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(57) ABSTRACT

A flyback converter implements a Forced Zero Voltage
Switching (ZVS) timing control by detecting a positive
current excursion of the secondary winding current as the
synchronous rectifier turn off trigger. The synchronous rec-
tifier switch is turned on near the end of the switching cycle
or the on duration is extended to develop a current ripple on
the secondary winding current. The control circuit of the
flyback converter detects a positive current excursion on the
secondary winding current to turn off the synchronous

(51) Imt. ClL rectifier and to start the next switching cycle. At this point,
HO2M 3/335 (2006.01) the voltage across the primary switch has been discharged
HO2M 1/32 (2007.01) and the primary switch can be turned on with zero drain-
H02M 1/08 (2006.01) to-source voltage. In other embodiments, zero voltage
HO2M 1/00 (2006.01) switching for the off-transition of the primary switch is
HO2M 1/04 (2006.01) realized by coupling a capacitor across the primary switch or
HO2M 7/48 (2007.01) by coupling a capacitor across the primary winding, or both.
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FORCED ZERO VOLTAGE SWITCHING
FLYBACK CONVERTER

CROSS REFERENCE TO OTHER
APPLICATIONS

[0001] This application is a continuation of pending U.S.
patent application Ser. No. 15/334,173, entitled FORCED
ZERO VOLTAGE SWITCHING FLYBACK CON-
VERTER, filed Oct. 25, 2016 which is incorporated herein
by reference for all purposes.

BACKGROUND OF THE INVENTION

[0002] The flyback converter is an isolated power con-
verter that is commonly used in both AC-to-DC and DC-to-
DC conversion with galvanic isolation between the input
and the one or more outputs. More specifically, the flyback
converter is a buck-boost converter with the inductor split to
form a transformer, so that the voltage ratios are multiplied
with an additional advantage of isolation. Synchronous
rectification is often applied to replace the diode rectifier to
improve efficiency. FIG. 1 is an example of a flyback
converter using synchronous rectification. As shown in FIG.
1, a typical construction of the flyback converter includes a
primary switch (SW) coupled to the primary transformer
winding of a transformer Lm and a synchronous rectifier
switch (SR) coupled to the secondary transformer winding
of the transformer Lm. The input voltage V,, is provided
across the primary winding and the primary switch. The
primary switch is controlled by a control voltage V ;¢ to turn
on and off to conduct a primary current Ipri. The primary
switch and the synchronous rectifier are complementary in
operation with one switch being turned on while the other
switch is turned off. The conduction periods of the primary
switch SW and the synchronous rectifier SR do not overlap.
The current flowing on the secondary side, referred to as the
secondary current Isec, charges an output capacitor C3 to
provide the output voltage Vo. In some cases, active clamp-
ing may be implemented at the primary side to clamp the
voltage at the drain terminal of the primary switch SW when
the primary switch SW is turned off.

[0003] FIG. 2 illustrates exemplary signals waveforms for
operating the flyback converter of FIG. 1 in a constant
frequency, continuous-conduction-mode (CF CCM). FIG. 3
illustrates exemplary signals waveforms for operating the
flyback converter of FIG. 1 in a constant frequency, discon-
tinuous-conduction-mode (CF DCM). The flyback converter
of FIG. 1 and the operation modes of FIGS. 2 and 3 are
described in detail in the paper by M. T. Zhang, M. M.
Jovanovic and F. C. Lee, “Design considerations and per-
formance evaluations of synchronous rectification in flyback
converters,” Applied Power Electronics Conference and
Exposition, 1997, APEC *97 Conference Proceedings 1997,
pp. 623-630 vol. 2. In short, when operated in the CCM
operation mode, the secondary current Isec does not go to
zero current value before the start of the next switching cycle
(primary switch SW turns on), as shown in FIG. 2. On the
other hand, when operated in the DCM operation mode, the
secondary current Isec go to zero current value before the
start of the next switching cycle, as shown in FIG. 3.
[0004] Flyback converters suffer from power losses when
switching transitions occur with non-zero voltages across
the power switches. Zero voltage switching (ZVS) has been
implemented in flyback converters to accomplish switching
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at zero voltage so as to achieve high efficiencies. Various
techniques for implementing zero voltage switching have
been described. For example, the Zhang paper describes a
variable frequency (VF) ZVS DCM operation mode that can
be implemented in the flyback converter of FIG. 1. FIG. 4
duplicates FIG. 5 of the Zhang paper and illustrates exem-
plary signals waveforms for operating the flyback converter
of FIG. 1 in a VF ZVS DCM operation mode. In particular,
to achieve ZVS at the primary switch, the conduction period
of the synchronous rectifier (SR) is extended, or the turn off
time of the synchronous rectifier is delayed by a time period
T 414, after the secondary current Isec has already reached
zero current value. The extended on time T,,,,, is used to
allow a negative secondary current to build up on the
secondary transformer winding, as indicated by current I,
in FIG. 4. As long as the energy stored in the magnetizing
inductance Lm by the negative secondary current I, is
sufficient to discharge the primary switch parasitic capaci-
tance (denoted by C1 in FIG. 1) down to zero voltage, ZVS
can be achieved in the flyback converter. However, with the
use of the extended SR conduction period, the switching
frequency of the flyback converter becomes variable as a
function of the load regulation. Variable frequency operation
is undesirable, especially when avoidance of electromag-
netic interference (EMI) disturbance is important.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Various embodiments of the invention are dis-
closed in the following detailed description and the accom-
panying drawings.

[0006] FIG. 1 is an example of a flyback converter using
synchronous rectification.

[0007] FIG. 2 illustrates exemplary signals waveforms for
operating the flyback converter of FIG. 1 in a constant
frequency, continuous-conduction-mode (CF CCM).
[0008] FIG. 3 illustrates exemplary signals waveforms for
operating the flyback converter of FIG. 1 in a constant
frequency, discontinuous-conduction-mode (CF CCM).
[0009] FIG. 4 duplicates FIG. 5 of the Zhang paper and
illustrates exemplary signals waveforms for operating the
flyback converter of FIG. 1 in a VF ZVS DCM operation
mode.

[0010] FIG. 5 is a schematic diagram of a flyback con-
verter implementing Forced Zero Voltage Switching (ZVS)
timing control in embodiments of the present invention.
[0011] FIG. 6 is timing diagram illustrating the general
operation of the Forced ZVS operation mode in some
examples.

