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(57) ABSTRACT

Critical-mode soft-switching techniques for a power con-
verter are described. In one example, a power converter
includes a bidirectional converter electrically coupled
between an alternating current (AC) power system and a
direct current (DC) power system, where the bidirectional
converter includes a number of phase legs. The power
converter can also include a control system configured,
during a portion of a line cycle of the AC power system, to
clamp a first phase leg of the converter from switching and
operate second and third phase legs of the converter inde-
pendently in either critical conduction mode (CRM) or in
discontinuous conduction mode (DCM).

20 Claims, 8 Drawing Sheets
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SOFT-SWITCHING TRIANGULAR CURRENT
MODE CONTROL FOR THREE PHASE
TWO-LEVEL CONVERTERS WITH POWER
FACTOR CONTROL

BACKGROUND

Recent advancements in semiconductor technology and
the commercial availability of devices with low on-resis-
tance and parasitic capacitance (e.g., SiC & GaN devices)
has led to power converters that can achieve high efficiency.
This high efficiency is attainable for power converters run-
ning at low switching frequencies (e.g., <70 kHz). These
power converters can operate in hard switching continuous
conduction mode (CCM). Turn-on losses can become domi-
nant for high switching frequency operation when operating
in CCM. The trend for increasing switching frequency is
driven by the fact that the use of high switching frequencies
can lead to a significant reduction in filter sizes. However,
high switching frequency operation can sometimes require
zero voltage switching (ZVS) turn-on.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the present disclosure can be better
understood with reference to the following drawings. The
components in the drawings are not necessarily drawn to
scale, with emphasis instead being placed upon clearly
illustrating the principles of the disclosure. In the drawings,
like reference numerals designate corresponding parts
throughout the several views.

FIG. 1 illustrates an example power converter structure
according to various examples described herein.

FIG. 2 illustrates an example of input voltages for one line
cycle during operation of the power converter structure
shown in FIG. 1 according to various examples described
herein.

FIG. 3 illustrates an example of gate signals, drain-source
voltages, and inductor currents in a power converter using
triangular current mode (TCM)-based soft-switching tech-
niques for zero voltage switching (ZVS) turn-on control at
unity power factor (u.p.f.) according to various examples
described herein.

FIG. 4A illustrates an example of TCM full line cycle
control using discontinuous conduction mode (DCM),
TCM, and clamped mode operation for u.p.f. according to
various examples described herein.

FIG. 4B illustrates a simulated inductor current according
to various examples described herein.

FIG. 4C illustrates an example control system for control
using DCM, TCM, and clamped mode operation according
to various examples described herein.

FIG. 5A illustrates a phasor diagram of an average current
for an active+reactive power case according to various
examples described herein.

FIG. 5B illustrates an example of TCM full line cycle
control for 30° lagging currents using DCM, TCM, and
clamped mode operation according to various examples
described herein.

FIG. 6A illustrates gate signals and inductor currents in a
power converter in one sector using TCM soft-switching
techniques for ZVS turn-on control for power factor of 30°
lagging according to various examples described herein.

FIG. 6B illustrates a simulated inductor current for 30°
lagging current according to various examples described
herein.

10

15

20

25

30

35

40

45

50

55

60

65

2

FIG. 7 illustrates gate signals and inductor currents in a
power converter for one switching cycle in one sector using
TCM soft-switching techniques for ZVS turn-on control for
90° lagging power factor according to various examples
described herein.

FIG. 8A illustrates an example of TCM full line cycle
control using DCM, TCM, and clamped mode operation for
power factor of 90° lagging according to various examples
described herein.

FIG. 8B illustrates a simulated inductor current for 90°
lagging power factor according to various examples
described herein.

DETAILED DESCRIPTION

The examples described herein apply zero voltage switch-
ing (ZVS) turn-on triangular current mode (TCM) control
for power converters with power factor control. A control
scheme for power converters including TCM, discontinuous
conduction mode (DCM), and clamped mode operation is
discussed. The control scheme is applicable to a wide variety
of practical applications, including where a power factor
phase shift is desired or if it is introduced by an electro-
magnetic interference (EMI) filter or other factors. The
control scheme can also be applied to various designs of
power converters. Thus, although the scheme is described in
connection with three-phase two-level power converters, it
can be applied to other types and topologies of converters.

