2 149 is asserted, the control loop clock generator 139
ends the current half cvcle by transitioning the switching frequency signal FSW 145 from
logic high to logic low or vice versa.

{8044} The switching frequency signal FSW 145 s recetved by the request
transmitier 144, The frequency of the request signal RE(Q 128 is responsive to the switching
frequency/period set by the switching frequency signal FSW 145, In one example, at every
leading edge and at every trailing edge of the switching frequency signal FSW 145, the

request transmutier 144 outputs a pulse 1o the request signal REQ 128 {o turn on either the
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high side switch 51 104 or the low stde switch 82 106, In one example, a leading edge in the
switching frequency FSW 145 {e.g., a nising edge) corresponds to turmning ON the high side
switch 81 104 (and turning OFF the low side switch §2 106}, while a trailing edge in the
switching frequency FSW 145 {e.g., falling edge) corresponds to turming ON the low side
swiich 82 106 (and tuming OFF the high side switch 81 104). Tn other words, a logic high
value of the switching frequency signal FSW 145 generally corresponds to the conduction
time of the high side switch S1 104 while alogic low generally corresponds to the conduction
tirne of the low side switch 82 106. I should be appreciated that there may also be dead time
between turning off the high side switch 81 104 and turning on the low side swilch 82 106
and vice versa. As shown, the time between consecutive leading edges (or consecutive
trailing edges) 15 substantially the switching period Tew. The fime between consecutive
edges 15 substantially the length of a half cycle.

{00458} Secondary controller 126 is coupled to receive a rectifier conduction signal
that 1s representative of the output of the energy transfer element T1 111 power converter
100, In various examples, changes in the polarity of the voltage in the rectifier conduction
signal indicate that the primary current inn the primary winding 112 of the energy transfer
element T1 111 1s substantially zero. In one example, the rectifier conduction signal includes
a first winding signal D1 135, which is representative of the voltage of the first output
winding 113, and the second winding signal D2 136, which 1s representative of the voltage of
the second output winding 114, As shown, first winding signal D] 135 13 the voltage at the
cathode of rectifier 118, while the second winding signal D2 136 1s the voltage at the cathode
of rectifier 119. For the case of synchronous rectifiers, the first winding signal D1 135 and
the second winding signal D2 136 would be the voltage of the drain of the respective

synchronous rectifiers,
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{3046} Comparator 140 1s coupled to receive the first winding signal D1 135 and
threshold TH 142, and outputs first winding clock W1 146, The first winding clock W1 146
is a rectangniar pulse waveform with varying durations of logic high and logic low sections.
In one example, threshold TH 142 is a winding threshold that is substantially near zero or
below zero volts and the first winding clock W1 146 indicates the polarity of the first winding
signal D1 135, Edges of the first winding clock W1 146 would represent a change mn polarity
of the first winding signal D1 135, In one example, a logic high value for first winding clock
W1 146 corresponds to a negative polarity of the first winding signal D1 135, while a logic
low value corresponds to a postive polanty of the first winding signal D1 135, Stated in
another way., the first winding clock W1 146 may be representative of the conduction of
rectifier 118, For example, the first winding clock W1 146 may be logic high when rectifier
118 15 conducting and logic low when rectifier 118 15 not conducting.  As shown, the
threshold TH 142 is received at the non-ioverting input of comparator 140 while the first
winding signal D1 135 1s recerved at the mverting input.

{8047} Sinularly, comparator 141 is coupled to receive the second winding signal D2
136 and threshold TH 142, and outputs the second winding clock W2 147 The second
winding clock W2 147 s a rectangular pulse waveform with varying durations of logic high
and logic low sections. In one example, threshold TH 142 is substantially near zero or below
zero volts and the second winding clock W2 147 indicates the polarity of the second winding
signal D2 136, Edges of the second winding clock W2 147 would represent a change in
polarity of the second winding signal D2 136, In one example, a logic high value for second
winding clock W2 147 corresponds 10 a negative polarity of the second winding signal D2
136, while a logic low value corresponds to a positive polarity of the second winding signal
D2 136. Stated m another way, the second winding clock W2 147 may be representative of

the conduction of rectifier 119. For example, the second winding clock W2 147 may be logic
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high when rectifier 119 1s conducting and logic low when rectifier 119 is not conducting. As
shown, the threshold TH 142 15 received at the non-mverting mpwt of comparator 140 while
the second winding signal D2 136 1s received at the inverting input.

{8048} Hard switch sense block 143 1s coupled to receive the switching frequency
signal FSW 147 and the first winding dlock W1 146 and second winding clock W2 147 and
outputs hard swiich sense signals HS W1 148 and HS_W2 149, Hard switch sense signal
HS W1 148 15 representative of detection of hard swiiching from the {irst output winding 113
while hard switch sense signal HS W2 149 is representative of detection of hard switching
fror the second output winding 114, When either signal HS W1 148 or HS W2 14915
asserted, the control loop clock generator 139 ends the current half cvcle by transitioning the
switching frequency signal FSW 145 from logic hugh to logic low or vice versa.

{0049} In operation, the hard switch sense block 143 determines if there have been
hard switch events by comparing the timing of edges in either of the winding clocks W1 146
and W2 147 to the value of the switching frequency signal FSW 145, Under most normal
conditions, a leading edge {e.g., rising edge} in the second winding clock W2 147 should not
occur while the switching frequency signal FSW 145 15 logic high. [ the leading edge in the
second winding clock W2 147 occurs while the switching frequency signal FSW 145 is logic
high, the hard switch sense block 143 determines that there is a hard switch event and
terminates the current half cycle to stop switching of one of the primary side switches. In
other words, the hard switch sense block 143 15 configured to indicate a hard switch event in
response to the second winding clock W2 147 indicating that the output rectifier D2 119
transitions from a non-conducting state to a conducting state when the switching frequency
signal FSW 145 1s logic high value. For this example, the switching frequency signal FSW

145 transitions to a logic low value and the high side switch S1 104 1s furned OFF.
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[B030] Further, a leading edge (e.g., nsing edge} in the first winding clock W1 146
should not occur while the switching frequency signal FSW 145 is logic low under most
normal conditions. If aleading edge in the first winding clock W1 146 occurs while the
switching frequency signal FSW 145 is logic fow, the hard switch sense block 143
determines that there 1s a hard switching event and terminates the current half cvele to stop
switching of one of the primary side switches. In other words, the hard switch sense block
143 15 further configured (o mdicale a hard swiich event in response 1o the first winding clock
W1 146 mdicating that the output rectifier D1 118 transitions from a non-conducting state to
a conducting state when the switching frequency signal FSW 145 1s logic low value. For this
exarople, the switching frequency signal FSW 145 transitions to a logic tugh value and the
low side switch 82 106 is turned OFF.

{0051} FIG. 2A 15 3 timing diagram 200 illustrating waveforms for the swilching
frequency signal FSW 245, request signal REQ 228, first drve signal GH 230, second drive
signal GL 231, primoary current Ier 210, first winding signal D1 235, second winding signal
P2 236, first winding clock W1 246, and second winding clock W2 247, which are example
waveforms of similarly named elements discussed in FEG. 1.

{0052] The switching frequency signal FSW 245 s a rectangular pulse waveform of
varying lengths of logic high and logic fow sections. The switching period Tsw 250 is shown
as the time between leading edges of the switching frequency signal FSW 245 but may also
be defined as the time between trailing edges. Switching pertod Tsw 250 1s substantially the
mnverse of the swiiching {requency. As shown, the switching period Tew 250 may comprise
two half cycles 251 with one half cycle THC. corresponding to a logic high section and
another half cycle THCq1 corresponding to the logie low section of the switching period Tsw
250. Under steady state conditions, the half cyele THC, is substantially equal fength to half

cycle THCw+1. I the input voltage 102 or the load 124 changes, the half cycles may increase
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or decrease over time. When the hard swiich sense block senses a hard swiich event, the half
cycles THC: or THC w1 may be shortened or terminated once the event has been sensed.

{6053} The request stgnal REQ 228 may be a rectangular pulse wavelform with a logie
high value at every leading edge and at every trailing edge of the switching frequency signal
FSW 245, The request signal REQ 228 15 then transnutied fo the primary controller to
control switching of the hugh side switch S and the low side switch 82 via the first drive
signal GH 230 and the second drive signal GL 231, respectively. In one example, logic high
sections of the switching frequency signal FSW 243 correspond to a conducting hugh side
switch 81 (and a logic high first drive signal GH 230) and logic low sections of the switching
trequency signal FSW 245 correspond to a conducting low side switch {and alogic high
second drive signal GL 231). For every leading edge of the swiiching frequency signal FSW
2435, the request signal REQ 228 pulses 1o a logic hugh value. The second drive signal GL
231 transitions to a logic low value to turn OFF the low side switch 82 prior to the first drive
signal GH 230 transiioning to the logic high value to tumn ON the high side swiich S1. As
shown, there 15 a propagation delay TPD 252 between the pulse of the request signal RE(}
228 and the logic low transition of the second drive signal GL 231 representative of the time
to transmit from the secondary controller to the primary controller and the delays of the
various circuits within both. Further, FIG. 2A also illusirates the dead time TZV between
turning OFF the low side switch 82 (7 e., trailing edge of GL 231) and turning ON the high
side switch 51 (7.e., leading edge of GH 230}, As mentioned above, tf there 1s non-zero tank
current flowing in the proper direction, ZVS may oceur.

