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(54) COUPLED INDUCTOR COMPONENT WITH INTEGRATED CURRENT BALANCING

TRANSFORMER

(87)  The present disclosure relates to a coupled in-
ductor component with integrated current balancing
transformer comprising: a magnetically permeable core
comprising: a base member and a top member, the base
member and top member extending in horizontal planes;
first(A), second (B), third (C) and fourth (D) legs arranged
substantially perpendicular relative to the base and top
member and arranged between the base and top mem-
bers; first and second directly coupled mainwindings (L1,
L2); first and second reversely coupled current-balancing
windings (L3, L4) wound around the fourth (D) and third
(C) legs, respectively, wherein the first and second cur-
rent-balancing windings (L3, L4) are serially connected
to the first and second directly coupled main windings
(L1, L2), the first and second reversely coupled cur-
rent-balancing windings (L3, L4) forming a current bal-
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ancing transformer, wherein a first return path of the first
current-balancing winding (L3) and a second return path
of the second current-balancing winding (L4) are ar-
ranged orthogonally to the first main winding (L1) and
the second main winding (L2), respectively, or: a first
main winding (L1); first and second reversely coupled
current-balancing windings (L3, L4) wound around the
fourth (D) and third (C) legs, respectively, wherein the
first and second current-balancing windings (L3, L4) are
serially connected to the first main winding (L1), the first
and second reversely coupled current-balancing wind-
ings (L3, L4) forming a current balancing transformer,
wherein a first return path of the first current-balancing
winding (L3) and a second return path of the second cur-
rent-balancing winding (L4) are arranged orthogonally to
the first main winding (L1).

FIG. 1
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Description

[0001] The present disclosure relates to a coupled in-
ductor component with integrated current balancing
transformer in a single magnetic core. The disclosure
further relates to a buck DC-DC converter and an elec-
tromagnetic interference filter comprising a coupled in-
ductor component.

Background of invention

[0002] Many electronic devices are powered with a di-
rect current (DC) voltage. Many such devices require
voltage regulation of the power supply to function prop-
erly and reliably. A DC-to-DC converter is an electronic
circuit that converts a source of direct current (DC) from
one voltage level to another. Switching converters (such
as buck converters) provide much greater power efficien-
cy as DC-to-DC converters than linear regulators.
[0003] Two-phase or multi-phase DC-DC converters
are often used in high current power applications to lower
the current stress in each component. In this way, the
overall efficiency of the converter may be increased com-
pared to a single-phase converter.

[0004] However, there are also drawbacks associated
with using two or more phasesin DC-DC converters. One
disadvantage is that multiple inductors are needed, which
means that the size of the converter becomes larger. A
second disadvantage is that there will typically be unbal-
anced current in the phases due to mismatched imped-
ance of the two or more inductors and of the circuit paths.
This may cause a serious circulating current and de-
crease the overall efficiency. Uneven current distribution
may cause inductor saturation, uneven thermal stresses,
degraded converter performance, and even failure of the
converter.

[0005] One solution for operating a two-phase or multi-
phase DC-DC converter is to operate in an interleaved
mode, where oneinductoris operated atatime. However,
the interleaved mode required complex control and need
additional components and power supply to realize,
which increases the overall power loss and reduces the
overall power density.

[0006] Working in synchronous mode, i.e. where the
inductors may be active at the same time, would be pref-
erable since the control is significantly less complex and
the inductance is higher, but it has, as described above,
the issue of unbalanced currents.

Summary of invention

[0007] The present disclosure relates to a coupled in-
ductor component with a current balancing transformer
integrated into a single magnetically permeable core. In
a first embodiment the magnetically permeable core
comprises:

- abasememberandatop member, the base member
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and top member extending in horizontal planes; and

- first (A), second (B), third (C) and fourth (D) legs
arranged substantially perpendicular relative to the
base and top member and arranged between the
base and top members.

