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SOFI-STARTING CONTROL METHOD FOR
ELECTRICAL CONVERTER

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] This application 1s a Continuation of U.S. applica-
tion Ser. No. 15/607,141 filed May 26, 2017, which 1s
incorporated herein by reference 1n 1ts entirety.

FIELD
[0002] This present disclosure relates to electrical convert-
ers.
BACKGROUND
[0003] Dual-active-bridge (DAB) direct current to direct

current (DC-DC) converters are widely used in high power
applications, such as variable-speed generators, electrical
vehicles, switch-mode electronics, battery stores, alternative
energy harnessing, renewables integration, and so on. The
DAB DC-DC converter includes an H-bridge on each of the
input and output sides of a transformer. Power transmission
between the input and output sides depends on the leakage
inductance of the transtformer. When the DAB DC-DC
converter 1s being started, the voltage at the output side 1s
approximately zero at the beginning. The voltage at the input
side 1s thus applied substantially fully on the leakage imnduc-
tance of the transformer, which may result in large asym-
metrical inrush current 1n the transformer. The inrush current
may be several times of the steady-state current and may
damage electric components and/or cause transformer satu-
ration.

SUMMARY

[0004] One embodiment relates to a controller for soft
starting a dual-active-bridge direct current to direct current
(DC-DC) converter. The converter comprises a transformer,
a first H-bridge connected to a primary winding of the
transformer, and a second H-bridge connected to a second-
ary winding of the transformer. The controller 1s configured
to perform a current control mode 1n which an outer phase-
shift angle 1s determined based on a predefined reference
current profile and a DC current output from the second
H-bridge, while the mnput duty cycle has an increasing-rate
limiter. The outer phase-shift angle 1s a phase shiit between
a {irst voltage on the primary winding and a second voltage
on the secondary winding. The iput duty cycle i1s the
high-voltage time percentage of the voltage on the primary
winding of the transformer. The increasing-rate limaiter
ensures that the input duty cycle doesn’t suddenly step to a
large value. The controller 1s further configured to determine
that a first predefined event has occurred, and 1n response to
determining that the first predefined event has occurred,
switch to a voltage-current control mode 1n which a refer-
ence current value 1s determined using a reference voltage
value and a DC voltage output from the second H-bridge,
and the outer phase-shift angle 1s determined using the
reference current value and the DC current output from the
second H-bridge.

[0005] Another embodiment relates to a controller for soft
starting a dual-active-bridge direct current to direct current
(DC-DC) converter. The converter comprises a transiormer,
a first H-bridge connected to a primary winding of the
transformer, and a second H-bridge connected to a second-
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ary winding of the transformer. The controller 1s configured
to perform an predefined control mode in which the outer
phase-shift angle 1s determined based on a predefined pro-
cess, determine that a predefined event has occurred, and 1n
response to determining that the predefined event has
occurred, switch to a voltage-current control mode in which
a reference current value 1s determined using a reference
voltage value and a DC voltage output from the second
H-bridge, and an outer phase-shiit angle 1s determined using
the reference current value and a DC current output from the
second H-bridge. The outer phase-shiit angle 1s a phase shiift
between a first voltage on the primary winding and a second
voltage on the secondary winding.

[0006] Yet another embodiment relates to a method for
solt-starting a dual-active-bridge direct current to direct
current (DC-DC) converter. The converter comprises a
transiormer, a first H-bridge connected to a primary winding
of the transformer, and a second H-bridge connected to a
secondary winding of the transformer. The method com-
prises performing a current control mode 1n which an outer
phase-shift angle 1s determined based on a predefined ref-
erence current profile and a DC current output from the
second H-bridge, while the input duty cycle has an increas-
ing-rate limiter. The outer phase-shift angle 1s a phase shaft
between a first voltage on the primary winding and a second
voltage on the secondary winding. The mput duty cycle 1s
the high-voltage time percentage of the voltage on the
primary winding of the transformer. The increasing-rate
limiter ensures that the mput duty cycle doesn’t suddenly
step to a large value. The method further comprises deter-
mining that a first predefined event has occurred, and in
response to determining that the first predefined event has
occurred, switching to a voltage-current control mode 1n
which a reference current value i1s determined using a
reference voltage value and a DC voltage output from the
second H-bridge, and the outer phase-shiit angle 1s deter-
mined using the reference current value and the DC current
output from the second H-bridge.

[0007] Still another embodiment relates to a method for
solt-starting a dual-active-bridge direct current to direct
current (DC-DC) converter. The converter comprises a
transformer, a first H-bridge connected to a primary winding
of the transformer, and a second H-bridge connected to a
secondary winding of the transformer. The method com-
prises performing a predefined control mode in which the
outer phase-shift angle 1s determined based on a predefined
process, determining that a predefined event has occurred,
and 1n response to determining that the first predefined event
has occurred, switching to a voltage-current control mode in
which a reference current value i1s determined using a
reference voltage value and a DC voltage output from the
second H-bridge, and the outer phase-shiit angle 1s deter-
mined using the reference current value and the DC current
output from the second H-bridge. The outer phase-shiit
angle 1s a phase shift between a first voltage on the primary
winding and a second voltage on the secondary winding.
[0008] These and other features, together with the orga-
nization and manner of operation thereof, will become
apparent {rom the following detailed description when taken
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1A 1s a schematic diagram of a dual-active-
bridge (DAB) DC-DC converter according to an example
embodiment.
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[0010] FIG. 1B i1s a schematic diagram of a simplified
equivalent circuit for the DAB DC-DC converter of FIG.
1A.

[0011] FIG. 2 1s a graph showing a level of current tlowing

through a transformer of a DAB DC-DC converter during,
startup of the converter according to an example embodi-
ment.

[0012] FIG. 3 1s a graph of wavelorms of the control
signals and waveforms of the transformer mput and output
voltages for a DAB DC-DC converter according to an
example embodiment.

[0013] FIG. 4 1s a schematic diagram of a control system
for soft starting a DAB DC-DC converter according to an
example embodiment.

[0014] FIG. 5 1s a flow diagram of a process for soft
starting a DAB DC-DC converter according to an example
embodiment.

[0015] FIG. 6 15 a graph of wavelorms of mput and output
voltages and transformer current of a DAB DC-DC con-
verter with a duty cycle at the output side equaling to 0.5,
according to an example embodiment.

[0016] FIG. 7 1s a graph showing the relationship between
the normalized power being transferred through a trans-
tormer of a DAB DC-DC converter and an outer phase-shiit
angle.

