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(57) ABSTRACT

A main circuit of a three-level active neutral point clamped
voltage source converter having a pair of additional main
switches provides two paths between an output node and a
neutral point in which one of the paths involves only switches
of an inner pair of switches that are operated at a high fre-
quency. An auxiliary circuit operating at a high frequency for
only a brief period during each high frequency switching
cycle selects the path involving only the inner switches and
provides operation with zero voltage switching and avoids
reverse recovery of diodes connected antiparallel with the
main and additional main switches. Accordingly, turn-on
switching losses in the main switches is avoided and the
voltage source converter can be operated at increased fre-
quency to allow reduction in size of magnetic components
and full potential power transfer to be achieved.
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1
THREE-LEVEL ACTIVE NEUTRAL POINT
CLAMPED ZERO VOLTAGE SWITCHING
CONVERTER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of priority of U.S. Provi-
sional Application 61/446,263, filed Feb. 24, 2011, which is
hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to power converter
circuits and, more particularly, to bi-directional power con-
verters capable of converting DC to AC or AC to DC power.

BACKGROUND OF THE INVENTION

Electrical power is required for operation of a wide variety
of devices that provide convenience or answer necessities in
many aspects of modern life and human activities. At the
present time, electrical power is distributed from locations
where it can be conveniently generated to locations where it is
utilized as alternating current or voltage (AC) even though
many devices, particularly those involving electronic circuits
utilize power at a substantially constant voltage referred to as
direct current (DC) due to the ability to transmit power at high
voltage and relatively low current for substantial distance
with reduced losses and less costly infrastructure and the
ability to easily derive low voltage and higher currents near
the location where power is utilized with transformers. Power
converters capable of converting AC power to DC power have
also become very sophisticated in design for high efficiency,
high power density and low cost.

In recent years, however, there has been increasing interest
is generating power from so-called renewable resources such
as solar and wind power which can often be provided in a
geographically distributed manner and located more proxi-
mate to the location where power is utilized. However, such
sources of energy from which power may be generated may
be only intermittently available; thus requiring power storage.
Power storage is also of increasing interest in order to balance
loads on power distribution grids and distribute more power
over presently available infrastructure. Substitution of elec-
trical power for mobile devices, such as vehicles, to which
power cannot be connected when in use also requires storage
of power.

Storage of power can be achieved in many ways. However,
at the present time, it is most practical to store power in the
form of charge in batteries which implies storing and recov-
ering power through use of direct current. It is therefore
desirable for power converters to be designed to provide for
bi-directional operation to transfer power both into and out of
a storage device and to provide conversion between AC and
DC power. Numerous designs of power converters providing
such functions have been developed and improvements in
capacity, power density, reliability, size, efficiency and reduc-
tions in cost are continually being sought.

At the present time, most sources of inefficiency in power
converters is the power consumed during the turn-on and
turn-off of switches at high frequency and limitations of
design and operating parameters of available semiconductor
switches of sufficient current-carrying capacity. For example,
power converters capable of providing substantial power usu-
ally include insulated gate bipolar transistors (IGBT), inte-
grated gate commutated transistors (IGCTs) and gate
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turn=off thyristors (GTOs) for high current carrying capabil-
ity and tolerance for electrical stress (which generally must be
provided by protective circuitry and/or converter design) but
which exhibit high switching energy consumption and sig-
nificant diode reverse recovery time which limits the fre-
quency at which they can be operated; often to a frequency as
low as nine times the fundamental frequency of the AC wave-
form input or output while operation at high frequencies is
desirable to allow reduction in size of magnetic elements
and/or capacitors used in AC input or output filters. The power
consumed by switching not only decreases the efficiency of
the power converter but must be dissipated as heat; requiring
heat sink structures or other cooling arrangements that
increase size and weight and reduce power density of power
converters.

In general, it is desirable to provide for the switches in
power converters to be controlled in such a manner that
switching is performed when the voltage across the switches
is zero or near-zero, referred to as zero voltage switching
(ZVS) or zero voltage transition (ZVT). (The term “soft
switching” may also be used but should be understood as a
collective reference to numerous techniques, including ZVS
and ZV'T, of reducing electrical stress and energy consump-
tion during switching.) However, for some power converter
topologies, ZVS or soft switching can only be achieved at the
cost of generating very complex switch control waveforms
and/or using resonant circuits which increase the number of
electrical elements in the power converter design and thus are
a significant factor in size, weight and cost of a power con-
verter as well as having the potential to increase electrical
stress on elements of the power converter.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a bi-directional power converter of improved efficiency
which can provide high power level conversion between AC
and DC power in which electrical stress on switches is lim-
ited, which requires fewer electrical elements and is operable
at increased frequency and with ZVS without requiring com-
plex switch driver control.