[0008] Inafirstembodimentthe coupled inductor com-
ponent with integrated current balancing transformer fur-
ther comprises:

- first and second directly coupled main windings (L1,
L2);

- firstand secondreversely coupled current-balancing
windings (L3, L4) wound around the fourth (D) and
third (C) legs, respectively, wherein the first and sec-
ond current-balancing windings (L3, L4) are serially
connected to the first and second directly coupled
main windings (L1, L2), the first and second reverse-
ly coupled current-balancing windings (L3, L4) form-
ing a current balancing transformer,

wherein a first return path of the first current-balancing
winding (L3) and a second return path of the second cur-
rent-balancing winding (L4) are arranged orthogonally to
the first main winding (L1) and the second main winding
(L2), respectively.

[0009] Alternatively, the coupled inductor component
with integrated current balancing transformer further
comprises:

- afirst main winding (L1);

- firstand secondreversely coupled current-balancing
windings (L3, L4) wound around the fourth (D) and
third (C) legs, respectively, wherein the first and sec-
ond current-balancing windings (L3, L4) are serially
connected to the first main winding (L 1), the first and
second reversely coupled current-balancing wind-
ings (L3, L4) forming a current balancing transform-
er,

wherein a first return path of the first current-balancing
winding (L3) and a second return path of the second cur-
rent-balancing winding (L4) are arranged orthogonally to
the first main winding (L1).
[0010] Fig. 1 shows an example of a two-phase buck
converter having first and second directly coupled main
windings (L1, L2) connected to first and second reversely
coupled current-balancing windings (L3, L4) constituting
the current-balancing transformer. Fig. 2 shows an ex-
ample of the magnetically permeable core (cross-core)
having fourlegs (A, B, C, D). Fig. 4 and 5 show examples
of the physical arrangements of the windings

[0011] The presently disclosed coupled inductor com-

ponent with a current balancing transformer integrated

into a single magnetically permeable core presents sev-
eral advantages. The currents that would be unbalanced
in conventional configurations in the two or more phases
are balanced in the presently disclosed configuration by
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means of the arrangements of the windings in the mag-
netically permeable core. The coupled inductor compo-
nent thus has inherent current balancing. Further advan-
tages of the presently disclosed coupled inductor com-
ponent with integrated current balancing transformer in-
clude high inductance density and low loss.

[0012] The return paths of the first current-balancing
winding (L3) and the second current-balancing winding
(L4)are preferably arranged orthogonally to the first main
winding (L1) the second main winding (L2). The main
windings and reversely coupled current-balancing wind-
ings thereby generate flux paths which are notinfluenced
by each other. Moreover, if the return paths of the first
current-balancing winding (L3) and the second current-
balancing winding (L4) are arranged such that their re-
spective currents flow in opposite directions, their effect
on the legs are cancelled. The presently disclosed cou-
pled inductor component can be operated in synchro-
nous mode, which requires significantly less complex
control compared to a design operating in interleaving
mode. The presently disclosed design allows synchro-
nous mode without generating unbalanced currents.
[0013] In a further embodiment, the described inven-
tive concept is applied to a magnetically permeable core
having threelegs. In this embodiment the first (A), second
(B) and third (C) legs are arranged substantially perpen-
dicular relative to the base and top member. As in the
four-leg version, the component may comprise first and
second directly coupled main windings (L1, L2); and first
and second reversely coupled current-balancing wind-
ings (L3, L4), wherein the first and second current-bal-
ancing windings (L3, L4) are serially connected to the
first and second directly coupled main windings (L1, L2).
A first return path of the first current-balancing winding
(L3) and a second return path of the second current-bal-
ancing winding (L4) may be arranged orthogonally to the
first main winding (L1) the second main winding (L2),
respectively. An example of a three-leg component is
shown in fig. 10.

[0014] The presentdisclosure further relates to abuck
DC-DC converter comprising a coupled inductor compo-
nentwithintegrated currentbalancing as described. Two-
phase or multi-phase DC-DC converters are typical ap-
plications which can benefit from using the presently dis-
closed coupled inductor component with integrated cur-
rent balancing transformer.

[0015] The present disclosure further relates to an
electromagnetic interference filter comprising a coupled
inductor component with integrated current balancing as
described.

Description of drawings
[0016]
Fig. 1 shows an example of a two-phase buck con-

verter with a schematic embodiment of the presently
disclosed coupled inductor component with integrat-
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ed current balancing transformer.

Fig. 2 shows an embodiment of a magnetically per-
meable cross-core, which may be used as core in
the presently disclosed coupled inductor compo-
nent.