[0012] FIG. 7 is timing diagram illustrating signal wave-
forms of the flyback converter operating in the Forced ZVS
timing control with positive current synchronous rectifier
turn off trigger in embodiments of the present invention.
[0013] FIGS. 8(a) to 8(c) are schematic diagrams of
flyback converters implementing Forced Zero Voltage
Switching (ZVS) timing control for the primary switch in
alternate embodiments of the present invention.

[0014] FIG. 9 is a schematic diagram of a flyback con-
verter implementing zero voltage switching (ZVS) for the
primary switch turn-off transition in embodiments of the
present invention.

[0015] FIG. 10 is flowchart illustrating a Forced ZVS
timing control method with positive current synchronous
rectifier turn off trigger in embodiments of the present
invention.
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[0016] FIG. 11 is flowchart illustrating a Forced ZVS
timing control method with positive current synchronous
rectifier turn off trigger in an alternate embodiment of the
present invention.

[0017] FIG. 12 is flowchart illustrating a Forced ZVS
timing control method with positive current synchronous
rectifier turn off trigger in alternate embodiments of the
present invention.

DETAILED DESCRIPTION

[0018] The invention can be implemented in numerous
ways, including as a process; an apparatus; a system; and/or
a composition of matter. In this specification, these imple-
mentations, or any other form that the invention may take,
may be referred to as techniques. In general, the order of the
steps of disclosed processes may be altered within the scope
of the invention.

[0019] A detailed description of one or more embodiments
of'the invention is provided below along with accompanying
figures that illustrate the principles of the invention. The
invention is described in connection with such embodi-
ments, but the invention is not limited to any embodiment.
The scope of the invention is limited only by the claims and
the invention encompasses numerous alternatives, modifi-
cations and equivalents. Numerous specific details are set
forth in the following description in order to provide a
thorough understanding of the invention. These details are
provided for the purpose of example and the invention may
be practiced according to the claims without some or all of
these specific details. For the purpose of clarity, technical
material that is known in the technical fields related to the
invention has not been described in detail so that the
invention is not unnecessarily obscured.

[0020] According to embodiments of the present inven-
tion, a flyback converter implements a Forced Zero Voltage
Switching (ZVS) timing control by detecting a positive
current excursion of the secondary winding current as the
synchronous rectifier turn off trigger. The flyback converter
can be operated in the discontinuous conduction mode
(DCM) or the critical conduction mode (CRI). In the DCM
mode, the synchronous rectifier switch, having been turned
off based on load regulation, is turned back on near the end
of the switching cycle to develop a current ripple on the
secondary winding current. In the CRI mode, the on-dura-
tion of the synchronous rectifier switch is extended after the
secondary winding current zero crossing to develop a cur-
rent ripple on the secondary winding current. The current
ripple on the secondary winding current includes negative
current excursions and positive current excursions. The
control circuit of the flyback converter detects a positive
current excursion on the secondary winding current ripple as
a trigger to turn off the synchronous rectifier and to start the
next switching cycle. At this point, the voltage across the
primary switch has been discharged and the primary switch
can be turned on with zero drain-to-source voltage, thereby
avoiding switching loss.

[0021] The Forced ZVS flyback converter of the present
invention realizes many advantages over conventional
operation schemes. In particular, with the use of the positive
secondary winding current as the synchronous rectifier turn
off trigger, the flyback converter can operate in a fixed
frequency or constant frequency discontinuous conduction
mode (CF DCM) to eliminate EMI concerns. In one
example, the on-time of the synchronous rectifier is modu-
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lated for load regulation while the switching frequency is
kept constant. Furthermore, the flyback converter realizes
improved efficiency by ensuring primary switch switching
occurs at zero voltage.

[0022] FIG. 5 is a schematic diagram of a flyback con-
verter implementing Forced Zero Voltage Switching (ZVS)
timing control in embodiments of the present invention.
Referring to FIG. 5, a flyback converter 10 includes a
primary switch Q1 (SW) coupled to the primary transformer
winding of a transformer TR and a synchronous rectifier
switch Q2 (SR) coupled to the secondary transformer wind-
ing of the transformer TR. The input voltage V,,; is coupled
across the primary winding and the primary switch, between
the input voltage node 12 and the ground node 18. An input
decoupling capacitor Cin may be coupled to the input
voltage node 12. The primary switch is controlled by a
control voltage V 5, to turn on and off to conduct a primary
current Ipri flowing in the primary transformer winding. The
synchronous rectifier switch is controlled by a control volt-
age Vs, to turn on and off to conduct a secondary current
Isec flowing in the secondary transformer winding. In the
present description, the term “primary current” refers to the
current flowing in the primary transformer winding and the
terms “secondary current” and “secondary winding current”
are both used to refer to the current flowing in the secondary
transformer winding of the transformer TR. An output
capacitor C,,, is coupled across the secondary winding and
the synchronous rectifier, that is, between the output node 16
and the ground node 18. An output voltage V. is gener-
ated at the output node 16 to drive a load 20. In some
embodiments, an active clamping circuit 25 may be pro-
vided at the primary side to clamp the voltage at the drain
terminal (node 14) of the primary switch Q1 when the
primary switch Q1 is turned off.

[0023] In embodiments of the present invention, the pri-
mary switch Q1 and the synchronous rectifier Q2 are power
switches, typically MOSFET devices. In the present
embodiment, both the primary switch Q1 and the synchro-
nous rectifier Q2 are constructed using NMOS transistors.
The NMOS transistor of primary switch Q1 has a drain
terminal coupled to the transformer (node 14), a source
terminal coupled to ground (node 18) and a gate terminal
driven by the control voltage Vg, . As an NMOS transistor,
the primary switch Q1 also has associated parasitic capaci-
tance Cossl across the drain and source terminal of the
transistor. The NMOS transistor of the primary switch Q1
also has a parasitic body diode D1 across the drain and
source terminal of the transistor. In the present illustration,
the parasitic capacitance Cossl and the body diode D1 are
shown as being connected in dotted lines across NMOS
switch Q1 to indicate that the capacitance Cossl is not an
added capacitor element coupled to the NMOS transistor but
rather is a parasitic capacitance formed as part of the NMOS
transistor structure and the body diode D1 is a parasitic
diode only and not an added diode element. At the secondary
side, the NMOS transistor of synchronous rectifier switch
Q2 has a drain terminal coupled to the transformer (node
15), a source terminal coupled to ground (node 18) and a
gate terminal driven by the control voltage Vs, As an
NMOS transistor, the synchronous rectifier switch Q2 has
associated parasitic capacitance Coss2 and a parasitic body
diode D2 both across the drain and source terminal of the
transistor. Again, the parasitic capacitance Coss2 and the
body diode D2 are shown as being connected in dotted line
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across NMOS switch Q1 to indicate that the capacitance
Coss2 and the diode D2 are elements being coupled to the
NMOS transistor but rather are parasitic elements formed as
part of the NMOS transistor structure.