[0017] FIG. 8A 1s a graph showing the waveforms of a
reference voltage, and first and second duty cycles according
to a previous soit-starting method.

[0018] FIG. 8B is a schematic diagram of a controller used
in the previous soft-starting method.

[0019] FIG. 9A 1s a graph showing simulated output
voltages for various soit-starting processes disclosed herein
in comparison with the previous soft-starting method.
[0020] FIG. 9B 1s a graph showing simulated output
currents for various soft-starting processes disclosed herein
in comparison with the previous soft-starting method.
[0021] FIG. 9C 1s a graph showing simulated transformer
peak currents for various soft-starting processes disclosed
herein 1n comparison with the previous soft-starting method.

DETAILED DESCRIPTION

[0022] In the following detailed description, reference is
made to the accompanying drawings, which form a part
hereof. In the drawings, similar symbols typically identify
similar components, unless context dictates otherwise. The
illustrative embodiments described in the detailed descrip-
tion, drawings, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may
be made, without departing from the spirit or scope of the
subject matter presented here. It will be readily understood
that the aspects of the present disclosure, as generally
described herein, and illustrated in the figures, can be
arranged, substituted, combined, and designed in a wide
variety of diflerent configurations, all of which are explicitly
contemplated and made part of this disclosure.

[0023] Dual-active-bridge (DAB) direct current to direct
current (DC-DC) converters can be used 1n DC-DC power
conversion applications, for example, as an interface
between a low-voltage battery and a high-voltage battery or
a high-voltage DC bus. The DAB DC-DC converter includes
an H-bridge on each of the mput and output sides of a
transformer. Power transmission between the input and
output sides depends on the leakage inductance of the
transformer. When the DAB DC-DC converter 1s being
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started, the voltage at the output side 1s approximately zero
at the beginning. The voltage at the input side 1s thus applied
substantially fully on the leakage inductance of the trans-
former, which may result in large asymmetrical inrush
current in the transformer. The inrush current may be several
times of the steady-state current and may damage electric
components and/or cause transiformer saturation.

[0024] Referring to the figures generally, various embodi-
ments disclosed herein relate to systems and methods for
soft starting a DAB DC-DC converter. As used herein,
“soft-starting” refers to reducing the inrush current during
startup of the converter. Three control modes are provided:
a predefined control mode in which an outer phase-shiit
angle 1s controlled according to a predefined process; a
current control mode 1n which the outer phase-shift angle 1s
controlled with a DC output current being provided as
teedback; and a voltage-current control mode 1 which the
outer phase-shift angle 1s controlled with a DC output
voltage and the DC output current being used as feedback.
In some embodiments, the soit-starting process can start
from either the predefined control mode or the current
control mode. In some embodiments in which the control
starts from the predefined control, various goals may be
achieved 1n the predefined control, such as synchronous
rectification, increased start-up speed, and controlled trans-
former peak current. The process may switch to the current
control mode when, for example, the DC output current has
reached a maximum charging current and further switch to
the voltage-current control mode when, for example, the DC
output voltage has reached a predetermined voltage thresh-
old. Or, the control can switch directly from the predefined
control to the voltage-current control mode. In some
embodiments 1n which the soft-starting process starts from
the current control mode, the process may switch to the
voltage-current control mode when, for example, the DC
output voltage has reached a predetermined voltage thresh-

old.

[0025] By using the three-mode soit-starting method as
disclosed herein, a variety of start-up options are provided,
performance of the DAB DC-DC converter may be
improved/optimized, large inrush current may be avoided,
and safety and reliability of a high-voltage DC system using
the DAB DC-DC converter may be improved. While the
present disclosure discusses control methodologies with
particular reference to DAB DC-DC converters, it should be
understood that the methodologies or portions thereof may
be utilized 1n conjunction with other types of electrical
converters 1n some 1mplementations.

[0026] Referring to FIG. 1A, a schematic diagram of a
DAB DC-DC converter 100 1s shown according to an
example embodiment. The DAB DC-DC converter 100
comprises a transformer 110, a first H-bridge H,, a second
H-bridge H,, and a controller 120. The transtformer 110
comprises a primary winding 112 and a secondary winding
114. The first H-bridge H, 1s connected to the primary
winding 112 and includes switch devices S, and S, on one
leg of the bridge and switch devices S; and S, on the other
leg of the bridge. The second H-bridge H, 1s connected to the
secondary winding 114 and includes switch devices S. and
S, on one leg of the bridge and switch devices S, and S, on
the other leg of the bridge. Fach of the switch devices S,
through S, can be either at an “on” state or an “ofl” state. At
the on state, circuits on two sides of the switch device are
connected. At the off state, circuits on two sides of the switch
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device are disconnected. The controller 120 controls the
on/ofl state for each of the switch devices S, through S,.

[0027] The primary winding 112 and the secondary wind-
ing 114 of the transformer 110 are electromagnetically
coupled. In some embodiments, the primary and secondary
windings 112 and 114 are wrapped around a transformer
core of high magnetic permeability (e.g., a magnetic or
ferrous core) so that the magnetic flux passes through both
the primary and secondary windings 112 and 114. A varying
current (e.g., an alternating current) applied to the primary
winding 112 by the first bridge H, creates a varying mag-
netic tlux in the transformer core and a varying magnetic
field impinging on the secondary winding 114. The varying
magnetic field at the secondary winding 114 induces a
varying voltage 1n the secondary winding due to electro-
magnetic induction. In practice, some magnetic flux gener-
ated by the primary winding 112 traverse paths outside the
transformer core. Such flux is referred to as leakage tlux,
which results 1n leakage inductance L, 1n series with the
primary and secondary windings 112 and 114. In some
embodiments, the transformer 110 further includes an exter-
nal inductor in series with the primary and secondary
windings 112 and 114. The inductance of the external
inductor adds to the leakage inductance L, 1n the circuit
model.

[0028] The first H-bridge H, 1s structured to convert a DC
voltage V, provided by a DC source (e.g., a battery) to an
AC voltage applied on the primary winding 112 of the
transformer 110. The DC-AC conversion 1s performed by
controlling the on/off state of the switch devices S, through
S.. In particular, the voltage applied on the primary winding
112 when S, and S, are on while S, and S; are ofl 1s opposite
to the voltage applied when S, and S, are on while S, and S,
are ofl. The switch devices S, through S, may be 1nsulated
gate bipolar transistors (IGBTs), metal oxide semiconductor
field effect transistors (MOSFETs), junction field eflect

transistors (JFETs), or any other suitable switch devices.