Critical conduction mode (CRM) or TCM with ZVS
turn-on has relatively high efficiency for single phase boost
power factor correction (PFC) at high switching frequencies
(e.g., >1 MHz). Thus TCM can be relied upon to have higher
efficiency for three phase converters also. TCM with reac-
tive power control can also be useful for practical applica-
tions, such as grid tied inverters, where there the load can
result in reactive power demand. A phase shift can also be
introduced between the input voltage and the inductor
current by the EMI filter of the power converter.

In the context presented above, the embodiments
described herein are applicable to power converters operat-
ing over a range of power generation cases, including a
range of power factors, from -1 to 1, i.e., active power,
active+reactive power, and purely reactive power. The con-
trol scheme is presented in detail along with a discussion of
ZVS turn-on operation.

TCM control is an effective way to achieve soft switching
with phase synchronization without adding physical com-
plexity to the system. According to the concepts described
herein, such control can be implemented to achieve soft
switching ZVS turn-on control for three-phase two-level
converters with power factor control.

The switching frequency of three-phase boost type recti-
fier systems in CCM can be limited by the switching loss of
devices. Turn-on losses are a major contribution to switch-
ing losses of wide bandgap devices (e.g., SiC and GaN
devices). Although a transistor can be turned on at zero
current as part of DCM control, zero voltage turn-on is
generally not possible in DCM. Also, in DCM, if the duty
cycle is constant in a line cycle, then the average value of the
inductor current in the line cycle is not sinusoidal. Varying
the switching frequency so that a power converter operates
at the boundary of CCM and DCM, also referred to as TCM,
boundary conduction mode (BCM), or critical conduction
mode (CRM), can lead to lower input current harmonic
distortion. ZVS turn-on can be achieved by allowing induc-
tor current to flow in both directions during one switching
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cycle, such that the body diode of a respective switch starts
conducting before the switch is turned on.

As described herein, a sinusoidal average current which is
not directly proportional to the respective phase voltage can
be achieved while maintaining ZVS turn-on. The detailed
basic operation of TCM for the case of unity power factor is
also discussed. The cases of active+reactive power and
purely reactive power are also described. A control scheme
is described including TCM, DCM, and clamped mode
operation of a three-phase, six-switch, two-level power
converter as an example, although the control scheme can be
applied to other topologies of power converters. For 30°
lagging, the phase with maximum switching current can be
clamped. For 90° lagging, one phase can be clamped+TCM+
DCM.

For three-phase converters, soft switched turn-on can be
achieved with TCM for a range of power factors. This
extends the capability of ZVS turn-on operation to a wide
range of applications like grid tied inverters, uninterruptable
power supplies, battery chargers, etc. A general solution can
be applied for the range of power factors from -30° to 30°
for both rectifier and inverter mode, i.e., 4rd of the power
factor range.

Referring to FIG. 1, an example power converter 100 is
illustrated according to various examples described herein.
The power converter 100 is a three-phase, six-switch, two-
level power converter operating in rectifier mode. The input
voltage to the power converter 100 is a three-phase alter-
nating current (AC) source, and can be given by:

v, =V, sin(w?), v,=V,, sin(wt-27/3), v,=V,, sin(wt+

2/3). (1)

The power converter 100 includes three phase legs 103,
106, and 109. As shown, the phase leg 103 is associated with
the input voltage v, and includes the inductor L, the switch
S 1, and the switch S ,,. The phase leg 106 is associated with
the input voltage v, and includes the inductor I, the switch
Sz, and the switch Sg,. The phase leg 109 is associated with
the input voltage v, and includes the inductor [, the switch
Sy, and the switch S .,. As can be appreciated, a switch can
have a drain-source voltage, such that V., refers to the
drain-source voltage of switch S_.,, for example. Further, the
inductor currents i,, i,, and i, are the currents through the
inductors L, L,, and L_, respectively. The switches S,
S5 Sz, Szss Sy, and S, can be embodied as any
semiconductor switches suitable for use in the power con-
verter 100, including synchronous rectifiers with relatively
low on-resistances and parasitic capacitances (e.g., SiC &
GaN devices), among others.

FIG. 2 illustrates an example of input voltages for one line
cycle during operation of the power converter 100 shown in
FIG. 1. As shown, the input voltages v, 112, v, 115, and v,
118 for one line cycle can be divided into 12 sectors. In each
sector, a voltage direction and relative size of the input
voltages v, 112, v, 115, and v, 118 can be the same.