[0024] The primary switch and the synchronous rectifier
are each driven by respective controller circuits to control
the on and off operations of the switches. Specifically, a
primary side controller 30 is coupled to drive the gate
terminal of the primary switch Q1 and a secondary side
controller 40 is coupled to drive the gate terminal of the
synchronous rectifier Q2. The primary side controller 30 and
the secondary side controller 40 can be constructed in
various manner based on the control scheme selected for the
flyback converter 10. In other words, the flyback converter
10 is a power stage and different control schemes can be
used to control the flyback converter power stage. In opera-
tion, the switching of the primary switch is synchronized to
the switching of the synchronous rectifier. In most imple-
mentations, either the primary side controller is the master
controller with the secondary side controller is the slave or
the secondary side controller is the master controller with
the primary side controller is the slave. The master controller
is usually implemented as a PWM controller. Examples of
control schemes that can be used in the flyback converter 10
includes voltage mode control, peak current mode control
and input voltage feedforward control. Each of the control
schemes uses different feedback signals to control maintain
a constant output voltage and to provide load regulation. The
specific implementation of the control schemes in the fly-
back converter 10 is not critical to the practice of the present
invention. One of ordinary skill in the art would appreciate
that the Forced ZVS timing control can be applied in any of
the control schemes to enable zero voltage switching at the
primary switch for eliminating switching loss. In the present
illustration, a primary side controller and a secondary side
controller are provided. In other embodiments, the primary
side controller and a secondary side controller can be
constructed as a single controller or control circuit generat-
ing the control signals for the primary switch and the
synchronous rectifier switch.

[0025] In embodiments of the present invention, the fly-
back converter power stage implements a constant on-time
(COT) control scheme in the primary side controller with the
secondary side being the master controller. The secondary
side controller is a PWM controller configured to regulate
the output voltage V ;7. Under the COT control scheme,
the primary switch is turned on for a fixed on duration. Then,
the off duration of the primary switch is not fixed but rather
is controlled by the secondary side controller by sensing the
output voltage. Under the COT control scheme, the flyback
converter may be operated in the discontinuous conduction
mode with variable switching frequency. The secondary side
controller implements the Forced ZVS timing control in
accordance with the present invention to turn on the syn-
chronous rectifier for a brief period to discharge the drain
voltage at the primary switch and to turn off the synchronous
rectifier when a positive secondary current excursion is
detected. In some embodiments, the primary side controller
implements auto synchronization where the primary con-
troller detects a current signal on the primary side indicative
of the synchronous rectifier being turned off and uses the
detected current signal to initiate the next switching cycle by
turning the primary switch on.
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[0026] In embodiments of the present invention, the sec-
ondary side controller 40 implements the Forced ZVS
timing control by monitoring the secondary current flowing
through the synchronous rectifier Q2. The secondary current
can be sensed using various current sense techniques to
generate a current sense signal Vg .. indicative of the
current flowing through the synchronous rectifier Q2. For
example, the secondary current can be sensed at node 15.
For example, the secondary winding current can be sensed
using a series resistor or through an auxiliary winding on the
secondary winding. A positive current detect circuit 45 is
coupled to receive the current sense signal Vg ... and to
detect a positive current excursion on the secondary current
ripple as the trigger to turn off the synchronous rectifier Q2,
as will be explained in more detail below.

[0027] The general operation of the flyback converter 10
will now be described with reference to the timing diagram
of FIG. 6. Referring to FIG. 6, the flyback converter 10 can
be controlled using various control schemes described
above. Regardless of the control scheme being used, the
primary switch SW and the synchronous rectifier SR are
complementary in operation with one switch being turned on
while the other switch is turned off (curve 102). The con-
duction periods of the primary switch SW and the synchro-
nous rectifier SR do not overlap. When the primary switch
SW is turned on, the primary winding of the transformer TR
is connected to the input voltage V,,and the primary current
Ipri (curve 104) increases linearly as the magnetic flux in the
transformer increases. Energy is stored in the transformer
TR. At this time, the voltage V. induced in the secondary
winding has a reverse polarity relative to the primary
winding to cause the body diode D2 of the synchronous
rectifier SR to be reversed biased. No secondary current Isec
(curve 106) flows and the charge stored on the output
capacitor C, supplies the load 20. With the primary
switch SW turned on, the drain-to-source voltage V5,
(curve 108) of the primary switch SW, at node 14, is at or
near zero volts. Meanwhile, the secondary voltage Vg~
(curve 110) of the synchronous rectifier SR (node 15), which
is also the drain-to-source voltage V sz of the synchro-
nous rectifier, is driven to a positive voltage being a ratio of
the input voltage V.

[0028] After the on period of the primary switch expires,
the primary switch is turned off and the synchronous rectifier
is turned on after a non-overlapping period. When the
primary switch is turned off, the primary current Ipri
decreases and the magnetic flux drops. The voltage across
the secondary winding reverses so that the secondary volt-
age has a positive polarity at the dotted terminal, or negative
polarity at the drain of the synchronous rectifier (node 15),
to cause the body diode D2 of the synchronous rectifier SR
to be become forward biased. As a result, current flows
through the secondary winding as the secondary current
Isec. The secondary current Isec increases to a peak current
value. The synchronous rectifier SR is turned on after the
non-overlapping period to conduct the secondary current
Isec and to aid in the transfer of the stored energy from the
transformer core to the output capacitor C,,, The output
capacitor C,, is recharged and supplies the load 20. The
output voltage V ;- (node 16) is sustained by the charge on
the output capacitor C,, . When the primary switch SW is
turned off, the drain-to-source voltage V g5y, of the pri-
mary switch SW (node 14) swings to a high voltage value.
In some examples, a voltage clamping circuit, such as the
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active clamp circuit 25, is used to clamp the drain voltage at
the primary switch to a maximum allowable voltage value to
protect the primary switch.

