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COUPLED INDUCTOR FOR INTERLEAVED
MULTI-PHASE THREE-LEVEL DC-DC
CONVERTERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of priority of U.S. Provi-
sional Application 62/092,312, filed Dec. 16, 2014, which is
hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to switching
power converters and switching voltage regulators and,
more particularly, to multi-level, multi-phase interleaved
switching power converters and switching voltage regula-
tors capable of delivering high current at high voltage and
which may be bi-directional and having reduced inductor
ripple and overall output current ripple and common mode
noise.

BACKGROUND OF THE INVENTION

While alternating current (AC) power is used for trans-
ferring power from a location where the power is generated
to a remote load, many, if not most, loads other than electric
motors require power at a direct current (DC), substantially
constant voltage. Therefore, many of these potential loads
require a dedicated power converter of a design that can
accommodate their respective power requirements.

Local generation of power from renewable resources such
as solar and wind turbine power generators has also favored
local distribution of power as direct current at high voltages
and currents. Some types of loads such as electrically
powered vehicles may require large currents at high voltages
that exceed the capacities of commercially available or
economically feasible components such as switches which
can be operated more efficiently than analog circuits and
thus are generally favored. In switched converters for high
voltage applications, three-level power converters are
favored as reducing voltage stress on switches and allowing
use of smaller passive components since three-level con-
verters essentially provide two switched power converters
such that their output voltages are summed. To meet high
current requirements, it is common to provide two or more
power converters in parallel. Such parallel-connected power
converters operated as a single power converter are gener-
ally referred to as multi-phase power converters and, while
any number of phases or “legs” may be provided (e.g. ten or
more), two to four parallel-connected power converters are
most common.

It is possible to drive the individual parallel-connected
power converters of a multi-phase power converter in phase
with each other. However, doing so results in a substantial
output ripple voltage and input and output ripple current,
requiring large input and output capacitances. For that
reason, it is much more common to provide switching
operations in the respective legs which is out-of-phase by a
particular angular difference. More specifically, it is more
common to control switching such that the output current of
each phase has a (usually equal) phase difference so that the
sum of the output currents will have a higher equivalent
frequency and smaller ripple. Such operation is referred to
as interleaving.

However, when the legs of a multi-phase, three-level
power converter are operated in an interleaved manner for
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output current ripple and output capacitor size reduction, the
parallel connection allows an abnormally large circulating
current ripple in the inductor current which is larger than the
output current ripple. This circulating ripple current is a
source of resistive losses in the inductors and other circuitry,
increased turn-off switching losses and requires a larger
inductor to maintain a given level of input and output ripple.
Therefore, use of interleaved operation of a power converter
to reduce input and output ripple has compromised both
efficiency and power density as well as cost and weight.

A three-level power converter, whether or not operated in
an interleaved manner, may also cause common mode (CM)
noise to be developed at the switching frequency, requiring
attenuation by a filtering arrangement to prevent CM noise
from being reflected back to the power source. Interleaved
operation will reduce the CM noise somewhat but causes
high circulating current which is not tolerable for practical
use. Since the frequency of the CM noise is at the switching
frequency which is relatively low to limit switching losses,
the CM filter required for attenuation at the switching
frequency is therefore usually relatively large and a signifi-
cant fraction of the total volume of the power converter,
which, in turn, tends to limit the power density of the power
converter design.

Since high power density of a power converter is a very
desirable attribute, sophisticated designs have been devel-
oped to increase power density to the point of principally
being a function of the limitations of output ripple current,
circulating ripple current and common mode noise specifi-
cations. Thus, in high power applications, passive compo-
nents are a major factor affecting power converter system
costs, volume and weight while input and output ripple
specifications are becoming more stringent in some appli-
cations such as photovoltaic (PV) cell arrays for solar power
generation where ripple causes deleterious effects on the PV
cells.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a multi-phase interleaved power converter having reduced
output current ripple current, reduced inductor ripple current
and common mode noise, improved efficiency and increased
power density.

It is another object of the invention to provide an inductor
structure which allows reduced output current ripple,
reduced inductor current ripple and reduced common mode
noise at an increased frequency for a given switching
frequency with consequent CM noise filter size reduction to
be simultaneously achieved.

It is a further object of the invention to provide an
integrated inductor and inverse-coupled inductors of small
size, weight and cost to reduce power converter volume and
increase power density.

In order to accomplish these and other objects of the
invention, a multi-phase three-level power converter is pro-
vided having a plurality of phase legs wherein the conduc-
tion angles of respective ones of the phase legs are inter-
leaved converter including an inductor in series with each
phase of each side of the three level converter, and a
reverse-coupled pair of inductors having one coil in series
with the inductor and another coil in series with the one coil
in a circulating current path resulting from the interleaving
of phases of the three-level power converter.

In accordance with another aspect of the invention, a
magnetic element is provided including a plurality of coils
on respective legs of a magnetic core including at least two
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pairs of coils wherein respective coils of each pair of coils
are inversely coupled, and a magnetic circuit coupling the at
least two pairs of coils such that each pair of coils is
positively coupled to each other pair of coils.

In accordance with a further aspect of the invention, a
method of reducing output current ripple in a three-level
DC-DC power converter is provided comprising steps of
connecting at least two of phase legs in parallel, each said
phase leg including an inductor, conducting power from a
power source through each of the at least two phase legs in
an interleaved manner, and generating a voltage that reduces
current circulating in the at least two phase legs due to
interleaving of the conducting of power in the phase legs in
an interleaved manner.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages
will be better understood from the following detailed
description of a preferred embodiment of the invention with
reference to the drawings, in which:

FIG. 1 schematically illustrates a generalized three-level
multi-phase power converter,

FIG. 2 schematically illustrates a known two-phase par-
alleled three-level bi-directional converter that is operable in
either a buck or boost mode,

FIG. 3 schematically illustrates a known Interleaved, zero
current transition three-level power converter,

FIG. 4 schematically illustrates a generalized two-phase
paralleled three-level DC-DC converter useful for under-
standing the impact of interleaved operation on inductor
current ripple,

FIG. 5 illustrates an equivalent circuit of the DC-DC
converter of FIG. 4,

FIG. 6 is an equivalent circuit of the circuit of FIGS. 4 and
5 for circulation current,

FIG. 7 illustrates waveforms of the circuit of FIG. 4
without interleaving,

FIG. 8A illustrates the waveforms of the circuit of FIG. 4
with N-type interleaving,

FIG. 8B illustrates the waveforms of the circuit of FIG. 4
with Z-type interleaving,