Fig. 3 shows an embodiment of first and second di-
rectly coupled main windings (L1, L2) with serially
connected first and second reversely coupled cur-
rent-balancing windings (L3, L4).

Figs. 4A and 4B show current flow in the four wind-
ings in a prototype of a circuit implementation.

Fig. 5 shows an embodiment of windings structure
(L1, L2, L3, L4) and the generated magnetic flux in
the legs (A, B, C, D).

Fig. 6 shows two independent flux flows (forward,
differential) generated by the windings in the mag-
netic core. Two of the legs have air gaps (1).

Figs. 7A-B illustrates a further embodiment of the
coupled inductor component with integrated current
balancing transformer using a single main inductor.
Figs. 8A-B illustrates a further embodiment of the
coupled inductor component in the form of a four-
phase component with integrated current balancing
transformer.

Figs. 9A-B illustrates a further embodiment of the
coupled inductor component using additional fifth
and sixth windings.

Figs. 10A-B shows an embodiment of the presently
disclosed coupled inductor component with integrat-
ed current balancing transformer implemented in a
magnetically permeable core having three legs.
Fig. 11 shows the waveform of gate signals of two
phases, current and flux for an embodiment of the
coupled inductor component.

Detailed description of the invention

[0017] The present disclosure relates to a coupled in-
ductor component with integrated current balancing
transformer. The component has a magnetically perme-
able core comprising:

- abase memberandatop member, the base member
and top member extending in horizontal planes;

- first (A), second (B), third (C) and fourth (D) legs
arranged substantially perpendicular relative to the
base and top member and arranged between the
base and top members.

[0018] Inafirstembodiment,the coupledinductorcom-
ponent comprises first and second directly coupled main
windings (L1, L2); and first and second reversely coupled
current-balancing windings (L3, L4). The first and second
current-balancing windings (L3, L4) may be serially con-
nected to the firstand second directly coupled main wind-
ings (L1, L2) as shown in fig. 1. By integrating the wind-
ings in a single magnetically permeable core and arrang-
ing the windings such that current is automatically bal-
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anced in the two phases, a new coupled inductor with
integrated current-balancing is achieved.

[0019] In one embodiment the first and second re-
versely coupled current-balancing windings (L3, L4) are
wound around the fourth (D) and third (C) legs, respec-
tively, wherein the first and second current-balancing
windings (L3, L4) are serially connected to the first and
second directly coupled main windings (L1, L2). In this
embodiment, a first return path of the first current-bal-
ancing winding (L3) and a second return path of the sec-
ond current-balancing winding (L4) are arranged orthog-
onally to the first main winding (L1) and the second main
winding (L2), respectively.

[0020] In asecond embodiment, there are three wind-
ings. In this embodiment there are a first main winding
(L1); and first and second reversely coupled current-bal-
ancing windings (L3, L4). The first and second reversely
coupled current-balancing windings (L3, L4) may be
wound around fourth (D) and third (C) legs, respectively.
In this embodiment a first return path of the first current-
balancing winding (L3) and a second return path of the
second current-balancing winding (L4) may be arranged
orthogonally to the first main winding (L1).

[0021] Preferably, all the main winding(s) and current-
balancing windings are integrated into a single magnet-
ically permeable core, thereby forming the coupled in-
ductor component with integrated current balancing
transformer. Preferably, the magnetically permeable
core is made of a material having high magnetic perme-
ability, such as a ferromagnetic material.

[0022] The orthogonal windings eliminate the proximity
effect between the adjacent conductors and thus de-
crease the high frequency resistance of the windings.
The main windings (L1 and L2) and the current-balancing
windings (L3 and L4) provide different flux paths which
are not being influenced by each other meaning they are
decoupled.