[0029] The second H-bridge H, 1s structured to convert an
AC voltage on the secondary winding 114 to a DC voltage
V, applied on a load R. The AC-DC conversion 1s performed
by controlling the on/off state of the switch devices S,
through S;. When S; and S, are on, 1, has the same polarity
as 1,. When S. and S, are on, 1, has the polarity opposite to
1,. When S; and S, are on (off) while S and S, are off (on),
1, 15 zero. By controlling S, through S, the AC current 1,, 1s
converted to 1, which has a positive average value. Current
1, 1s filtered by an output capacitor C and becomes a DC
current going into the load R. The switch devices S through
S, may be IGBTs, MOSFETs, JFETs, and so on. The
controller 120 controls the on/ofl state for each of the switch
device S, through S,. The structure of the controller 120 1s
discussed below 1n detail with reference to FIG. 4. When the
voltage conversion ratio (1.e., V,:V,) does not match the
transformer turns ratio (1.e., 1:n), the rms value of the current
flowing through the transformer 110 may be higher.

[0030] Referring to FIG. 1B, a schematic diagram of a
simplified equivalent circuit 100" for the DAB DC-DC
converter 100 of FIG. 1A 1s shown. In operation, the DAB
DC-DC converter 100 can be equivalent to two high fre-
quency AC sources v, and v,' connected on both sides of the
leakage inductance L, as shown in the FIG. 1B. v, 1s the AC
voltage on the primary winding 112 of the transformer 110
and v_' (converted from v_ to take into account the trans-
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former turns ratio) 1s the AC voltage on the secondary
winding 114 of the transformer 110.

[0031] Referring to FIG. 2, a level of current flowing
through the transtormer 110 of the DAB DC-DC converter
100 during startup of the converter 110 1s shown in a graph
according to an example embodiment. When the converter
100 1s being started, the voltage v ' on the secondary winding
114 1s approximately zero (0) at the beginning. Thus, the
voltage v, on the primary winding 112 1s applied substan-
tially fully on the leakage inductance L, of the transformer
110, which may result 1n large asymmetrical inrush current
in the transformer 110, as shown in FIG. 2. The inrush
current may be several times of the steady-state current 1, and
may damage electric components (e.g. switch devices S,
through S,) and/or cause saturation of the transformer 110.
Soit starting 1s generally applied to reduce the inrush cur-
rent.

[0032] Referring to FIG. 3, a graph of waveforms of
control signals for switch devices S, through S, and wave-
torms of the input voltage v, and the output voltage v,' are
shown according to an example embodiment. In the 1llus-
trated embodiment, switch devices disposed on the same leg
of a bridge (e.g., H,, H,) are driven with complimentary
(1.e., opposite) square wave pulses. For example, the wave-
torms of the control signals for switch devices S, and S, are
complimentary. S, and S, form a complimentary pair; S and
S, form a complimentary pair; and S, and S; form a com-
plimentary pair. As a result, the AC voltage v, on the primary
winding and the AC voltage v_' on the secondary winding are
also square waves. In particular, the polarity of the voltage
v, 18 positive (+) when S, and S, are both on (1.e., the control
signal 1s 1), 1s negative (=) when S, and S, are both on, and
1s zero (0) otherwise. The polarity of the voltage v_' 1s
positive (+) when S and S, are both on, 1s negative (—) when
S, and S, are both on, and 1s zero (0) otherwise.

[0033] 'The phase difference between the voltages v, and
v ' 1s defined as an outer phase-shift angle . The outer
phase-shift angle 3 controls the direction and magnitude of
power transmission of the DAB DC-DC converter 100.
When [ 1s positive, the voltage v, on the primary winding
112 leads the voltage v_' on the secondary winding 114, and
the power 1s transmitted from the primary winding side to
the secondary winding side. When p 1s negative, the voltage
v, on the primary winding 112 lags behind the voltage v ' on
the secondary winding 114, and the power i1s transmitted
from the secondary winding side to the primary winding

side. p may vary between 0 and /2.

[0034] The duration in which v, 1s positive 1s defined as
2nd,, wherein a full cycle of operation 1s normalized to 2n.
T'he percentage of positive v, in a cycle 1s defined as the first
duty cycle d,. The duration 1n which v ' 1s positive 1s defined
as 2md,, wherein a full cycle of operation 1s normalized to
2n. The percentage of positive v ' 1n a cycle 1s defined as the
second duty cycle d,. The first and second duty cycles d, and
d, may each vary between 0 and 0.5. The operation of the
DAB DC-DC converter 100 can be changed by controlling
the first and second duty cycles d, and d, and the outer
phase-shift angle {3.

[0035] Referring to FIG. 4, a schematic diagram of a
control system 400 for soft starting a DAB DC-DC con-
verter (e.g., the DAB DC-DC converter 100 of FIG. 1) 1s
shown according to an example embodiment. The control
system 400 comprises a converter 410, a current controller
420, a current comparator 430, a voltage controller 440, and
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a voltage comparator 450. The converter 410 may corre-
spond to the DAB DC-DC converter 100 of FIG. 1, which

1s configured to generate control signals to control the on/off
state for each of the switch device S, through S, based on the
outer phase-shift angle 3 and the first and second duty cycles
d, and d,. The current comparator 430 1s configured to
compare a reference current 1,,. with a DC current 1,
flowing through the load R at the output side of the trans-
former 110. The output of the current comparator 430 (e.g.,
the difference between 1, and 1,,. 1s ted to the current
controller 420. The current controller 420 may be i1mple-
mented as a proportional integral (PI) controller with satu-
ration and anti-windup, which 1s configured to generate the
outer phase-shiit angle 3 based on the output of the current
comparator 430 1n order to reduce (e.g., minimize) the
difference between 1, and 1, , . The voltage comparator 450
1s configured to compare a reference voltage v, ~witha DC
voltage v, on the load R at the output side of the transformer
110. The output of the voltage comparator 430 (e.g., the
difference between v, and v,,. ) 1s fed to the voltage
controller 440. The voltage controller 440 may be 1mple-
mented as a PI controller with saturation and anti-windup,

which 1s configured to generate the reference current 1, ,,-1n
order to reduce (e.g., minimize) the difference between v,
and Vs e