FIG. 9 is a graphical comparison of inductor current
waveforms with and without N-type interleaving,

FIG. 10 is a graphical comparison of output current
waveforms with and without N-type interleaving,

FIG. 11 is a graphical comparison of inductor current
waveforms with and without Z-type interleaving,

FIG. 12 is a graphical comparison of output current
waveforms with and without Z-type interleaving,

FIG. 13 schematically illustrates N-type interleaving in
the circuit of FIG. 4 with an added reverse-coupled inductor,

FIG. 14 is a graphical comparison of inductor current
waveforms with and without N-type interleaving using a
coupled inductor,

FIG. 15 is a graphical comparison of output current
waveforms with and without N-type interleaving using a
coupled inductor,

FIG. 16 is a graphical comparison of normalized inductor
current ripple for N-type interleaving for coupled inductors
of different values of mutual inductance with non-inter-
leaved inductor current ripple,

FIG. 17 is a comparison of normalized output current
ripple for non-interleaved operation and N-type operation,

FIG. 18 is a graphical comparison of common mode
voltage waveforms for interleaved and non-interleaved
operation,
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FIG. 19 is a graphical comparison of the common mode
voltage spectrum for interleaved and non-interleaved opera-
tion,

FIG. 20 schematically illustrates Z-type interleaving in
the circuit of FIG. 4 with an added reverse-coupled inductor,

FIG. 21 is a graphical comparison of inductor current
ripple waveforms for N-type and Z-type interleaving with
non-interleaved operation,

FIG. 22 is a graphical comparison of output current ripple
waveforms for N-type and Z-type interleaving with non-
interleaved operation,

FIG. 23 is a graphical comparison of normalized inductor
current ripple for N-type and Z-type interleaving for coupled
inductors of different values of mutual inductance with
non-interleaved inductor current ripple,

FIG. 24 is a comparison of normalized output current
ripple for N-type and Z-type interleaving with non-inter-
leaved operation,

FIG. 25 is a graphical comparison of common mode
voltage waveforms for N-type and Z-type interleaved and
non-interleaved operation,

FIG. 26 is a graphical comparison of the common mode
voltage spectrum for N-type and Z-type interleaved and
non-interleaved operation,

FIG. 27 schematically illustrates N-type interleaving in a
three-phase, three-level power converter with a coupled
inductor,

FIG. 28 is a graphical comparison of inductor current
waveforms with and without N-type interleaving using a
coupled inductor based on simulation,

FIG. 29 is a graphical comparison of output current
waveforms with and without N-type interleaving using a
coupled inductor based on simulation,

FIG. 30 is a graphical comparison of normalized inductor
current ripple for N-type interleaving for coupled inductors
of different values of mutual inductance with non-inter-
leaved inductor current ripple based on simulation,

FIG. 31 is a comparison of normalized output current
ripple for non-interleaved operation and N-type operation
based on simulation,

FIG. 32 is a graphical comparison of common mode
voltage waveforms for interleaved and non-interleaved
operation based on simulation,

FIG. 33 is a graphical comparison of the common mode
voltage spectrum for interleaved and non-interleaved opera-
tion based on simulation,

FIG. 34 schematically illustrates Z-type interleaving in a
three-phase, three-level power converter with a coupled
inductor,

FIG. 35 illustrates waveforms of Z-type interleaving
based on simulation,

FIG. 36 is a generalized schematic diagram of a multi-
phase interleaved three-level DC-DC power converter with
a coupled inductor,

FIG. 37 illustrates a simplified design of an integrated
coupled inductor suitable for practice of the invention,

FIG. 38 schematically illustrates a three-level, three-
phase DC-DC power converter including a coupled inductor,

FIG. 39 illustrates the basic principles of an integrated
coupled inductor,

FIG. 40 illustrates the magnetic circuit of the coupled
inductor of FIG. 39,

FIG. 41 schematically illustrates differential mode (DM)
flux in the magnetic circuit of FIG. 40,

FIG. 42 schematically illustrates an equivalent circuit and
waveform for DM flux generated by DM voltage,
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FIG. 43 illustrates CM flux in the magnetic circuit of FIG.
40,

FIG. 44 illustrates one embodiment of an integrated
coupled inductor structure,

FIGS. 45A and 45B illustrate another embodiment of an
integrated coupled inductor structure in both assembled and
exploded views, and

FIG. 46 illustrates flux paths in and exploded view of the
integrated coupled inductor circuit of FIGS. 45A and 45B.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to
FIG. 1, there is shown a generalized schematic diagram of
an interleaved three-level converter (iTLC) having three
phase three-level converter (TLC) legs or buck/boost con-
verter units (BCUs) that has been proposed for PV applica-
tions in order to reduce input and output current ripple. As
alluded to above, high frequency current ripple is particu-
larly undesirable in regard to solar power collectors and
causes premature aging and failure of PV cells in the solar
collector PV array(s). In this power converter circuit topol-
ogy, the input and output current ripple will be greatly
reduced and the size or value of input and output capacitors
can be greatly reduced to meet current ripple specifications
due to the cancellation effect of interleaving as shown in the
following Table 1. The angular references are to the leading
edge of on-time of the switches indicated.

TABLE 1
BCU1 BCU2 BCU3
S, 0 S, 23 (1200 Sy, 43 (2409)
Sh o W3(60°) S,y  w (1809) Sy, Sm/3 (300°)

However, as alluded to above, the interleaving operation
will create large and significant circulation currents among
the paralleled phases/BCUs and the inductor current ripple
in each phase will become larger as the overall input and
output current ripple is reduced; requiring a larger inductor
to be used to maintain a given low level of inductor current
ripple.

In another proposed power converter topology suitable for
high power applications as illustrated in FIG. 2, to eliminate
the circulating current between two phases, the controllable
devices of the two phase legs are switched in-phase as
shown in Table II. The inner switches are operated in a
complementary fashion to provide free-wheel current or
simultaneously with the indicated switches to provide a
current return path. As alluded to above, in boost mode
operation the inner switches are controlled as indicated in
Table I and freewheel current and a current return to the
source are provided by the outer switches, operated in a
complementary manner to the inner switches.

TABLE 1I
Phase leg 1 Phase leg 2
Q 0 Qs 0
Q4 7 (180°) Qg 7 (180°)

In such an approach, the paralleled converters have the same
combined behavior as a single phase but the load current is
shared between the two phases. Therefore, there is no
circulating current but some reduction in input and output
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capacitor size can be achieved as a trade-oft with input and
output current ripple magnitude.