Arrangement of windings, flux paths

[0023] In one embodiment the first return path of the
first current-balancing winding (L3) is arranged opposite
to the second return path of the second current-balancing
winding (L4). An example of such a configuration is
shown infig. 5. The return path of L3 and L4 are arranged
opposite to each other. The return path of L3 in this case
is a straight line (wire) from a point somewhere between
legs A and D exiting the core betweenlegs B and C. The
return path of L4 is a straight line (wire) from a point some-
where between legs B and C exiting the core between
legs A and D. Alternatively, this can be expressed as that
the first return path of the first current-balancing winding
(L3) and the second return path of the second current-
balancing winding (L4) are arranged in the magnetically
permeable core such that a first current flows in the first
current-balancing winding (L3) and a second current
flows in the second current-balancing winding (L4),
wherein the first and second currents flow in opposite
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directions. In this way the contributions of L3 and L4 can-
cel each other. Thus, the first return path of the first cur-
rent-balancing winding (L3) and the second return path
of the second current-balancing winding (L4) may be ar-
ranged such that they at least partly cancel each other’s
contribution to magnetic flux generated in the legs of the
magnetically permeable core.

[0024] The presently disclosed couple inductor com-
ponent may be configured such that a first magnetic flux
generated from current(s) in the main winding(s) (L1, op-
tionally L2) is independent and not influenced by a sec-
ond magnetic flux generated from currents in the current-
balancing windings (L3, L4). This can be achieved by
first and second current-balancing windings (L3, L4) ar-
ranged orthogonally to the first main winding (L1) and
optionally the second main winding (L2). Fig. 6 shows
the two independent flux paths: forward path (main in-
ductors) and differential path (current-balancing wind-
ings, if there is unbalanced current). It can be seen that
air gaps are presentin two of the legs. By having air gaps
in two legs, the energy storing capability of the inductor
can be improved. The differential path loop not having
air gaps will typically then have better current balancing.
[0025] In one embodiment of the presently disclosed
coupled inductor component, the first main winding (L1)
is wound around the first leg (A) or the first leg (A) and
the fourth leg (D). Fig. 5illustrates how a wire passes the
first leg (A) and continues to the fourth leg (D), wherein
the first current-balancing winding (L3) is wound around
the fourth leg (D). Any number of turns is possible, in-
cluding a single turn. Similarly, the second main winding
(L2) may be wound around the second leg (B) or the
second leg (B) and the third leg (C). In the example of
fig. 5 a wire passes the second leg (B) and continues to
the third leg (C), wherein the second current-balancing
winding (L4) is wound around the third leg (C). Fig. 5 also
shows the magnetic flux distribution generated by the
wires.

[0026] Each of the first and second directly coupled
main windings (L1, L2) and first and second current-bal-
ancing windings (L3, L4) may be attached to one of the
first (A), second (B), third (C) and fourth (D) legs.

Two-phase and multi-phase coupled inductor compo-
nent and buck DC-DC converter

[0027] Two-phase DC-DC converters are widely used
in power electronics applications due to theiradvantages
over single-phase converters. The advantages include
reduced current stress. The load is shared between two
or more phases, which reduces the stress on the com-
ponents.

[0028] Fig. 1 illustrates a two-phase coupled inductor
component. In this configuration the presently disclosed
coupled inductor component is configured to operate us-
ing two phases, wherein a first phase corresponds to the
first main winding (L1) and the first current-balancing
winding (L3) and the second phase corresponds to the
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second main winding (L2) and the second current-bal-
ancing winding (L4). Alternately, with the configuration
of fig. 7A, the first phase corresponds to the first main
winding (L1) and the first current-balancing winding {L3)
whereas the second phase corresponds to the first main
winding (L1) and the second current-balancing winding
(L4).

[0029] One ofthe ideas of the presently disclosed cou-
pled inductor component is that it can be operated in
synchronous mode with integrated current balancing.
Operating in synchronous mode with a two-phase cou-
pled inductor component means that the two (or more)
phases can be controlled using a common gate signal.
Therefore, in one embodiment the coupled inductor com-
ponent is configured such that the two phases are active
at the same time using a common gate signal. This im-
plementation requires less complex control and since the
currents of the phases are inherently balanced, the over-
allimplementation becomes very efficient both due to the
integration of all components in one core and due to the
simple control of the gating signal. Fig. 11 shows the key-
waveform of current and flux for the implementation of
fig. 1.