{0884} For every tratling edge of the switching frequency signal FSW 245 the request
signal REQ 228 pulses to a logic high value. The first drive signal GH 230 transitions to the
logic low value to fwrn OFF the high side switch S1 prior to the second drive signal GL 231

transitioning to the logic ligh value to turn ON the low side switch S2. The propagation
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defay TPD 252 and the dead ttime TZV 2353 between turning OFF the high side switch S1 and
turning ON the low side switch are also shown. During the dead time TZV 253 between
turning OFF the high side switch §1 and turning ON the low side switch 82, the voltage at
the half bridge node {(node HB 108 shown mn FIG. 1A ) will fall due to the current discharging
the lumped capacitance at node HB 108. The minumum half bridge HB voltage reached
occurs when current through the body diode of the low side swilch 82 106, clamps the
voltage substantially 4 negative value near zero. This creates the ZVS condition before the
low side switch $2 tums ON.

{0085] As shown, the primary current Ier 210 15 substantially increasing when the
first drive signal GH 230 1s logic high and the high side switch S1 15 conducting, while the
primary current Ier 210 15 substantially decreasing when the second drive signal GL 231 15
logic high and the low side switch $2 15 conducting. For the example shown in FIG. ZA,
when the primary current Ipr 210 15 negative, the output rectifier D1 118 shown in FIG. 1A is
n a non-conducting state while the output rectifier D2 119 15 in a conducting state. As such,
the first winding signal D1 235 is substantially a positive non-zero value {corresponding to
two times the output voltage VO) while the second winding signal D2 236 1s substantially a
negafive value near zero {corresponding 1o the diode voltage drop). Thus, the first winding
signal D1 235 1s a positive value when in the output rectifier DT 118 is not conducting, and
the second winding signal D2 236 is a negative value when in the output rectifier D2 1191s
conducting. The first winding clock W1 246 15 logic low while the second winding clock W2
247 15 logic lugh. When the primary current Ier 210 15 positive, the output rectifier D1 118
shown in FEG. 1 15 in a conducting state while the output rectifier D2 11915 in a non-
conducting state. As such, the first winding signal D1 235 15 substantially a negative value
near zero (corresponding to the diode voltage drop} while the second winding signal D2 236

is substantially a positive non-zero value {corresponding to two times the output voltage VO).
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Thus, the first winding signal D1 235 15 a negative value when in the output rectifier D1 118
is conducting, and the second winding signal D2 236 is a positive value when in the output
rectifier D2 119 is not conducting. The first winding clock W1 246 15 logic high while the
second winding clock W2 247 is logic low. It should be appreciated that the duratton of time
which the output rectifiers D1 118 or D2 119 are conducting may vary with load. For
exarnple, the doration of conduction time may decrease with decreasing loads.

{086} For the example shown m FIG. 2A, a phase angle PA 254 {or hard swiiching
mav be defined as the ratio of time between a pulse in the request signal REQ 22% and the
primary current ler 210 changing polanity (i.e., crossing zero) with respect to the total period
TSW. As mentioned above, there 15 a muninurn hard switch phase angle PA 254 to keep the
power converter soft-switching {which allows zero voltage switching) and a hard switch
phase angle threshold can be utilized to indirectly sense when the power converter is hard
switching. In the example shown, the winding sense signals D1 235 and D2 236 generally
change polanty around the saroe time as the zero crossing of the Ier 210. The polarity
changes for winding sense signal D1 235 and D2 236 translate to leading and tratling edges in
winding clock signals W1 246 and W2 247 A sensed phase angle SPA 255 can be defined
as the duration of time between a pulse in the request signal REQ 228 and the leading edge of
winding clock signals W1 246 or W2 247.

{0057} F1G, 2B 1s another timing diagram 201 dlustrating waveforms for the
switching frequency signal FSW 245, request signal REQ 228, first drive signal GH 230,
second drive signal GL 231, primary corrent Ier 210, first winding signal D1 235, second
winding signat D2 236, first winding elock W1 246, and second winding clock W2 247,
which are example waveforms of similarly named elements discussed m FIG. 1A 1t should
be appreciated that FIG. 2B 1s similar to FIG. 2A. However, the phase angle PA 254 for

hard switching may be defined as the ratio of time between either the high side switch S1 or
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low side switch 52 switching and the primary current Ier 210 changing polartty {i.e., crossing
zero}, with respect to the total period TSW. Or in other words, the phase angle PA 254 may
be defined as the duration of time between the leading edges of either the first drive signal
GH 230 or the second drive signal GL 231 and the primary current Ier 210 changing polartty
{i.e., crossing zero). The phase angle 254 1s sinular 1o the phase angle shown in FIG. 24,
however the phase angle 254 shown m FIG. 2B does not mchude the propagation delay TPD
252 and dead time TZV 233, The secondary controller may know the valaes for the
propagation delay TPD 252 and dead time TZV 253 and the sensed phase angle SPA 255 of
FIG. 2B can be defined as the duration of time between a pulse 1n the request signal REQ
228 and the leading edge of winding clock signals W1 246 and W2 247 nunus the
propagation delay TPD 252 and dead time TZV 253,

{0058] FIG. 3 15 a inung diagram 300 with example waveforms for the primary
current Ipr 310, first winding signal D1 345, and first winding clock W1 346, and how these
signals may vary with load. } should be appreciated that similarly named and nurmbered
elements couple and function as described above. The primary current ler 310 1s shown as an
oscillating waveform, the dashed line illustrates an example magnetizing current by 357,
which s a portion of the primary current Irr 310, The dark solid line corresponds to a
primary current Ipr 310 with a larger load than the thin solid line. The magnetizing current
b 357 1s illustrated as a sawtooth waveform. As the load increases, the magnitude of the
primary current Irr 310 increases.

{00581 Winding signal D1 345 15 a positive value when the output rectifier D1 s not
conducting {and corresponds o two times the output voltage V) and is a negative, near zero
value when the output rectifier is conducting {corresponding to the diede conduction drop}.
The winding clock signal W1 346 13 logic high when the output rectifier D1 1s conducting

(i.e., winding signal D1 345 15 negative, near zero) and logic low when the output rectifier D]
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is not conducting (i.e., winding signal D1 345 1s positive). As the load increases, the
conduction ttme of the outpwt rectifier DT increases, and as such the winding clock signal Wi
346 15 logic high for a longer duration of time,

{8060} For alarger load (thick solid ling), the winding signal D1 345 may change
polarities (corresponding to a zero crossing if the primary current Ipr 310) at time 11 359, As
such, winding clock W1 346 may transition from logic low to logic high at ime t1 359.
However, for a smaller foad (thin sohid ling), the winding signal D1 345 may change
polarities (corresponding 1o a zero crossing if the primary current IPR 310) at time 12 360 and
the leading edge m winding clock W1 346 occurs.

[0061] Time t0 358 corresponds to the start of a phase angle timer. For the example
shown, the phase angle 13 the duration between the start of the timer (time t0 358) and the
leading edge of the winding clock W1 346, As shown, the sensed phase angle SPAT 333 for
the larger load may be shorter than the sensed phase angle SPA2 356 for the smaller load. It
should be appreciated that a similar characteristic can be seen with the second winding signal
P2 and second winding clock W2 with regards to load.

10062] FIG. 4A illustrates one example of a secondary controller 426 with hard
switch sense block 443, Similarly named and numbered elements couple and function as
described above. As shown, the secondary controller 426 includes a transconductance
arphifier 437 (also referred to as a feedback reference circuit), control loop clock generator
439, comparators 440 and 441, hard switch sense block 443, and request transmitter 444,
Transconductance amplifier 437 {i.e., feedback reference circuit) is coupled to receive the
feedback signal Urs 427 and a feedback reference REF 438 and outputs the load signal CMP
434 The output of the transconductance amplifier 437(7 e, feedback reference circuit) is
coupled to a compensation circuit 433, which provides loop compensation for the feedback

loop of the power converter. In one example, a larger value for the load signal CMP 434
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corresponds 1o a smaller load. In other words, the load signal CMP 434 increases as the load
decreases.

{0063} As shown in FIG. 44, the control loop clock generator 439 includes a
reference generator 463, comparators 464 and 4635, OR gates 467 and 468, and laich 469.
Reference generator 463 1s coupled to receive the load signal CMP 434 and generate first 488
and second 489 references for comparators 464 and 465, The first reference 488 may
substantially {ollow the value of the load signal CMP 434, The second reference 489 may be
a complementary version of the first reference 488, whereby the magrnitude of the first
reference 488 above 3 cornmon-mode value 1s equal and opposite for the second reference
489, with respect to the same conunon-mode value. Thus two references are created, one
which substantially follows the load signal CMP 434 and the other with a complementary
reference as described. The two references may move in opposite directions with respect {o
the load. The first reference 488 may geverally reduce in value with increasing load. The
second reference 489 (the complementary reference) may therefore generally increase in
value with respect to increasing load.

10064] Comparator 465 may be coupled to receive one of the second reference 489
from the reference generator 463 at its mverting input and the sense signal SENSE 432 at its
non-inverting input. Comparator 464 may be couplad to receive the first reference 488 from
the reference generator 463 at its nop-inverting input and the sense signal SENSE 432 at its
mverting input.