Another previously proposed power converter topology is
illustrated in FIG. 3 in which two interleaved converters
conduct current to the load alternately in a non-overlapping
fashion rather than simultaneously as in the topology of FIG.
2. Small auxiliary inductors are added to achieve zero
current turn-on transitions to reduce losses associated with
reverse diode recovery. In this topology, the two interleaved
converters conduct alternately rather than simultaneously.
However, the duty cycle is limited to 0.5 or less for two
phases, 0.33 for three phases and so on and thus duty cycle
utilization is low and power delivery is thus only marginally
improved, if at all, over a single phase inverter although less
expensive components can be used since voltage stress is
reduced. Moreover, while diode reverse recovery losses at
turn-on are eliminated, each device is turned off at total load
current rather than half the load current (when the turn-on
periods overlap) and, since IGBT switches are commonly
used for high power applications, turn-off losses will domi-
nate the total switching loss because of the large parasitic
inductance of the commutation loop. For these reasons, use
of this topology in high power applications is limited.

Therefore, it is seen that the problems of reducing input
and output ripple of high power multi-phase three-level
DC-DC power converters and the generation of large circu-
lating currents due to interleaving of phases to partially
cancel input and output current ripple consistent with limi-
tation of cost, size and weight of the power converter have
proven quite intractable despite the proposal of very sophis-
ticated power converter designs since the cause of the
circulating current has not been analyzed and no detailed
analysis is known in the literature. However, the inventors
have discovered that circulating currents between phases
and losses associated therewith can be avoided by provision
of reverse-coupled mutual inductance between/across inter-
leaved power converter phases in the circulating current
path. This discovery is highly counter-intuitive since
coupled inductors are usually used for using a current on one
circuit to induce a voltage in another circuit and not for
partial current cancellation in a single circuit, Further, such
partial cancellation can be made to an apparently arbitrary
degree and without affecting the input and output current
ripple, reduced by interleaving, in any way or requiring any
change in size of value of the inductor. Some other benefits
of using a coupled inductor, as will be discussed below, are
also completely unexpected. Moreover, the inventors have
discovered that such mutual inductance can be provided in
a structure which is integrated with inductances in a very
compact and easily fabricated structure which provides
additional benefits in power density and other desirable
attributes of a power converter. The impact of interleaving
on power converter operation and the reduction of circulat-
ing currents by use of a coupled inductor will now be
discussed in detail.

A schematic diagram of a two-phase, three-level paral-
leled DC-DC converter that is generalized to facilitate
investigation of the impact of interleaving on input and
output ripple and circulating currents is illustrated in FIG. 4.
The switches are generalized as a diode connected across
each switch since a parasitic diode will generally be formed
in devices (e.g. power FETs, IGBTs and the like) suitable for
power switching applications. The upper, positive side and
the lower, negative sides of the converter are completely
symmetrical and present two switching poles. 1a-2a, 3a-4a,
and 15-2b, 3b-4b, which are connected in series. Two series
connected capacitors are provided at both the input and
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output. Moreover, this power converter topology is capable
of operating as either a buck or boost converter and can
transfer power bi-directionally. The outer active devices/
switches S, ,, S,,, S4, S4, are operated in the buck mode
and the inner switches, S, ,, S,,, S5, S;,, are operated in the
boost mode with freewheel current being provided through
the diodes of the inner or outer devices, respectively.

The impact of interleaving is similar regardless of
whether the power converter is operated in the buck or boost
mode and an analysis of the simpler buck mode of operation
will be sufficient for an understanding of the impact of
interleaving in the boost mode, as well, for those skilled in
the art. The generalization of the circuit of FIG. 4 also allows
it to be operated in a non-interleaved mode or in either a
so-called N-type or Z-type interleaving mode (which differ
by the sequence order of switching on-times-so-called by the
switching sequence order tracing a “backward N” or “Z”
shape on the switching devices) that affect voltage wave-
forms of the respective phases and, hence, the voltage
difference, V ;,,, between point O at the midpoint of V ;. and
point G, the midpoint of the capacitive voltage divider at the
output.

For the generalized circuit of FIG. 4, the phase shifts for
non-interleaving, N-type interleaving and Z-type interleav-
ing are provided in the following Tables III-V, respectively.
Conversely, each of these modes of operation is considered
to be defined by the phase shift sequences in these Tables.

TABLE I1I
Non-interleaving
Phase 1 Phase 2
Sia 0 Sis 0
Saq 7 (180°) Sap 7 (180°)
TABLE 1V
N-type interleaving
Phase 1 Phase 2
Sia 0 Si 7 (180°)
Saq /2 (90°) Sap 3m/2 (270°)
TABLE V
Z-type interleaving
Phase 1 Phase 2
Sia 0 Si /2 (90°)
Saq 7 (180°) Sap 3m/2 (270°)

(Note that by following increasing angles in Tables IV and
V, a “backwards N” and Z patterns are traced respectively,
in these tables, as well as in the schematic diagram of the
switches. Note also that the inner switches are not specified
but would be substituted for the adjacent specified outer
switch if this discussion were directed or extended to boost
operation rather than limited to buck operation. This sym-
metry clearly indicates that the impact of interleaving on the
respective buck and boost modes would, indeed, be very
similar, as alluded to above.)

To analyze the impact of interleaving on the circuit of
FIG. 4, an equivalent circuit representing the switching
poles by four controlled voltage sources an output capacitors
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are represented by two constant voltage sources is shown in
FIG. 5. Since the circuit is symmetrical, the voltage V 5, is
given by

Voo=(Vaot Voot Voot Vao)/4. (6]

The inductor current flow can be expressed as
Lo it

a Lematdcir ()]
where 1, is the output current and I, is the circulating
current between the two phases. Thus, the inductor current
is related to both the output current and the circulating
current which, in turn, is created by the voltage mismatch
between the two phases, V. Different phase shift angles
and different duty cycles will create different V ,, waveforms
and amplitudes and have different impacts on the inductor
current ripple. Since V. can also be represented by a
controlled voltage source and the circuit is symmetrical for
any combination of switches, a simplified equivalent circuit
model for the circulating current can be derived as shown in
FIG. 6. This simplified equivalent circuit model is labeled to
correspond to nodes a and b and the switches connected to
those nodes as shown in FIG. 4 but is valid for all pairs of
nodes and switches that include both phases.

The waveforms of V_,, in the converter of FIG. 4 for
non-interleaving, N-type interleaving and Z-type interleav-
ing are illustrated in FIGS. 7-8A and 8B, respectively. The
duty cycles, D, illustrated are chosen such that the phases
overlap symmetrically but are otherwise arbitrary and con-
sistent for all of FIGS. 7-9.

