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(57) Abstract: The subject application provides a power converter with lossless current sensing capability. The power converter com-
prises: a transformer, a primary switch for conducting or blocking a current flowing in a primary winding of the transformer, a controller
configured to generate a first control signal through a first control node to control the primary switch; and a current sensing circuit
configured for sensing a current flowing in the primary winding. The current sensing circuit comprises a current sensing switch that
is configured to be normally open and has a gate length smaller than a gate length of the primary switch. A relatively simple current
sensing circuit is achieved and the overall power efficiency is improved.
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POWER CONVERTER WITH LOSSLESS CURRENT SENSING
CAPABILITY AND METHOD FOR IMPLEMENTING THE SAME

Inventors: Yanbo ZOU, Yulin CHEN, Fada DU, Tao ZHANG

Technical Field:

[0001]  The subject application generally relates to a gallium nitride (GaN)
based power converter, and more particularly relates to a GaN-based power
converter with lossless current sensing capability.

Background:

[0002] GaN-based power devices have been widely used for high
frequency electrical energy conversion systems because of low power losses
and fast switching transition. In comparison with silicon Metal Oxide
Semiconductor Field Effect Transistor (MOSFET), GaN High-Electron-
Mobility Transistor (HEMT) has a much better figure of merit and more
promising performance for high-power, high-frequency application.

[0003] Nowadays, a rapid charger is usually based on a flyback converter
in which a transformer having a primary winding and a secondary winding
is controlled to transfer power from an alternate current (AC) or direct
current (DC) source to a load. In particular, a GaN-based switch may be
coupled in series with the primary winding and controlled by a controller.
When the switch is turned on, a current is conducted through the primary
winding and energy is stored in a magnetic core of the transformer. When
the switch is turned off, a current is induced in the secondary winding, and
thus the energy stored in the magnetic core is released through the secondary
winding to the load.

Summary:

[0004]  One object of the subject application is to provide a power
converter with lossless current sensing capability and suitable for high
frequency applications.

[0005]  According to one aspect of the subject application, it is provided a
power converter with lossless current sensing capability. The power
converter comprises: a transformer having a primary winding and a
secondary winding; the primary winding having a first primary winding
terminal and a second primary winding terminal, the secondary winding

having a first secondary winding terminal and a second secondary winding
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terminal; a primary switch Q1 for conducting or blocking a current flowing
in the primary winding of the transformer; a secondary switch Q2 for
conducting or blocking a current flowing in the secondary winding of the
transformer; a controller having a first control node and a second first control
node, and configured to generate a first control signal through the first
control node to control the primary switch Q1 and a second control signal
through the second control node to control the secondary switch Q2 such that
the primary switch Q1 and the secondary switch Q2 are switched ON and
OFF alternately, and a current sensing circuit configured for sensing the
current flowing in the primary winding of the transformer. The current
sensing circuit comprises a current sensing switch Qs having a control
terminal being connected to a first control node of the controller, a first
conduction terminal being connected to the second primary winding terminal
and a second conduction terminal being connected to a first current sensing
node of the controller; and a first current sensing resistor having a first
terminal being connected to the first current sensing node of the controller
and a second terminal being connected to a primary ground. The current
sensing switch Qs is configured to be normally open. The controller is further
configured to receive, through the first current sensing node, a first current
sensing signal Ves: indicative of a conducting current flowing through the
primary winding; calculate a first voltage difference between the first current
sensing signal Vcsi and a first reference voltage Vreri; and adjust a switching-
on time and a switching-off time of the primary switch Q1 based on the
calculated first voltage difference. The current sensing switch Qs has a gate
length l; o5 smaller than a gate length [, o, of the primary switch QI.
[0006]  Since the current sensing switch Qs has a gate length smaller than
the gate length of the primary switch Q1, only a negligible amount of current
is used for current sensing. No current loss will be caused and therefore the
overall power efficiency will be greatly improved. Furthermore, as the
current sensing switch Qs is configured to be normally open, a relatively
simple current sensing circuit can be achieved as there is no need to have a
complicated circuit to control the conduction of the current during power
conversion.