[0029] The control scheme being implemented in the
flyback converter includes a feedback control loop to moni-
tor the output voltage V. The control scheme being
applied controls the on-time of the synchronous rectifier or
the off-time of the primary switch to maintain the output
voltage at the desired voltage value over various load
conditions. At a prescribed time, the primary side or sec-
ondary side controller of the flyback converter initiates the
next switching cycle by turning off the synchronous rectifier
and turning on the primary switch. The operation described
above repeats.

[0030] In the above description, the flyback converter is
operated in the DCM mode where the secondary current
goes to zero current value during the switching cycle. In
other embodiments, the flyback converter can be operated in
a critical current mode or critical conduction mode (CRI).
Under the critical current mode, the synchronous rectifier
on-duration ends in response to the secondary current Isec
decreasing to zero current value, as shown by the dotted line
for curve 106 in FIG. 6. In practice, the zero crossing of the
secondary current Isec is detected and the Isec zero crossing
detection is used to terminate the synchronous rectifier on
duration. The Forced ZVS timing control of the present
invention can be applied in flyback converters implementing
either discontinuous conduction mode or critical conduction
mode, as will be described in more detail below.

[0031] At the start of each switching cycle when the
primary switch is to be turned on, the drain voltage at the
primary switch is at a high voltage value. When the primary
switch turns on with this high drain voltage, the flyback
converter suffers from undesirable power loss. Therefore,
zero voltage switching (ZVS) is implemented in flyback
converters to cause switching transitions to occur at zero
drain voltage to achieve high efficiencies. Various schemes
have been developed in the arts to realize ZVS. FIG. 6
illustrates the result of implementing ZVS in the flyback
converter 10. Specifically, when ZVS is implemented, the
drain-to-source voltage V¢, of the primary switch SW
(curve 108) is brought down to zero volt before the primary
switch SW is turned on, as shown by the dotted circles in
FIG. 6. In this manner, power loss at the primary switch
during switching transition is avoided.

[0032] In embodiments of the present invention, the fly-
back converter 10 implements a Forced Zero Voltage
Switching (ZVS) timing control by detecting a positive
current excursion of the secondary current as the synchro-
nous rectifier turn off trigger. FIG. 7 is timing diagram
illustrating signal waveforms of the flyback converter oper-
ating in the Forced ZV'S timing control with positive current
synchronous rectifier turn off trigger in embodiments of the
present invention. Referring to FIG. 7, the flyback converter
10 is operated in a discontinuous conduction mode (DCM)
with the primary switch being turned on for a given on
duration T, and being turned off for a given off duration
Topr In DCM mode, a fixed frequency operation can be
implemented. The switching frequency can be fixed with a
fixed switching period Ty~ The flyback converter 10 can be
controlled using various control schemes to maintain the
output voltage and load regulation. Regardless of the control
scheme being used, the primary switch SW and the syn-
chronous rectifier SR are complementary in operation with
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one switch being turned on while the other switch is turned
off (curve 102). The conduction periods of the primary
switch SW and the synchronous rectifier SR do not overlap.
[0033] At the start of a switching cycle (T1), the primary
switch SW is turned on for the on period T, The primary
current Ipri builds up (curve 104) and energy is stored in the
transformer TR. Meanwhile, no secondary current Isec flows
(curve 106) and the charge stored on the output capacitor
Copr supplies the load 20. The drain-to-source voltage
Vs (curve 108) of the primary switch SW, at node 14,
is at or near zero volts. Meanwhile, the secondary voltage
V szc (curve 110) of the synchronous rectifier SR (node 15),
which is also the drain-to-source voltage V gz of the
synchronous rectifier, is driven to a voltage being a ratio of
the input voltage V.

[0034] After the on period T, of the primary switch
expires (T2), the primary switch SW is turned off and the
synchronous rectifier is turned on after a non-overlapping
period (T2 to T3). When the primary switch is turned off, the
primary current Ipri decreases and the magnetic flux drops.
The voltage across the secondary winding reverses so that
the secondary voltage Vsec has a positive polarity at the
dotted terminal, or negative polarity at the drain of the
synchronous rectifier (node 15). The negative polarity of the
voltage Vsec causes the body diode D2 of the synchronous
rectifier SR to be become forward biased and current flows
through the secondary winding as the secondary current
Isec. The secondary current Isec increases to a peak current
value. At the end of the non-overlapping period (T3), the
synchronous rectifier SR is turned on to conduct the sec-
ondary current Isec and to aid in the transfer of the stored
energy from the transformer core to the output capacitor
Copr The output capacitor C,,,,is recharged and supplies
the load 20. The output voltage V . (node 16) is sustained
by the charge on the output capacitor C,. When the
primary switch SW is turned off, the drain-to-source voltage
Vs of the primary switch SW (node 14) swings to a
high voltage value which may be clamped by a voltage
clamping circuit to protect the primary switch SW.

[0035] The control scheme implemented in the flyback
converter includes a feedback control loop to monitor the
output voltage V. The control scheme being applied
controls the on-time of the synchronous rectifier or the
off-time of the primary switch to maintain the output voltage
at the desired voltage value over various load conditions. At
a prescribed time, the primary side or secondary side con-
troller of the flyback converter initiates the next switching
cycle by turning off the synchronous rectifier and turning on
the primary switch. In particular, under DCM operation
mode, the secondary current Isec decreases to zero value
(T4) before the end of the switching period Ty The
synchronous rectifier SR is turned off (T4) and the flyback
converter 10 operates both the primary switch SW and the
synchronous rectifier SR turned off (T4 to T5). During this
period, the drain voltage Vg, of the primary switch
fluctuates and the secondary voltage Vg~ or the drain
voltage Vg, of the synchronous rectifier switch also
fluctuates.