From FIG. 7, it can be seen that for the non-interleaving
mode of operation, V_,, will always be zero and that there is
no circulating current between the two phases, as alluded to
above. That is, for the non-interleaving case the inductor
ripple can be expressed as:

Ve Ts
4L

dcis
~51-D-eD-1) 05=D<1

3
0<D=0.5 3

«(1-2D)-D
A1L=

where V,_ is the DC link voltage, T, is the switching period
L=L_=L, is the inductance and D is the duty cycle. The
overall output current ripple will be double the inductor
ripple since both phases or legs contribute to the output
current and, hence, output current ripple because they are
switched in phase with each other. Therefore, the overall
current ripple is given by:

Vae - Ts )
L -(1-2D)-D 0<D=0.5
Aly =2-Aly =
Yo ls (| _p).op-1) 05=D<1
-(1-D)-2D-1) 05=
The maximal inductor current ripple is given by:
Vi T, 1 ®
Al = =
L =748

and the maximal overall output current ripple is given by:

Vo Ts

1 (6)
2L 3

Algty max =
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For N-type and Z-type interleaving, there will be a voltage
imbalance between nodes G and O during parts of the
switching period, T,, and V_, will be a square pulse,
three-level waveform having a pulse amplitude of £V /2. It
should be noted from a comparison of FIGS. 8A and 8B that
the volt-second product of V_,, will be greater for N-type
interleaving than the Z-type interleaving. Therefore, for a
two-phase three-level embodiment, N-type interleaving will
produce a slightly greater circulating current than Z-type
interleaving. This difference is most apparent in these Fig-
ures.

For comparison and by a similar circuit analysis, for
particular duty cycle ranges, the inductor current ripple for
N-type interleaving can be derived as:

Al = M
Ve (1-4D Vi D
e )-D-TS+ e 77, D <0.25
8L aL
Vg 4D -1) 2D T+Vdc'D T 095<D <05
T A T - ’
Vy-(3-4D V- (1-D
e ) op—1) 1+ 2 U=D) s pcoas
16L aL
Vac- (4D -3) Vae-(1-D)
T.(l_D).TS+T-TS 075=D<1

and the overall output current ripple for N-type interleaving
can be expressed as:

Vac-(1-4D) (3)
— DT D <0.25
4L

Vi -(4D-1)

LT (1=2D)T, 025<D<05
8L

Alg =

Vi - (3 -4D)

T BT @D-1)-T, 05<D <075
8L

Vi - (4D = 3)

- (1-D)-T, 075=D<1
4L

Similarly, the inductor current ripple for Z-type interleaving
can be derived as:

Vi (1—4D VD 9
e ( )-D-TS+ & Ty D <0.25 ®
8L 4L
Vac-(4D-1) Vac-D
— (1 =-2D)-T; + T, 025=D<05
Al = 16L 16L
o Yae B=3D) o hr e YE p 05<p<075
T R T ALt
Vi -(4D = 3) Ve -(1-D)
T.(l_D).TS+T-TS 075<D<1

and the overall output current ripple for Z-type interleaving
can be expressed as:

Vyc-(1 —4D) (10)
Yo U2 o, D <0.25
4L

Ve - (4D - 1)

e P ) (1—2D)-T, 025<D <05
8L

Algy =

Vi -(3-4D)

—-2D-1)-T;, 05=D<0.75
8L

Vi - (4D =-3)

—_—(1-D)-T, 075=D<1
4L
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From a comparison of these expressions, it is readily seen
that overall output (and, hence, input) current ripples of both
types of interleaving are much smaller than for the non-
interleaving case but the circulating currents for both types
of interleaving are larger than the overall output current
ripple for the non-interleaving case and, of course, far
greater than the zero circulating current in the non-inter-
leaving case.

The above analysis has been verified by simulation and
the results are presented in graphical form in FIGS. 9-12. For
this simulation, the parameters are P,=200 kW. DC link
voltage, V,=1200V, switching period, T =50 usec., duty
cycle, D=0.6 non-coupled inductance L= =[,=60 uH and
output capacitance, C=180 uF. A comparison of FIGS. 9 and
10 and FIGS. 11 and 12 clearly shows the large magnitude
of the circulating current relative to the non-interleaving
inductor current waveform and the overall output current
ripple for the non-interleaving case. The ripple in the output
current waveform is also of much reduced amplitude and
twice the frequency of the ripple in the output current
waveform for the non-interleaved case. The output current
ripple for the non-interleaved case is also twice the ampli-
tude of the ripple component in the inductor current, as
alluded to above, due to the contribution of both phase legs
to the output current ripple when interleaving is not
employed.

Also, from a comparison of FIGS. 9 and 11 it is seen that
the waveform of the circulating current for N-type inter-
leaving is of greater amplitude and more nearly symmetrical
than the highly distorted waveform for the circulating cur-
rent resulting from Z-type interleaving. (Both inductor cur-
rent waveforms are eight-segment piecewise-linear wave-
forms resulting from the V_,, waveforms of FIGS. 8A and
8B.) These differences and their significance will be dis-
cussed in greater detail below.

As noted above, the inventors have discovered that the
circulating current resulting from either type of interleaving
and the size of the inductor required thereby can be signifi-
cantly reduced by the addition of a reverse-coupled inductor
with coils placed in respective phases with both reverse-
coupled coils placed in series in the circulating current path.
Such a topology is illustrated in FIG. 13 which will be
recognized as differing from the topology of FIG. 4 only in
the addition of reverse-coupled inductors having mutual
inductance, M, in both upper and lower sides of the power
converter in addition to the non-coupled inductors, L., and
L,. For simplicity of analysis, the coils of the reverse-
coupled inductor are shown separately from the non-coupled
inductor coils. Somewhat different, preferred implementa-
tions will be described below in which these coils may be
combined or integrated into a single, compact magnetic
component. It is assumed that the inductances of the non-
coupled inductors are equal, as before, and that the mutual
inductance of the coupled inductors is non-zero and larger
than the inductance of either of the non-coupled inductors.
An analysis similar to that discussed above yields the
following expressions for inductor current ripple for respec-
tive duty cycles:
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Vie-(L—4D VD
s 1=4D) fopy Ve D D <025
8L AHL+2M)
Vg -(4D=1) LD T Vac - D T 025<D <05
T R 1717 B
Vie - (3 - 4D) Ve (1 = D)
& D -D T+ —— T, 0.5<D<075
6L VIt gy s 09=D<
Vg @D -3 V- (1-D
M.(1_D).TS+M-TS 075<D<1
8L HL+2M)

A comparison with expressions (8) reveals that 2M is added
to the inductance, L, in the denominator of the second term
if the expression for each duty cycle range. Therefore, it is
clear that if the mutual inductance is increased, the second
term in each expression will be reduced and, if infinitely
large, the second term, reflecting the circulating current,
would be zero and, since the inductor current ripple is only
half the output current ripple for the non-interleaved case, a
large mutual inductance, M, is much preferred. Essentially,
the reverse coupled inductance, connected as shown across
the two phases but in series with the circulating current path
provides a voltage proportional to the mutual inductance in
the circulating current path that opposes V_, and thus
effectively cancels a portion of the circulating current in
accordance with the value of the mutual inductance.