FIG. 3 illustrates an example of gate signals, drain-source
voltages, and inductor currents in the power converter 100
when using TCM-based soft-switching techniques for ZVS
turn-on control at u.p.f. according to various examples
described herein. Particularly, for one sector (e.g., O<wt<w/
6) of the line cycle shown in FIG. 2, the gate signals S|,
Sz1s Sciy Sy, Sgas and S, of the switches S, S5, Sz,
Szs Sep, and S, respectively, are shown in FIG. 3. Further,
the drain-source voltages V.41, Vs Viascrs and Vo
across the switches S, S 5, S, and S, respectively, are
shown. The inductor currents i,, i, and i, through the
inductors L, L,, and L, respectively, are also shown.
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Where the switching frequency of the power converter
100 is much higher than the line frequency of the input
voltages, the input voltages can be assumed to be constant
for one switching period. At the end of T,, when i reaches
its peak value i_,, at 121, the switch S, can be turned off
and the switch S, can be turned on. At the same time, as
shown at 127, 1, can reach a peak value i,,,,. The lengths of
T, & T, can be set by average current controller to achieve
sinusoidal currents for the three phases. The average current
controllers shapes the peak currents to achieve sine currents.
T, can also be called as on time of device S.,.

After the switch S, is turned off, resonance can occur
between L in phase 109 and the capacitances in the devices
Sy and S, during t,,. Thus, during t;,, v ., rises and
V ssc1 drops to zero. Further, the body diode of switch S,
starts conducting, and the switch S, can be turned on at
zero voltage as shown in FIG. 3.

After the current is in the phase leg 103 reaches i,,,, the
switch S, can be turned off. As shown at region 124, i, can
reach a second peak value i,,,. The lengths of T, & T, can
be set by average current controller to achieve sinusoidal
currents for the three phases. The average current controllers
shapes the peak currents to achieve sine currents. T,+7T, can
also be called as on time of device S ,,. Switch S, can be
turned on at zero voltage. Since v, is the least in magnitude,
the current is in the phase leg 103 current reaches zero first,
and switches Sz, and S, continue to conduct until the
currents reach zero. After i, reaches zero, it is allowed to
decrease to a negative value I, which discharges the device
capacitance across switch S, for ZVS turn-on of switch
Sc»- As depicted, as phase A is left open during T,, reso-
nance occurs between L, and parasitic capacitors of S, &
S o

As inductor current slopes vary during the line frequency,
the switching frequency also varies. This variation can be
input voltage and load dependent. Also, it is clear from FIG.
3 that T, is dependent on T, and T,, while T, is dependent
onT,, T,, and T;. T is the time i, takes to reach zero which
is dependent on i,,,, hence indirectly dependenton T, & T.
At the end of T,, 1. & i, reach zero, then i, is allowed to go
a little negative before S, is turned on again at zero voltage.
Average currents can be controlled by the two variables T,
and T,, which can control three average currents simulta-
neously. As depicted in FIG. 3, t,,, t,,, and t; can also be
referred to as dead time.

For a balanced three phase system:

I+ +i =0,

@

Two control parameters T, and T, can be used to generate
average sinusoidal currents. The average current for each
switching cycle will be the average of the triangular ripple
over one switching cycle, the ripple in turn depends on T, &
T,, hence a choice of T; & T, can generate sine currents. T,
also referred to as reverse conduction time, can be calculated
from the minimum reverse current I required for ZVS
turn-on. Ty, also referred to as reverse recovery time, can be
derived from Ts. As T, can be calculated from I because the
slope of inductor current is dependent on voltage across it.
T, depends on I too, hence T, can be derived from I or T.
Since the duty times depend on input voltage, this modula-
tion can also result in a variable switching frequency from
about 1-1.34 MHz, for example.

Referring now to FIG. 4A, shown is an example of TCM
full line cycle control using DCM, TCM, and clamped mode
operation for u.p.f. A phase with a maximum average and
switching current (e.g., the phase leg 106 in Sector I as
depicted in FIG. 4A) can be clamped, since 115 is negative
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in sector I, 106 is clamped to the negative DC bus. As shown
at 403, the phase leg 106 can be clamped to the negative DC
bus (e.g., switch Sz, closed and switch Sz, open) in the
power converter 100, as denoted by the “Clamped to N in
FIG. 4A. Phase leg 106 can be clamped to the negative DC
bus for a 0~60 degree time interval as the average current
and voltage for phase leg 106 is maximum for this interval,
the other two phases are operating in TCM or DCM. For
example, the phase leg 103 can be operated in DCM during
a 0~30 degree interval as the average current and voltage
magnitude for phase leg 103 is minimum during this interval
while the phase leg 109 can be operated in TCM as during
this interval |v_I>|v,|. During the 30~60 degree interval, the
phase leg 103 can be operated in TCM while the phase leg
109 can be operated in DCM as during this interval v, I>Iv_|.
The phase leg with maximum absolute value of average
current is clamped, the phase leg with minimum absolute
value of average current operates in DCM and the phase leg
with the average current value between the two is operated
in TCM as shown in FIG. 4A.