{00665] OR gate 468 15 coupled to receive the output of comparator 465 and the hard
switch sense signal HS W1 448 from the hard switch sense block 443, OR gate 467 15
coupled to receive the output of comparator 464 and the hard switch sense signal HS W2 449
from hard switch sense block 443. Latch 469 1s coupled to receive the outputs of OR gates

467 and 463. In the example shown, the latch 469 receives the output of OR gate 468 at ifs
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set 8§ input and recetves the output of OR gate 467 at its reset R input. The output of the laich
469 1s the switching frequency signal FSW 4435,

{8066] In operation for the example shown, the laich 469 is set, and the switching
frequency signal FSW 445 transitions to a logic high value, when the sense signal SENSE
432 15 greater than the second reference 489 provided by the reference generator 463 or hard
switch sense signal HS W1 15 asserted. In other words, when a hard switch event has been
detected from the first output winding, the current hatf cycle 1s terminated. The latch 469 15
reset, and the switching frequency signal FSW 4435 transitions to a logic low value, when the
sense signal SENSE 432 falls below the first reference 488 provided by the reference
generator 463 or the hard switch sense signal HS W2 449 15 asserted. In other words, when a
hard switch event has been detected from the second output winding, the current half cycle is
terminated. By varving the values of the references 488, 489 outputted by the reference
generator 463 1o response to the load signal CMP 434, the control loop clock generator 439
controls the switching frequency and switching penod of the high side and low side switches
and the amount of energy delivered to the output of the power converter. However, as will be
further discussed, hard switch sense signal HS W1 448 and HS W2 449 may further modify
the switching frequency and switching pertod of the high side and low side switches.

{0867] Each switching period Tsw for the switching frequency signal FSW 445
mchudes two half cycles, shown as half cycle THC, and THCw+1. The switching frequency
signal FSW 445 15 logic high daring one of these half cycles (THCx) and logic low during the
other half cycle (THC+) The switching pertod Tsw and the lengths of the half cyeles THCy
and THCn+1 are used 1o control the amount of energy delivered 1o the load. The longer the
switching period Tsw (i.¢., the longer the half cycles THCq and THCq1), the more energy s
delivered to the output of the power converter and the load. Under steady state conditions,

the two halt cvcles THCq and THCq+ are substantially equal. However, under transient
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conditions the fengths of the two half cycles THC: and THCwn are varied (and the overall
switching period Tsw} to bring the output of the power converter into regulation.

10068] As will be further discussed, the hard switch sense block 443 determunes if the
power converter may be hard switching by monitoring the first and second output windings.
Both hard switch sense signal HS W1 448 and HS W2 449 may be pulsed signals that pulse
to a logic hugh valoe when a hard switch event has been detected. The hard switeh hard
swiich sense signal HS W1 448 and HS W2 449 may also clear at the end of the half cycle
THCx or THCw. However, it should be appreciated that other logic implementations of the
hard switch sense block 443 are possible. In one example, hard switch sense signal HS Wl
448 pulses to a logic high value when a hard switch event has been detected on the furst
output winding, and hard switch sense signal HS W2 pulses to a logic high value when a
hard switch event has been detected on the second output winding. In response to the
received pulses, the control loop clock generator 439 ternunates the current half cycle (THC,
or THCxn) via OR gates 467, 468, and latch 469 to change the state of the switching
frequency signal FSW 445.

18069} The switching frequency signal FSW 445 is received by the request
transmitter 444 and the frequency of the request signal REQ 428 1s responsive to the
switching frequency and switching period set by the switching frequency signal FSW 445, In
one example, a leading edge in the switching frequency FSW 445 corresponds to turning on
the high side switch S1 while a trailing edge corresponds to turning on the low side switch
S2. Comparator 440 is coupled 1o recetve the first winding signal D1 435 and threshold TH
4472 and outputs first winding clock W1 446, The first winding clock W1 446 is a rectangular
pulse waveform with varying duorations of logic high and logic low sections. In one example,
threshold TH 442 s substantially near zero or below zero and the first winding clock W1 446

ndicates the polartly of the first winding signal D1 435, Edges of the first winding clock W1
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446 would represent a change n polanity of the first winding signal D1 435, In one example,
a logtc high value for first winding clock W1 446 corresponds to a negative polarity of the
first winding signal D1 435 while a logic low value for first winding clock W1 446
corresponds to a positive polanty of the first winding signal D1 435, Stated i another way,
the first winding clock W1 446 may be representative of the conduction of the oulput rectifier
D1 coupled to the first outpul winding. For example, the first winding clock W1 446 may be
logic high when the output rectifier 1 coupled 1o the first cutput winding is conducting and
logic low when the output rectifier D1 is not conducting. As shown, the threshold TH 442 1s
received at the non-inverting mput of corparator 440 while the first winding signal D1 43515
received at the inverting input.

{0076} Sumalarly, coraparator 441 15 coupled to receive the second winding signal D2
436 and threshold TH 442 and outpuis the second winding clock W2 447, The second
winding clock W2 447 is a rectangular pulse waveform with varving durations of logic high
and logic low sections. In one example, threshold TH 442 1s substantially near zero or below
zero and the second winding clock W2 447 indicates the polarity of the second winding
signal D2 436. Hdges of the second winding clock W2 447 would represent a change in
polarity of the second winding signal D2 436. In one example, a logic high vatue for second
winding clock W2 447 corresponds to a negative polarity of the second winding signal D2
436 while a logic low value corresponds to a positive polarity of the second winding signal
B2 436, Said in another way, the second winding clock W2 447 may be representative of the
conduction of the output rectifier D2 coupled to the second output winding. For example, the
second winding clock W2 447 may be logic high when output rectifier B2 is conducting and
logic low when the output rectifier D2 is not conducting. As shown, the threshold TH 442 is
recetved at the non-inverting mput of comparator 441 while the second winding signal D2

436 15 received at the ioverting inpul. The change of polanty in the frst and second winging
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signals D1 453 and D2 436 generally correspond with zero crossings of the primary current
ier of the power converter. As such, the first and second winging signals D1 453 and D2
436, along with the first and second winding clock signal Wi 446 and W2 447 may be
utilized to indirectly sense the primary current Ier of the power converter,

{8071} Hard switch sense block 443 15 coupled to receive the swilching frequency
signal FSW 445, the first winding clock W1 446, and the second winding clock W2 447, and
outputs hard switch sense signals HS W1 448 and HS W2 449, Hard switch sense signal
HS W1 448 is representative of detection of hard switching from the first output winding
while hard switch sense signal HS W2 449 1s representative of detection of hard switching
from the second output winding. When either signal HS W1 448 or HS W2 449 15 asserted,
the control loop clock generator 439 ternunates the current half cycle by transitioning the
switching frequency signal FSW 445 from logic high to logic low or vice versa.

{0072] As shown, the hard switch sense block 443 include flip-flop 461 and flip-flop
462, Fhp-flop 461 15 coupled to receive the first winding clock signal W1 446 at s clock
mput, a logic high value at its data D nput (as indicated by the “17 in FIG. 4A), and the
switching frequency signal FSW 445 at its reset R input. The output of flip-flop 462 1s the
hard switch sense signal HS W1 44&. Flip-flop 462 1s coupled to receive the second winding
signal W2 447 at its clock input, a logic high value at its data D input {as ndicated by the “1”
in FIG. 44), and the switching frequency single FSW 445 at its inverse reset R input. The
inverse reset for flip-flop 462 1s mndicated with the “bar” above the R m FIG. 44 In
operation, flip-flop 462 resets when the switching frequency signal FSW 445 15 logic low,
while flip-flop 461 resets when the switching frequency signal FSW 445 is logic high. The
output of flip-flop 462 is the hard switch sense signal HS W2 449t should be appreciated
that latches or other memory units which can remember previous states could also be used.

In one example, the flip-flops could be considered a 1-bit memory unit.
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{3073} In operation, the hard switch sense block 443 determines if there have been
hard switch events by comparing the timung of the edges of windimg clocks W1 446 and W2
447 to the value of the switching frequency signal FSW 445, In one implementation, flip-
flops 461 and 462 capture the hard switch event. Under most normal conditions, a leading
edge in the second winding clock W2 447 should not ocour while the switching frequency
signal FSW 445 15 logic high. If a leading edge m the second winding clock W2 447 occurs
while the swiiching frequency signal FSW 445 15 logic high, the hard switch sense block 443
outputs a pulse in single HS W2 449 1o terminate the current half cycle and transition the
switching frequency signal FSW 445 to a logic low value, which then vutiates the tum OFF
of the high side switch ST and the turn ON of the low side switch S2. As shown, the flip-flop
462 outputs the logic high value (at its data D mput) when the second winding clock W2 447
transitions to a logic hagh value (.e., leading edge) while the switching frequency signal FSW
445 15 logic tugh. The received pulse in the signal HS W2 4409 resets the latch 469 and the
switching frequency signal FSW 445 transitions 1o a logic low value. Once the switching
frequency signal FSW 445 transitions to a logic low value (7 e, trailing edge), flip-flop 462
resets and the signal HS W2 44915 logic low. The particular configuration of this example
uses the FSW 1s the reference phase 445 signal which in this case represents a phase-angle of
zero, with positive phase events occwrring after FSW-edges and negative phase events
occurring before FSW edges. It should be appreciated that in another example the reference
signal could be a non-zero reference phase angle.