The addition of the reverse coupled inductor having a
mutual inductance has no effect on the overall output current
ripple which can be expressed as:

V- (1-4D 12
M-D-TS D <025 12
aL
Vae-(4D - 1)
e (1-2D)-T, 0252D<05
Aly =
"7 Ve 3-4D)
L T 0D -1)-T, 05=D<075
8L
Vi - (4D =3)
T-(l—D)-TS 075=<D<1

From a cursory comparison with the results of an analysis of
FIG. 4, it will be apparent that expressions (12) are identical
to expressions (8) or (10).

Similarly, the maximal inductor current ripple (deter-
mined by sweeping the duty cycle to find the maximum) is
given by:

1 L (13)

3 L
Vae Ty (4 (L+2M)2] Vdc'(§+4(L+2M)]

AlL e = .
Lomax = 16y 2 ML+2M)

'Tx

and the maximal output current ripple is

14

d 1
Al = .=
all_max 3L 3

which will be recognized as being the same as expression
(6). Thus it can be seen that the inductor current ripple can
be reduced while maintaining the ripple cancellation effect
of interleaving and providing a further degree of cancella-
tion of the circulating current ripple in the inductor through
use of a reverse-coupled inductor having a suitably large
mutual inductance.
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The further analysis of the circuit of FIG. 13 has also been
verified by simulation for N-type interleaving and using a
mutual inductance of 500 pH while other parameters are
maintained as in the simulation without the coupled induc-
tors for comparison with the non-interleaving case (also
without the coupled inductors since there is no circulating
current). The results of simulation of N-type interleaving is
graphically illustrated in FIGS. 14-19. In each of these
Figures, the result of N-type interleaving with the coupled
inductor is compared to the non-interleaved case without the
coupled inductor which will be the same as in other, previ-
ously discussed simulation results. A comparison of the
results using the coupled conductor with the results of
simulation of the circuit of FIG. 4 in those same Figures will
facilitate an appreciation of the effectiveness of the coupled
inductor to reduce circulating currents as well as obtaining
a more complete understanding of the invention.

In FIG. 14 it is seen that the inductor current ripple (which
also includes the circulating current for N-type interleaving)
is much smaller in local (e.g. over a single switching cycle)
magnitude than the non-interleaved case due to cancellation
of a portion of the circulating current. The peak-to-peak
ripple is also substantially smaller even though the inductor
current ripple which has eight segments of linear current
slope as alluded to above, caused by the coupled inductor
and interleaving, oscillates. A comparison of FIG. 15 with
FIG. 10, discussed above, indicates that the reduction of
output current ripple is unaffected by the addition of the
coupled inductor. The normalized (using the non-interleav-
ing case inductor current ripple as the normalizing factor)
inductor current ripple under different duty cycle conditions
and for different mutual inductances is shown in FIG. 16
which confirms that inductor current ripple is reduced by
increased cancellation of the circulating current ripple as the
mutual inductance is increased. FIG. 16 also shows that the
increment of circulating current cancellation for a given
increment of mutual inductance diminishes and that little
increase in circulating current cancellation can be expected
above a particular value of mutual inductance, in this case,
500 pH. FIG. 17 shows that the normalized output current
ripple is very much reduced and the ripple cancellation is
maintained with the addition of the coupled inductor. The
maximal (e.g. worst case duty cycle) output current ripple is
held to about one-quarter of the magnitude of output current
ripple of the non-interleaved case.

As alluded to above, V5, is the voltage between nodes
G and O of FIG. 4 or 13 and, from the point of view of
electromagnetic interference (EMI) appears as common
mode (CM) noise which must be limited in practical appli-
cations. FIG. 18 shows the reduction in CM noise waveform
amplitude achieved by interleaving as compared with the
non-interleaved case. FIG. 19 shows the comparative volt-
age spectra on N-type interleaving and the non-interleaved
case. It can be seen that the magnitude of CM noise at a duty
cycle of D=0.6 is reduced by about 10 dBuV. (The magni-
tude of CM noise also varies with duty cycle and will be
reduced to some degree at any duty cycle but perhaps not at
much at other duty cycles producing less CM noise. Nev-
ertheless, CM noise will be held to a relatively low level than
can often be sufficiently attenuated by a fairly simple filter.)
In addition, the lowest frequency peak of the CM noise is at
twice the frequency (e.g. double the switching frequency) of
the non-interleaved case; allowing increase of the corner
frequency of the CM filter arrangement and a substantial
reduction in physical size.

FIG. 20 shows a schematic power converter topology
identical to that of FIG. 13, including the additional reverse-
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coupled inductors, except for a Z-type interleaving sequence
being indicated (superimposed on the switching devices).
By a similar circuit analysis to that discussed above, the
inductor current ripple can be expressed as:

Al (15)
Vie (1= 4D Vie-D
s 1=4D) fopy Ve D D <025
8L AHL+2M)
Yeer@D-1) g Ve T, 025<D <05
oL VIt e s 0P =D <0
Yae-B=4D) ony 1yt Y& 1 05<p<07s
ez PV gy e 0= P <0
Vg @D -3 V- (1-D
M.(1_D).TS+M-TS 075<D<1
L HL+2M)

which is differs from expressions (7) by the inclusion of a
mutual inductance term, M, in the denominator of the
second term of each expression; also favoring use of a large
value of M as in N-type interleaving. The overall ripple
current can be expressed as

Ve - (1 —4D) (16)
— DT D <0.25
4L
Vi -(4D-1)
LT (1-2D)T, 025<D<05
8L
Alg =
Vi - (3 -4D)
T B @D-1)-T, 05<D <075
8L
Vi - (4D = 3)
- (1-D)-T, 075=D<1
4L

which is the same as expression (12). The maximal inductor
current ripple is given by