In order to accomplish these and other objects of the inven-
tion, a three-level active neutral point clamped zero voltage
switching power converter is provided comprising a main
circuit and an auxiliary circuit wherein the main circuit com-
prises a plurality of main switches connected in series and
comprising at least an inner pair of switches and an outer pair
of switches, each of the switches having a diode connected
anti-parallel with a respective one of the switches wherein the
inner pair of switches are connected at a first node, and a
clamping circuit including additional main switches con-
nected in parallel with the inner pair of switches, each of the
additional main switches having a diode connected anti-par-
allel with a respective one of said additional main switches,
wherein said two additional main switches are connected at
said neutral point such that two paths are provided between
said node and said neutral point under conditions of either
positive or negative current conditions at said first node, the
auxiliary circuit comprising a circuit for selecting between
the two paths for each of the positive and negative current
conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages
will be better understood from the following detailed descrip-
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tion of a preferred embodiment of the invention with refer-
ence to the drawings, in which:

FIG. 1 is a schematic diagram of a known three-level diode
neutral point clamped zero voltage transition bi-directional
power converter,

FIG. 2 is a schematic diagram of an exemplary Three-level
active neutral point clamped zero voltage transition bi-direc-
tional power converter in accordance with the present inven-
tion,

FIGS. 3A and 3B are schematic diagrams of the main
switch portion of FIG. 2 illustrating lower current paths for
positive and negative current flow, respectively,

FIGS. 4A and 4B are schematic diagrams of the main
switch portion of FIG. 2 illustrating upper current paths for
positive and negative current flow, respectively,

FIG. 5 graphically illustrates operational switching wave-
forms for positive current in the circuit of FIG. 2.

FIGS. 6-1, 6-2, 6-3, 6-4, 6-5 and 6-6 are schematic dia-
grams illustrating the topological stages of the circuit of FIG.
2 for positive current resulting from the operational wave-
forms of FIG. 5,

FIG. 7 graphically illustrates operational switching wave-
forms for negative current in the circuit of FIG. 2.

FIGS. 8-1, 8-2, 8-3, 8-4, 8-5 and 8-6 are schematic dia-
grams illustrating the topological stages of the circuit of FIG.
2 for negative current resulting from the operational wave-
forms of FIG. 7,

FIG. 9 graphically depicts the simple derivation of control
waveforms for operation of the invention,

FIG. 10 depicts experimental waveforms for power factors
of 1 and -1,

FIG. 11 depicts experimental results of switching voltage
and current waveforms for turn-off of main switching tran-
sistors of FIG. 2,

FIG. 12 graphically depicts a comparison of hard switching
and soft switching energy during turn-off of the main
switches of the circuit of FIG. 2,

FIG. 13 depicts experimental results of switching voltage
and current waveforms for turn-on of main switching transis-
tors of FIG. 2, and

FIG. 14 graphically depicts a comparison of hard switching
and soft switching energy during turn-on of the main switches
of the circuit of FIG. 2.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to
FIG. 1, there is shown a schematic diagram of a known and
exemplary three-level diode neutral clamped zero voltage
switching power converter 10 over which the present inven-
tion provides numerous improvements and advantages. It
should be understood that while the invention is not depicted
in FIG. 1, no portion of the circuit illustrated is admitted to be
prior art in regard to the present invention. FIG. 1 has there-
fore been labeled “Related Art™.

Three-level diode neutral point clamped (DNPC) voltage
source converter (VSC) topologies, of which the circuit 10 of
FIG. 1 is an example, have recently become popular for
medium voltage and high power applications. Recent studies
have also shown that such topologies are attractive and com-
petitive for low voltage, high current applications such as are
presented by power requirements for logic circuits and pro-
cessors of current and foreseeable designs. A converter such
as that depicted in FIG. 1 can be used alone as a single phase
converter or as a phase leg in a multi-phase arrangement
connected in parallel with a plurality of other such converters.
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The three-level DNPC VSC inherently features higher volt-
age and power handling capabilities, better AC output har-
monics spectrum and better electro-magnetic interference
(EMI) performance compared to two-level counterpart con-
verters.