Brief Description of the Drawings:

PCT/CN2021/086521
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[0007]  Aspects of the present disclosure are readily understood from the
following detailed description when read with the accompanying figures. It
should be noted that various features may not be drawn to scale. That is,
the dimensions of the various features may be arbitrarily increased or
reduced for clarity of discussion. Embodiments of the present disclosure
are described in more detail hereinafter with reference to the drawings, in
which:

[0008]  FIG. 1 depicts a simplified circuit diagram of a power converter
with lossless current sensing capability according to an embodiment of the
subject application;

[0009]  FIG. 2 depicts a simplified circuit diagram of a power converter
with lossless current sensing capability according to another embodiment of
the subject application;

[0010]  FIG. 3 depicts a simplified circuit diagram of a power converter
according to another embodiment of the subject application;

[0011]  FIGS. 4A-4E depict flowcharts of a method for implementing a
power converter with lossless current sensing capability according to an
embodiment of the subject application.

Detailed Description:

[0012]  In the following description, embodiments of a power converter
with lossless current sensing capability are set forth as preferred examples in
accordance with the subject application. It will be apparent to those skilled
in the art that modifications, including additions and/or substitutions may be
made without departing from the scope and spirit of the invention. Specific
details may be omitted so as not to obscure the invention; however, the
disclosure is written to enable one skilled in the art to practice the teachings
herein without undue experimentation.

[0013] Reference in this specification to "one embodiment” or "an
embodiments" means that a particular feature, structure, or characteristic
described in connection with the embodiment is included in at least one of
the embodiments of the invention. The appearances of the phrase "in one
embodiment" or “in some embodiments” in various places in the
specifications are not necessarily all referring to the same embodiments, nor

are separate or alternative embodiments mutually exclusive of other
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embodiments. Moreover, various features are described which may be
exhibited by some embodiments and not by others.

[0014]  FIG. 1 is acircuit diagram of a power converter 100A with lossless
current sensing capability according to an embodiment of the present
invention.

[0015]  Referring to FIG. 1, the power converter 100A may comprise a
transformer 10 for transferring power from a power supply PS to a load R.
The transformer 10 has a primary winding 11 and a secondary winding 12.
The primary winding 11 has a first primary winding terminal 111 and a
second primary winding terminal 112. The secondary winding 12 has a first
secondary winding terminal 121 and a second secondary winding terminal
122.

[0016]  The power converter 100A may further comprise a primary switch
Q1 for conducting or blocking a current flowing in the primary winding 11
of the transformer 10, a secondary switch Q2 for conducting or blocking a
current flowing in the secondary winding 12 of the transformer 10, and a
controller 50 for controlling the operation of the primary switch Q1 and the
secondary switch Q2.

[0017]  The controller 50 may be configured to generate a first control
signal through a first control node DRV1 to control the primary switch Q1
and generate a second control signal through a second control node DRV2 to
control the secondary switch Q2 such that the primary switch Q1 and the
secondary switch Q2 are switched ON and OFF alternately.

[0018] The primary switch Q1 may have a control terminal, a first
conduction terminal and a second conduction terminal. The first conduction
terminal of the primary switch Q1 is connected to the second primary
winding terminal 112. The second conduction terminal of the primary switch
Q1 is connected to a primary ground GND1. The control terminal of the
primary switch Q1 is connected to the first control node DRV1 of the
controller 50.

[0019]  The secondary switch Q2 may have a control terminal, a first
conduction terminal and a second conduction terminal. The control terminal
of the secondary switch Q2 is connected to a second control node DRV2 of

the controller 50. The first conduction terminal of the secondary switch Q2

PCT/CN2021/086521



10

15

20

25

30

WO 2022/217410

is connected to the second secondary winding terminal 122. The second
conduction terminal of the secondary switch Q2 is connected to a secondary
ground GND2.

[0020]  In some embodiments, each of the primary switches Q1 and Q2
may be a gallium nitride (GaN) high-electron-mobility-transistor (HEMT)
with the control terminal being a gate terminal, the first conduction terminal
being a drain terminal and the second conduction terminal being a source
terminal.

[0021] The power converter may further comprise a current sensing
circuit 20 for sensing the current flowing in the primary winding of the
transformer. The current sensing circuit 20 may have a sensing input terminal
connected to the second primary winding terminal 112; a control terminal
connected to the first control node DRV1 of the controller 50; a sensing
output terminal connected to a first current sensing node CS1 of the
controller 50 and a reference terminal connected to the primary ground
GNDI.