{8074} Stmularly, a leading edge in the first winding clock W1 446 should not ocour
while the switching frequency signal FSW 445 ig logic low under most normal conditions, I
a leading edge in the first winding clock W1 446 oceurs while the switching frequency signal
FSW 445 15 logic low, the hard switch sense block 443 outputs a pulse in single HS W1 448

to terminate the current half cycle and transition the switching frequency signal FSW 445toa
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logic high value, which then mitiates the turn OFF of the low side switch SZ and the turn ON
of the high side switch §1. As shown, the flip-flop 461 outputs the logic high value {(at its
data D input) when the first winding clock W1 446 transitions to a fogic high value (i.e,,
leading edge} while the switching frequency signal FSW 445 15 logic low. The recerved
pulse in signal HS W1 448 sets the latch 469 and the switching {requency signal FSW 445
transitions to a logic high value. Once the switching frequency signal FSW 4485 transtiions to
alogic high value (i.e., leading edge), Jip-flop 461 resets and the signal HS W1 448 15 logic
low. As such, the hard switch sense block 443 monttors the polarity change m the secondary
windings to indirectly sense hard switch events.

[0075] FIG. 4B illustrates a timing diagram 401 of example waveforms of the
switching frequency signal FSW 445, first winding clock signal W1 446, second winding
clock signal w2 447, and hard switch sense signals HS W1 448 and HS W2 449, It should
be appreciated that similarly named and numbered elements couple and funciion as described
above. As shown, the switching frequency signal FSW 445 15 a rectangular pulse waveform.

{8076} During half cycle a, the switching frequency signal FSW 4435 1s logic high.
The duration of half cvcle a is tllustrated as THC(a). At the beginning of half cvcle a, the
first winding clock signal W1 446 1s logic low while the second winding signal W2 447 is
logic high. At some point during half cvcle a, the first winding clock signal W1 446
transitions 1o a logic high value while the second winding signal W2 447 fransitions to a logic
low value. A leading edge in the second winding signal W2 447 does not occur while
switching frequency signal FSW 445 is logic high. As such, there is no pulse in the hard
switch sense signal HS W2 449 during half cycle a.

{8077} For half cvcle b, the switching frequency signal FSW 445 1s logic how and the
duration of half cvcle b is illustrated as THC(b). As shown, the duration of half cvcle a,

THC(a), 15 substantially equal to the duration of half cycle b, THC(b). At the beginning of
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hatf cycle b, the first winding clock signal W1 446 1s logic high while the second winding
signal W2 447 15 logic low. At some point during half cycle b, the first winding clock signal
W1 446 transitions 10 a logic fow value while the second winding signal W2 447 transitions
to a logic high value. A leading edge i the first winding signal W1 447 does not occur while
swiiching frequency signal FSW 445 15 logic low. As such there 13 no pulse n hard switch
sense signal HS_ W1 448 during half eycle b,

{3078] For half cycle ¢, the switching frequency signal FSW 445 15 logic high and the
duration of half cycle ¢ 1s illustrated as THC{(c). In thuis example, the control loop clock
generator 439 increased the switching period TSW of the switching frequency signal FSW
445 and THC(c) 15 greater than THC(b) and THC(a). At the beginning of half cycle ¢, the
first windmg clock signal W1 446 15 logic low while the second winding signal W2 447 15
logic high. Al some point during hall cvele ¢, the fitst winding clock signal W1 446
transitions to a logic high value while the second winding signal W2 447 transitions to a logic

low value. Similar to half cycle a, a leading edge in the second winding signal W2 447 does

not occur while switching frequency signal FSW 445 is logic high.  As such, there is no pulse
in the hard switch sense signal HS W2 449 during half cycle ¢. Forhalf cyclesa, b, and ¢, it
is the control loop clock generator 439 which determines when the switching frequency
signal FSW 445 should transition between logic high and low values. However, the edges for
the first winding signal W1 446 and second winding signal W2 447 are occurning closer to
the beginning of half cycle ¢ as compared to either half cvele a or half cycle b, This may
indicate that the power converter 1S starting 1o operate near the borders of hard switching.
{8079] At the beginning of half evcle d, the switching frequency signal FSW 445 15
logic low and the first winding clock signal W1 446 1s logic high while the second winding

signal W2 447 15 logic low. At some point duning half cyele d, the first winding clock signal

W1 446 transitions to a logic low value while the second winding signal W2 447 transttions
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to alogic high value. However at time t0 458, the first winding clock signal W1 446
transitions back to a logic high value and the second winding signal W2 transitions to alogic
low value. A leading edge in the first winding clock signal W1 446 occurs while the
switching frequency signal FSW 445 is logic low. As such, the hard switch sense signal

HS W1 448 pulses to alogic high value a time {0 438 and the switching frequency signal
FSW 445 transitions {o a logic hagh value. The duration ot half eycle d 1s shown as THC(d)
and ends at time 10 458, The dashed leading edge m the swilching frequency signal FSW 445
at time t1 439 indicates where the switching frequency signal FSW 445 would have
transitioned to a logic high value 1f the hard switch event was not detected.

{0080} At the begiung of half cvcle e, the switchmg frequency signal FSW 445 15
logic high and the first winding clock signal W1 446 15 logic high while the second winding
signal W2 447 is logic low. At tiroe (2 460, the first winding clock signal W1 446 transitions
to a logic low value while the second winding signal W2 447 transitions to a logic high value
Aleading edge in the second winding clock signal W2 447 occurs while the switching
frequency signal FSW 445 15 logic high.  As such, the hard switch sense signal HS W2 449
pulses 1o a fogic high value at time 12 460 and the switching frequency signal FSW 445
transitions 10 a logic low value. The duration of half cycle e is shown as THC (e} and ends at
time 12 460. The dashed trailing edge in the switching frequency signal FSW 445 at time 13
470 indicates where the switching frequency signal FSW 445 would have transitioned to a
logic low value if the hard switch event was not detected.

{0081] At the begimning of half ¢ycle 1, the swiiching frequency signal FSW 445 15
logic low and the first winding clock W1 446 is logic low while the second winding clock

/2 447 1s logic high. At time 14 471, the first winding clock W1 446 transitions to a logic
high value while the second winding clock W2 447 transitions to a logic low value. A

leading edge in the first winding clock signal W1 446 occurs while the switching frequency
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signal F8W 445 15 logic low. As such, the hard switch sense signal HS W1 448 pulsestoa
togic high value a time 14 471 and the switching frequency signal FSW 445 transitions {0 a
logic high value. The duration of half cycle f1s shown as THC(!) and ends at time 4 471,
The dashed leading edge in the switching frequency signal FSW 445 at time 15 472 indicates
where the switching frequency signal FSW 445 would have transitioned to a logic high value
if the hard switch event was not detected.

{0082] FIG. 8 iHlusirates a flow diagram 505 representing the function of the
secondary controller with hard switch sense blocks of FIGs. 1, 44, and 4B. At block 505, a
signal representative of switching on the primary side 1s recerved. In other words, the signal
1s also representative of the switching of the high side switch S1 and the low side switch S2.
This signal may be the switching frequency signal FSW or the request signal REQ.

{0083} At block 510, the hard switch sense block monitors the winding clock signals
representative of secondary side rectifier conduction. Stated differently, the hard switch
sense block also monitors the polarity changes in the output windings.

{0084} At block 520, the hard switch sense block determunes if a leading edge in the
first winding clock W1 is received when the low side switch S2 15 conducting {(i.¢., the
switching frequency signal FSW is logic low) or a leading edge in the second winding clock
W2 is received when the high side switch 81 is conducting (i.e., the switching frequency
signal FSW is logic high}. [fyes, the current half cycle is terminated in block 525. f no, the
length of the half cycle is responsive to the load signal CMP and the swiiching frequency
signal FSW in block 518.

{B088] FIG. 6 tllustrates another example of a secondary controlier 626 with hard
switch sense block 643, 1t is appreciated that secondary controller 626 shares many
similarities with the example secondary controliers 126 and 426 of FIGs. 1, 44, and 4B, and

that similarly named and numbered elements couple and function as described above. To the
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example of FIG. 6, the hard switch sense block 643 also includes hard switch sensing during
the propagation delay of the power converter. Further, the secondary controller 626 includes
limit control block 674,

{8086} Simular to the previous figures, the hard switch sense block 643 1s coupled 1o
recetve the swilching frequency signal FSW 645, the first winding clock W1 646, and the
second winding clock W2 647, and outpuis hard switch sense signals HS. W1 648 and
HS W2 649, Hard swiich sense signal HS W1 648 15 representative of detection of hard
switching from the first output winding while hard switch sense signal HS W2 64915
representative of detection of hard switching from the second output winding. When either
signal HS W1 648 or HS W2 649 15 asserted, the control loop clock generator 4639 ends the
current half cycle by transitioning the switching frequency signal FSW 645 from logic high to
logic low or vice versa.

{0087} The hard switch sense block 643 also outputs event signal EVT 673, which is
representative of detection of a hard switch event during the propagation delay of the power
converter. In one example, the event signal EVT 673 15 a pulsed waveform that pulses to a
logic high value when a hard switch event during propagation delay has heen detected. As
mentioned above with respect 1o FIGs, 24 and 2B, there is generally a delay between the
sending of pulses in the request signal REQ 628 (responsive to the edges of the switching
frequency signal FSW 645) and actual turn OFF, dead time, and then turn ON of the high
side switch 51 and low side switch $2 due to delays in transmussion and/or infernal circuuts,
This delay 1s represented by propagation delay TPD. The secondary controlier 626 via the
hard switch sense block 643 can determine if hard switching occurs by monitoring the change
in polarity of the first and second output windings (7.e., monitoring the conduction of the

output rectifiers) with respect to the switching frequency signal FSW 645 during the
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propagation delay TPD. 1t should be appreciated also that the propagation delay TPD could
be used as an arbiirary reference phase angle for the hard-switch phase-comparator 643.