[0036] The control system 400 may implement three con-
trol modes: a predefined control mode, a current control
mode, and a voltage-current control mode. In the predefined
control mode, the converter 410 1s 1volved while the
current controller 420 (and the current comparator 430) and
the voltage controller 440 (and the voltage comparator 450)
are not mvolved. In some embodiments, the second duty
cycle d, may be set as a nominal value D, (e.g., 0.5). The
first duty cycle d, may be set to increase from an 1nitial value
(e.g.,0) to anominal value D, (e.g., 0.5) over time. The outer
phase-shiit angle p may be generated according to a prede-
termined process to achieve various goals, such as synchro-
nous rectification, increased start-up speed, transformer
peak current limit, etc. The process used to generate 3 1n the
predefined control mode will be discussed 1n more detail
below. In the current control mode, the converter 410 and the
current controller 420 (and the current comparator 430) are
involved while the voltage controller 440 (and the voltage
comparator 450) are not involved. The outer phase-shiit
angle 3 1 this mode may be generated based on the
reference current 1, ,,-and the DC current 1, flowing through
the load R at the output side of the transtormer 110. In the
current control mode, 1,,,.-may follow a predefined refer-
ence current profile. In some embodiments, the mput duty
cycle has an increasing-rate limiter. The increasing-rate
limiter ensures that the input duty cycle does not suddenly
step to a large value. In the voltage-current control mode, the
converter 410, the current controller 420 (and the current
comparator 430), and the voltage controller 440 (and the
voltage comparator 450) are all involved. In this mode, the
reference current 1,,,-1s generated based on the reference
voltage V,, -and the DC voltage v, on the load R at the
output side of the transformer 110. Then the outer phase-
shift angle [3 1s generated based on 1, -and 1,. It should be
understood that components of the control system 400 may
be mmplemented as software, hardwired circuit, or any
combination thereof. It should also be understood that
components of the controlling system 400 can be integrated.
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[0037] Referring to FIG. 5§, a flow diagram of a process
500 for soft starting a DAB DC-DC converter (e.g., the DAB
DC-DC converter 100 of FIG. 1) 1s shown according to an
example embodiment. In some embodiments, the process
500 starts with the predefined control mode (1.e., starting
point 1). The process may then either switch to the current
control mode followed by the voltage-current control mode
or directly switch to the voltage-current control mode,
depending on predefined events. For example, when a first
predefined event has occurred, e.g., when the DC current 1,
flowing through load R at the output side of the transformer
110 has reached a predetermined current level 1, ., the
process switches to the current control mode. The predeter-
mined current level 1, ;. may be the maximum charging
current. The initial reference current 1,, . 1n the current
control mode may be set as 1, .. The mmitial output of the
current controller 420 may be set as the outer phase-shiit
angle p at the end of the predefined control mode. The
process may then switch from the current control mode to
the voltage-current control mode when a second predefined
event has occurred, e.g., when the DC voltage v, on load R
at the output side of the transformer 110 has reached a
predetermined voltage level (e.g., 90% of a nominal voltage
V,), or a predetermined period of time has elapsed since the
start of the current control mode. While operating 1n the
voltage-current control mode, the output voltage may
increase from 90% to 100% of V,. The mitial reference
voltage v, . -1n the voltage-current control mode may be set
as 0.9 V,. The mitial output of the voltage controller 440
may be set as the reference current 1, , . at the end of the
current control mode.

[0038] In some embodiments, the control may directly
switch from the predefined control mode to the voltage-
current control mode when a predefined event has occurred,
e.g., when the DC voltage v, on the output side of the
transformer 110 has reached a predetermined voltage level
(e.g., 90% of a nominal voltage V,), or a predetermined
period to time has elapsed since the start of the predefined
control mode. At the time point of switching, the DC current
1, tlowing through load R at the output side of the trans-
former 110 might not have reached the level of the maxi-
mum charging current 1, , .. While operating in the voltage-
current control mode, the output voltage may increase from
90% to 100% of V,. The initial reterence voltage v, -1n the
voltage-current control mode may be set as the output
voltage at the end of the predefined mode (e.g., 0.9 V,).

[0039] In some embodiments, the process 500 starts with
the current control mode (1.e., starting point 2). The second
duty cycle d, may be set as a nominal value D, (e.g., 0.5).
The first duty cycle d, may be set to increase from an 1nitial
value (e.g., 0) to a nominal value D, (e.g., 0.5) over time.
The retference current 1, , -may be set to follow a predefined
profile. The process may then switch to the voltage-current
control mode when a predefined event has occurred, e.g.,
when the DC voltage v, on load R at the output side of the
transformer 110 has reached a predetermined voltage level
(e.g., 0.9 of a nominal voltage V,), or a predetermined
period of time has elapsed since the start of the current
control mode. While operating 1n the voltage-current control
mode, the output voltage may increase from 90% to 100%
of V,. The mitial reference voltage v, - 1n the voltage-
current control mode may be set as 0.9 V..

[0040] As discussed above, in the predefined control
mode, the second duty cycle d, may be set as a nominal
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value D, (e.g., 0.5), the first duty cycle d, may be set to
increase from an 1mtial value (e.g., 0) to a nominal value D,
(e.g., 0.5), and the outer phase-shift angle [ may be gener-
ated according to a predefined process to achieve various
goals, such as synchronous rectification, increased start-up
speed, transformer peak current limit, etc. The process for
generating the outer phase-shift angle p 1n order to achieve
vartous goals are discussed herein in more detail. It 1s
assumed that the first duty cycle d, increases linearly from
0 to 0.5. It should be understood though, that the change of
the first duty cycle d, may be set to follow any suitable (e.g.,
non-linear) profile. It should be understood that the values
discussed above (e.g., duty cycle values, threshold voltage
levels, etc.) are provided solely for purposes of illustration,
and other values may be utilized in other embodiments
without departing from the scope of the present disclosure.