Continuing the process, during the 60~120 degree inter-
val, the phase leg 103 can be clamped. As shown at 406, the
phase leg 103 can be clamped to the positive DC bus as the
reference current is maximum and greater than 0 (e.g.,
switch S,, closed and switch S,, open), as denoted by
“Clamped to P” in FIG. 4A. The other two phases can be
operating TCM or DCM. For example, the phase leg 109 can
be operated in DCM during a 60~90 degree interval while
the phase leg 106 can be operated in TCM. During the
90~120 degree interval, the phase leg 109 can be operated
in TCM while the phase leg 106 is operated in DCM.
Accordingly, for the remaining intervals, any phase that
reaches a maximum average and switching current in mag-
nitude can be clamped in each 60-degree time interval of the
line cycle. The other two phases can be operated indepen-
dently in either DCM or TCM. The phase with minimum
absolute average or switching current operates in DCM
while the third one operates in TCM. As shown at 409 for
example, the phase leg 109 can be clamped to the negative
DC bus in the power converter 100 while the phase leg 103
and the phase leg 106 can be operated in either TCM or
DCM.

FIG. 4B depicts the simulated currents with proposed
control. Previously, TCM has only been discussed for single
phase/three phase rectifier systems working in PFC mode
(wp.t), as it can be easier to achieve currents directly
proportional to voltages by shorting all the three phases
simultaneously (i.e., S 5,585,.S or S,,,S85,,8,, conduct
together). FIG. 4B illustrates simulated inductor currents i,
i,, and i, for 1.2 kW power delivered by converter, 115
V permss 400 Hz line frequency of AC voltage, 400 V-V . DC
bus voltage, TCM (f;, 1-1.34 MHz) switching frequency
variation, and [.~4 puH inductance value for L, L, L.

FIG. 4C depicts a control system 450 for control of the
power converter 100 (FIG. 1) using DCM, TCM, and
clamped mode operation according to various examples
described herein. The control system 450 includes a con-
troller 453, three Hall sensors 456, three zero crossing
detectors (ZCD) 459, and a counter 462. The controller 453
receives a number of inputs, including values of v, v,, and
v,.. The Hall sensors depicted as Hall sensor 456 sense the
low frequency average inductor currents i,, i,, and i, in the
phase leg 103, the phase leg 106, and the phase leg 109,
respectively, and provides the average inductor currents 1,
i,, and i, to the controller 453. The ZCD 459 detects when
i, 1,, or i, crosses zero. The controller 453 as depicted
includes a control loop from the positive DC bus (denoted as
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P) and a control loop from the negative DC bus (denoted as
N). The controller 453 can measure the output voltage V,,
and control to track the reference voltage V.. Based on
which phase is operating in DCM/TCM/Clamped mode
(depending on the magnitude of each phase voltage), the
controller decides which phase’s ZCD signal is to be used
for the beginning of every switching cycle.

The controller 453 generates the values of T, and T, that
can be used to generate average sinusoidal currents. The
controller 453 also calculates a minimum reverse current
required for ZVS turn-on of a first switch in the power
converter 100. The counter 462 as depicted keeps track of
each instant in the switching cycle by using an integrator,
and controls all the switches of the power converter 100.
Using the control system 450, it is possible to control the
power converter 100 (FIG. 1) using DCM, TCM, and
clamped mode operation at a unity power factor condition
and at a non-unity power factor condition.

For example, the controller can decide which phase
operates in DCM, TCM or clamped mode as shown in FIG.
4A, further it can generate the gating signals shown in FIG.
3 for example to finally generate inductor currents shown in
FIG. 4B. The controller 453 determines the values of T, and
T, as depicted in FIG. 3. Operation of the controller 453 can,
for example, include deciding which phase is to be clamped.
During a 60-degree time interval, the controller 453 can
clamp a phase leg of the power converter 100 (FIG. 1) to
prevent one of the phase legs (103, 106 or 109) from
switching. In some examples, the controller 453 can clamp
the leg of the power converter 100 with the maximum
average and switching current (e.g., phase leg 106 in Sector
1 as depicted in FIG. 4A). The controller 453 can also clamp
a phase leg of the power converter 100 to the negative bus
of'the DC power system or the positive bus of the DC power
system depending on the sign of reference average current.