[0022]  The current sensing circuit 20 may comprise a current sensing
switch Qs and a first current sensing resistor Rs1. The current sensing switch
Qs has a control terminal, a first conduction terminal and a second
conduction terminal. The control terminal of the current sensing switch Qs
is connected to the first control node DRV1 of the controller 50. The first
conduction terminal of the current sensing switch Qs is connected to the
second primary winding terminal 112. The second conduction terminal of
the current sensing switch Qs is connected to the first current sensing node
CS1 of the controller 50.

[0023]  The first current sensing resistor R has a first terminal and a
second terminal. The first terminal of the first current sensing resistor Ry is
connected to the first current sensing node CS1 of the controller 50. The
second terminal of the first current sensing resistor Rs; is connected to the
primary ground GND1.

[0024]  The controller may be further configured to: receive, through the
first current sensing node CS1, a first current sensing signal Vcsi; calculate

a first voltage difference between the first current sensing signal Vcs: and a
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first reference voltage Vrer1; and adjust a switching-on time and a switching-
off time of the primary switch based on the calculated first voltage difference.
[0025]  The current sensing switch Qs may be configured to be normally
open. For example, the current sensing switch Qs may be an enhancement-
mode gallium nitride (GaN) high-electron-mobility-transistor (HEMT) with
the control terminal being a gate terminal, the first conduction terminal being
a drain terminal and the second conduction terminal being a source terminal.
[0026]  Preferably, the current sensing switch Qs may have a gate length
ly os smaller than a gate length [; o, of the primary switch Q1. As a result,
the current sensing switch Qs may have an on-resistance Rgs o~ higher than
an on-resistance Rp; on of the primary switch Q1.

[0027]  Preferably, the ratio of the gate length l; o5 of the current sensing
switch to the gate length l; o, of the primary switch Q1 is in a range of
approximately 1/10 to approximately 1/1000.

[0028]  Preferably, the ratio of the on-resistance Rgps on of the current
sensing switch Qs to the on-resistance Rp; own of the primary switch Q1 is in
a range of approximately 10 to approximately 1000.

[0029]  Preferably, the first current sensing resistor Rs1 may have a
resistance value given by Rg; = 10Rp; gy . where Ror ov 1s the on-
resistance of the primary switch Q1.

[0030]  For example, when the primary switch Q1 has an on-resistance of
200 milliohms (mg2), the current sensing switch Qs may have an on-
resistance of 20 ohms (Q) while the first current sensing resistor Rs1 may
have a resistance value of 2 Q.

[0031]  The power converter 100A may further comprise a second current
sensing resistor Rs». The second current sensing resistor Rs> has a first
terminal and a second terminal. The first terminal of the second current
sensing resistor Ry is connected to the second secondary winding terminal
122. The second terminal of the second current sensing resistor Ry is
connected to a second current sensing node CS2 of the controller 50.

[0032]  The controller may be further configured to: receive, through the
second current sensing node CS2, a second current sensing signal Vess;

calculate a second voltage difference between the second current sensing
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signal Vcs2 and a second reference voltage Vier2; and adjust a switching-on
time and a switching-off time of the secondary switch based on the calculated
second voltage difference.

[0033] The second current sensing resistor Ry may have a resistance
value given by R, = 10Rg; oy » where Rg2 on is the on-resistance of the
secondary switch Q2.

[0034]  For example, when the secondary switch Q2 has an on-resistance
of 200 milliohms (mQ), the second current sensing resistor Rs> may have a
resistance value of 2 Q.

[0035] The power converter 100A may further comprise a clamping
circuit 30 for clamping an input voltage to a desired DC level. The clamping
circuit 30 may be coupled to the primary winding 11 of the transformer 10.
The clamping circuit 30 may comprise a diode D1, a capacitor C1 and a
resistor R1. The diode D1 has a positive terminal connected to the second
primary winding terminal 112 and a negative terminal connected to the
resistor R1. The capacitor C1 has a first terminal connected to the first
primary winding terminal 111 and a second terminal connected to the
negative terminal of the diode DI1. The resistor R1 has a first terminal
connected to the first primary winding terminal 111 and a second terminal
connected to the negative terminal of the diode D1. That is, the resistor R1
is connected in parallel with the capacitor C1.

[0036]  The power converter 100A may further comprise an input filtering
circuit including an input filtering capacitor Cin coupled to the power supply
PS. The input capacitor Cin has a first terminal connected to the first primary
winding terminal 111 and a second terminal connected to the primary ground
GND1.