[0036] In embodiments of the present invention, the
Forced ZVS timing control is implemented to turn the
synchronous rectifier SR back on near the end of the
switching cycle. With the flyback converter operating in
fixed frequency DCM, the end of each switching cycle is
deterministic and the Forced ZVS timing control can be
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configured to insert a brief on-duration of the synchronous
rectifier before the end of each switching cycle. Accordingly,
at time T5, the Forced ZVS timing control operates to turn
the synchronous rectifier SR back on for a short duration
(T5-T6). The synchronous rectifier SR is turned back on
(“the second on-duration”) to induce a negative current
ripple in the secondary current. The negative current ripple
in the secondary current causes resonance energy to be built
up in the transformer TR where the energy is used to drive
down the drain voltage on the primary switch.

[0037] In particular, when the synchronous rectifier is
turned backed on for the second on-duration when the
secondary current has reached zero current value, a negative
current with current ripple is developed on the secondary
current Isec as a result of the parasitic capacitance on the
synchronous rectifier and the primary switch. Referring back
to FIG. 5, the parasitic capacitance Coss1 across the primary
switch Q1 and the parasitic capacitance Coss2 across the
synchronous rectifier switch Q2 are electrically in parallel.
The parallel combination of the parasitic capacitance Coss1
and Coss2 (Coss1||Coss2) causes the negative current ripple
on the secondary current Isec, as shown curve 106 of FIG.
7.

[0038] When the synchronous rectifier SR is turned back
on during the second on-duration, the secondary current Isec
becomes negative and negative energy is stored on the
secondary winding. The negative energy stored on the
transformer is transferred to the primary winding which
causes a current to flow in the primary switch and thereby
driving the drain-to-source voltage of the primary switch to
zero voltage. In some example, the induced current flows
through the parasitic body diode of the primary switch to
discharge the total capacitance at the primary switch,
thereby bringing the drain voltage to zero volts.

[0039] In the Forced ZVS timing control, the time dura-
tion to keep the synchronous rectifier SR on determines the
amount of energy developed for ZVS. However, it is unde-
sirable to keep the second on-duration of the synchronous
rectifier SR for too long as it may limit the switching
frequency of the flyback converter. Conventional ZVS meth-
ods may detect the primary switch drain voltage and turn off
the synchronous rectifier SR when the primary switch drain
voltage is at or below zero voltage. However, such methods
often require the use of high voltage components to sense the
primary switch drain voltage and thus the implementations
are often costly and impractical.

[0040] Under the Forced ZVS timing control of the pres-
ent invention, the negative current ripple developed on the
secondary current is allowed to resonate until the resonating
current ripple develops into a positive current excursion.
More specifically, when the synchronous rectifier SR is
turned on at time T5, the secondary current Isec is driven to
negative current values, denoted by the dotted circle 112.
The energy in the transformer resulted from the negative
current values is used to drive the drain voltage V555, of
the primary switch down to zero voltage. Meanwhile, the
secondary current Isec resonates due to the parasitic capaci-
tances Cossl and Coss2 and a current ripple or ringing is
developed on the secondary current. The magnitude of the
current ripple or the ringing is large enough to cause the
secondary current to resonate back into positive current
values, as denoted by the dotted circle 114. Under the Forced
ZVS timing control of the present invention, the positive
current excursion of the secondary current is detected and
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used to trigger the turning off of the synchronous rectifier
SR. The secondary current remaining after the synchronous
rectifier SR is turned off will be conducted by the body diode
of the synchronous rectifier.

[0041] More specifically, the Forced ZVS timing of the
present invention turns on the synchronous rectifier for a
second on-duration near the end of the switching cycle. The
secondary current resonates due to the parasitic capacitances
Cossl and Coss2 of the primary switch and the synchronous
rectifier switch. The secondary current develops a negative
current with current ripples. The current ripple on the
secondary current includes negative current excursions and
positive current excursions. The negative current excursion
is used to provide the energy for driving the primary switch
drain voltage to zero for zero voltage switching. The positive
current excursion is used as a trigger to turn off the syn-
chronous rectifier. With the synchronous rectifier turned off,
the controller circuit waits for the expiration of the off period
T oz and initiates the next switching cycle by turning on the
primary switch with the drain-to-source voltage of the
primary switch at zero voltage. The operation described
above repeats.

[0042] In the Forced ZVS timing control of the present
invention, the second on-duration of the synchronous recti-
fier is not fixed, rather the second on-duration is determined
by the current ripple on the secondary current and a positive
current excursion on the secondary current is used as the
trigger to turn off the synchronous rectifier. The implemen-
tation of the Forced ZVS timing control of the present
invention is advantageous in that high voltage components
are not needed to sense the drain voltage at the primary
switch. Instead, the secondary side controller senses the
secondary current to detect for the positive current excursion
to trigger the end of the second on-duration of the synchro-
nous rectifier. In some embodiments, as shown in FIG. 5, the
flyback converter 10 includes a current sense circuit con-
figured to sense the secondary current (not shown) and a
positive current detect circuit 45 configured to generate a
signal indicating the detection of a positive current excur-
sion during the second on-duration. The detection signal
generated by the positive current detect circuit 45 can be
provided to the secondary side controller 40 to generate the
control signal Vg, to turn off the synchronous rectifier. In
some embodiments, the positive current detect circuit 45 can
be implemented as a comparator comparing a signal indica-
tive of the sensed secondary current to a reference signal to
detect for a positive current value. For example, the sensed
secondary current can be converted to a voltage value
Vs se Which is compared to a reference voltage to detect
for a positive current value.

[0043] FIG. 7 illustrates the implementation of the Forced
ZVS timing control for the flyback converter operating in a
fixed frequency discontinuous conduction mode. As
described above, the Forced ZVS timing control can also be
implemented in a flyback converter operating in a variable
frequency critical conduction mode. In the critical conduc-
tion mode, the synchronous rectifier off time is determined
by the zero-crossing detection of the secondary current.
When the secondary current is detected to have crossed the
zero current value point, the secondary side controller would
have generated the control signal to turn the synchronous
rectifier off. However, when the Forced ZVS timing control
is implemented, the synchronous rectifier is not turned off at
the zero current crossing of the secondary current but rather
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is extended for a brief duration. The extended on-duration
operates in the same manner as the second on-duration
described above in the DCM mode where a negative current
with current ripple is developed on the secondary current
and a positive current excursion on the secondary current is
used as the trigger to turn off the synchronous rectifier. In the
present description, the extended on-duration in the critical
conduction mode and the second on-duration in the discon-
tinuous conduction mode referred to the same duration at
which the synchronous rectifier is turned on when the
secondary current has reached zero current value.