Operation of the controller 453 can also include operating
during a first cycle in the portion of the line cycle and a
second cycle in the portion of the line cycle. As shown in
FIG. 4A at 403, the converter 453 can clamp the phase leg
106 of the power converter 100 (FIG. 1) to the negative DC
bus while the controller 453 operates each of a second phase
leg of the power converter 100 and a third phase leg of the
power converter 100 independently in either discontinuous
conduction mode (DCM) or triangular current mode (TCM).
During a first cycle, 0~30 degree interval, for example the
controller 453 can operate phase leg 103 of the power
converter 100 in DCM while the controller 453 operates
phase leg 109 of the power converter 100 in TCM. During
a second cycle, 30~60 degree interval, the controller 453 can
operate phase leg 103 of the power converter 100 in TCM
while the controller operates phase leg 109 of the power
converter 100 in DCM. The controller 453 can additionally
operate as shown at in FIG. 4A at 406 and 409. The
controller 453 can for example clamp a first phase leg, phase
leg 103 of the power converter 100, to the positive DC bus
while the controller 453 operates each of the other two
phases, phase leg 106 and phase leg 109 of the power
converter 100, in TCM or DCM.

The controller 453 can also allow an inductor current to
flow in both directions during the portion of the line cycle,
such that a body diode of a switch of the power converter
100 (FIG. 1) starts conducting before the switch is turned on,
and thus achieve ZVS turn on of the switch. For example,
when i, reaches zero, the controller 453 can turn off a switch
of the power converter 100 in a third phase leg of the power
converter 100 to allow resonance to occur between two
device capacitors on the third phase leg of the power
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converter 100 and at least one inductor on the third phase leg
of the power converter 100 during a second time period. At
the end of this resonance period, body diode of S, in 109
will start conducting and the controller 453 can turn on a
second switch in the third phase leg of the power converter
100 at zero voltage. The controller 453 can for example
control the switch in the third phase leg of the power
converter 100 after a current on the third phase leg of the
power converter 100 reaches a peak value. The controller
453 can also control the switch in the third phase leg of the
power converter 100 such that a current on the third phase
leg of the power converter 100 reaches a desired peak value.
For example, the controller 453 controls the switch such that
the current reaches the desired peak value, then the control-
ler 453 turns the switch off and turns on the auxiliary device
in phase leg 109 at OV after resonance.

In another example, at the end of one switching interval,
the controller 453 can turn off a switch in the third phase leg
of the power converter 100 allowing, during a second
switching interval, a current on the first phase leg of the
power converter 100 to reach its peak value i,,,, a switch in
the first leg of the power converter 100 and a second switch
in the third leg of the power converter 100 to conduct, and
a current on the first phase leg of the power converter 100
to reach zero during a third switching interval. At an end of
the second time interval, the controller 453 can turn on a
second switch in the first phase leg of the power converter
100 at zero voltage allowing the current on the third phase
leg of the power converter 100 to discharge a capacitor
across the switch in the third leg of the power converter 100
and permit zero voltage turn on of the switch in the third leg
of the power converter 100.

Operation of the controller 453 can generate average
sinusoidal currents at a unity power factor. In another
example, the controller 453 can operate to achieve a sinu-
soidal average current that can be expressed as a sum of two
phasors as described below with reference to the remaining
figures. Operation of the controller 453 can thus generate
average sinusoidal currents at a unity power factor and at a
non-unity power factor.

Referring now to FIG. 5A, shown is a phasor diagram of
an average current for an active+reactive power case. In the
case of reactive power, average currents will not be propor-
tional to phase voltages. Current i, can be expressed as
i,=k,v,+k,v,. i, can be expressed as i,=k,v +k,v,. i can be
expressed as i=k,v.+k,v,. Average current can be
expressed as a sum of two phasors as shown in FIG. SA.