[0037] The power converter 100A may further comprise an output
filtering circuit including an output filtering capacitor Co coupled to the load
RL. The output capacitor Co has a first terminal connected to the first
secondary winding terminal 121 and a second terminal connected to the
secondary ground GND?2.

[0038]  The power converter 100A may further comprise a temperature

sensing circuit 40 for sensing an operating temperature of the power

PCT/CN2021/086521



10

15

20

25

30

WO 2022/217410

converter and generating a temperature sensing signal Va to a temperature
sensing node TS of the controller 50.

[0039]  The temperature sensing circuit 40 may comprise a resistor R2 and
a thermistor Rth which is preferably a negative temperature coefficient (NTC)
thermistor. The resistor R2 may have a first terminal connected to a VCC
voltage supply and a second terminal connected to the temperature sensing
node TS of the controller 50. The thermistor Ra may have a first terminal
connected to the temperature sensing node TS of the controller 50 and a
second terminal connected to the primary ground GND1.

[0040] The controller 50 may be further configured to: receive the
temperature sensing signal Va through the temperature sensing node TS;
calculate a first compensation voltage Vcomp: to adjust the first reference
voltage Vewer1 based on the received temperature sensing signal Va; and
calculate a second compensation voltage Vceomp2 to adjust the second
reference voltage Vi based on the received temperature sensing signal Vin.
[0041]  For example, the first reference voltage Vi may be calibrated to
have a preset value Vief1 pre at a reference temperature Tr (such as a room
temperature 25°C). If the operating temperature Top is higher than the
reference temperature Tr, the first compensation voltage Vcomp1 will be given
by Veompt =m1*(Top — Tr), where m1 is a compensation index related to a
first thermal coefficient of the thermistor Ry, at temperatures higher than the
reference temperature Tr. If the operating temperature Top is lower than the
reference temperature Tr, the first compensation voltage Vcomp1 will be given
by Veompt =m2*(Top — Tr), where m2 is a compensation index related to a
second thermal coefficient of the thermistor R at temperatures lower than
the reference temperature Tr. Then the first reference voltage Vieri may be
adjusted and given by Vieft = Vief1_pret+Veompt. Normally, m1 is greater than
1 and m2 is greater than O and less the 1.

[0042]  Similarly, the second reference voltage Vier» may be calibrated to
have a preset value Vi pre at a reference temperature Tr (such as a room
temperature 25°C). If the operating temperature Top is higher than the
reference temperature Tr, the second compensation voltage Vcomp2 Will be
given by Veomp2 =m1*(Top — Tr), where m1 is a compensation index related

to a second thermal coefficient of the thermistor Ry at temperature higher
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than the reference temperature Tr. If the operating temperature Top is lower
than the reference temperature Tr, the second compensation voltage Vcomp2
will be given by Veomp2 =m2*(Top — Tr), where m2 is a compensation index
related to a second thermal coefficient of the thermistor Ry, at temperature
lower than the reference temperature Tr. Then the second reference voltage
Ve may be adjusted and given by Vier2 = Vier2 pret+Veomp2. Normally, m1 is
greater than 1 and m2 is greater than O and less the 1.

[0043]  FIG. 2 is acircuit diagram of a power converter 100B with lossless
current sensing capability according to another embodiment of the present
invention. The power converter 100B of FIG. 2 is similar to the power
converter 100A of FIG. 1 except for that the power converter 100B
comprises a primary controller 51 and a secondary controller 52 for
controlling operation of the primary switch Q1 and secondary switch Q2,
respectively. For simplicity, identical elements in FIGS. 1 and 2 are given
the same reference numerals and will not be further described in details.
[0044]  Referring to FIG. 2. The control terminal of the primary switch Q1
is connected to a control node DRV1 of the primary controller 51. The
control terminal of the current sensing switch Qs is connected to the control
node DRV1 of the primary controller 51. The second conduction terminal of
the current sensing switch Qs is connected to a current sensing node CS1 of
the primary controller 51.

[0045]  The control terminal of the secondary switch Q2 is connected to a
control node DRV?2 of the secondary controller 52. The second terminal of
the second current sensing resistor Rz is connected to a current sensing node
CS2 of the secondary controller 52.

[0046] In some embodiments, the power converter 100B may furth
comprise a coupler connected between the primary controller 51 and the
secondary controller 52 for communication between the primary controller
51 and the secondary controller 52. The coupler may be an opto-coupler or
a magnetic coupler.