[0041] Referring to FIG. 6, wavetorms of the mnput and
output voltages v, and v,' and the transtormer current 1,
flowing through a DAB DC-DC converter (e.g., the DAB
DC-DC converter 100 of FIG. 1) with the second duty cycle
d.=0.5 are shown in a graph, according to an example
embodiment. The level of the transformer current 1, at the
falling edge of v ' 1s:

i1 =fbase[,3—(1—m)g]- (L
[0042] The level of the circulating current at the falling
edge of v, 1s:

i1~ pase[MPH(1-m)nd ] (2).
[0043] In the above equations:

| Va (3)
m=—-—,
it Vl
Vi (4)

I base — )
2n fs Ly

wherein 1, 1s the switching frequency of the AC voltage/
current of the converter 100, V, 1s the constant voltage at the
input side and v, 1s a varying voltage at the output side. In
some embodiments, the output phase-shift angle 5 1s gen-
erated 1 order to achieve synchronous rectification, 1n
which the transformer current i1s zero (0) when the output
voltage v.' 1s zero. In other words, 1,,=0 1n synchronous
rectification. Thus, the output phase-shiit angle 5 1s:

ﬁ:(l—m)—. (5)

[0044] When synchronous rectification 1s implemented,
the soft-starting process may switch from the predefined
control mode to the current control mode or the voltage-
current control mode before 3 becomes too small, otherwise
the output current 1, might decrease significantly. The reason
1s that, as v, increases, m 1ncreases, so |3 decreases which
limits the power being transferred. Because the switch
devices S; through S, on the H-bridge H,, at the output side
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are operating from the beginning, the process can smoothly
switch to the current control mode or the voltage-current
control mode.

[0045] In some embodiments, the outer phase-shiit angle
3 1s generated 1n order to limit the peak of the transformer
current, for example, to not exceed a predetermined peak
threshold 1, (1.e., to limit the peak transtormer current
during starting). Because the peak of the transformer current
1s the greater of'1,, and 1, ,, the output phase-shitt angle 3 1s,

in the illustrated embodiment:

B, = nur{ : (Ipmk —(1 —m)rrdl], peat + (1 —m)f]. ©)
m Ibase fbase 2
[0046] As discussed above, the outer phase-shift angle 3 1s

less than m/2. In other words, the upper limit of p 1s set to
the smaller of 3., according to equation (6) and m/2. The
predetermined peak threshold I, may be so chosen that 1t
would not damage the electronic components on the DAB
DC-DC converter (e.g., switch devices) nor cause saturation
of the transtormer 110. I, ,, may be larger than the trans-
former peak current at the steady state (e.g., 1.2 times of the
steady-state peak current, 1.5 times, 1.8 times, 2 times, etc.).

[0047] In some embodiments, the outer phase-shiit angle
3 1s generated 1n order to increase start-up speed. The power
being transierred from the 1input side to the output side of the
transformer 1s:

r By (1=-2d)ym 1 (7)
P Al-z)-—F—. if B= z—dl]:rr
Prose |
v 284, if B < G —dl]rr

[0048] In the above equations,
Viva
Prase = Drnly,

Referring to FIG. 7, the relationship between the power
being transierred through the transformer 110 and the outer
phase-shift angle p under various values of the first duty
cycle d, are shown in a graph. As seen from FIG. 7, the
largest power transmission occurs at:

B=m/2 (8).

[0049] When power transmission 1s maximized, the output
voltage v, and output current 1, can be sped up as much as
possible.

[0050] The outer phase-shiit angle {3 for achieving various
goals discussed herein 1s summarized in Table 1, according
to example embodiments. It should be understood that the
processes for generating [ as discussed herein are based on
d,=d,=0.5 for illustration not for limitation. Any suitable
processes can be used to generate 3 to achieve any suitable
goals. Further, for the objectives illustrated 1n Table 1, 1t
should be understood that other values or formulas for
determining {3 may be utilized 1n various implementations,
and all such modifications are contemplated within the scope
of the present disclosure.
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TABLE 1

Algornithms of (3 for different objectives

Objective P,
Synchronous T
rectification (1 —m) 9

Fast charging (4
2
Limiting 1 (Lo Ly eak T
transformer miﬂ( ( - (1 —m)rrdl], + (1 — m)ndy, —]
m Ibase base 2

peak current

[0051] As discussed above, 1n the current control mode,
the outer phase-shift angle {3 1s generated based on the
reference current 1, ,,-and the DC current 1, flowing through
the load R at the output side of the transformer 110. For
example, the outer phase-shiit angle {3 1s generated by a PI
controller in order to reduce the difference between 1, and
1, .- L he reterence current 1, , -may follow a protile detined
by a user. In some embodiments, the profile defines a
reference current changing linearly over time. In other
embodiments, the profile defines a reference current chang-
ing non-linearly with time. In further embodiments, the
profile 1s defined so that the changing rate of the charging
current (d1/dt) does not exceed a predetermined rate thresh-
old at any point of time. The DC current 1, tlowing through
load R at the output side may be measured by a current
SENnsor.

[0052] In some embodiments, the soit starting process
starts with the current control mode. The second duty cycle
d, may be set as a nominal value D, (e.g., 0.5). The first duty
cycle d, may be set to increase from an nitial value (e.g., 0)
to a nominal value D, (e.g., 0.5) over time. The reference
current 1, .- may be set to follow a predefined protile. In
other embodiments, the soft starting process starts with the
predefined control mode and switches to the current control
mode when certain event occurs, for example, when the first
duty cycle d, has reached 0.5 or the output current 1, has
reached a predetermined current threshold 1, ;. (e.g., the
maximum charging current).

[0053] In the voltage-current control mode, the reference

current 1, 18 generated based on the reference voltage v, -

and the DC voltage v, on the load R at the output side of the
transtormer 110. For example, the reference current 1, , .18
generated by a PI controller 1n order to reduce the diflerence
between v, , -and v,. Then the outer phase-shitt angle [5 1s
generated based on the reference current 1, ,,. and the DC
current 1, flowing through load R at the output side of the
transtormer 110. The reference voltage v, ,, - may follow a
profile defined by the user. In some embodiments, the profile
defines a reference voltage value changing linearly over
time. In other embodiments, the profile defines a reference
voltage changing non-linearly over time. The DC voltage v,
on load R at the output side may be measured by a voltage
sensor. In some embodiments, the soit starting process
switches directly from the predefined control mode to the
voltage-current control mode when certain event occurs, for
example, when v, has reached a predetermined voltage level
(e.g., 90% of a nominal voltage V) or when a predetermined
period of time has passed since the start of the predefined
control mode. In other embodiments, the soft starting pro-
cess switches from the current control mode to the voltage-
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current control mode when certain event occurs, {for
example, when v, has reached a predetermined voltage level
(e.g., 90% of a nominal voltage V) or when a predetermined
period of time has passed since the start of the current
control mode.

[0054] The control signal waveforms for the switch
devices S, through S, can be determined when the outer
phase-shift angle {3 and the first and second duty cycles d,
and d, are known, as shown by FIG. 3. The converter 410
thus generates the corresponding pulse width modulation

signals to control the on/ofl state for each of the switch
devices S, through S,.