In essence, a three level diode neutral point clamped con-
verter topology includes, as a main switching circuit 20, a
series connection of four switches S1-S4. Switches S1 and S4
are referred to as an outer pair of switches which are operated
to alternately conduct current and S2 and S3 are referred to as
an inner pair of switches which are also operated to alter-
nately conduct current. The relative frequency of the opera-
tion of the inner and outer switches depend on operation
conditions such as power factor. For example, if the power
factor is +1, the inner switches are operated at alow frequency
(e.g., the fundamental frequency of the AC power) and the
outer switches are operated at high frequency. However, if the
power factor is -1, the inner switches will be operated at a
high frequency and the outer switches will be operated at a
low frequency. Therefore, there is necessarily an imbalance
oflosses between inner and outer pairs of switches in a DNPC
VSC.

Switches S1-S4 each comprise a transistor which includes
an anti-parallel diode, D1-D4, respectively, which can con-
duct when the transistors are turned off and the current is ina
direction opposite to the direction of current in the transistors
when turned on. Additional diodes Dc1 and Dc2 are provided
to clamp the neutral point 25 of the circuit that provides the
third voltage level of the three-level power converter. The
clamping of the neutral point also provides the advantage of
limiting the voltage stress on the switches to one-half the
voltage across the series connection of switches (points P and
N). The main circuit thus formed and controlled can perform
either DC to AC conversion (left to right, as drawn) or AC ro
DC conversion (right to left, as drawn). However, the main
circuit 20, itself, performs hard switching and, as alluded to
above, the IGBT, IGCT or GTO devices used as switches (and
commercially available as half-bridge circuits) exhibit rela-
tively high turn-on and turn-off energy requirements. Since
the inner switches are operated at high frequency, the energy
requirements of the outer switches S1 and S4 is negligible
relative to the energy requirements of inner switches S2 and
S3 during normal operation.

Among various known approaches to achieve soft-switch-
ing, zero voltage switching (ZVS) has been of special interest
since it can achieve turning on of switches at zero voltage and
eliminate the reverse recovery time of diodes. In addition,
losses during turn-off of switches can be substantially
reduced by use of snubber capacitors in parallel with each
switch.

To achieve soft switching of the all switches in main con-
verter circuit 20, circuit 10 further includes an auxiliary cir-
cuit 30 which is essentially a circuit similar to the main circuit
20 and operated in a similar but complementary manner (as
indicated by the subscripts) and including a magnetic element
comprising three windings, N11, N12 and N2 and exhibiting
a leakage inductance indicated by a fourth coil connected in
series with N2 which resonates with resonant capacitors Crl-
Cr4 that can be anti-parallel or included in the main circuit 20,
depending on how much capacitance is needed. During the
ZVT or ZVS switching process, before the turn-on of a main
switch, the corresponding auxiliary switch is turned on and
initiates a resonance between the inductor and resonant
capacitors. After the resonance process, the voltage of the
turning-on switches drops to zero, allowing the switch to turn
on under zero voltage conditions. However, while power con-
sumed by the inner switches can be decreased to a degree by
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using an auxiliary circuit as shown in FIG. 1, the reverse
recovery time of the diodes does not provide optimal reduc-
tion of switching energy and limits switching frequency such
that the potential output power of the converter is also less
than optimal. Further, a major disadvantage of DNPC VSCs
remains the required control complexity and the consequent
complexity of the auxiliary circuit.

Active neutral point clamping has recently been proposed
to achieve improved balance between switching losses of
inner switches S2, S3 and outer switches S1, S4 and to
increase output power of the converter. However, no practical
converter circuit providing active neutral point clamping has
been developed that has proven successful in achieving such
improvements using ZVS although zero current switching
(ZCT) can be achieved in the circuit of FIG. 1 by omitting
diodes Dacl and Dac2 and using anti-parallel switches to
provide neutral point clamping. The ZCT technique has been
adopted in an ANPC VSC.