[0047]  Attempts have been made to implement a current sensing scheme
in flyback converter to minimize switching loss. For example, as shown in
FIG. 3, a sampling resistor Rs is connected in series with a primary switch Q

coupled with a primary winding so as to obtain a feedback signal. However,
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as the current flowing though the primary winding also flow through the
sample resistor Rs, a significant dissipation loss will be caused, thus the
overall power efficiency will be greatly reduced.

[0048]  Another approach is to use a depletion mode transistor as a current
sensing switch connected in parallel with the primary switch for conducting
a sampling current which is a small portion of the current flowing through
the primary winding, a sampling resistor is then connected in series with the
depletion mode transistor for generating a feedback signal. However, as the
depletion mode transistor works as a normally-closed switch, it is not
suitable for using in power conversion. To solve this technical issue, the
depletion mode transistor may be connected in series with an additional
MOSFET that is used to control the conduction of the current flowing
through the depletion mode transistor. However, such approach requires a
relatively complicated circuit with increased number of components that can
result in relatively great parasitic reactance which may have impact to high
frequency performance. Moreover, the additional MOSFET will increase the
on-resistance of the overall circuit, thus cause a higher conduction loss.
[0049]  FIGS. 4A-4E depict flowcharts of a method for implementing a
power converter with lossless current sensing capability according to an
embodiment of the subject application.

[0050]  Referring to FIG. 4A. The method may comprise the following
steps:

[0051]  S402: providing a transformer having a primary winding and a
secondary winding; the primary winding having a first primary winding
terminal and a second primary winding terminal, the secondary winding
having a first secondary winding terminal and a second secondary winding
terminal;

[0052]  S404: providing a primary switch Q1, connecting a first
conduction terminal of the primary switch to the first primary winding
terminal, and connecting a second conduction terminal of the primary switch
to a primary ground;

[0053]  S406: providing a secondary switch Q2, connecting a first

conduction terminal of the secondary switch to the second secondary
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winding terminal, and connecting a second conduction terminal of the
secondary switch to a secondary ground;

[0054]  S408: providing a controller having a first control node and a
second control node; connecting the first control node to a control terminal
of the primary switch Q1, the second control node to a control terminal of
the secondary switch Q2;

[0055]  S410: providing a current sensing switch Qs configured to be
normally open, connecting a control terminal of the current sensing switch
to a first control node of the controller, connecting a first conduction terminal
of the current sensing switch to the second primary winding terminal, and
connecting a second conduction terminal of the current sensing switch to a
first current sensing node of the controller;

[0056]  S412: providing a first current sensing resistor Rs1, connecting a
first terminal of the first current sensing resistor Rgi to the first current
sensing node of the controller, and connecting a second terminal of the
current sensing resistor to the primary ground.

[0057]  Preferably, the current sensing switch Qs may be an enhancement-
mode gallium nitride (GaN) high-electron-mobility-transistor (HEMT).
[0058]  In some embodiments, the primary switch Q1 is a gallium nitride
(GaN) high-electron-mobility-transistor (HEMT) having a gate length lj ¢4;
and the current sensing switch Qs may have a gate length l; o smaller than
the gate length of the primary switch l; ;. Preferably, the ratio of the gate

length l; o5 of the current sensing switch Qs to the gate length [ o, of the

primary switch Q1 is in a range of approximately 1/10 to approximately
1/1000.

[0059]  Preferably, the first current sensing resistor Rs1 may have a
resistance value given by Rg; = 10Rp; gy . where Ror ov 1s the on-
resistance of the primary switch Q1.

[0060]  Referring back to FIG. 4A, the method for implementing a power
converter may further comprise step S418: providing a second current
sensing resistor Ry, connecting a first terminal of the second current sensing

resistor Rs2 to the second terminal secondary winding, connecting a second

11

PCT/CN2021/086521



10

15

20

25

30

WO 2022/217410

terminal of the second current sensing resistor Ry to a second current sensing
node of the controller.