[0055] With the soft-starting control methods disclosed
herein, large inrush current can be avoided. In addition,
various goals can be achieved, such as reduced power loss,
increased start-up speed, and output current/voltage profiles
as defined by the user. By limiting the output current and
transiformer peak current during the startup process, electric
components with low current ratings can be used, which
reduces system cost. The output voltage and current profiles
are under control, which increases the satety and reliability
of the product. The soft-starting control methods disclosed
herein can be used with any steady-state control methods for
the DAB DC-DC converter, such as single-phase-shiit
(SPS), dual-phase-shift (DPS), and extended-phase-shiit
(EPS) and can be used in various applications, e.g., battery
charging.

[0056] Example embodiments of the soft-starting methods
described herein were simulated using Matlab/Simulink. In
the simulation, V,=12 V, V,=300 V, L,=41 nH, n=24,
I, ., =20A,1 _.=750A, and the steady-state power1s 5 kKW.

2.chg peak
The output voltage, output current, and transformer peak

current for various soft starting processes disclosed herein
are compared with a previous soft-starting method, as shown
in FIGS. 9A, 9B, and 9C. The previous soit-starting method
was described 1n Soft-Starting procedure for dual active

bridge converter, Grulian1 Francesco, et al., Control and
Modeling for Power Electronics (COMPEL), 2015 IEEE

16th Workshop, pp. 1-6. IEEE, 2015.

[0057] FIGS. 8A and 8B are provided to illustrate an
existing soft-starting method for comparison. FIG. 8 A shows
the wavelorms of the reference voltage, and the first and
second duty cycles according to the previous soit-starting
method. FIG. 8B shows schematic diagram of the controller
used 1n the previous soft-starting method. The method
includes three stages of control during startup of the DAB
converter. At the first stage, the first duty cycle d, 1s
increased linearly from O to 0.5, and S through S, are all off
so current flows through their anti-parallel diodes. The
output voltage V, at the time point when d, reaches 0.5 1s
recorded. At the second stage, d, and d, are set as 0.5, the
outer phase-shift angle p 1s generated using PI controller
with feed-forward control in which V 1s used as the refer-
ence voltage V, -for a period of time. At the third state, the
reference voltage V, - 1s increased linearly until it reaches
the nominal output voltage V The feed-forward
outer phase-shift angle 1s:

. ()
_ 7T Snf;Lgk Lo
;BFF—E[I—\/l— v, ]
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[0058] FIGS. 9A through 9C show the simulation results
for soft-starting processes disclosed herein with comparison
to the previous soft-starting method shown 1n FIGS. 8 A and
8B. FIG. 9A shows the simulated output voltages. FIG. 9B
shows the simulated output currents. FIG. 9C shows the
simulated transformer peak currents. In the figures, curves
labeled as “BL” represent simulated results for the previous
soft-starting method as the baseline. Curves labeled as “SR”
represent simulated results for the process in which the
control starts with the predefined control mode, the outer
phase-shift angle 3 1s generated to achieve synchronous
rectification according to equation (5), and the control
switches to current control mode when d, reaches 0.5.
Curves labeled as “FC” represent simulated results for the
process 1 which the control starts with the predefined
control mode, and {3 1s generated to achieve increased
start-up speed according to equation (8). Curves labeled as
“LTC” represent simulated results for the process in which
the control starts with the predefined control mode, and 3 1s
generated to limit transformer peak current according to
equation (6). Curves labeled as “CC” represent simulated
results for the process i which the control starts with the
current control mode, and the reference current increases
linearly from zero (0) to the maximum charging current

1> chg

[0059] As shown in the figures, results for “SR” (synchro-
nous rectification) are close to results for BL (previous
method) since synchronous rectification does not change the
voltage/current wavelforms. However, results for “SR” show
less loss and delay. Results for “FC” show the fastest speed
to reach the nominal output voltage/current. Results for
“LTC” show controlled peak current (~800 A). Results for
“CC” show that the output current does follow the pre-
defined current profile 1n which the output current increase
linearly.

[0060] It should be understood that no claim element
herein 1s to be construed under the provisions of 35 U.S.C.
§ 112(1), unless the element 1s expressly recited using the
phrase “means for.” The schematic flow chart diagrams and
method schematic diagrams described above are generally
set forth as logical flow chart diagrams. As such, the
depicted order and labeled steps are indicative of represen-
tative embodiments. Other steps, orderings and methods
may be conceived that are equivalent 1n function, logic, or
ellect to one or more steps, or portions thereof, of the
methods illustrated in the schematic diagrams. Further,
reference throughout this specification to “one embodi-
ment”, “an embodiment”, “an example embodiment”, or
similar language means that a particular feature, structure, or
characteristic described 1n connection with the embodiment
1s included 1n at least one embodiment of the present
invention. Thus, appearances of the phrases “in one embodi-
ment”, “in an embodiment”, “in an example embodiment™,
and similar language throughout this specification may, but

do not necessarily, all refer to the same embodiment.

[0061] While this specification contains specific imple-
mentation details, these should not be construed as limita-
tions on the scope of any inventions or ol what may be
claimed, but rather as descriptions of features specific to
particular implementations. Certain features described in
this specification 1n the context of separate implementations
can also be implemented in combination 1n a single 1mple-
mentation. Conversely, various features described in the
context of a single implementation can also be implemented
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in multiple implementations separately or in any suitable
subcombination. Moreover, although {eatures may be
described above as acting 1n certain combinations and even
mitially claimed as such, one or more features from a
claimed combination can in some cases be excised from the
combination, and the claamed combination may be directed
to a subcombination or variation of a subcombination.

[0062] Many of the functional units described in this
specification have been labeled as circuits, in order to more
particularly emphasize their implementation independence.
For example, a circuit may be implemented as a hardware
circuit comprising custom very-large-scale integration
(VLSI) circuits or gate arrays, ofl-the-shelf semiconductors
such as logic chips, transistors, or other discrete compo-
nents. A circuit may also be implemented 1n programmable
hardware devices such as field programmable gate arrays,

programmable array logic, programmable logic devices or
the like.