[0030] Itisalso possible to design the coupled inductor
component using more than two phases, for example
four phases. Fig. 8A-B show such an embodiment,
wherein two parallel two-phase implementations are
used to create four phases. As can be seen, the L1 wire
is split into L3 and L4, which are wound around legs C
and D with return paths in opposite directions. In one
embodiment of the presently disclosed coupled inductor
componentwith integrated current balancing the coupled
inductor component is configured to operate using at
least four phases, wherein the coupled inductor compo-
nent further comprises two parallel paths, each path hav-
ing two phases, wherein a first path comprises the first
main winding (L1) and the first and second reversely cou-
pled current-balancing windings (L3, L4), and wherein a
second path comprises secondary first main winding
(L1") and the first and second reversely coupled current-
balancing windings (L3, L4’). The second branch can be
implemented as the first, i.e. using a secondary first main
winding (L1’); and secondary first and second reversely
coupled current-balancing windings (L3’, L4'), wherein a
third return path of the secondary first current-balancing
winding (L3’) and a fourth return path of the secondary
second current-balancing winding (L4’) are arranged or-
thogonally to the secondary first main winding (L1°).
[0031] Further embodiments are possible. In addition
to the first and second directly coupled main windings
(L1, L2); and first and second reversely coupled current-
balancing windings (L3, L4) of the first embodiment, the
coupled inductor componentmay further comprise a third
main winding (L5) connected between the firstmain wind-
ing (L1) and the firstreversely coupled current-balancing
windings (L3) and a third reversely coupled winding (L&)
connected to the first current-balancing winding (L3).
This embodiment, with its winding configuration in the

10

15

20

25

30

35

40

45

50

55

magnetically permeable core, is shown in figs. 9A-B.

Core shapes and winding configurations

[0032] The magnetically permeable core may take dif-
ferent shapes. A cross-core as showed in fig. 2 is one
type of possible core. The first (A), second (B), third (C)
and fourth (D) legs of the magnetically permeable core
may form an inner cross-shaped space. In one embodi-
ment the first (A), second (B), third (C) and fourth (D)
legs have substantially square-shaped cross-sections.
Alternatively, the legs may have substantially circular
cross sections, substantially triangular cross sections or
any other suitable shape ofthe cross sections of the legs.
[0033] Thewindings of the presently disclosed coupled
inductor component with integrated current balancing
transformer may have several turns, only one turn, or in
principle just passing a leg sufficiently close to generate
a magnetic flux in the leg. Figs. 4A-B and fig. 5 illustrate
the idea of the invention. In fig. 5 a first conductive wire
enters the inner cross-shaped space from a side defined
by the first leg (A) and the second leg (B), i.e. the upper
side of the core in the figure. The wire extends in the
cross-shaped space towards the lower side of the core,
i.e. the outer boundary defined by legs C and D. The wire
makes a turn around leg D, extends in the cross-shaped
space towards the right side of the core, i.e. the outer
boundary defined by legs B and C, which is the return
path of the first current-balancing winding (L3). In the
example, the second phase is mirrored to the first phase.
This means that a second conductive wire enters the
inner cross-shaped space from a side defined by the first
leg (A) and the second leg (B), i.e. the upper side of the
core in the figure. The wire extends in the cross-shaped
space towards the lower side of the core, i.e. the outer
boundary defined by legs C and D. The wire makes a
turn around leg C, extends in the cross-shaped space
towards the left side of the core, i.e. the outer boundary
defined by legs A and D, which is the return path of the
second current-balancing winding (L4).

[0034] Inthis embodimentthefirstconductive wire con-
stitutes the first main winding (L1) and the first current-
balancing winding (L3), whereas the second conductive
wire constitutes the second main winding (L2) and the
second current-balancing winding (L4).

Air gaps

[0035] The magnetically permeable core of the cou-
pled inductor component with integrated current balanc-
ing is made of a material having high magnetic permea-
bility, such as a ferromagnetic material. In the event that
the magnetically permeable core is made of a high mag-
netic permeability, some of the legs may have air gaps.
It may be useful that two of the legs, such as the first leg
(A) and the fourth leg (D), or the second leg (B) and the
third leg (C), or the first leg (A) and the third leg (C), or
the second leg (B) and the fourth leg (D), or the first leg
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(A) and the second leg (B), or the third leg (C) and the
fourth leg (D), have air gaps. Fig. 6 shows a particularly
useful arrangement of air gaps. In this configuration only
two legs have air gaps. The differential path loop not hav-
ing air gaps will typically have better current balancing,
whereas the air gaps may prevent core saturation.
[0036] In another embodiment the magnetically per-
meable core of the coupled inductor component with in-
tegrated current balancing is made of a material having
low magnetic permeability. In this embodiment the air
gaps may not be needed.