[0044] In the above described embodiments, Forced ZVS
timing control is implemented to achieve zero voltage
switching at the primary switch for the on-transition of the
primary switch, that is, when the primary switch is to be
turned on. In other embodiments, zero voltage switching can
be implemented to achieve zero voltage switching at the
primary switch for the off-transition of the primary switch,
that is, when the primary switch is to be turned off. In
embodiments of the present invention, a flyback converter
can be implemented with zero voltage switching for the
primary switch turn on transition and zero voltage switching
for the primary switch turn off transition. FIGS. 8(a) to 8(c)
are schematic diagrams of flyback converters implementing
Forced Zero Voltage Switching (ZVS) timing control for the
primary switch in alternate embodiments of the present
invention. The flyback converters 50a-c¢ In FIGS. 8(a)-8(c)
are constructed in the same manner as the flyback converter
10 of FIG. 5 except for additional capacitor elements to
implement ZVS for primary switch turn-off transition. In
particular, the flyback converters 50a-c are constructed
using the Forced ZVS timing control described above to
achieve zero voltage switching at the primary switch for the
on-transition of the primary switch. Like elements in FIGS.
5 and 8(a)-(¢) are given like reference numerals and will not
be further described. Referring first to FIG. 8(a), to imple-
ment zero voltage switching for the off-transition of the
primary switch Q1 in the flyback converter 50a, a capacitor
C11 is coupled in parallel with the primary switch Q1. That
is, the capacitor C11 is connected between nodes 14 (drain
of switch Q1) and 18 (ground). When the primary switch Q1
is turned on, the drain-to-source voltage Vds of the primary
switch is at zero voltage. When the primary switch Q1 is to
be turned off, capacitor C11 prevents the drain-to-source
voltage Vds from changing instantaneously. The capacitor
C11 holds the drain-to-source voltage Vds at zero voltage
during the off-transition to allow the primary switch Q1 to
be turned off before the drain-to-source voltage Vds
changes. In this manner, zero voltage switching at primary
switch turn off is achieved.

[0045] Referring now to FIG. 8(5), in other embodiments,
the flyback converter 506 is implemented with a snubber
capacitor Csnb coupled across the primary side of the
transformer TR to implement zero voltage switching for the
off-transition of the primary switch Q1. That is, the capacitor
Csnb is connected between nodes 12 (input voltage Vin) and
node 14 (drain terminal of primary switch). As thus config-
ured, the snubber capacitor Csnb functions as a lossless
voltage spike absorber to clamp the voltage induced by the
leakage inductance of the transformer TR. Furthermore,
capacitor Csnb functions to ensure zero voltage switching
for both on-transition and off-transition at the primary
switch Q1. During the primary switch on-transition, the
energy stored in capacitor Csnb is recycled back into the
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input voltage node before the primary switch is turned on.
During the primary switch off-transition, the capacitor Csnb
operates in the same manner as capacitor C11 in FIG. 8(a)
to prevent the voltage at the drain terminal (node 14) of the
primary switch from switching too quickly, thereby ensuring
zero voltage switching at the off-transition of the primary
switch.

[0046] Finally, in the above-described embodiments, the
flyback converter 50 includes either the capacitor C11 or the
capacitor Csnb. In other embodiments the flyback converter
can be implemented using both capacitor C11 and the
capacitor Csnb. Referring to FIG. 8(c), the flyback converter
50c¢ is constructed using both capacitor C11 and capacitor
Csnb. Capacitors C11 and Csnb operate in the same manner
as described above to ensure zero voltage switching during
at least the off-transition of the primary switch Q1.

[0047] In the embodiments described in FIGS. 8(a) to
8(c), the flyback converters 50a-c are implemented using the
Forced ZVS timing control scheme for zero voltage switch-
ing at the primary switch on-transition and using capacitor
C11 or Csnb (or both) for zero voltage switching at the
primary switch off-transition. In other embodiments of the
present invention, a flyback converter can be implemented
using any other zero voltage switching schemes for the
primary switch turn on transition and using capacitor C11 or
Csnb (or both) for zero voltage switching at the primary
switch off-transition. FIG. 9 is a schematic diagram of a
flyback converter implementing zero voltage switching
(ZVS) for the primary switch turn-off transition in embodi-
ments of the present invention. Referring to FIG. 9, the
flyback converter 60 is are constructed in the same manner
as the flyback converters 50a-c of FIGS. 8(a)-8(c) but
without the positive current detect circuit for implementing
the Forced ZVS timing control scheme described above for
the primary switch turn-on transition. Instead, the flyback
converter 60 can be implemented using any other zero
voltage switching schemes, presently known or to be devel-
oped, to realize zero voltage switching for the primary
switch turn-on transitions. For example, the flyback con-
verter 60 can implement the variable frequency (VF) ZVS
DCM scheme described by the aforementioned Zhang paper
to realize zero voltage switching for the primary switch
turn-on transitions.

[0048] Meanwhile, the flyback converter 60 is constructed
with a capacitor C11 coupled in parallel with the primary
switch Q1. The capacitor C11 holds the drain-to-source
voltage Vds at zero voltage during the off-transition to allow
the primary switch Q1 to be turned off before the drain-to-
source voltage Vds changes. In this manner, ZVS at primary
switch turn off is achieved. In the present embodiment, the
flyback converter 60 is also constructed with a snubber
capacitor Csnb coupled across the primary side of the
transformer TR. Capacitor Csnb functions to ensure zero
voltage switching for both on-transition and off-transition at
the primary switch Q1. During the primary switch on-
transition, the energy stored in capacitor Csnb is recycled
back into the input voltage node before the primary switch
is turned on. During the primary switch off-transition, the
capacitor Csnb operates in the same manner as capacitor
C11 to prevent the voltage at the drain terminal (node 14) of
the primary switch from switching too quickly, thereby
ensuring zero voltage switching at the off-transition of the
primary switch.
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[0049] In FIG. 9, the flyback converter 60 includes both
capacitors C11 and Csnb. In other embodiments of the
present invention, the flyback converter 60 can be con-
structed using capacitor C11 only or capacitor Csnb only to
realize zero voltage switching at the primary switch at least
for the off-transition of the primary switch. The use of both
capacitor C11 and capacitor Csnb in FIG. 9 is illustrative
only and not intended to be limiting.