Referring now to FIG. 2, a schematic diagram of a power
converter circuit 100 in accordance with the invention is
shown. As with the circuit of FIG. 1 the circuit illustrated in
FIG. 2 can be used alone as a single phase converter or in
parallel with other similar circuits in a multi-phase power
converter arrangement as a phase leg thereof. As with the
circuit of FIG. 1, circuit 100 also comprises an auxiliary
circuit 110 and a main circuit 120. By comparison with FIG.
1, it is readily seen that a series connection of four switches
T1-T4 and diodes D1-D4 identical to that of FIG. 1 is pro-
vided in main circuit 120. However, Snubber capacitors C1
and C2 are connected in parallel with each of the inner
switches T2 and T3 and two additional main switches Tp and
Tn with anti-parallel diodes Dp and Dn are provided in par-
allel with the inner switches T2 and T3 to actively clamp the
neutral point.

The auxiliary circuit comprises a coupled magnetic ele-
ment or transformer Tx in parallel with the output of the main
circuit, another pair of switches and anti-parallel diodes Tx1,
Tx2 in series with each other and in parallel with the pair of
inner switches T2, T3 and a pair of additional diodes Dx1,
Dx2 connected in series and in parallel with the pair of aux-
iliary switches Tx1, Tx2. A terminal of each of the primary
and secondary windings are connected together to be oppos-
ingly magnetically coupled while the other terminal of the
primary winding is connected to the common node of the
series connection of Tx1 and Tx2 and the other terminal of the
secondary winding is connected to the common node con-
necting the series connection of diodes Dx1 and Dx2. The
three-level DC input or output is depicted by symbols +,
0 and - across a series connection of two capacitors. The AC
input or output node and return path to the neutral point is
depicted as a connection 130 and the AC current is depicted
by 1,,,; and a sinusoidal waveform. Thus, it is seen that the
three-level active neutral point clamped converter in accor-
dance with the invention has fewer discrete components since
the two clamping diodes, two auxiliary switches and two
auxiliary diodes can be omitted and the coupled magnetic
element is simplified by reduction to two windings. Control
of the converter circuit in accordance with the invention is
also much less complex than the control required for the
converter circuit of FIG. 1 as will be discussed in greater
detail below.

An important distinctive feature of the converter circuit in
accordance with the invention and as illustrated in FIG. 2 is
that there are two paths connecting node 130 with the neutral
point regardless of the direction of the I,,,; current. These
paths are referred to hereinafter as upper and lower paths
which are illustrated with darker lines in the schematic of the
main circuit 120 of FIG. 2in FIGS. 3A and 3B and 4A and 4B,
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respectively, for transitions between Vdc/2 and 0. The transi-
tions between —Vdc/2 and 0 are complementary to those
shown in FIGS. 3A-4B.

As shown in FIG. 3A, choosing the lower path involves
commutations (e.g. the transfer of load current from one
device to another, generally, in the case of the present inven-
tion, between a switch and a diode at either turn-on or turn-off
of'the switch; “commutations™ being a collective reference to
both turn-on and turn-off operations) between T2 and D3
when phase current is positive and flowing out of the bridge
and, as shown in FIG. 3B, commutations between T3 and D2
when phase current is negative and flowing into the bridge.
Note that, during those high frequency transitions, commu-
tations only occur between the inner switches and their
diodes, and T1 and Tn are kept on while Tp and T4 are kept
off.

FIGS. 4A and 4B show the negative and positive current
cases of choosing the upper path. Complementary to the
lower paths shown in FIG. 3, it can be seen that the commu-
tations are between clamping devices Tp (or Dp) and D1 (or
T1). It should be noted that, during those transitions, commu-
tations only occur between the outer devices and the clamping
devices and T2 is kept on while T3 is kept off. Symmetrically
for the level transition between —Vdc/2 and 0, only the outer
devices and clamping devices Tn or Dn are involved in the
commutations. Therefore, the different level transitions intro-
duce two different pairs of switches and diodes and therefore
require two sets of auxiliary circuits.

Itis important to note that when the lower path is chosen for
level transitions between Vdc/2 and 0, regardless of current
direction, the commutations only occur between the inner
devices T2 (or D2) and D3 (or T3). Symmetrically for the
level transitions between —Vdc/2 and 0, the commutations
can also occur between the inner devices by choosing proper
path. With the above discussed path selection strategy of
choosing lower paths such that commutations occur only
between inner devices, the outer switches and the clamping
switches only have one switching action in one AC line fre-
quency cycle; the dominant switching losses are from the
inner switches. The modulation method to implement such a
strategy is very simple and can be realized by only one carrier
waveform and one modulation waveform as shown in FIG. 9
as will be discussed below.