Triangular core

[0037] The presently disclosed coupled inductor com-
ponentwithintegrated current balancing may alternative-
ly be implemented using further arrangements, applying
the same inventive concept. In one embodiment, the
component is implemented in a core having three legs
instead of four. The three-leg arrangement can be de-
noted a triangular core. This embodiment comprises:

- amagnetically permeable core comprising:

o a base member and a top member, the base
member and top member extending in horizon-
tal planes;

ofirst (A), second (B) and third (C) legs arranged
substantially perpendicular relative to the base
and top member and arranged between the
base and top members;

- first and second directly coupled main windings (L1,
L2);

- firstand secondreversely coupled current-balancing
windings (L3, L4), wherein the first and second cur-
rent-balancing windings (L3, L4) are serially con-
nected to the first and second directly coupled main
windings (L1, L2),

wherein a first return path of the first current-balancing
winding (L3) and a second return path of the second cur-
rent-balancing winding (L4) are arranged orthogonally to
the first main winding (L1) the second main winding (L2),
respectively.

[0038] Anexampleofthisarrangement is showninfigs.
10A-B. As can be seen, it is possible to arrange the first
return path of the first current-balancing winding (L3) and
the second return path of the second current-balancing
winding (L4) orthogonally to the first main winding (L1)
and the second main winding (L2), respectively, using
only three legs. Preferably, the first return path of the first
current-balancing winding (L3) is arranged opposite to
the second return path of the second current-balancing
winding (L4) in the same way as is possible in the first
embodimentof the four-leg arrangement (shown infig. 5).
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Buck DC-DC converter

[0039] The present disclosure further relates to a buck
DC-DC converter comprising a coupled inductor compo-
nent with integrated current balancing as described
above. An example of a topology of a two-phase buck
converter is shown in fig. 1. Preferably, the buck DC-DC
converter is configured to operate in synchronous mode,
in particular operating the coupled inductor component
in synchronous mode. The buck DC-DC converter may
thus comprise control circuitry for controlling a gate signal
which is common for the two or more phases of the cou-
pled inductor component. The buck DC-DC converter is
preferably a two-phase buck DC-DC converter or a multi-
phase buck DC-DC converter. In addition to the coupled
inductor component, the buck DC-DC converter may, as
would be understood by a person skilled in the art, com-
prise further components, such as a number of active
switches, an input capacitor and an output capacitor, as
can be seenin fig. 1

Detailed description of drawings

[0040] The invention will in the following be described
in greater detail with reference to the accompanying
drawings. The drawings are exemplary and are intended
to illustrate some of the features of the presently dis-
closed coupled inductor component and buck DC-DC
converter, and are not to be construed as limiting to the
presently disclosed invention.

Fig. 1 shows an example of a two-phase buck con-
verter with a schematic embodiment of the presently
disclosed coupled inductor component with integrat-
ed current balancing transformer. An input voltage
Vg is converted to an output voltage V,,. The circuit
has aninput capacitor Cg and an outputC,, acoupled
inductor component with integrated current balanc-
ing transformer and four switches with gate signals
for controlling a switched mode operation of the cou-
pled inductor component.

Fig. 2 shows an embodiment of a magnetically per-
meable cross-core, which may be used as core in
the presently disclosed coupled inductor compo-
nent. The core has a base member, a top member,
and four legs with substantially square-shaped
cross-sections. The legs form aninner cross-shaped
space.

Fig. 3 shows an embodiment of first and second di-
rectly coupled main windings (L1, L2) with serially
connected first and second reversely coupled cur-
rent-balancing windings (L3, L4). The first directly
coupled main winding (L1) and the first current-bal-
ancing winding (L3) constitute a firstphase. The sec-
ond directly coupled main winding (L2) and the sec-
ond current-balancing winding (L4) constitute a sec-
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ond phase.