Moving on to FIG. 5B, an example of TCM full line cycle
control using DCM, TCM, and clamped mode operation for
30° lagging power factor is shown. A reference average
current for 30° lagging case is depicted as denoted by
“Lagging Current” in FIG. 5B. The 30° lagging power factor
refers to lagging the reference average current. The line
cycle can be divided into twelve sectors as shown. Up to 30°
phase lag, the phase leg 103 average current is the smallest
in magnitude in sector I, hence it is in DCM but since the
average i, is negative, the ripple in phase leg 103 is negative
as shown in FIG. 6A. FIG. 6A shows gate signals and
inductor currents in one sector using triangular-current-
mode-based soft-switching techniques for ZVS turn-on con-
trol for power factor of 30° lagging. Referring again to FIG.
5B, a phase with the highest average and switching current
(phase leg 109 in sector II as depicted in FIG. 5B) can be
clamped for half the line cycle. While in the other half cycle,
the phase with highest average current cannot be clamped,
for example, if phase C is clamped to Pin sector I, the body
diode of one of the devices in DCM phase (phase A in sector
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I) becomes forward biased and starts to conduct when all the
devices in DCM phase are of, thus resulting in unwanted
ripple in DCM phase leading to higher losses. Hence to
avoid hence losses, phase with maximum absolute voltage is
continued to clamp.

As shown at 503, the controller 453 (FIG. 4C) can clamp
phase leg 106 to the negative DC bus (e.g., switch Sz, closed
and switch Sz, open), in the power converter 100, as denoted
by the “Clamped to N” in FIG. 5B. The controller 453 can
clamp phase leg 106 to N for a 0~60 degree time interval as
the controller 453 operates the other two phases in TCM or
DCM. The phase with minimum absolute reference average
current operates in DCM.

Continuing the process, during the 60~120 degree interval
as shown at 506, the controller 453 can clamp phase leg 103
to the positive DC bus (e.g., switch S, closed and switch
S, open), as denoted by “Clamped to P” in FIG. 5B. The
controller 453 can operate the other two phases in TCM or
DCM. The phase with minimum absolute reference average
current operates in DCM. Accordingly, for the remaining
intervals, controller 453 can clamp a phase that reaches a
maximum phase voltage in each 60-degree time interval of
the line cycle. As shown at 509 for example, the controller
453 can clamp phase leg 109 to the negative DC bus in the
power converter 100 while the controller 453 can operate
phase leg 103 and phase leg 106 in either TCM or DCM.

As discussed, ZVS turn-on conditions can be achieved for
all phases. For example, operation of the control system 450
allows switch S, to achieve ZVS turn on for i,>0. Switch
S > can achieve ZVS turn on for i,<0. Switch S, can
achieve ZVS turn on for i.>0. Switch Sz, can achieve ZVS
turn on for i,>0. Switch Sz, can achieve ZVS turn on for
1,<0. Switch S, can achieve ZVS turn on for i.>0. Switch
S can achieve ZVS turn on for i _<0.

FIG. 6B illustrates a simulated inductor current for pro-
posed control. FIG. 6B shows inductor current for 1.2 kVA,
115 Vs 400 V-V . (£, -0.7-0.85 MHz), L~4 pH, 30°
lagging power factor.

FIG. 7 illustrates gate signals and inductor currents for
one switching cycle in one sector using triangular-current-
mode-based soft-switching techniques for ZVS turn-on con-
trol for 90° lagging power factor. The current ripple for one
switching cycle in sector I is shown.

FIG. 8A illustrates an example of TCM full line cycle
control using DCM, TCM, and clamped mode operation for
power factor of 90° lagging. A reference average current for
90° lagging case is depicted as denoted by “Lagging Cur-
rent” in FIG. 8A. The 90° lagging power factor refers to
lagging the reference average current. The controller 453
(FIG. 4C) can apply a combination of DCM, TCM, and
clamped mode operation as depicted in FIG. 8A. The current
ripple for one switching cycle in sector I is shown in FIG.
7. The controller 453 can clamp a phase with a maximum
absolute voltage and switching current (phase leg 106 in
Sector I as depicted in FIG. 8A). As shown, the controller
453 can clamp phase leg 106 to the negative DC bus (e.g.,
switch Sy, closed and switch Sz, open) in the power con-
verter 100, as denoted by the “Clamped to N” in FIG. 8A.
The controller 453 can clamp phase leg 106 to N for a 0~60
degree time interval as the controller 453 operates the other
two phases in TCM or DCM. For example, the controller
453 can operate phase leg 103 in TCM during a 0~30 degree
interval while the controller 453 operates phase leg 109 in
DCM. During the 30~60 degree interval, the controller 453
can operate phase leg 103 in DCM while the controller 453
operates phase leg 109 in TCM.
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Continuing the process, during the 60~120 degree inter-
val, the controller 453 can clamp phase leg 103 to the
positive DC bus (e.g., switch S,; closed and switch S,
open), as denoted by “Clamped to P” in FIG. 8A. The
controller 453 can operate the other two phases in TCM or
DCM. For example, the controller 453 can operate phase leg
109 in TCM during a 60~90 degree interval while the
controller 453 operates phase leg 106 in DCM. During the
90~120 degree interval, the controller 453 can operate phase
leg 109 in DCM while the controller 453 operates phase leg
106 in TCM. Accordingly, for the remaining intervals, the
controller 453 can clamp a phase that reaches a maximum
absolute phase voltage and hence switching current in each
60-degree time interval of the line cycle. The controller 453
can operate the other two phases independently in either
DCM or TCM.