{0088] Each switching period Tsw {or the switching frequency signal FSW 645
includes two half cycles, shown as half cycle THC and THCh1. The switching frequency
signal FSW 645 15 logic high during one of these half cycles (THCy) and logic low during the
other hall cycle (THCx:1). The switching period Tsw and the lengths of the half cyeles THCa
and THCni1 are used o control the amount of energy delivered 1o the load. The Jonger the
switching period Tsw (7.e.. the longer the half cvcles THCh and THCar1), the more energy 1s
delivered to the output of the power converter and the load. Under steady state conditions,
the two half cycles THCy and THCoy: are substantially equal. However, under transient
conditions the lengths of the two half ¢vcles THC: and THCon are varied (and the overall
switching period Tew) to bring the output of the power converter into regulation.

{0089] Limit control 674 is coupled to receive the event signal EVT 673 and outputs a
lirnit signal 675 representative of the maximum duration of a half cycle in response to the
detection of hard switch events. When a hard switch event is detected by the hard switch
sense block 643, the limit control block 674 shortens the duration of the next half cycle. The
arount which the next half cvcle i1s shortened can be a fixed or variable value. When
variable, the linut control block 674 can shorten the next half cycle by the time between
sending a request signal REQ 628 and the detection of the hard switch event. In other words,
the next half cycle can be shortened by the time between a pulse in the request signal REGQ
628 and a pulse in the event signal EVT 673, As such, the it control block 674 can
potentially prevent hard switch events from occurring in subsequent half cveles.,

{8090} Control loop clock generator 639 15 coupled to recetve the lirmt signal TLIM
675. Similar to previous examples of the control foop clock generator in previous figures,

control loop clock generator 639 includes reference generator 663, comparators 664 and 665,
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OR gates 607 and 668, and latch 669. 1t should be appreciated that strmlarly named and
numbered elements couple and function as described above. The control loop clock
generator 639 illustrated in FIEG. 6 also inchudes AND gate 685 and NOR gate 686. AND
gate 685 1s coupled to receive the switching frequency signal FSW 645 and the limit signal
TLIM 675, The output of AND gate 685 is received by OR gate 667. NOR gate 686 13
coupled to receive the switching frequency signal FSW 645 and the mverted Himt signal
TLIM 675 {as indicated by the small circle at the input of NOR gate 686). The output of
NOR gate 686 15 received by OR gate 668, In operation, the latch 669 1s set when the Tinut
signal TLIM 675 1s asserted while the switchung frequency 645 1s logic low {i.e., the half
cycle limit as deternuned by the limit control 674 has been reached). Once the latch 669 15
sel, the swiiching frequency signal FSW 645 transitions to alogic high value. The laich 669
is reset when the himit signal TLIM 675 is asserted while the switching frequency signal FSW
645 15 logic high (.., the half cycle limit as deterroined by the linut control 674 has been
reached). Once the latch 669 1s reset. the switching frequency signal FSW 645 transitions to
alogic low value. By shortening the lengths of the half cycles, the lirmt control 674 and the
control loop clock generator 639 reduce the amount of energy delivered to the output of the
power converter in response 10 the detection of hard switch evenis by the hard switch sense
block 643, As such, the limit control 674 m secondary controller 626 can potentially help
prevent hard switch events from occurring 1n subsequent half cycles.

{3091} FIG. 7A diustrates an example secondary controller 726 with hard switch
sense block 743 and limut control block 774, Tt 1s appreciated that the secondary controller
767 shares many similarities with the example secondary controller 626 of FEG. 6, and that
simifarly named and numbered elements are coupled and function as described above.
Further, some elements are not shown explicitly (such as for instance the hard switch sense

signals HS_ W1 and HS_W2 to sumplify the figure}.
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{3092] As shown, FIG., 7A lustrates an example hard swiich sense block 743 for
sensing hard switch events during the propagation delay TPD of the power converter. Other
cireuit implementations are possible to detect the hard swiich events during the propagation
delay TPD. The hard switch sense block 743 includes AND gates 777, 778, thip-flops 779,
780, and OR gate 781, It should be appreciated that the elements of the hard switch sense
block 743 shown in FIG. 7A can be used with the elerments of the hard switch sense block
shown in FEG. 4A. The hard switch sense block 743 is coupled to receive the switching
frequency signal FSW 743, first and second winding clock signals W1 746 and W2 746, and
delaved switching frequency signal FSW+TPD 776, The delayed switching frequency signal
FSW+TPD 776 15 the switching frequency signal FSW 745 delayed by the propagation delay
TPD of the primary and secondary controller. Propagation delay TPD may be measured by
the secondary controlier or the secondarv controller may assume a fixed propagation delay.
In one example, propagation delay may be measured at startup. In another example,
propagation delay may be measured by counting or timing the time between a request pulse
728 and a leading edge in either winding clock W1 746 or W2 747. The time measured
between a request pulse 728 and a leading edge in either winding clock W1 746 or W2 747
could be averaged over several switching cycles. In a further example, the secondary
controller 426 may monitor the sense signal 432 which includes information regarding the
voltage at the half bridge HB node and the power delivery. The beginning of the slew of the
voltage at the half bridge node can be seen in the sense signal 432 and a winding clock that
oceurs before the slew could indicate hard switching, Hard switch sense block 743 outputs
the event signal EVT 773 representative of detected hard switch events during the
propagation delay TPD.

{3093} By monitoring the first and second output windings {and ergo the conduction

of the output rectifiers) during the propagation delay TPD with respect 1o the switching
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frequency FSW 745, the hard switch sense block 743 determines o the power converter may
be hard switching. As mentioned above, the event signal EVT 773 may be a pulsed signal
which pulses 10 a logic high value when a hard switch event has been detected.

{8094} As shown, AND gate 777 is coupled to recetve the switching frequency signal
FSW 745 and the inverted delayed swiiching {frequency signal FSW+TPD 776, as shown by
the small civcle at the mput of AND gate 777, The output of AND gate 777 is received at the
data D mput of flip-flop 779 and 15 logic hugh for the propagation delay TPD after a leading
edge in the switching frequency signal FSW 7435,

{0095] Swularly, AND gate 778 15 coupled to receive the mverted switching
frequency signal FSW 745, as shown by the sreall circle at the imput of AND gate 778, and
the delayed switching frequency signal FSW+TPD 776, The cutput of AND gate 778 15
received at the data D input of flip-liop 780 and 1s logic high for the propagation delay TPD
after a tratling edge in the switching frequency signal FSW 745

{00696} Fhip-flop 779 15 coupled 1o receive the first winding clock signal W1 at its
clock input, the output of AND gate 777 at its data D input, and the delayed switching
frequency signal FSW+TPD 776 at its reset R input. The output of flip-flop 779 is received
by OR gate 781, Flip-flop 780 is coupled to recetve the second winding clock signal W2 747
at its clock input, the output of AND gate 778 at its data D input, and the delayed switching
frequency signal FSW+TPD 776 at its inverse reset R input. The inverse reset for flip-flop
780 15 indicated with the “bar” above the R in FEG, 7TA. In operation, flip-flop 780 is reset
when the delayed switching frequency signal FSW+TPD 776 1s logic low, whale flip-flop 779
is reset when the delayed switching frequency signal FSW+TPD 776 1s logic high. 1t should
be appreciated that latches or other memory units which can remember previous states could

also be used. In one example, the flip-flops could be considered a 1-bit memory unit,
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{3097} In operation, the hard switch sense block 743 determines if there have been
hard switch events by comparing the timing of the edges of windimg clocks W1 746 and W2
747 during the propagation delay TPD after each leading and trailing edge of the switching
frequency signal FSW 745 by utilizing flip-flops 779 and 780, and AND gates 777 and 778.
Under most normal conditions (ZVS), aleading edge i the second winding clock W2 747
should not occur during the propagation delay TPD after a traihing edge in the swiiching
frequency signal FSW 745, If a leading edge in the second winding clock W2 747 oceurs
during the propagation delay TPD after a trailing edge n the switchang frequency signal FSW
745, the tlip-flop 780 outputs a logic hagh value and the event signal 773 transitions to a logic
high value. The flip-flop 780 remains logic lugh (and ergo the event signal 773) until the
propagation delay TPD after the trathing edge n the switching frequency signal FSW 745 has
passed. Affer the trailing edge propagation delay TPD, the flip-flop 780 15 reset and the event
signal 773 transitions to a logic low value. As mentioned above, while the request signal
REQ sends a pulse at every edge of the switching frequency signal FSW 745, the hugh side
switch S1 or low side switch 82 may not switch immediately due to delays i transmission
and/or internal circuits. This delay is represented by propagation delay TPD 752.

{0098] Sinularly, a leading edge in the first winding clock W1 746 should not occur
during the propagation delay TPD afier a leading edge in the switching frequency signal
FSW. If aleading edge in the first winding clock W1 746 occurs during the propagation
detay TPD after the leading edge in the switching frequency signal FSW the flip-flop 779
outputs a logic high value and the event signal 773 transitions to a logic high value. The flip-
flop 779 remains logie high (and ergo the event signal 773} until the propagation delay TPD
after the feading edge in the switching frequency signal FSW 745 has passed. After the

trailing edge propagation delay TPD, the Hlip-flop 779 1s reset and the event signal 773
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transitions to a logic low value. In response o a pulse in the event signal EVT 773, the limut
control 774 shortens the fength of the next half cycle or a plurality of consecutive half cyeles.