Ve T5 1 Ve

T amn
16 8 Tew+am 't

AlL max =
The maximal output current ripple is given by:

(18)

1

d

Al = L2
all_max SL 3

The above analysis was verified for Z-type interleaving and
the results shown in FIGS. 21-26 superimposed on the
results of N-type interleaving and the non-interleaving case
as shown in FIGS. 14-19. FIG. 21 shows that the component
of circulating current is somewhat less than for the N-type
interleaving and the reduction in circulating current is
slightly greater. FIG. 22 shows that the overall output
current ripple for Z-type interleaving is substantially iden-
tical to that achieved by N-type interleaving. FIG. 23 shows
that the inductor current ripple as a function of duty cycle for
Z-type interleaving is substantially reduced for some duty
cycle ranges, particularly for smaller mutual inductances,
but substantially identical for other duty cycle ranges. FIG.
24 shows a slightly greater reduction in output current ripple
as a function of duty cycle for Z-type interleaving than for
N-type interleaving.

FIG. 25 differs substantially from FIG. 18 in regard to the
CM noise voltage waveforms produced by Z-type interleav-
ing but FIG. 26 show a much lesser in reduction is CM noise
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magnitude and that the frequency of the lowest frequency
spectral peak is at the fundamental switching frequency and
thus has limited benefit in regard to CM noise.

An extension of the above basic principles and application
of'the invention to three phases of legs will now be discussed
in regard to FIGS. 27-33 for N-type interleaving and FIGS.
34-35 for Z-type interleaving. Extension to an arbitrary
number of phases will be discussed in connection with FIG.
36.

A schematic diagram of a three-phase embodiment is
shown in FIG. 27. It should be noted that the reverse-
coupling of the three-phase coupled inductors follows the
phase sequence indicated in the following Table VI for
N-type interleaving.

TABLE VI

Three-phase N-type Interleaving

Phase 1 Phase 2 Phase 3
S, O Sis /3 (120°) Si.  4w/3 (240°)
S4, @6 (60°) Sap 7 (180°) Sie  5/3 (300°)

For the non-interleaving case the inductor current ripple is
given by expression (3). Therefore, the total output current
ripple will the three times the output current ripple of each
individual phase and is given by:

3 Vg T

4L

3-Vye T
4L

19
0<D=05 19

«(1-2D)-D
Ala” = 3-A1L =

(1-D)-2D-1) 05=<D<1

The maximal output current ripple is thus:

Ve Ts
8L

20

Al = 3
all_max = 3

For Interleaved operation with coupled inductors, the induc-
tor current ripple is expressed as:

Al = 2D
Ve (1 -6D) 1 VgD T, 1
L Pty Towm 0<D<g

Vye-(1 = 3D) 6D 1) T 1 Vg-D-T, 1 b 1
oL PV T 5P <3
Vie-(1-2D) 1 Vi Ts 1 1
& T @D-1)-T,+=- ~<D<=
pr B Lt rETr 3°P<3
Ve (2-3D) @D-1) T+1 Ve Ts 1<D<2
12L U9 L+3-M 2 3
Vi -(5-6D) 1 Vg-(1=-D)- T, 2 5
& . BD-2)T+=- - % T op<z
T A S I 0 VR S
Vie-(1=D) 1 Vg-(1=-D)-T; 5
I E A R Ry e VR

As in the two-phase embodiment, the mutual inductance
value appears in the denominator of the second term of the
expression for each duty cycle range. Therefore, larger
values of M provided greater degrees of cancellation of the
circulating current and are thus preferred. Also as with the
two-phase N-type interleaved embodiment described above,
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the overall current ripple will be reduced because of ripple
cancellation among the interleaved phases as given by:

V- (1-6D) 1 22
35— DT, D<
5 Vao-(1-3D) 6D—1)-T 1 D 1
T aer P g<bes
5 Vao-(1-2D) AD-1)-T 1 D 1
P A R
“s g Ye@-3D) L 2
T r B 5 <bes
3. Y 06D oy oy 2ep<l
L PP 3 3
3. e LoD n_ 511, 2 epel
o Pl g
The maximal inductor current ripple is given by:
Vae T 1 Vac (23)
Al = R ——
Lmex = o A Y LAt
and the maximal output current ripple is given by:
Ve T, 1 24
Aloy_ max = L3

The above analysis has been verified by simulation with
a power rating of 200 kW, DC link voltage V ,=1200V
switching period T,=50 usec., D=0.6, non-coupled induc-
tances =60 pH, and output capacitors C=180 pF. Mutual
inductance M=300 pH was used in the simulation. The
simulated waveforms comparing non-interleaved operation
with N-type interleaved operation with reverse-coupled
inductors are shown in FIG. 28 and waveforms comparing
the overall output current ripple are shown in FIG. 29. The
inductor current ripple with the coupled inductor is smaller
than the non-interleaving case (where the circulating current
is zero) and the overall output current ripple is smaller that
the non-interleaving case and the two-phase N-type inter-
leaving case due to more effective ripple cancellation by the
increased number of phases.

The normalized inductor current ripple over the range of
possible duty cycles is shown in FIG. 30 which illustrates
behaviors similar to the two-phase embodiment in regard to
increased circulating current cancellation with increasing
mutual inductance but exhibits six local maxima rather than
four due to similar behaviors over a greater number of duty
cycle ranges. The overall normalized output current ripple as
a function of duty cycle is illustrated in FIG. 31 which
indicates that the maximal output current ripple is reduced to
about one-sixth of the non-interleaved case.

The CM noise waveforms for N-type three-phase inter-
leaving are compared with the non-interleaving case in FIG.
32. The very substantial decrease in both amplitude and
energy is evident. Perhaps more importantly, as shown in the
CM noise voltage spectrum shown in FIG. 33, the amplitude
of the lowest frequency spectral peak is even more reduced
than the N-type two-phase case and the frequency is
increased to three times the switching frequency; potentially
further reducing the required size of the required filter, as
compared with two-phase embodiments.