FIG. 8B illustrates a simulated inductor current for DCM,
TCM, and clamped mode operation for 90° lagging power
factor. The simulated waveform for the line cycle is shown
for 1.2 kVA, 115V ..., 400 V-V _ (f. -0.45-0.54 MHz),
L~4 uH for 90° lagging power factor.

In conclusion, soft switched turn-on for three phase
converters can be achieved with TCM for the range of power
factors. This extends the capability of ZVS turn-on operation
(including in some examples by not adding any additional
components to the converter) to a wide range of applications
like grid tied inverters, ups, battery chargers etc. A general
solution can be applied for the range of power factors from
—30° to 30° for both rectifier and inverter mode, e.g., 14" of
the power factor range.

The components described herein, including the control
system 450, controller 453, Hall sensor 456, zero crossing
detector (ZCD) 459, and counter 462 can be embodied in the
form of hardware, firmware, software executable by hard-
ware, or as any combination thereof. If embodied as hard-
ware, the components described herein can be implemented
as a collection of discrete analog, digital, or mixed analog
and digital circuit components. The hardware can include
one or more discrete logic circuits, microprocessors, micro-
controllers, or digital signal processors (DSPs), application
specific integrated circuits (ASICs), programmable logic
devices (e.g., field-programmable gate array (FPGAs)), or
complex programmable logic devices (CPLDs)), among
other types of processing circuitry.

The microprocessors, microcontrollers, or DSPs, for
example, can execute software to perform the control
aspects of the embodiments described herein. Any software
or program instructions can be embodied in or on any
suitable type of non-transitory computer-readable medium
for execution. Example computer-readable mediums include
any suitable physical (i.e., non-transitory or non-signal)
volatile and non-volatile, random and sequential access,
read/write and read-only, media, such as hard disk, floppy
disk, optical disk, magnetic, semiconductor (e.g., flash,
magneto-resistive, etc.), and other memory devices. Further,
any component described herein can be implemented and
structured in a variety of ways. For example, one or more
components can be implemented as a combination of dis-
crete and integrated analog and digital components.

The above-described examples of the present disclosure
are merely possible examples of implementations set forth
for a clear understanding of the principles of the disclosure.
Many variations and modifications can be made without
departing substantially from the spirit and principles of the
disclosure. All such modifications and variations are
intended to be included herein within the scope of this
disclosure and protected by the following claims.

10

15

20

25

30

35

40

45

50

55

60

65

10

Therefore, the following is claimed:
1. A power converter, comprising:
a bidirectional converter electrically coupled between an
alternating current (AC) power system and a direct
current (DC) power system, the bidirectional converter
comprising a number of phase legs; and
a control system for the bidirectional converter config-
ured, during a portion of a line cycle of the AC power
system, to:
clamp a first phase leg of the bidirectional converter
from switching; and

operate each of a second phase leg of the bidirectional
converter and a third phase leg of the bidirectional
converter independently in either discontinuous con-
duction mode (DCM) or triangular current mode
(TCM).

2. The power converter of claim 1, wherein the control
system is further configured, during a first cycle in the
portion of the line cycle, to:

operate the second phase leg of the bidirectional converter
in DCM; and

operate the third phase leg of the bidirectional converter
in TCM.

3. The power converter of claim 2, wherein the control
system is further configured, during a second cycle in the
portion of the line cycle, to:

operate the second phase leg of the bidirectional converter
in TCM; and

operate the third phase leg of the bidirectional converter
in DCM.

4. The power converter of claim 3, wherein:

the portion of the line cycle comprises about a 60-degree
time interval; and

at a unity power factor condition, the first cycle in the
portion of the line cycle comprises about a first 30-de-
gree time interval, and the second cycle in the portion
of the line cycle comprises about a second 30-degree
time interval.