[0061] Referring to FIG. 4B, the method for implementing a power
converter may further comprise step S422: implementing a clamping circuit.
The implementation of the clamping circuit may comprise:

[0062]  S502: providing a diode D1, a capacitor C1 and a resistor R1;
[0063]  S504: connecting a positive terminal of the diode D1 to the second
primary winding terminal;

[0064]  S506: connecting a first terminal of the capacitor C1 to the first
primary winding terminal;

[0065]  S508: connecting a second terminal of the capacitor C1 to a
negative terminal of the diode D1; and

[0066]  S510: connecting a first resistor R1 connected in parallel to the
capacitor C1.

[0067]  Referring to FIG. 4C, the method for implementing a power
converter may further comprise step S424: implementing an input filtering
circuit. The implementation of the input filtering circuit may comprise:
[0068]  S602: providing an input filtering capacitor;

[0069]  S604: connecting a first terminal of the input filtering capacitor to
the first primary winding terminal; and

[0070]  S606: connecting a second terminal of the input filtering capacitor
to the primary ground.

[0071] Referring to FIG. 4D, the method for implementing a power
converter may further comprise step S426: implementing an output filtering
circuit. The implementation of the output filtering circuit may comprise:
[0072]  S702: providing an output filtering capacitor;

[0073]  S704: connecting a first terminal of the output filtering capacitor
to the first secondary winding terminal; and

[0074]  S706: connecting a second terminal of the output filtering
capacitor to the secondary ground.

[0075] Referring to FIG. 4E, the method for implementing a power
converter may further comprise step S428: implementing a temperature
sensing circuit. The implementation of the temperature sensing circuit may

comprise:
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[0076]  S802: providing a thermistor Ry, and a resistor R2;

[0077]  S804: connecting a first terminal of the thermistor Ry to a
temperature sensing node of the controller and connecting a second terminal
of the thermistor Ry, to the primary ground;

[0078]  S806: connecting a first terminal of the resistor R2 to a VCC
voltage supply and connecting a second terminal of the resistor R2 to the
temperature sensing node of the controller;

[0079]  S808: configuring the controller to receive a temperature sensing
signal from the temperature sensing circuit;

[0080]  S810: configuring the controller to adjust a first reference voltage
based on the received temperature sensing signal; and

[0081]  S812: configuring the controller to adjust a second reference
voltage based on the received temperature sensing signal.

[0082] The foregoing description of the present invention has been
provided for the purposes of illustration and description. It is not intended
to be exhaustive or to limit the invention to the precise forms disclosed.
Many variations will be apparent to the practitioner skilled in the art. The
embodiments were chosen and described in order to best explain the
principles of the invention and its practical application, thereby enabling
others skilled in the art to understand the invention for various embodiments
and with various modifications that are suited to the particular use
contemplated.

[0083] As wused herein and not otherwise defined, the terms
"substantially," "substantial," "approximately" and "about" are used to
describe and account for small variations. When used in conjunction with an
event or circumstance, the terms can encompass instances in which the event
or circumstance occurs precisely as well as instances in which the event or
circumstance occurs to a close approximation.

[0084]  As used herein, the singular terms “a,” “an,” and “the” may
include plural referents unless the context clearly dictates otherwise.

[0085]  While the present disclosure has been described and illustrated
with reference to specific embodiments thereof, these descriptions and
illustrations are not limiting. It should be understood by those skilled in the

art that various changes may be made and equivalents may be substituted
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without departing from the true spirit and scope of the present disclosure as
defined by the appended claims. The illustrations may not necessarily be
drawn to scale. There may be distinctions between the artistic renditions in
the present disclosure and the actual apparatus due to manufacturing
processes and tolerances.

[0086]  While the methods disclosed herein have been described with
reference to particular operations performed in a particular order, it will be
understood that these operations may be combined, sub-divided, or re-
ordered to form an equivalent method without departing from the teachings
of the present disclosure. Accordingly, unless specifically indicated herein,

the order and grouping of the operations are not limitations.
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Claims:

1. A power converter with lossless current sensing capability, comprising:

a transformer having a primary winding and a secondary winding; the
primary winding having a first primary winding terminal and a second
primary winding terminal, the secondary winding having a first secondary

winding terminal and a second secondary winding terminal;

a primary switch Q1 for conducting or blocking a current flowing in

the primary winding of the transformer;

a secondary switch Q2 for conducting or blocking a current flowing

in the secondary winding of the transformer;

a controller having a first control node and a second first control node,
and configured to generate a first control signal through the first control node
to control the primary switch Q1 and a second control signal through the
second control node to control the secondary switch Q2 such that the primary
switch Q1 and the secondary switch Q2 are switched ON and OFF alternately,