[0050] As described above, the flyback converter operates
with the primary switch and the synchronous rectifier being
turned on and off alternately during a switching cycle. The
controllers generate timing signals to synchronize the
switching of the primary switch and the synchronous recti-
fier. For example, the primary side controller needs to be
informed when the synchronous rectifier is turned off so that
the primary switch can be turned on. In conventional flyback
converters, opto-coupler or isolated transformer is used to
control the timing signals. However, these circuit elements
can be costly and consumes large circuit area.

[0051] In embodiments of the present invention, the fly-
back converter implements an auto synchronization method
for control timing signals. During Forced ZVS operation, the
synchronous rectifier is turned on for a second on-duration
and then turned off. When the synchronous rectifier is turned
off at the second on-duration, the secondary current is
transferred through to the primary transformer winding,
causing the primary current to free-wheel through the body
diode D1 of the primary switch Q1. The auto synchroniza-
tion method of the present invention senses the primary
current to detect for the free-wheeling current after the start
of'the second on-duration of the synchronous rectifier. At the
detection of the free-wheeling current after the start of the
second on-duration of the synchronous rectifier, the auto
synchronization method generates a current sense signal
indicative of the synchronous rectifier being turned off. The
current sense signal can be used by the primary side con-
troller as a control timing signal to turn on the primary
switch for the next switching cycle. In some embodiment,
the free-wheeling current is sensed by sensing a current
value above a certain threshold value.

[0052] In alternate embodiments of the present invention,
the flyback converter implements output voltage sensing at
the primary side of the transformer. In particular, during
Forced ZVS operation, the synchronous rectifier is turned on
for a second on-duration and then turned off. When the
synchronous rectifier is turned on at the second on-duration,
the voltage across the primary transformer winding is
indicative of the output voltage Vout. Accordingly, the
primary side controller can sample the voltage across the
primary winding of the transformer during the second on-
duration of the synchronous rectifier as an indication of the
output voltage and to use the sampled voltage value to
control the duty cycle of the primary switch. The output
voltage sensing method of the present invention is particu-
larly useful for voltage mode control to maintain a constant
output voltage at the fly back converter output.

[0053] FIG. 10 is flowchart illustrating a Forced ZVS
timing control method with positive current synchronous
rectifier turn off trigger in embodiments of the present
invention. The Forced ZVS method can be implemented in
a flyback converter, such as the flyback converter 10 and 50
of FIGS. 5 and 8. Referring to FIG. 10, a Forced ZVS
method 200 starts a switching cycle by turning on the
primary switch (202). The method 200 turns off the primary
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switch after an on-duration T, (204). The method 200 then
turns on the synchronous rectifier after non-overlapping gap
duration (206). The method 200 senses the secondary cur-
rent and in response to the secondary current reaching a zero
current value, the method 200 turns off the synchronous
rectifier (208). The method 200 continues to monitor the
output voltage with the flyback converter being operated in
a discontinuous conduction mode (210). The method senses
the output voltage V. to determine when the output
voltage V 5. becomes less than a reference voltage Vi
(212). When the output voltage V- is equal to or less than
a reference voltage Vizz, the method 200 turns on the
synchronous rectifier for a second on-duration and continues
to monitor the secondary current (214). The method 200
detects when the secondary current has a positive current
value (216). In response to the secondary current having a
positive current value, the method 200 turns off the syn-
chronous rectifier (218). The method 200 then waits for the
expiration of the off-duration of the primary switch (220)
and the next switching cycle repeats with the method 200
repeats at 202 to turn on the primary switch.

[0054] FIG. 11 is flowchart illustrating a Forced ZVS
timing control method with positive current synchronous
rectifier turn off trigger in an alternate embodiment of the
present invention. In particular, FIG. 11 illustrates the use of
the auto synchronization method in the Forced ZVS timing
control method in embodiments of the present invention.
Referring to FIG. 11, a Forced ZVS method 250 starts a
switching cycle by turning on the primary switch (252). The
method 250 turns off the primary switch after an on-duration
T on (254). The method 250 then turns on the synchronous
rectifier after non-overlapping gap duration (256). The
method 250 senses the secondary current and in response to
the secondary current reaching a zero current value, the
method 250 turns off the synchronous rectifier (258). The
method 250 continues to monitor the output voltage with the
flyback converter being operated in a discontinuous conduc-
tion mode (260). The method senses the output voltage
V oo to determine when the output voltage V. becomes
less than a reference voltage V- (262). When the output
voltage V o7 is equal to or less than a reference voltage
V s> the method 250 turns on the synchronous rectifier for
a second on-duration and continues to monitor the secondary
current (264). The method 250 detects when the secondary
current has a positive current value (266). In response to the
secondary current having a positive current value, the
method 250 turns off the synchronous rectifier (268). The
method 250 then senses the primary current to detect for a
primary current value above a given threshold to indicate the
synchronous rectifier has turned off (270). In response to the
sensed primary current being above the given threshold, the
method 250 repeats at 252 to turn on the primary switch for
the next switching cycle.

[0055] FIG. 12 is flowchart illustrating a Forced ZVS
timing control method with positive current synchronous
rectifier turn off trigger in alternate embodiments of the
present invention. The Forced ZVS method can be imple-
mented in a flyback converter, such as the flyback converter
10 and 50 of FIGS. 5 and 8. Referring to FIG. 12, a Forced
ZVS method 300 starts a switching cycle by turning on the
primary switch (302). The method 300 turns off the primary
switch after an on-duration T, (304). The method 300 then
turns on the synchronous rectifier after non-overlapping gap
duration (306). The method 300 then detects the secondary
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current reaching a zero current value with the flyback
converter being operated in the critical conduction mode
(308). The method 300 then keeps the synchronous rectifier
turned on for a second on-duration and continues to monitor
the secondary current (310). The method 300 detects when
the secondary current has a positive current value (312). In
response to the secondary current having a positive current
value, the method 300 turns off the synchronous rectifier
(314). The method 300 then senses the primary current to
detect for a primary current value above a given threshold to
indicate the synchronous rectifier has turned off (316). In
response to the sensed primary current being above the
given threshold, the method 300 repeats at 302 to turn on the
primary switch for the next switching cycle.