10099 FI1G. 7B iflustrates 2 {iming diagram 701 of example waveforms of the
switching frequency signal FSW 745, delaved switching frequency signal FSW+TPD 776,
fivst winding clock signal W1 746, second winding clock signal W2 747, and event signal
EVT 773. It should be appreciated that similarly nared and numbered elements are coupled
and function as described above. As shown, the switching frequency signal FSW 74515 a
rectangular pulse waveform and the delayed switching frequency signal FSW+TPD 776 i3
substantially the switching frequency signal FSW 745 delaved by the propagation delay TPD
752

{30100} During half cycle a, the switching frequency signal FSW 745 15 logic
high. The duration of half cyvcle a is lustrated as THC(a). At the beginning of half cycle a,
the first winding clock signal W1 746 15 logic low while the second winding signal W2 747 1s
logic high. At some point during half cvele a, the first winding clock signal W1 746
transitions to a logic high value while the second winding signal W2 747 fransitions 1o a logic
low value. A leading edge in the first winding signal W1 746 does not occur during the
propagation delay TPD 752 after the leading edge of the switching frequency signal FSW
745 As such, there is no pulse in the event signal EVT 773 during half cycle a.

{00101} For half cycle b, the switching frequency signal FSW 745 15 logic how
and the duration of half cycle b 1s illustrated as THC(b). At the begimning of half cycle b, the
first windimg clock signal W1 746 is logic high while the second winding signal W2 747 15
logic low. At some point during half cycle b, the first winding clock signal W1 746
transitions to a logic iow value while the second winding signal W2 447 transitions to a logic

high value. A leadinge edee in the second windine siegnal W2 747 does not occur during the
27 o o o) o &
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propagation delay TPD 752 after the trailing edge of the switching frequency signal FSW
745, As such there is no pulse in the event signal EVT 773 dwring haif cycle b.

00102} For half cycle ¢, the switching frequency signal FSW 745 is logic high
and the duration of half cvcle ¢ 1s Hlustrated as THC{(c). In this example, the control loop
clock generator 739 increased the switching period TSW of the switching frequency signal
FSW 745 and THC(c) 13 greater than THC(b) and THC(a). At the beginming of half cycle ¢,
the first winding clock signal W1 446 is logic low while the second winding signal W2 747 15
logic high. At some point during half cvele ¢, the first winding clock signal W1 746
transitions to a logic high value while the second winding signal W2 747 transitions to a logic

low value. Similar to half cycle a, a leading edge 1 the first winding signal W1 746 does not

occur during the propagation delay TPD 752 after the leading edge of the swiiching
frequency signal FSW 743 and there is no pulse in the event signal EVT 773 during hall
cvele ¢ For half cveles a, b, and ¢, it 1s the control loop clock generator 739 (via the sense
signal SENSE 732 and load signal CMP 734) that deternunes when the switching frequency
signal FSW 745 should transition between logic high and low values.
{00103] At the beginning of half cycle d, the switching frequency signal FSW

745 15 logic low and the first winding clock signal W1 746 15 logic high while the second
winding signal W2 747 is logic low. During the propagation delay TPD 752 after the trailing
edge of the switching frequency signal FSW 745 (between time t0 758 and t1 759), the first
winding clock signal W1 746 fransitions to a logic low value while the second winding signal

/2 747 transitions to a logic high value. As shown m FIG. 7B, the leading edge of second
winding signal W2 747 ocowrs during the propagation delay TPD 752, As such, the event
signal EVT 773 pulses 1o alogic high value and back to a logic low value at the end of the
propagation delay TPD 752 af time t1 759. The sensed phase angle SPA 755 may be the time

from the trailing edge of the switching frequency FSW 745 and leading edge w the second
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winding clock W2 747, Further, a decrement period TDEC 784 may be measured as the time
between the trailing edge or leading edge of the switching frequency signal FSW 745 and the
pulse in the event signal EVT 773,

{00104} In response to the pulse in the event signal EVT 773, the duration of
the next halt cyele or a plurality of consecutive or non~consecutive half cvcles may be
decremented by a value M. The valoe M may be a fixed or variable. In one example, the
decrement value M may be the propagation delay TPD 752, In another example, the
decrement value M may be the measured decrement period TDEC 784, In the example
shown, the linut for the duration of half ¢ycle (d) 15 substantially the duration of half cvcle ¢
THC(c) minus the decrement value M, or mathematicallv: THC(d) = THC(c) — M.
Although the hard switch event is sensed during half cycle 4 of the switching frequency
signal FSW 745 and the duration of half cvcle d THC(d) 1s decremented, the high side swiich
S1 and low side switch S2 are operating in hall cyele ¢, as shown by the delayed swiiching
frequency signal FSW-TPD 776 and as such it is the “next” half cycle which is decremented.
In some implementations, more than one half cycle 1s shortened or decremented after
detection of a single hard switching event, with each half cvele shortened by the decrement
value M or a vaniable value. Half cycle d of the switching frequency signal FSW 745 ends at
time 12 760 and the swilching frequency signal FSW 7435 transitions to a logic high value.
The dashed leading edge at time 13 770 1s an example of where half cyvcle d would have
ended if a hard switch event was not detected.

[00105] At the begimning of half cycle e, the switching frequency signal FSW
745 15 logic hagh and first winding clock signal W1 746 is logic low while the second
winding signal W2 747 is logic high. During the propagation delay TPD 752 after the
{eading edge of the switching frequency signal FSW 745 (between time {2 760 and {3 770},

the first winding clock signal W1 446 transitions fo a logic high value (7 e, leading edge}.
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Since the leading edge of the first winding clock signal Wi occurs during the propagation
delay TPD 752 | the event signal EVT 773 pulses to a logic high value and back to a logic
low value at the end of the propagation delay at time 3 770. The sensed phase angle SPA
755 may be the time from the leading edge of the switching frequency FSW 745 and leading
edge in the first winding clock W1 746. Further, a decrement period TDEC 784 may be
measured as the time between the trathng edge or leading edge of the switching frequency
signal FSW 745 and the pulse in the event signal EVT 773,

100106} In response to the pulse in the event signal EVT 773, the duration of
the next half cvcle or a plurality of consecutive or non-consecutive half cycles may be
decremented by a value M. In the example shown, the linut for the duration of half cycle ()
is substantially the duration of half cycle d THC(d) minus the decrement value M, or
mathematically: THC () = THC(d) — M. Although the hard switch event is sensed during
half cvcle e of the swilching frequency signal FSW 743 and the duration of half cycle e
THC(e) 1s decremented, the high side switch ST and low side switch S2 are operating in half
cycle d, as shown by the delayed switching frequency signal FSWHTPD 776 and as sach itis
the “next” half cycle which 1s decremented or a phirality of consecutive or non-consecutive
half cveles. Half cvcle e of the swiiching frequency signal FSW 745 ends at time 14 771 and
the switching frequency signal FSW 745 trangitions {0 a logic low value, The dashed leading
edge at tume t5 772 1s an example of where half cvcle e would have ended it a hard switch
event was not detecied. However, it should be appreciated that comparators 764 of 765 could
trigger the latch 769 to reset or set prior o the pulse generated 1 the linut signal TLIM 775,

{001067] At the beginming of half cvcle £, the switching frequency signal FSW
745 15 logic low and the first winding clock signal W1 746 1s logic high while the second
winding signal W2 747 1s logic low.  As shown, there 1s no edge i either the first winding

clock signal W1 746 or the second winding signal W2 747 during the propagation delay TPD
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752 between time 14 771 and time 5 772, As such, no hard switching event 15 detected and
the event signal EVT 773 remains logic low. For half cvele e, the control loop clock
generator 739 (via the sense signal SENSE 732 and load signal CMP 734} determines when
the switching frequency signal FSW 745 should transition between logic high and low values.
Further, there 1s no edge 1n either the first winding clock signal W1 746 or the second
winding signal W2 747 during the propagation delay TPD 752 between time 16 782 and tine
t7 783. No hard switching event is detected and the event signal EVT 773 still remains logic
low. Asshown in FIG. 7B, bv reducing the lengths of the half ¢vcles in response to sensed
hard switching, the secondary controller may prevent hard switching 1o subsequent half
cycles.

{00108} FIG. 7C illustrates an example secondary controller 726 with hard
switch sense block 743 and limit conirol block 774, It 1s appreciated that the secondary
controller 767 shares many sinularities with the exaraple secondary controller 626 of FIG. 6
and secondary controller 726 of F1G. 7A, and that sitmularly named and numbered elements
are coupled and function as described above. Further, some elements are not shown
explicitly (such as for instance the hard switch sense signals HS W1 and HS W2 to simplify
the figure). At least one difference from the secondary controller shown in FIG, 7A is the
removal of AND gates 777, 778 and the reset signals into flip-flops 779, 780. As compared
to F1G. 7A, the secondarv controller 726 shown in FI1G. 7B montiors the first and second
output windings {and ergo the conduction of the output rectifiers) not just during the
propagation delay TPD, but for the duration of the delayed switching signal FSW+TPD 776.
Or worded differently, the hard swiich sense block 743 determines if there have been hard
switch events by comparing the timing of the edges of winding clocks W1 746 and W2 747

with the value of the delaved switching signal FSW-+TPD 776,
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30109} In the example shown, flip-flop 779 1s coupled to receive the mnverted
detayed switching frequency signal FSW+TPD 776 while flip-flop 780 ts coupled to receive
the delayed switching frequency signal FSW+TPD 776, In operation, the hard switch sense
block 743 determines there 1s a hard swiich event if a leading edge occurs in winding clock
W1 746 while the delayed switching frequency signal FSWHTPD 776 15 logic low {i.e., the
wnverted delayed switching frequency signal FSW-+TPD 776 15 logic lagh). Further, the hard
switch sense block 743 determines there is a hard switch event if a leading edge occwrs in
winding clock W2 747 while the switching frequency signal FSW+TPD 776 is logic high.
When a hard switch event is detected. the event signal EVT 773 would be asserted for a full
cycle of the delaved switching frequency signal FSW+TPD 776,

{00118 FIG. 8 llustrates a flow diagram 800 representing the function of the
secondary controller hard swiich sense of FEGs. 6, 7A-7C n accordance with the teachings
of the present invention. At block 805, a signal representative of switching on the primary
side delayed by the propagation delay is received. Tn other words, the signal 1s also
representative of the switching of the high side switch 51 and the low side switch 82
including the delay time to transmit from the secondary controlier 1o the primary controlier
and the delays of the various circuits within both. This delayed signal may be the switching
frequency signal plus the propagation delay FSW + TPD.