In the following description of the operation of the voltage
source converter of FIG. 2, only the case of level transitions
between V /2 and 0 is analyzed to illustrate the operation
principle. The case of level transitions between -V /2 and 0
are symmetrical to the following description.

A) 1,0 Positive Current Case:

When the load current is flowing out of the bridge, the
commutating devices are T2 and D3. The corresponding con-
trol timing and operation waveforms of the VSC circuit of
FIG. 2 are shown in FIG. 5. It can be seen that the auxiliary
switch Tx1 controls ZVS turn-on of T2 from the six topologi-
cal stages of ZVS process illustrated in FIGS. 6-1 to 6-6.
Stage One [t0~t1], FIG. 6-1:

In the initial stage, the phase leg outputs 0 voltage level, at
t0 instant the gate drive signal for T3 is removed without
switching losses while T2 is still in turn-off state, during this
deadtime, the load current freewheels through Tn and D3.
Stage Two [t1~12], FIG. 6-2:

At t1 instant, the auxiliary switch Tx1 is turned on. Then
the primary side of the coupled magnetics Tx (the turn ratio is
1:N) bears the upper half DC voltage; while the secondary
side starts to conduct current. The secondary side is shorted
through Dx2 and D3. Therefore, the primary side voltage
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drops across the leakage inductance. As a result, the primary
side current increases linearly as well as the secondary side
current.

Stage Three [t2~13], FIG. 6-3:

At t2 instant, the sum of the primary and secondary side
current reaches the load current, so the current flowing
through D3 drops to zero and turns off without reverse recov-
ery process. Then leakage inductance starts to resonate with
the snubber capacitors in parallel with T2 and T3. During this
resonant process the snubber capacitor C1 is discharging and
voltage across T2 is falling while the snubber capacitor C2 is
charging and voltage across T3 is rising.

Stage Four [t3~t4], F1G. 6-4:

At t3 instant, the voltage across T2 drops to zero and T2 is
turned on at zero-voltage condition. Between t3 and t4, the
current of coupled magnetics is still greater than load current,
so part of current freewheels via D2. Because of conduction
of D2, the primary side is shorted via D2 and Tx1; while the
secondary side bears the upper DC voltage and the voltage
drops across the leakage inductance. As a result, the current of
coupled magnetic decreases linearly.

Stage Five [t4~t5], FIG. 6-5:

At t4 instant, the current of coupled magnetics drops to
load current, so current of D2 drops to zero and turns off
without reverse recovery losses. After D2 turning off, T2
starts to carry current. During this time the current of coupled
magnetics continue to decrease.

Stage Six [after t5], FIG. 6-6:

Att5 instant, the current of coupled magnetic drops to zero,
so Dx2 turns off naturally. After t5 auxiliary switch Tx1 is
turned off under zero-current and zero-voltage condition. The
auxiliary circuit stops work and waits for the next high fre-
quency switching cycle. (the auxiliary circuit is operated at
high frequency but only for a very brief period of time in each
high frequency switching cycle.) T2 continues to conduct and
can be turned off with low switching loss (due to the snubber
capacitor C1, as alluded to above) in accordance with simple
and well understood pulse width modulation (PWM).

B.) I,,,..:<0, Negative Current Case:

When the load current is flowing into the bridge, the com-
mutations are chosen to be between inner devices T3 and D2.
The auxiliary switch Tx2 controls ZVS turning-on of T3. The
ZVS process and waveforms are similar to the case of current
flowing out of bridge and there are also six topological stages
in one cycle, as illustrated in FIGS. 8-1 to 8-6.

Stage One [t0~t1], FIG. 8-1:

Atthe initial stage the phase leg outputs V /2 voltage level
and the output current flows through D1 and D2. At t0 instant
the gate drive signal for T2 is removed without switching
losses while T3 still in a turned-off state, during this deadtime
the load current freewheels through D1 and D2.

Stage Two [t1~t2], FIG. 8-2:

Attl instant, the auxiliary switch Tx2 is turned on, then the
primary side of the coupled magnetics Tx bears the upper half
DC voltage; while the secondary side starts to conduct current
and is shorted via Dx1 and D2. Therefore, the primary side
voltage drops across the leakage inductance. As a result, the
primary side current increases linearly as well as the second-
ary side current.