5. The power converter of claim 3, wherein:

the portion of the line cycle comprises about a 60-degree
time interval; and

at a non-unity power factor condition, the first cycle in the
portion of the line cycle comprises about a first 30-de-
gree time interval, and the second cycle in the portion
of the line cycle comprises about a second 30-degree
time interval.

6. The power converter of claim 1, wherein the control
system is further configured to clamp the first phase leg of
the bidirectional converter to one of a negative bus of the DC
power system or a positive bus of the DC power system.

7. The power converter of claim 1, wherein the first phase
leg of the bidirectional converter is a phase leg that has a
maximum average and switching current.

8. The power converter of claim 1, wherein:

the portion of the line cycle comprises about a 60-degree
time interval; and

the control system is further configured, at a non-unity
power factor condition, to:
operate the second phase leg of the bidirectional con-

verter in DCM; and
operate the third phase leg of the bidirectional con-
verter in TCM.

9. The power converter of claim 1, wherein the control
system is configured to operate each of a second phase leg
of the bidirectional converter and a third phase leg of the
bidirectional converter independently at a non-unity power
factor; and
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wherein the control system is further configured to oper-
ate each of the first phase leg, the second phase leg, and
the third phase leg at a same switching frequency.
10. The power converter of claim 9, wherein the control
system operates to achieve a sinusoidal average current that
can be expressed as a sum of two phasors.
11. The power converter of claim 1, wherein the control
system is configured to allow an inductor current to flow in
both directions during the portion of the line cycle, such that
a body diode of a switch starts conducting before the switch
is turned on.
12. A power converter, comprising:
a bidirectional converter electrically coupled between a
first power system and a second power system, the
bidirectional converter comprising a number of phase
legs; and
a control system for the bidirectional converter config-
ured, during a portion of a line cycle of the first power
system, to:
clamp a first phase leg of the bidirectional converter
from switching; and

operate a second phase leg of the bidirectional con-
verter in discontinuous conduction mode (DCM);
and

operate a third phase leg of the bidirectional converter
in triangular current mode (TCM).

13. The power converter of claim 12, wherein the control
system is configured to control at least one of a switch in the
second phase leg of the bidirectional converter and a switch
in the third phase leg of the bidirectional converter.

14. The power converter of claim 13, wherein the control
system is configured to control the switch in the third phase
leg of the bidirectional converter when a current on the third
phase leg of the bidirectional converter reaches a peak value.

15. The power converter of claim 13, wherein the control
system is configured to control the switch in the third phase
leg of the bidirectional converter after a current on the third
phase leg of the bidirectional converter reaches a peak value.

16. The power converter of claim 13, wherein the control
system is configured to:

at an end of a first time interval turn off the switch in the
third phase leg of the bidirectional converter to allow
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resonance to occur between an output source capacitor
of the switch in the third phase leg of the bidirectional
converter and at least one inductor on the third phase
leg of the bidirectional converter during a second time
interval; and

at an end of the second time interval, turn on a second
switch in the third phase leg of the bidirectional con-
verter at zero voltage.

17. The power converter of claim 16, wherein the second

% switch in the third phase leg is a synchronous rectifier.

18. The power converter of claim 13, wherein the control
system is configured to:

at an end of a first time interval, turn off the switch in the
second phase leg of the bidirectional converter allow-
ing, during a second time interval, a current on the third
phase leg of the bidirectional converter to reach zero, a
switch in the first phase leg of the bidirectional con-
verter and a second switch in the third phase leg of the
bidirectional converter to conduct, and a current on the
first phase leg of the bidirectional converter and a
current on the second phase leg of the bidirectional
converter to reach zero during a second time interval;
and
an end of the second time interval, turn on a second
switch in the second phase leg of the bidirectional
converter at zero voltage allowing the current on the
second phase leg of the bidirectional converter to
discharge a capacitor across the switch in the third leg
of the bidirectional converter and permit zero voltage
turn on of the switch in the third leg of the bidirectional
converter.

19. The power converter of claim 12, wherein the bidi-
rectional converter is operated across at least one of: a range
of power factors from -30° to 30° in inverter mode, and a
range of power factors from -1 to 1 in inverter mode.

20. The power converter of claim 12, wherein the bidi-
rectional converter is operated across at least one of: a range
of power factors from -30° to 30° in rectifier mode, and a
range of power factors from -1 to 1 in rectifier mode.
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