The three-phase Z-type interleaving, the schematic for
which is shown in FIG. 34 to be the same as that of FIG. 27
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but for the indication of the Z-type switching sequence
indicated. The switching turn-on times are provided in Table
VIL

TABLE VII

Three-phase Z-type interleaving

Phase 1 Phase 2 Phase 3
S, O Sip @6 (60°) S @3 (120°)
Ss, 7 (180°) Sup  4a/3 (240°) Sie  5/3 (300°)

Simulation of this mode of operation of three-phase
Z-type interleaving is shown in FIG. 35 with the duty cycle
again of D=0.6 and the resulting waveforms are readily seen
to be very different from the N-type interleaving case.
Specifically it is seen that V5, is a staircase waveform. This
results in V,,, V,  and V_, being staircase waveforms of
different shapes. The shaded areas are voltage-second prod-
ucts on the respective inductors which results in the wave-
forms being very different and possibly forming a significant
source of differential mode (DM) noise. Since V5, is a
staircase waveform and each of the three phases have
different phase shifts, the effect of V5, on each phase will
be different; yielding different current ripple waveform
shapes in each respective phase which is difficult to correct.
Therefore, while Z-type interleaving may provide margin-
ally better results than N-type interleaving for a two-phase
converter, N-type interleaving is clearly a better choice for
three-level converters of three or more phases.

The basic principles of the invention can be extended to
any arbitrary number of phases. A generalized schematic of
a multi-phase three-level converter is shown in FIG. 36.
However, as the phase number increases, the circulation
current circulates between more phases and the coupling
becomes much more complicated but are generally as indi-
cated in FIG. 36. Table VIII provides a generalized speci-
fication of phase shifts for N-type interleaving.

TABLE VIII

N phase, N-type interleaving

Phase 1  Phase 2 Phase N - 1 Phase N
Si. 0 S, 2wn Sig—1y 2(n = 2)a/n Si, 2(n- 1)m/n
S4. @/n S, 3w/n Sage—ry (20 = 3)/n S4 (2n - L)w/n

From a comparison of the two-phase and three-phase
cases discussed above, it is to be expected that use of more
phases will further reduce output (and input) current ripple
and CM voltage while increasing the frequency of the lowest
frequency peak in the CM noise spectrum. Further, it can be
expected that, for N phases the overall current ripple of the
interleaving case will be 1/N? of the current ripple of the
non-interleaving case with N phases, the frequency of the
lowest frequency peak of the CM noise spectrum will be N
times the switching frequency and the maximal inductor
current ripple can be much smaller than the non-interleaving
case as long as a sufficient mutual inductance is provided.

As alluded to above, the inventors have also discovered
that one or more relatively small valued non-coupled induc-
tors and relatively large mutual inductances suitable for
practice of the invention as discussed above can be inte-
grated in a single magnetic element, as will now be dis-
cussed. A commonly used structure for providing reverse-
coupled mutual inductance (without a non-coupled
inductance), mostly used in two-level converters is shown in
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FIG. 37. In this structure, two “E” shaped cores are juxta-
posed to form a so-called EE shaped core. The central leg of
either or both E shaped cores is of reduced length such that
two of the core legs have a smaller gap than the third leg.
Windings are placed on the legs with the smaller gap and are
oppositely wound so that they are inversely coupled. The leg
with the larger gap carries certain leakage flux from the other
legs and is usually centrally located, as shown. Two induc-
tors of such structures would be required for three-level
converters and such a structure is not suitable for tape-
wound construction.

A schematic diagram of a two-phase, three-level con-
verter in which reverse-coupled mutual inductances are
integrated is illustrated in FIG. 38. In this circuit, the leakage
inductors of the top and bottom coupled inductor are
coupled together such that the coupling is positive and the
coupling can boost the output inductance of the three-level
converter. Based on the above analysis, the total output
current ripple is determined by the leakage inductors, and
the positive coupling can thus further reduce the output
current ripple. That is, expressions (5), (14), (18) and (24
show that output ripple is related to the inductance and has
nothing to do with mutual inductance.

More specifically, the inventors have discovered that an
integrated inductor can be built to achieve both suppression
of circulating current and boosting output inductance as
indicated by the dashed box in FIG. 38. A simple inductor
structure shown in FIG. 39 can be used to explain the basic
principle of operation. For reference, the left two legs are
labeled a and b and the right two legs are labeled ¢ and d and
both pairs of legs are magnetically coupled across one or
more air gaps. The windings on the four legs should be
arranged as shown such that the windings on legs a and b and
legs ¢ and d are each inversely coupled and the polarity
between windings a and ¢, a and d, b and ¢ and b and d
should all be positive. If the windings are arranged in such
a mannet, there will be two parts of the magnetic flux in the
core; one part being generated by the circulating current,
indicated by the solid loops in FIG. 39 and the other
generated by the common mode or output current, shown by
the dashed loops in FIG. 39. The simplified magnetic circuit
for this structure is shown in FIG. 40 which is driven by four
sources which are excited by the current in each winding as
shown in FIG. 41. The differential mode (DM) flux can be
calculated from the differential mode -current/voltage
between windings a and b or ¢ and d. The equivalent DM
circuit and the DM voltage on windings a and b is shown in
FIG. 42. It follows that the expressions for common mode
flux are:

VpcDT ©5)
. Nip o (D<0.5)
DM = o =
Vpe(l = D)T
R Yoc - DIT (D> 0.5)
N

The common mode (CM) flux is generated by the CM
current as shown in FIG. 43. Since the CM current in each
winding is simply half of the output current the CM flux can
be calculated as:

Nl Ny
T 2(Raped +Ra)  ABapea
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For legs a, b, ¢ and d, the flux has two parts: DM flux and
CM flux. Therefore the total flux is

Ny

, 2Nipy
2(2Rabed + Ra)

2R,

@n

Dppca = Pers = Ppyy = Peyy =

and the maximum flux density in each individual leg is:

AMaclows

B (28)
AT U ONA, 4NA,

where N is the turn number for the winding on each leg, A,
is the equivalent cross-sectional area of each leg, M, is the
mutual inductance between winding a and winding c. For the
intermediate leg, the flux is simply double the CM flux and
its maximum flux density is:

Nloys _ AMacloue
(2Raped + Rp)Aim NAjy

@29

Bapea =

where A,,, is the equivalent cross-sectional area of the
intermediate leg.

A straight-forward design for such an integrated magnetic
element is shown in FIG. 44 in which the left-most two
windings are for the top branches of the converter and the
right-most two windings are for the bottom branches of the
converter (or vice versa). The left pair and right pair of
windings are inversely coupled while the intermediate legs
(generally with the air gap(s) or lower permeability material
link the left and right pairs of legs to be positively coupled.
This simple structure can be built with a ferrite or laminated
alloy core.