00111} At block 810, the hard switch sense monitors the winding clock signals
representative of secondary side rectifier conduction. Stated differently, the hard swiich
sense block also monitors the polarity changes in the output windings.

[00112] At block 815, the hard swiich sense determines the phase angle for

hard switching

w2

which may be defined as the daration of time between either the high side
switch 51 or fow side switch 82 switching and the polarity changes in the output windings.

Or i other words, the phase angle may be defined as the duration of time between the
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leading edges of etther the first or second drive signal and the primary current Irr changing
polarity (2.e., crossing zero). In one example, the secondary controller may know the values
for the propagation delay TPD and dead time TZV and the sensed phase angle SPA can be
defined as the duration of time between a pulse m the request signal REQ and the leading
edge of winding clock signals W1 and W2 mimus the propagation delay TPD and dead time
VAR

{00113} At block 820, the hard swiich sense determunes if the phase angle is
less than a threshold. In one example the hard swiich sense determines if a leading edge in
the second winding clock W2 1s received before a trailing edge of the FSW + TPD sigoal or if
a leading edge 10 the first winding clock signal W1 is recerved before a leading edge of the
FSW + TPD signal. 1fves, the hmit for the next half cvcle 15 calculated based on the
measured current half cvcle nunus a decrement value M (e, TLIMur 1 = THC: - M) in block
825, and then the length of next half cycle is limited accordingly n block 830. If no. the
length of the half cycle is responsive to the load signal CMP and the switching frequency
signal FSW in block 818

00114] The above description of llustrated examples of the present invention,
including what is described in the Abstract, are not intended to be exhaustive or to be
limitation 1o the precise forms disclosed. While specific embodiments of, and examples for,
the mvention are described herein for llustrative purposes, various equivalent modifications
are possible without departing from the broader spirit and scope of the present mvention.
indeed, it is appreciated that the specific example voltages, currents, frequencies, power
range values, times, efc., are provided for explanation purposes and that other values mav
also be employed i other embodiments and examples in accordance with the teachings of the

present invention.
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CLAIMS

What s claimed 1s:

1. A controller configured for use in a power converter, comprising:

a control loop clock generator configured 1o generate a switching frequency signal in
response to a sense signal representative of a characteristic of the power converter, a load
signal responsive to an output load of the power converter, and a hard swiich sense output;

a hard switch sense circuit configured to generate the hard swiich sense output in
response to the switching frequency signal and a rectifier conduction signal representative of
a polarity of an energy transfer element of the power converter; and

a request transmutter circuit configured to generate a request signal in response to the
switching frequency signal to control switching of a switching circuit coupled to an input of

the energy transfer element of the power converter,

2. The controller of claim 1, wherein the sense signal 1s representative of at least one
of an input voltage of the power converter, an output power of the power converter, an input

power of the power converter, or a power processed by the power convertar.

3. The controller of claim 1, further comprising a feedback reference circuit having a
first input coupled to recetve a feedback signal, a second input coupled o recetve a feedback
reference signal, and an output coupled {0 a compensation circuit coupled to an output rehum
of the power converter, whereim the feedback reference circwit 1s configured to generate the
load signal in response 1o the feedback signal, the feedback reference signal, and the

compensation circut.

4. The controller of claim 1,
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wherein the energy transter element comprises a first output winding and a second
putput winding,

wherein the hard switch sense circuit is configured to indicate a hard switch event in
response to a first rectifier coupled to the first output winding transttioning from a non-
conducting staie to a conducting state when the switching frequency signal s 1 a first logic
state, and

wherein the hard switch sense circuit is further configured {o mmdicate the hard switch
gvent in response to a second rectifier coupled to the second output winding transitioning
from the non-conducting state 1o the conducting state when the switching frequency signal 15

n a second logic state,

5. The controller of claim 1, wherewn the hard switch sense circuitis configured to
sense that a primary current of the power converter is substantially equal to zero or flowing in
an oppostte direction in response o changes i polanty of a voltage of the rectifier

conduction signal.

6. The controller of claim 3,

wherein the rectifier conduction signal comprises a first winding signat and a second
winding signal,

wherem the first winding signal 1s representative of conduction in a first rectifier
coupled to a first output winding the energy transfer element, and

wherein the second winding signal is representative of conduction in a second rectifier

coupled to a second output winding the energy transfer element.

7. The controller of claim 6,
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wherein the hard switch sense circut 1s configured to indicate a hard switch event in
response to the {irst winding signal transitioning from a first state to a second state when the
switching frequency signal is in a first logic state, and

wherein the hard switch sense circuit is further configured to indicate the hard switch
gvent {in response to the second winding signal transitioning {from the first state to the second

state when the switching frequency signal is in a second logic siate.

8. The controlier of claim 1, further comprising:

a first conparator configured to generate a first winding clock coupled to be received
by the hard switch sense circwt 10 response to a winding threshold and a first winding signal
coupled to be received from a first rectifier coupled to a first output winding of the energy
transfer element; and

a second comparator configured to generate a second winding clock coupled to be
received by the hard switch sense circuit in response to the winding threshold and a second
winding signal coupled to be recetved from a second rectifier coupled to a second output

winding of the energy transfer element.

9. The controller of claim &, wherein the hard switch sense circuit comprises:

a first 1-bit memory unit coupled to be clocked 1n response to the first winding clock,
wherein the first 1-bit memory unit includes a reset input coupled to be responsive to the
switching frequency signal, wherein the first 1-bit memory unit is configured to output a first
hard switch sense signal: and

a second 1-bit memory unit coupled to be clocked in response to the second winding

clock, wheremn the second 1-bit memory unit includes an inverse reset input coupled to be
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responsive to the switching frequency signal, wherein the second 1-bit memory unit is

configured to output a second hard switch sense signal.

10. The controller of claim & wherein the control ioop clock generator comprises:

a reference generator configured to generale a first reference and a second reference
n response to the load signal;

a third comparator configured to compare the first reference and the sense signal;

a fourth comparator configured to compare the second reference and the sense signal;

a first OR gate coupled to receive an output of the third comparator and the second
hard switch sense signal;

a second OR gate coupled to recetve an output of the fourth comparator and the first
hard switch sense signal; and

a latch having a reset mput coupled to an output of the first OR gate and a set input
coupled to an output of the second OR gate, wherein the latch 1s configured to generate the

switching frequency signal.

11, The controller of claim 10, wherein the control loop clock generator further
COMprises:

a first AND gate coupled to receive the switching frequency signal and a Lot signal
from a it control circut, wherein the linit control circuit 1s configured to himit a maximum
tength of a half cycle of the switching frequency signal in response to an event signal {rom
the hard switch sense ¢ircuit, wherein the first OR gate is further coupled to an output of the

first AND gate; and
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a NOR gate coupled to recetve the switching frequency signal and an inverted linit
signal from the limut control circuit, wherein the second OR gate s further coupled to an

output of the NOR gate.

12, The controller of claim 9, wherem the hard switch sense circut further comprises:

a second AND gate coupled to receive the switching frequency signal and an nverted
delaved switching frequency signal, wherein an output of the second AND gate is coupled to
a data input of the first tlip-flop, wherein the reset input of the first flip-flop is coupled to
recetve a delaved switching frequency signal;

a third AND gate coupled to receive an inverted switching frequency signal and the
delaved switching frequency signal, wherein an output of the third AND gate 13 coupled to a
data input of the second {lip-flop, wherein the mverse reset mput of the second fhp-flop is
coupled to receive the delayed switching frequency signal; and

a third OR gate configured to generate an event signal m response to an output of the

first flip-flop and an cutput of the second thp-tflop.

13. The controller of claim 12, wherein the control loop clock generator comprises:

a reference generator configured to generate a first reference and a second reference
in response to the load signal;

a third comparator configured to compare the first reference and the sense signal;

a fourth comparator configured to compare the second reference and the sense signal;

a first AND gate coupled to recetve the switching frequency signal and a limit signal

from a limnif control circmit, wherein n the limit control circunt 1s configured to it a
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maximum length of a half cycle of the switching frequency signal in response 1o the event
signal from the hard switch sense circuit;

a NOR gate coupled to receive the switching frequency signal and an inverted limit
signal from the limit control circuit;

a first OR gate coopled to receive an output of the third comparator and an output of
the {irst AND gate;

a second OR gate coupled to receive an output of the fourth comparator and an output
of the NOR gate; and

a latch having a reset mput coupled to an output of the first OR gate and a set input
coupled to an output of the second OR gate, wherein the latch s configured to generate the

switching frequency signal.