and

a current sensing circuit configured for sensing the current flowing in

the primary winding of the transformer; and
wherein the current sensing circuit comprises:

a current sensing switch Qs having a control terminal being
connected to a first control node of the controller, a first conduction
terminal being connected to the second primary winding terminal and
a second conduction terminal being connected to a first current

sensing node of the controller; and

a first current sensing resistor having a first terminal being
connected to the first current sensing node of the controller and a

second terminal being connected to a primary ground;

wherein the current sensing switch Qs is configured to be normally

open; and
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wherein the controller is further configured to:

receive, through the first current sensing node, a first current
sensing signal Vcsi indicative of a conducting current flowing

through the primary winding;

calculate a first voltage difference between the first current

sensing signal Vesi and a first reference voltage Veer1; and

adjust a switching-on time and a switching-off time of the

primary switch Q1 based on the calculated first voltage difference.

2. The power converter according to claim 1, wherein the current sensing
switch Qs is an enhancement-mode gallium nitride (GaN) high-electron-

mobility-transistor (HEMT).

3. The power converter according to claims 1 or 2, wherein the primary
switch Q1 is a gallium nitride (GaN) high-electron-mobility-transistor
(HEMT).

4. The power converter according to any one of claims 1 to 3, wherein the

current sensing switch Qs has a gate length [; 55 smaller than a gate length

lg g1 of the primary switch Q1.

5. The power converter according to claim 4, wherein the ratio of the gate
length l; o5 of the current sensing switch Qs to the gate length [j o, of the

primary switch Q1 is in a range of approximately 1/10 to approximately
1/1000.

6. The power converter according to any one of claims 1 to 5, wherein the
first current sensing resistor has a resistance value given by Ry =

10Rg1 on » where Ro1 on is the on-resistance of the primary switch Q1.

7. The power converter according to any one of claims 1 to 6, further
comprising a secondary current sensing resistor having a first terminal being
connected to the second secondary winding terminal; and a second terminal

being connected to a second current sensing node of the controller; and

wherein the controller is configured to:
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receive, through the second current sensing node, a second current

sensing signal Vcsz;

calculate a second voltage difference between the second current

sensing signal Vcsz2 and a second reference voltage Vier; and

adjust a switching-on time and a switching-off time of the secondary

switch Q2 based on the calculated second voltage difference.

8. The power converter according to claim 7 wherein the second current
sensing resistor has a resistance value R, given by R = 10Rg; oy »

where Rp2 o is the on-resistance of the secondary switch Q2.

9. The power converter according to any one of claims 1 to 8, further
comprising a clamping circuit coupled to the primary winding of the

transformer; the clamping circuit comprising:

a diode D1 having a positive terminal connected to the second primary

winding terminal;

a capacitor C1 having a first terminal connected to the first primary
winding terminal and a second terminal connected to a negative terminal of
the diode D1; and

a resistor R1 connected in parallel with the capacitor C1.

10. The power converter according to any one of claims 1 to 9, further
comprising an input filtering capacitor Cin having a first terminal connected
to the first primary winding terminal and a second terminal connected to the

primary ground.

11. The power converter according to any one of claims 1 to 10, further
comprising an output filtering capacitor Co having a first terminal connected
to the first secondary winding terminal and a second terminal connected to a

secondary ground.

12. The power converter according to any one of claims 1 to 11, further
comprising a temperature sensing circuit configured for sensing an operating
temperature of the power converter and generating a temperature sensing

signal Vu to a temperature sensing node of the controller; and
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the controller is further configured to:

receive the temperature sensing signal Vu through the

temperature sensing node; and

calculate a first compensation voltage to adjust the first
reference voltage Vi based on the received temperature sensing

signal.

13. The power converter according to claim 12, the controller is further
configured to calculate a second compensation voltage to adjust the second

reference voltage Vw2 based on the received temperature sensing signal.

14. The power converter according to claims 12 or 13, wherein the

temperature sensing circuit comprises a thermistor Rg, and a resistor R2;

the thermistor Rg has a first terminal connected to the temperature
sensing node of the controller and a second terminal connected to the primary

ground;

the resistor R2 has a first terminal connected to a VCC voltage supply
and a second terminal connected to the temperature sensing node of the

controller.