Stage Three [t2~13], FIG. 8-3:

At t2 instant, the sum of the primary and secondary side
current reaches the load current, so the current flowing
through D2 drops to zero and turns off without reverse recov-
ery process. Then leakage inductance starts to resonate with
the snubber capacitors in parallel with T2 and T3, during this
resonant process the snubber capacitor C2 is discharging and
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voltage across T3 is falling while the snubber capacitor C1 is
charging and voltage across T2 is rising.
Stage Four [t3~t4], F1G. 8-4:

At 13 instant, the voltage across T3 drops to zero and T3 is
turned on at zero-voltage condition. Between t3 and t4, the
current of coupled magnetics is still greater than load current,
so0 part of the current freewheels via D3. Because of conduc-
tion of D3, the primary side is shorted via D3 and Tx2; while
the secondary side bears the upper DC voltage.

As a result, the current of coupled magnetics decreases
linearly.

Stage Five [t4~t5], FIG. 8-5:

At t4 instant, the current of coupled magnetics drops to
load current, so current of D3 drops to zero and turns off
without reverse recovery losses. After D3 turns off, T3
(turned on at zero volts at stage 1) starts to carry current. At the
same time the current of coupled magnetics continue to
decrease.

Stage Six [after t5], FIG. 8-6:

At 15 instant, the current of coupled magnetics drops to
zero, so Dx1 turns off naturally. Then, after t5, auxiliary
switch Tx2 can be turned off under zero-current and zero-
voltage condition. The auxiliary circuit stops work and waits
for the next nigh frequency switching cycle. T3 continues to
conduct and can be turned off with low switching loss (due to
the snubber capacitor C1, as alluded to above) in accordance
with simple and well understood pulse width modulation
(PWM).

The above analysis elaborates the ZVS turning-on process
for both load current direction cases And demonstrates that
inner switches T2 and t3 can be turned on without switching
losses while turn-on losses of T1, T4, Tp and Tn are very
small and substantially zero since they are turned on only at
the low fundamental frequency of the AC voltage and at
substantially zero voltage and zero current. Of similarly high
importance, the above analysis demonstrates that the diodes
are turned off at zero current so that reverse recovery time is
avoided and the operating frequency of the VSC of FIG. 2 is
not limited thereby allowing higher frequencies to be used to
allow use of smaller magnetic elements (which may also be of
simplified design). The turning-off losses of switches are also
reduced, by the snubber capacitors in parallel with T2 and T3.
The voltage changing rate on T2 and T3 is slowed and depen-
dent on the capacitance and load current at the turning-off
process. Further, the current changing rate of T2 and T3 is
relatively much higher, and the current drops to zero very
quickly. Therefore, the overlap of non-zero voltage and cur-
rent is reduced and, consequently, the turning-off losses are
reduced to a very low level.

As alluded to above, the VSC circuit of FIG. 2 can be
operated to provide DC to AC (or vice-versa) conversion very
simply using only two waveforms as illustrated in FIG. 9: a
low frequency modulation (e.g. sinusoidal) waveform and a
high frequency carrier waveform. Pulse width modulation
can be derived by a simple comparison or logical combination
of'the two waveforms while the switching waveform for Tx1
and Tx2 can be derived with suitable timing by comparison of
the magnitude of the carrier waveform with suitable thresh-
olds and selecting between Tx1 and Tx2 for switching based
on zero-crossings of the modulation waveform. Many other
techniques for developing suitable drive waveforms for the
VSC circuit of FIG. 2 will be evident to those skilled in the art.
Operational sets of waveforms for power factors of +1 and -1
are shown in Figure in the upper and lower sets of waveforms,
respectively.

Itshould be appreciated from FIGS. 9 and 10 that change of
relative operation frequency of the inner and outer switches



US 8,929,114 B2

9

with operating conditions such as power factor which is
required in diode neutral point clamped VSCs is avoided by
the active neutral point clamped VSC in accordance with the
invention which allows the outer switches, T1 and T4, to be
operated at low frequency and the inner switches, T2 and T3,
to be operated at high frequency, regardless of power factor,
using the simple modulation strategy of FIG. 9. The losses
would still be unbalanced and concentrated in the inner
switches without the auxiliary circuit but the simple auxiliary
circuit in accordance with the invention can eliminate the
inner switch losses by providing ZVS operation. Therefore,
the auxiliary circuit can be very simple since only control of
the inner switches to provide ZVS need be provided to elimi-
nate virtually all switching losses.