14. The controller of claim 1.

wherein the energy transfer element includes a first output winding and a second
output winding,

wherein the hard switch sense circut 1s configured to indicate a hard switch event in
response to a first rectifier coupled to the first output winding transttioning from a conducting
state 1o a non-conducting state when a delayed switching frequency signal 1s in a first logic
state, and

wherein the hard switch sense circut 1s further configured to indicate the hard switch

gvent 1n response o a second rectifier coupled to the second output winding transitioning
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from the conducting state to the non-conducting state when the delayed switching frequency

signal 15 1n g second logic state.

15. The controller of claim 14, wherein the delaved switching frequency signal is the

switching frequency signal delayed by a propagation delay.

16. The controlter of claim 15, wherein the propagation delay is a fixed value.

17. The controller of claim 135, wherein the propagation delay 1s a measured value.

18. A power converter, comprising:

an energy transfer element coupled between an input of the power converter and an
output of the power converter;

a switching ctreuit coupled to an input of the energy transfer element and the mput of
the power converter; and

a controller configured to control switching of the switching circuit {0 control a
transfer of energy from the mput of the power converter to the output of the power converter,

wherein the controller includes:
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a control loop clock generator configured 1o generate a switching frequency
signal i response 1o a sense signal representative of a charactenistic of the power converter, a
load signal responsive to an output load of the power converter, and a hard switch sense
output]

a hard switch sense circoit configured to generate the hard swilch sense output
n response to the switching frequency signal and a rectifier conduction signal representative
of a polarity of the energy transfer element, and

a request transmitter circwit configured o generate a request signal in response

to the switching frequency signal to control switching of the switching circuit

19, The power converter of claim 18, wheremn the power converter 1s a resonant
converter, wherein the power converter further cormprises a resonant tank circuil including a
tank inductance coupled to a tank capacitance coupled to the switching circuit. wherein the
switching cireunt includes a high side switch and a low side switch coupled to the resonant

tank circuit.

20. The power converter of claim 19, wherein the controller is a secondary controller,
wherein the power converter further comprises a primary controller galvanically isolated
from the secondary controller, wherein the primary controtler is coupled to receive the
request signal from the secondary controller to generate a high side drive signal to control
switching of the high stde switch and alow stde drive signal to control switching of the low

side switch.
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21. The power converter of claim 18, wherein the sense signal 1s representative of at
least one of an input voliage of the power converter, an output power of the power converter,

an input power of the power converter, or a power processed by the power converter.

22 The power converter of claim 18, wherein the controller further comprises a
feedback reference circuit having a first input coupled to receive a feedback signal and a
second mnput coupled to receive a feedback reference signal, wherein the feedback reference
circuit is configured to generate the load signal in response 1o the feedback signal and the

feedback reference signal.

23. The power converter of clarm 22, further comprising a compensation circuit
coupled to an output retum of the power converter and an output of the feedback reference
circutt, wherein the compensation citcuit comprises:

a resistor coupled to a first capacitor coupled between the output return of the power
converter and the coniroller; and

a second capacitor coupled in parallel across the resistor and the first capacitor.

24, The power converter of claim 18, wherein the input of the energy transfer
element comprises an input winding, and wherein the output of the energy transfer element
comprises a first output winding coupled to a second ouiput winding, wherein the power
converter further comprises:

a first rectifier coupled to the first output winding; and

a second rectifier coupled to the second output winding.

25. The power converter of claim 24,
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wherein the hard switch sense circut 1s configured to indicate a hard switch event in
response to the first rectifier fransttioning from a non-conducting state to a conducting state
when the switching frequency signal is in a first logic state, and

wherein the hard switch sense circuit is further configured to indicate the hard switch
gvent in response o the second rectifier transitioning from the non-conducting siate to the

conducting state when the swiiching frequency signal 13 in a second logic state.

26, The power converter of clairm 24, wherein the hard switch sense circuit is coupled
to sense a primary current in the mput winding substantially equal to zero or flowing n an
opposite direction in response to changes in polanty of a voltage of the rectifier conduction

signal.

27. The power converter of claim 26,

wherein the rectifier conduction signal comprises a first winding signal representative
of conduction in the first rectifier, and a second winding signal representative of conduction
in the second rectifier,

wherein the hard switch sense circuit is configured to indicate a hard switch event in
the hard switch sense output i response to the first winding signal transitioning from a first

state to a second state when the switching frequency signal 1s in a first logic state, and
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wherein the hard switch sense circut 1s further configured to indicate the hard switch
gvent in the hard swiich sense output in response to the second winding signal transitioning
from the first state to the second state when the switching frequency signal is in a second

logic state.

28. The power converter of clairn 24, wherein the controller further comprises:

a first comparator configured to generate a first winding clock that 1s coupled to be
received by the hard switch sense circuit in response to a winding threshold and a first
winding signal that is coupled to be received from the first rectifier; and

a second comparator configured to generate a second winding clock that 1s coupled to
he received by the hard switch sense circuit 1n response o the winding threshold and a second

winding signal coupled 1o be recetved from a second rectifier.

29. The power converter of claim 28, wherein the hard switch sense circuit
comprises:

a first 1-bit memory unit coupled to be clocked in response to the first winding clock,
wherein the first 1-bit memory unit inchudes a reset input coupled to be responsive to the
swiiching frequency signal, wherein the first 1-bit memory wnit is configured to output a first
hard switch sense signal: and

a second 1-bit memory unit coupled to be clocked in response to the second winding

clock, wherein the second 1-bit wermory umi includes an mnverse reset input coupled {o be
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responsive to the switching frequency signal, wherein the second 1-bit memory unit is

configured to output a second hard switch sense signal.

30. The power converter of claim 29, wherein the hard switch sense circwit further
COMPrISes:

a second AND gate coupled to receive the switching frequency signal and an nverted
delaved switching frequency signal, wherein an output of the second AND gate is coupled to
a data input of the first I~-bit memory wut, wherein the first 1-bit mernory umit includes the
reset input of the first 1-bit memory unit 1s coupled to be responsive to a delaved switching
trequency signal;

a third AND gate coupled fo recerve an inverted switching frequency signal and the
delayed swilching frequency signal, wherem an output of the third AND gate is coupled to a
data input of the second 1-bit memory umit. wherein the inverse input of the second 1-bit
mernory unit 1s coupled to be responsive to the delayed switching frequency signal; and

a third OR gate configured to generate an event signal in response to an output of the

first 1-bit memory unit and an output of the second 1-hit memory unit.

31. The power converter of claim 30,

wherein the hard switch sense circuit 1s configured to indicate the hard switch event in
response to the first rectifier coupled to the first output winding transitioning from the
conducting state 1o the non-conducting state when the delayed switching frequency signal 18
in a first logic state, and

wherein the hard switch sense circuit is further configured to indicate the hard switch

event in response to the second rectifier coupled to the second output winding transitioning
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from the conducting state to the non-conducting state when the delayed switching frequency
signal 15 in the second logic state,
wherein the delayed switching frequency signal is the switching frequency signal

delayed by a propagation delay.

32, A method of controtling a swiiching of a power converter, coraprising:

recelving 4 signal representative of a switching on a primary side of the power
converter,

monitoring a first winding clock signal and a second windmg clock signal
representative of secondary side rectifier conduction;

terminating a current half cycle of the switching of the power converter if there s a
leading edge m the first winding clock signal when there 15 a first logic state in a switching
frequency signal or it there is a leading edge in the second winding clock signal when there 15
a second logic state 1n the switching frequency signal; and

setting a length of a half cycle of the switching of the power converter in response to
the switching frequency signal if there is no leading edge in the first winding clock signal
when there is the first logic state in the switching frequency signal or if there is no leading
edge in the second winding clock signal when there 1s the second logic state in the switching

frequency signal.

33. The method of claim 32, wherein receiving the signal representative of the
switching on the primary side of the power converter comprises receiving the switching

frequency signal.

62
SUBSTITUTE SHEET (RULE 26)



WO 2020/123478 PCT/US2019/065433

34, The method of claim 32, wherein recetving the signal representative of the

switching on the primary side of the power converter comprises receiving a request signal.

35. The method of claim 32, wherein the signal representative of the switching on the
primary side of the power converier is represeniative of the switching on the primary side of

the power converter delayed by a propagation delay.

36. The method of claim 33, further comprising deternuning a phase angle between
the switching on the primarv side of the power converter and the first and second clock

signals.

37. The method of claim 36, further comprising calculating and limiting alength of a
next half cycle of the switching frequency signal based a measured current half cycle if the
phase angle between the switching on the primarv side of the power converter and the first

and second clock signals is less than a threshold.

38. The method of claim 36, wherein the phase angle between the swiiching on the
primary stde of the power converter and the first and second clock signals is less than the
threshold if there 1s a leading edge in the second winding clock signal before there s a
trasling edge n a switching frequency signal delaved by the propagation delay orif thereis a
leading edge in the first winding clock signal before there is a leading edge in the switching

frequency signal delaved by the propagation delay.
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39. The method of claim 36, further comprising setting the length of a half cycle of
the switching of the power converter in response to the swilching frequency signal if the
phase angle between the switching on the primary side of the power converter and the first

and second clock signals is not less than the threshold.
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