15. The power converter according to any one of claims 1 to 14, wherein the
controller comprises a primary controller and a secondary controller
configured for controlling operation of the primary switch Q1 and secondary

switch Q2, respectively; and
wherein:

the primary controller has a control node being the first control node,

and a current sensing node being the first current sensing node; and

the secondary controller has a control node being the second control

node, and a current sensing node being the second current sensing node.

16. A method for implementing a power converter with lossless current

sensing capability, the method comprising:
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providing a transformer having a primary winding and a secondary
winding; the primary winding having a first primary winding terminal and a
second primary winding terminal, the secondary winding having a first

secondary winding terminal and a second secondary winding terminal;

providing a primary switch QI, connecting a first conduction
terminal of the primary switch Q1 to the first primary winding terminal, and
connecting a second conduction terminal of the primary switch QI to a

primary ground;

providing a secondary switch Q2, connecting a first conduction
terminal of the secondary switch to the second secondary winding terminal,
and connecting a second conduction terminal of the secondary switch Q2 to

a secondary ground;

providing a controller having a first control node and a second control
node; connecting the first control node to a control terminal of the primary
switch Q1, and connecting the second control node to a control terminal of

the secondary switch Q2;

providing a current sensing switch Qs configured to be normally open,
connecting a control terminal of the current sensing switch Qs to the first
control node of the controller, connecting a first conduction terminal of the
current sensing switch Qs to the second primary winding terminal, and
connecting a second conduction terminal of the current sensing switch Qs to

a first current sensing node of the controller;

providing a first current sensing resistor, connecting a first terminal
of the current sensing resistor to the first current sensing node of the
controller, and connecting a second terminal of the current sensing resistor

to the primary ground;

17. The method according to claim 16, wherein the current sensing switch
Qs is an enhancement-mode gallium nitride (GaN) high-electron-mobility-

transistor (HEMT).

18. The method according to claims 16 or 17, wherein the primary switch

Q1 is a gallium nitride (GaN) high-electron-mobility-transistor (HEMT).
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19. The method according to any one of claims 16 to 18, wherein the current
sensing switch Qs has a gate length [; o smaller than a gate length [ o, of

the primary switch Q1.

20. The method according to claim 19, wherein the ratio of the gate length
ly s of the current sensing switch Qs to the gate length l; ,; of the primary

switch is in a range of approximately 1/10 to approximately 1/1000.

21. The method according to any one of claims 16 to 20, wherein the first
current sensing resistor has a resistance value Ry given by Ry =

10Rg1 on » where Ro1 on is the on-resistance of the primary switch.
22. The method according to any one of claims 16 to 21, further comprising:
providing a second current sensing resistor;

connecting a first terminal of the second current sensing resistor to

the second secondary winding terminal; and

connecting a second terminal of the second current sensing resistor

to a second current sensing node of the controller;

23. The method according to claim 22, wherein the second current sensing
resistor has a resistance value Ry, givenby Ry, = 10Rg; gn , Where Ro2 on

is the on-resistance of the secondary switch Q2.

24. The method according to any one of claims 16 to 23, further comprising

implementing a clamping circuit by:
providing a diode D1, a capacitor C1 and a resistor R1;

connecting a positive terminal of the diode D1 to the second primary

winding terminal;

connecting a first terminal of the capacitor C1 to the first primary

winding terminal;

connecting a second terminal of the capacitor C1 to a negative

terminal of the diode D1; and

connecting a resistor R1 in parallel with the capacitor C1.
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25. The method according to any one of claims 16 to 24, further comprising

implementing an input filtering circuit by:
providing an input filtering capacitor;

connecting a first terminal of the input filtering capacitor to the first

primary winding terminal; and

connecting a second terminal of the input filtering capacitor to the

primary ground.

26. The method according to any one of claims 16 to 25, further comprising

implementing an output filtering circuit by:
providing an output filtering capacitor;

connecting a first terminal of the output filtering capacitor to the first

secondary winding terminal; and

connecting a second terminal of the output filtering capacitor to the

secondary ground.

27. The method according to any one of claims 16 to 26, further comprising

implementing a temperature sensing circuit by:
providing a thermistor and a resistor R2;

connecting a first terminal of the thermistor to a temperature sensing
node of the controller and connecting a second terminal of the thermistor to

the primary ground;

connecting a first terminal of the resistor R2 to a VCC voltage supply
and connecting a second terminal of the resistor R2 to the temperature

sensing node of the controller.
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