However, the above simple structure is unsuitable for
some materials which are usually produced as a tape-wound
core such as amorphous magnetic alloy, nano-crystalline
magnetic alloy and the like. A structure suitable for use of
such materials is illustrated in FIGS. 45A and 45B in
assembled and exploded forms. Unlike the previously
described structure, two of the windings (e.g. a and b) are at
the top while the remaining two windings (e.g. ¢ and d) are
at the bottom; The pairs of windings are on two C-cut
tape-wound cores and two intermediated legs formed from
magnetic material powder or the like are set between the top
and bottom tape-wound cored to link their leakage flux. The
resulting structure is highly integrated, compact and light in
weight, easily constructed from convenient materials and
highly cost-effective.

In view of the foregoing, it is clearly seen that the
invention provides for using interleaving of an arbitrary
number of phases to reduce input and output current ripple
of three-level power converters to an arbitrarily low level
with reduced size and values of inductors and input and
output capacitors while reducing the resulting circulating
current to a small fraction of that which would ordinarily
result from interleaving of phases by the simple expedient of
placing reverse-coupled inductors in respective phases and
in series in the circulating current path. Further, the inven-
tion provides a compact and easily manufactured integrated
magnetic element that provides both coupled and non-
coupled inductors in the same integrated device while boost-
ing the inductance of the non-coupled inductors to further
reduce input and output current ripple.
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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 modifi-
cation within the spirit and scope of the appended claims.

The invention claimed is:

1. A multi-phase three-level power converter having a
plurality of phase legs connected to a load through a
common node wherein the conduction angles of respective
ones of said phase legs are interleaved, said multi-phase
three-level power converter including

an inductor in each phase leg of said multi-phase three-

level power converter wherein said inductor of any
given phase leg is positively or not significantly
coupled magnetically to any corresponding inductor of
another phase leg of said multi-phase three level power
converter, and

a group of additional inductors having one inductor of

said group of additional inductors inversely coupled
magnetically and connected in series with said inductor
in said given phase leg and another inductor of said
group of additional inductors inversely coupled mag-
netically and connected in series with said inductor in
said another phase leg and also in series with said
inductor of said given phase leg in a circulating current
path through said given phase leg, said common node
and said another phase leg of said multi-phase three-
level power converter, whereby circulating current in
said circulating current path resulting from said inter-
leaving of said conduction angles of respective phases
of said multi-phase three-level power converter is
reduced by a voltage generated through mutual induc-
tance between said inductor of any given phase and
said additional inductor of said group of inductors of
any other phase which are inversely coupled magneti-
cally and connected in series in said circulating current
path.

2. The multi-phase three-level power converter as recited
in claim 1, wherein two phase legs are provided.

3. The multi-phase three-level power converter as recited
in claim 1, wherein three phase legs are provided.

4. The multi-phase three-level power converter as recited
in claim 1, wherein mutual inductance of said group of
additional inductors which are inversely coupled magneti-
cally is greater than inductance of said inductor in each
phase leg of said multi-phase three-level power converter.

5. The multi-phase three-level power converter as recited
in claim 1, wherein said inductor and said group of addi-
tional inductors which are inversely coupled magnetically
are integrated into a single magnetic component.

6. The multi-phase three-level power converter as recited
in claim 4, wherein said mutual inductance is a multiple of
said inductance.

7. The multi-phase three-level power converter as recited
in claim 4, wherein said mutual inductance is at least five
times said inductance.

8. The multi-phase three-level power converter as recited
in claim 5, wherein said inductor and said additional induc-
tors are formed by windings on respective legs of a multi-leg
core having an air gap or low permeability material between
groups of said legs of said multi-leg core and wherein
windings on each of said groups of legs are wound to be
inversely coupled and windings on respective groups of said
legs are wound to be positively coupled, if at all, through a
magnetic circuit having said air gap or low permeability
material therein.

9. The multi-phase three-level power converter as recited
in claim 5, wherein said inductor and said additional induc-
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tors are formed on a tape wound core with intermediate
cores placed between cores coupling windings on said
respective groups of core legs.

10. The multi-phase three-level power converter as
recited in claim 8, wherein said multi-leg core is a ferrite or
laminated core.

11. A magnetic element including

a plurality of coils on respective legs of a magnetic core,

said plurality of coils including at least two groups of
coils wherein respective coils of each group of coils are
inversely coupled, and

a magnetic circuit coupling said at least two groups of

coils such that each group of coils of said at least two
groups of coils is positively or not significantly coupled
to each other group of coils.

12. The magnetic element as recited in claim 11, wherein
said inductor and said inversely coupled coils are integrated
into a single magnetic component.

13. The magnetic element as recited in claim 11, wherein
said inductor and said inversely coupled coils are formed by
windings on respective legs of a multi-leg core having an air
gap or low permeability material between first and second
groups of said legs of said multi-leg core and wherein
windings on each of said at least two groups of coils are
wound to be inversely coupled and windings on respective
groups of said legs are positively coupled through a mag-
netic circuit having an air gap or low permeability material
therein.

14. The magnetic element as recited in claim 11, wherein
said core is a ferrite or laminated core.

15. The magnetic element as recited in claim 11, wherein
said inductor and said inversely coupled coils are formed on
a tape wound core with intermediate cores placed between
cores coupling windings on said respective groups of legs.

16. A method of reducing output current ripple and
circulating current in a three-level DC-DC power converter
having a plurality of interleaved phases, said method com-
prising steps of

connecting at least two phase legs in parallel between a

power source and a common output node, each said
phase leg including an inductor,

conducting power from a power source through each of

said at least two phase legs as three-level DC power in
an interleaved manner in which each phase leg con-
ducts power through said inductor at a different phase
angle, and

generating a voltage in an additional inductor that is

inversely coupled magnetically with said inductor of
any given phase leg and connected in series with said
inductor of said given phase leg through said common
output node, said additional inductor being in a phase
leg other than said given phase leg such that current that
is not delivered to a load but which is circulating in said
at least two phase legs due to said interleaving of said
conducting of power in said phase legs in an inter-
leaved manner is reduced.

17. The method of reducing output current ripple in a
three-level DC-DC power converter as recited in claim 16,
wherein said step of generating a voltage is performed by
inversely coupled inductors connected in respective phase
legs and in series in a path of said circulating current.

18. The method of reducing output current ripple in a
three-level DC-DC power converter as recited in claim 16,
wherein a number of parallel connected phase legs is greater
than two.
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19. The method of reducing output current ripple in a
three-level DC-DC power converter and recited in claim 16,
further comprising a step of

integrating said inductor and said inversely coupled

inductors in a single magnetic element. 5

20. The method of reducing output current ripple in a
three-level DC-DC power converter and recited in claim 18,
further comprising a step of

integrating said inductor and said inversely coupled

inductors in a single magnetic element. 10
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