Waveforms observed (at T3 as an example) during experi-
mental verification of operability and performance of the
VSC circuit of FIG. 2 are illustrated in FIGS. 11 and 13.
During this experimental verification, the circuit was oper-
ated at a frequency of 5 KHz which is much higher than the
frequency possible under limitations imposed by reverse
recovery time of diodes. A comparison of switching energy of
exemplary switch T3 with and without the ZVS as provided in
accordance with the invention is illustrated as a function of
1,,,710 FIGS. 12 and 14. It can be seen that the experimentally
derived waveforms of FIGS. 11 and 13 compare very favor-
ably with those discussed above in the operational analysis of
the negative current operation of the invention (FIG. 8). It can
also be seen from FIGS. 12 and 14 that the ZVS provided in
accordance with the invention reduces the switching losses to
a very small fraction of a hard switching three-level neutral
point clamped VSC circuit.

In view of the foregoing, itis clearly seen that the invention
provides a three-level neutral point clamped VSC circuit
which requires only a reduced number of electrical elements
with simplified coupled magnetic elements that can be oper-
ated at much increased frequency so that power density canbe
increased and the full potential power delivery can be
achieved. The circuit can also be operated based on only two
control waveforms from which the required switching wave-
forms for PWM can be derived in numerous, comparatively
simple ways with simple circuits. No output sensing or feed-
back is required. The efficiency of conversion between AC
and DC power (and vice-versa) is also of improved efficiency
with the ZVS provided in a novel manner in accordance with
the invention; allowing reduced heat dissipation requirements
to further increase power density of the converter.

While the invention has been described in terms of a single
preferred embodiment, those skilled in the art will recognize
that the invention can be practiced with modification within
the spirit and scope of the appended claims.

Having thus described our invention, what we claim as new
and desire to secure by Letters Patent is as follows:

1. A three-level active neutral point clamped zero voltage
switching power converter comprising a main circuit and an
auxiliary circuit,

said main circuit comprising

a plurality of main switches connected in series, said
plurality of switches comprising at least an inner pair
of switches and an outer pair of switches, each of said
switches having a diode connected anti-parallel with a
respective one of said switches wherein said inner pair
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of switches are connected at a first node, and a clamp-
ing circuit including first and second additional main
switches connected in parallel with said inner pair of
switches, each of said first and second additional main
switches having a diode connected anti-parallel with a
respective one of said first and second additional main
switches, wherein said first and second additional
main switches are connected at a neutral point such
that two paths are provided between said first node
and said neutral point under conditions of either posi-
tive or negative current conditions at said first node,
said auxiliary circuit comprising

a circuit including a resonant element for selecting
between said two paths for each of said positive and
negative current conditions,

a pair of auxiliary switches connected in series and in
parallel with said inner pair of switches, each of said
auxiliary switches having a diode connected in paral-
lel with a respective one of said auxiliary switches,
said pair of auxiliary switches being connected at a
second node,

a pair of diodes connected in series, wherein diodes of
said pair of diodes are connected at a third node, and

a magnetic element comprising first and second wind-
ings magnetically coupled in opposition wherein first
terminals of said first and second windings are con-
nected together and to said first node and a second
terminal of said first winding is connected to said
second node and said second terminal of said second
winding is connected to said third node.

2. The power converter as recited in claim 1 wherein said
clamping circuit comprises first and second additional main
switches, said first and second additional main switches being
operated alternately and in synchronism with second and first
switches of said outer pair of main switches.

3. The power converter as recited in claim 1, wherein said
outer pair of switches is operated at a desired fundamental
frequency of alternating current at said first node and said
inner pair of switches is operated at a frequency in excess of
nine time said fundamental frequency.

4. The power converter as recited in claim 1, wherein said
main switches are insulated gate bipolar transistors.

5. The power converter as recited in claim 1, wherein said
first and second additional main switches are insulated gate
bipolar transistors.

6. The power converter as recited in claim 1, wherein said
circuit for selecting between said paths comprises insulated
gate bipolar transistors.

7. The power converter as recited in claim 1, wherein DC
power is applied across said series connected main switches
and AC power is output at said first node.

8. The power converter as recited in claim 1, wherein AC
power is applied at said first node and DC power is output
across said series connected main switches.

9. The power converter as recited in claim 1, wherein said
plurality of series connected main switches comprise only
four series connected main switches.

10. The power converter as recited in claim 1, wherein said
inner pair of switches are operated with pulse width modula-
tion.