[0056] In the embodiment shown in FIG. 12, auto syn-
chronization is implemented. In other embodiments, the
Forced ZVS timing control method can be applied to a
flyback converter operated in the critical conduction mode
without using the auto synchronization method.

[0057] Although the foregoing embodiments have been
described in some detail for purposes of clarity of under-
standing, the invention is not limited to the details provided.
There are many alternative ways of implementing the inven-
tion. The disclosed embodiments are illustrative and not
restrictive.

What is claimed is:

1. A flyback converter, comprising:

a transformer having a primary winding receiving an
input voltage and a secondary winding providing an
output voltage;

a primary switch coupled to the primary winding;

a synchronous rectifier coupled to the secondary winding;

an output capacitor coupled across the secondary wind-
ing;

a controller coupled to generate control signals to drive
the primary switch and the synchronous rectifier; and

a positive current detect circuit configured to sense a
secondary current flowing in the secondary winding
and to generate a detection signal in response to detect-
ing the secondary current having a positive current
value,

wherein the controller generates a control signal to turn
the primary switch and the synchronous rectifier on and
off alternately within a switching cycle, the synchro-
nous rectifier being turned on for a first on-duration
within the switching cycle in response to the primary
switch being turned off and the controller generates the
control signal to turn off the synchronous rectifier for
the first on-duration in response to detecting the sec-
ondary current reaching a zero current value and the
controller continues to monitor the output voltage, and
in response to the output voltage being at or less than
a reference voltage, the controller generates the control
signal to turn on the synchronous rectifier for a second
on-duration within the switching cycle, the controller
thereby operating the flyback converter in a discontinu-
ous conduction mode.

2. The flyback converter of claim 1, wherein the positive
current detect circuit senses the secondary current during the
second on-duration and generate the detection signal in
response to detecting the secondary current having a non-
zero positive current value during the second on-duration,
and in response to the detection signal, turning off the
synchronous rectifier within the switching cycle.
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3. The flyback converter of claim 1, wherein in response
to an expiration of an off time duration of the primary
switch, the controller operates the flyback converter to start
the next switching cycle by repeating the turning on the
primary switch, the primary switch being turned on at a zero
voltage across the switch.

4. The flyback converter of claim 1, wherein the controller
senses the primary current in response to the synchronous
rectifier being turned on for the second on-duration, and in
response to the primary current exceeding a threshold value,
starting the next switching cycle by repeating the turning on
of the primary switch.

5. The flyback converter of claim 1, further comprising:

a first capacitor coupled across the primary switch,
wherein the primary switch is turned off at a zero
voltage across the primary switch in response to the
first capacitor being coupled across the primary switch.

6. The flyback converter of claim 1, further comprising:

a second capacitor coupled across the primary winding of
the transformer, wherein the primary switch is turned
off at a zero voltage across the primary switch in
response to the second capacitor being coupled across
the primary winding.

7. The flyback converter of claim 1, wherein the controller
generates a control signal to turn on the primary switch for
a constant on-time duration.

8. The flyback converter of claim 1, wherein the synchro-
nous rectifier is turned on for the first on-duration after a
non-overlapping period with the primary switch.

9. The flyback converter of claim 1, wherein the controller
comprising a primary side controller and a secondary side
controller coupled to generate control signals to drive the
primary switch and the synchronous rectifier respectively.

10. The flyback converter of claim 5, further comprising:

a second capacitor coupled across the primary winding of
the transformer, wherein the primary switch is turned
off at a zero voltage across the primary switch in
response to the first capacitor being coupled across the
primary switch and in response to the second capacitor
being coupled across the primary winding.

11. A flyback converter, comprising:

a transformer having a primary winding receiving an
input voltage and a secondary winding providing an
output voltage;

a primary switch coupled to the primary winding;

a synchronous rectifier coupled to the secondary winding;

an output capacitor coupled across the secondary wind-
ing;

a controller comprising a primary side controller and a
secondary side controller coupled to generate control
signals to drive the primary switch and the synchronous
rectifier respectively;

a first capacitor coupled across the primary switch; and

a second capacitor coupled across the primary winding of
the transformer,

wherein the controller generates a control signal to turn
the primary switch and the synchronous rectifier on and
off alternately within a switching cycle, and wherein
the primary switch is turned off at a zero voltage across
the primary switch in response to the first capacitor
being coupled across the primary switch and in
response to the second capacitor being coupled across
the primary winding.



US 2018/0254712 Al

12. The flyback converter of claim 11, further comprising:

a positive current detect circuit configured to sense a
secondary current flowing in the secondary winding
and to generate a detection signal in response to detect-
ing the secondary current having a non-zero positive
current value,

wherein the controller generates the control signal to turn
on the synchronous rectifier for a second on-duration
within the switching cycle in response to detecting the
secondary current reaching a zero current value, the
positive current detect circuit senses the secondary
current during the second on-duration and generate the
detection signal in response to detecting the secondary
current having the non-zero positive current value, and
in response to the detection signal, turning off the
synchronous rectifier within the switching cycle.

13. The flyback converter of claim 12, wherein the
controller operates the flyback converter in a discontinuous
conduction mode and the controller generates the control
signal to turn off the synchronous rectifier in response to
detecting the secondary current reaching a zero current value
and the controller continues to monitor the output voltage,
and in response to the output voltage being at or less than a
reference voltage, the controller generates the control signal
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to turn on the synchronous rectifier for the second on-
duration during the switching cycle.

14. The flyback converter of claim 12, wherein the
controller operates the flyback converter in a critical con-
duction mode and the controller generates the control signal
to extend the on-duration of the synchronous rectifier for the
second on-duration within the switching cycle in response to
detecting the secondary current reaching a zero current
value.

15. The flyback converter of claim 12, wherein in
response to an expiration of an off time duration of the
primary switch, the controller operates the flyback converter
to start the next switching cycle by repeating the turning on
the primary switch, the primary switch being turned on at a
zero voltage across the primary switch.

16. The flyback converter of claim 12, wherein the
controller senses the primary current in response to the
synchronous rectifier being turned on for the second on-
duration, and in response to the primary current exceeding
a threshold value, starting the next switching cycle by
repeating the turning on of the primary switch.

17. The flyback converter of claim 11, wherein the con-
troller generates a control signal to turn on the primary
switch for a constant on-time duration.
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