[0063] As mentioned above, circuits may also be 1mple-
mented 1n machine-readable medium for execution by vari-
ous types of processors. An 1dentified circuit of executable
code may, for mstance, comprise one or more physical or
logical blocks of computer instructions, which may, for
instance, be organized as an object, procedure, or function.
Nevertheless, the executables of an identified circuit need
not be physically located together, but may comprise dis-
parate instructions stored in different locations which, when
joined logically together, comprise the circuit and achieve
the stated purpose for the circuit. Indeed, a circuit of
computer readable program code may be a single instruc-
tion, or many instructions, and may even be distributed over
several different code segments, among different programs,
and across several memory devices. Similarly, operational
data may be 1dentified and illustrated herein within circuaits,
and may be embodied 1n any suitable form and organized
within any suitable type of data structure. The operational
data may be collected as a single data set, or may be
distributed over different locations including over different
storage devices, and may exist, at least partially, merely as
clectronic signals on a system or network.

[0064] The computer readable medium (also referred to
herein as machine-readable media or machine-readable con-
tent) may be a tangible computer readable storage medium
storing the computer readable program code. The computer
readable storage medium may be, for example, but not
limited to, an electronic, magnetic, optical, electromagnetic,
inirared, holographic, micromechanical, or semiconductor
system, apparatus, or device, or any suitable combination of
the foregoing. As alluded to above, examples of the com-
puter readable storage medium may include but are not
limited to a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a portable compact disc read-
only memory (CD-ROM), a digital versatile disc (DVD), an
optical storage device, a magnetic storage device, a holo-
graphic storage medium, a micromechanical storage device,
or any suitable combination of the foregoing. In the context
of this document, a computer readable storage medium may
be any tangible medium that can contain, and/or store
computer readable program code for use by and/or 1n
connection with an 1nstruction execution system, apparatus,
or device.
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[0065] The computer readable medium may also be a
computer readable signal medium. A computer readable
signal medium may include a propagated data signal with
computer readable program code embodied therein, for
example, 1 baseband or as part of a carrier wave. Such a
propagated signal may take any of a variety of forms,
including, but not limited to, electrical, electro-magnetic,
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium may be any computer
readable medium that 1s not a computer readable storage
medium and that can communicate, propagate, or transport
computer readable program code for use by or 1n connection
with an 1nstruction execution system, apparatus, or device.
As also alluded to above, computer readable program code
embodied on a computer readable signal medium may be
transmitted using any appropriate medium, including but not
limited to wireless, wireline, optical fiber cable, Radio
Frequency (RF), or the like, or any suitable combination of
the foregoing. In one embodiment, the computer readable
medium may comprise a combination of one or more
computer readable storage mediums and one or more com-
puter readable signal mediums. For example, computer
readable program code may be both propagated as an
clectro-magnetic signal through a fiber optic cable {for
execution by a processor and stored on RAM storage device
for execution by the processor.

[0066] Computer readable program code for carrying out
operations for aspects ol the present mmvention may be
written 1n any combination of one or more programming,
languages, icluding an object oriented programming lan-
guage such as Java, Smalltalk, C++ or the like and conven-
tional procedural programming languages, such as the “C”
programming language or similar programming languages.
The computer readable program code may execute entirely
on the user’s computer), partly on the user’s computer, as a
stand-alone computer-readable package, partly on the user’s
computer and partly on a remote computer or entirely on the
remote computer or server. In the latter scenario, the remote
computer may be connected to the user’s computer through
any type of network, including a local area network (LAN)
or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the
Internet using an Internet Service Provider).

[0067] The program code may also be stored 1 a com-
puter readable medium that can direct a computer, other
programmable data processing apparatus, or other devices to
function 1n a particular manner, such that the instructions
stored 1n the computer readable medium produce an article
of manufacture including instructions which implement the
function/act specified in the schematic flowchart diagrams
and/or schematic block diagrams block or blocks.

[0068] Accordingly, the present disclosure may be embod-
ied 1n other specific forms without departing from its spirit
or essential characteristics. The described embodiments are
to be considered 1n all respects only as illustrative and not
restrictive. The scope of the disclosure 1s, therefore, 1ndi-
cated by the appended claims rather than by the foregoing
description. All changes which come within the meaning
and range of equivalency of the claims are to be embraced
within their scope.

What 1s claimed 1s:

1. A controller for soft starting a dual-active-bridge direct
current to direct current (DC-DC) converter that comprises
a transformer, a first H-bridge connected to a primary
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winding of the transformer, and a second H-bridge con-
nected to a secondary winding of the transformer, the
controller configured to:

perform a current control mode 1n which an outer phase-
shift angle 1s determined based on a predefined refer-
ence current profile and a DC current output from the
second H-bridge, wherein the outer phase-shiit angle 1s
a phase shift between a first voltage on the primary
winding and a second voltage on the secondary wind-
Ing;

determine that a first predefined event has occurred; and

in response to determining that the first predefined event
has occurred, switch to a voltage-current control mode
in which a reference current value 1s determined using
a reference voltage value and a DC voltage output from
the second H-bridge, and the outer phase-shift angle 1s
determined using the reference current value and the
DC current output from the second H-bridge.

2. The controller of claim 1, wherein the predefined
reference current profile 1s configured to reduce an inrush
current during starting of the dual-active-bridge DC-DC
converter.

3. The controller of claim 1, wherein the predefined
reference current profile includes a linearly or non-linearly
increasing reference current value.

4. The controller of claim 1, wherein the first predefined
event includes that the DC voltage output from the second
H-bridge has reached a predetermined voltage threshold or
that a predetermined period of time has elapsed since start of
the current control mode.

5. The controller of claim 1, further configured to:

before the current control mode, perform a predefined
control mode in which the outer phase-shift angle 1s
determined based on a predefined process;

determine that a second predefined event has occurred;
and

in response to determining that the second predefined
event has occurred, switch to the current control mode;

wherein the second predefined event includes that a first
duty cycle for the first voltage has reached a predeter-
mined duty cycle value or that the DC current output
from the second H-bridge has reached a predetermined
current threshold.

6. The controller of claim 1, further configured to:

before the current control mode, perform a predefined
control mode 1n which the outer phase-shiit angle 1s
determined based on a predefined process;

determine that a second predefined event has occurred;
and

in response to determining that the second predefined
event has occurred, switch to the current control mode;

wherein the predefined process 1s configured to achieve
synchronous rectification using the outer phase-shift
angle 1n the predefined control mode.

7. The controller of claim 1, further configured to:

before the current control mode, perform a predefined
control mode in which the outer phase-shift angle is
determined based on a predefined process;

determine that a second predefined event has occurred;
and

in response to determining that the second predefined
event has occurred, switch to the current control mode;
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wherein the predefined process 1s configured to increase
start-up speed using the outer phase-shift angle in the
predefined control mode.

8. The controller of claim 1, further configured to:

before the current control mode, perform a predefined
control mode in which the outer phase-shift angle 1s
determined based on a predefined process;

determine that a second predefined event has occurred;
and

in response to determining that the second predefined
event has occurred, switch to the current control mode;

wherein the predefined process 1s configured to limit a
peak current tlowing through the transformer not to
exceed a predetermined peak threshold using the outer
phase-shift angle 1n the predefined control mode.

9. A controller for soft starting a dual-active bridge direct
current to direct current (DC-DC) converter that comprises
a transformer, a first H-bridge connected to a primary
winding of the transformer, and a second H-bridge con-
nected to a secondary winding of the transformer, the
controller configured to:

perform a predefined control mode 1n which the outer
phase-shift angle 1s determined based on a predefined
pProcess;

determine that a predefined event has occurred; and

in response to determining that the predefined event has
occurred, switch to a voltage-current control mode 1n
which a reference current value 1s determined using a
reference voltage value and a DC voltage output from
the second H-bridge, and an outer phase-shift angle 1s
determined using the reference current value and a DC
current output from the second H-bridge, wherein the
outer phase-shiit angle 1s a phase shift between a {first
voltage on the primary winding and a second voltage
on the secondary winding.

10. The controller of claiam 9, wherein the predefined
event includes that the DC voltage output from the second
H-bridge has reached a predetermined voltage threshold or
that a predetermined period of time has elapsed since start of
the predefined control mode.

11. A method for soft-starting a dual-active bridge direct
current to direct current (DC-DC) converter that comprises
a transformer, a first H-bridge connected to a primary
winding of the transformer, and a second H-bridge con-
nected to a secondary winding of the transformer, the
method comprising:

performing a current control mode in which an outer
phase-shift angle 1s determined based on a predefined
reference current profile and a DC current output from
the second H-bridge, wherein the outer phase-shift
angle 1s a phase shift between a first voltage on the
primary winding and a second voltage on the secondary
winding;

determining that a first predefined event has occurred; and

in response to determining that the first predefined event
has occurred, switching to a voltage-current control
mode 1 which a reference current value 1s determined
using a reference voltage value and a DC voltage
output from the second H-bridge, and the outer phase-

shift angle 1s determined using the reference current
value and the DC current output from the second

H-bridge.
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12. The method of claam 11, wherein the predefined
reference current profile includes a linearly or non-linearly
increasing reference current value.
13. The method of claim 11, wherein the first predefined
event includes that the DC voltage output from the second
H-bridge has reached a predetermined voltage threshold or
that a predetermined period of time has elapsed since start of
the current control mode.
14. The method of claim 11, further comprising:
before the current control mode, performing a predefined
control mode in which the outer phase-shift angle 1s
determined based on a predefined process;

determining that a second predefined event has occurred;
and

in response to determining that the second predefined

event has occurred, switching to the current control
mode;
wherein the second predefined event includes that a first
duty cycle for the first voltage has reached a predeter-
mined duty cycle value or that the DC current output
from the second H-bridge has reached a predetermined
current threshold.
15. The method of claim 11, further comprising:
before the current control mode, performing a predefined
control mode in which the outer phase-shift angle 1s
determined based on a predefined process;

determiming that a second predefined event has occurred;
and

in response to determining that the second predefined

event has occurred, switching to the current control
mode;

wherein the predefined process 1s configured to achieve

synchronous rectification using the outer phase-shift
angle 1n the predefined control mode.

16. The method of claim 11, further comprising:

before the current control mode, performing a predefined
control mode in which the outer phase-shift angle 1s
determined based on a predefined process;
determiming that a second predefined event has occurred;
and
in response to determining that the second predefined
event has occurred, switching to the current control
mode;
wherein the predefined process 1s configured to increase
power transmission using the outer phase-shift angle in
the predefined control mode or to limit a peak of a
circulating current flowing through the transformer not
to exceed a predetermined peak threshold using the
outer phase-shift angle in the predefined control mode.
17. A method for soft-starting a dual-active bridge direct
current to direct current (DC-DC) converter that comprises
a transformer, a first H-bridge connected to a primary
winding of the transformer, and a second H-bridge con-
nected to a secondary winding of the transformer, the
method comprising:
performing a predefined control mode in which the outer
phase-shiit angle 1s determined based on a predefined
process;
determining that a predefined event has occurred; and
in response to determining that the first predefined event
has occurred, switching to a voltage-current control
mode 1n which a reference current value 1s determined
using a reference voltage value and a DC voltage
output from the second H-bridge, and the outer phase-
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shift angle 1s determined using the reference current
value and the DC current output from the second
H-bridge, wherein the outer phase-shiit angle is a phase
shift between a first voltage on the primary winding and
a second voltage on the secondary winding.

18. The method of claim 17, wherein the first predefined
event includes that the DC voltage output from the second
H-bridge has reached a predetermined voltage threshold or
that a predetermined period of time has elapsed since start of
the predefined control mode.

19. A method for soft-starting a dual-active bridge direct
current to direct current (DC-DC) converter that comprises
a transformer, a first H-bridge connected to a primary
winding of the transformer, and a second H-bridge con-
nected to a secondary winding of the transformer, the
method comprising:

performing a predefined control mode 1n which an outer

phase-shift angle 1s determined based on a predefined
process, wherein the outer phase-shift angle 1s a phase
shift between a first voltage on the primary winding and
a second voltage on the secondary winding;
determining that a first predefined event has occurred;
in response to determining that the first predefined event
has occurred, switching to a current control mode 1n
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which the outer phase-shift angle 1s determined based
on a predefined reference current profile and a DC
current output from the second H-bridge;

determiming that a second predefined event has occurred;
and

in response to determining that the second predefined
event has occurred, switching to a voltage-current
control mode 1n which a reference current value 1s
determined using a reference voltage value and a DC
voltage output from the second H-bridge, and the outer
phase-shift angle 1s determined using the reference
current value and the DC current output from the
second H-bridge.

20. The method of claim 19, wherein the first predefined
event includes that a first duty cycle for the first voltage has
reached a predetermined duty cycle value or that the DC
current output from the second H-bridge has reached a
predetermined current threshold, and wherein the second
predefined event includes that the DC voltage output from
the second H-bridge has reached a predetermined voltage
threshold or that a predetermined period of time has elapsed
since start of the current control mode.
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