Figs. 4A and 4B show current flow in the four wind-
ings in a prototype of a circuit implementation. Fig.
4A represents the first phase and fig. 4B represents
the second phase. The return path of the first phase
is opposite relative to the return path of the second
phase.

Fig. 5 shows an embadiment of windings structure
(L1, L2, L3, L4) and the generated magnetic flux in
the legs (A, B, C, D). For each leg there are four
contributions, corresponding to the four windings.
The well-known right hand rule can be used to derive
the relationship between the magnetic flux in the legs
and the current in the windings.

Fig. 6 shows two independent flux flows (forward,
differential) generated by the windings in the mag-
netic core. Two of the legs have air gaps (1). The
current balancing will typically occur in the two legs
not having air gaps. This may be the third and fourth
legs (C and D).

Figs. 7A-B show a further embodiment of the coupled
inductor component with integrated current balanc-
ing transformer using a single main inductor. The
current in the single main inductor (L1) is split into
L3 and L4, which are wound around legs C and D
with return paths in opposite directions.

Figs. 8A-B show afurther embodiment of the coupled
inductor componentin the form of a four-phase com-
ponent with integrated current balancing transform-
er, comprising two parallel branches of the embod-
imentoffig. 7. The currentin the single main inductor
(L1)is splitinto L3 and L4, which are wound around
legs C and D with return paths in opposite directions.
The current in the single main inductor (L1°) is split
into L3’ and L4’, which are wound around legs A and
D with return paths in opposite directions. The ar-
rangements of the two branches are orthogonal.

Figs. 9A-B illustrates a further embodiment of the
coupled inductor component using additional fifth
(L5) and sixth (L6) windings. The third main winding
(L5) is inserted between the first main winding {L1)
and the first reversely coupled current-balancing
winding (L3). The third reversely coupled winding
(L6)is connected to the first current-balancing wind-
ing (L3).

Figs. 10A-B shows an example of a triangular core
having only three legs. In this embodiment the first
return path of the first current-balancing winding (L3)
and the second return path of the second current-
balancing winding (L4) are orthogonal to the first
main winding (L1) and the second main winding (L2),
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respectively. The first return path of the first current-
balancing winding (L3) is also arranged opposite to
the second return path of the second current-balanc-
ing winding (L4).

Fig. 11 shows the waveform of gate signals of two
phases, current and flux for an embodiment of the
coupled inductor component. It can be seen that the
gate signals for the two phase are synchronous.

Further details of the invention

[0041]

1. Acoupled inductor component with integrated cur-
rent balancing transformer comprising:

- amagnetically permeable core comprising:

o a base member and a top member, the
base member and top member extending
in horizontal planes;

o first (A), second (B), third (C) and fourth
(D) legs arranged substantially perpendic-
ular relative to the base and top member
and arranged between the base and top
members;

- first and second directly coupled main windings
(L1, L2);

- first and second reversely coupled current-bal-
ancing windings (L3, L4) wound around the
fourth (D) and third (C) legs, respectively, where-
in the first and second current-balancing wind-
ings (L3, L4) are serially connected to the first
and second directly coupled main windings (L1,
L2), the first and second reversely coupled cur-
rent-balancing windings (L3, L4) forming a cur-
rent balancing transformer,

wherein a first return path of the first current-balanc-
ing winding (L3) and a second return path of the sec-
ond current-balancing winding (L4) are arranged or-
thogonally to the first main winding (L1) and the sec-
ond main winding (L2), respectively,

or:

- afirst main winding (L1);

- first and second reversely coupled current-bal-
ancing windings (L3, L4) wound around the
fourth (D) and third (C) legs, respectively, where-
in the first and second current-balancing wind-
ings (L3, L4) are serially connected to the first
mainwinding (L1), the firstand second reversely
coupled current-balancing windings (L3, L4)
forming a current balancing transformer,

wherein a first return path of the first current-balanc-
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ing winding (L3) and a second return path of the sec-
ond current-balancing winding (L4) are arranged or-
thogonally to the first main winding (L1).

2. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein all the main winding(s) and current-
balancing windings are integrated into a single mag-
netically permeable core, thereby forming the cou-
pled inductor component with integrated current bal-
ancing transformer.

3. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the firstreturn path of the first current-
balancing winding (L3) is arranged opposite to the
second return path of the second current-balancing
winding (L4).

4. The coupled inductor component with integrated
current balancing according to item 3, wherein the
first return path of the first current-balancing winding
(L3) and the second return path of the second cur-
rent-balancing winding (L4 ) are arranged in the mag-
netically permeable core such that a first current
flows in the first current-balancing winding (L3) and
asecond current flows in the second current-balanc-
ing winding (L4), wherein the first and second cur-
rents flow in opposite directions.

5. The coupled inductor component with integrated
current balancing according to any of items 3-4,
wherein the first return path of the first current-bal-
ancing winding (L3) and the second return path of
the second current-balancing winding (L4) are ar-
ranged such thatthey at least partly cancel their con-
tribution to magnetic flux generated in the legs of the
magnetically permeable core.

6. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the component is configured such
that a first magnetic flux generated from current(s)
in the main winding(s) (L1, optionally L2) is inde-
pendent and not influenced by a second magnetic
flux generated from currents in the current-balancing
windings (L3, L4).

7. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the component is configured such
that he main winding(s) (L1, optionally L2) generate
a flux having a forward path and the current-balanc-
ing windings (L3, L4) generate a flux having a differ-
ential path.

8. The coupled inductor component with integrated
current balancing according to any of the preceding
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items, wherein the main winding(s) (L1, optionally
L2) and the current-balancing windings (L3, L4) are
decoupled.

9. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the coupled inductor component is
configured to operate using at least two phases,
wherein a first phase corresponds to the first main
winding (L1) and the first current-balancing winding
(L3) and the second phase corresponds to the sec-
ond main winding (L2) and the second current-bal-
ancing winding (L4), or wherein a first phase corre-
sponds to the first main winding (L1) and the first
current-balancing winding (L3) and the second
phase corresponds to the first main winding (L1) and
the second current-balancing winding (L4).

10. The coupled inductor component with integrated
current balancing according to item 9, configured
such that the two phases are active at the same time
using a common gate signal.

11. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the coupled inductor component is
configured to operate using at least four phases,
wherein the coupled inductor component further
comprises two parallel paths, each path having two
phases, wherein a first path comprises the first main
winding (L1) and the first and second reversely cou-
pled current-balancing windings (L3, L4), and where-
in a second path comprises secondary first main
winding (L1’) and the first and second reversely cou-
pled current-balancing windings (L3, L4’).

12. The coupled inductor component with integrated
current balancing according to item 11, wherein a
third return path of the secondary first current-bal-
ancing winding (L3’) and a fourth return path of the
secondary second current-balancing winding (L4’)
are arranged orthogonally to the secondary first main
winding (L1°).

13. The coupled inductor component with integrated
current balancing according to any of the preceding
items, further comprising a third main winding {(L5)
connected between the first main winding (L1) and
the first reversely coupled current-balancing wind-
ings (L3) and a third reversely coupled winding (L&)
connected to the first current-balancing winding (L3).

14. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the first main winding (L1) is wound
around the first leg (A) and the fourth leg (D).

15. The coupled inductor component with integrated
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current balancing according to any of the preceding
items, wherein the second main winding (L2) is
wound around the second leg (B) and the third leg
(C).

16. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein each of the first and second directly
coupled main windings (L1, L2) and first and second
current-balancing windings (L3, L4) is attached to
one of the first (A), second (B), third (C) and fourth
(D) legs.

17. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein first (A), second (B), third (C) and
fourth (D) legs have substantially square-shaped
cross-sections or substantially circular cross sec-
tions or substantially triangular cross sections.

18. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein first (A), second (B), third (C) and
fourth (D) legs of the magnetically permeable core
form an inner cross-shaped space.

19. The coupled inductor component with integrated
current balancing according to item 18, wherein a
first conductive wire enters the inner cross-shaped
space from a side defined by the firstleg (A) and the
second leg (B).

20. The coupled inductor component with integrated
current balancing according to any of items 18-19,
wherein the first conductive wire exits the inner
cross-shaped space from a side defined by the sec-
ond leg (B) and the third leg (C).

21. The coupled inductor component with integrated
current balancing according to any of items 18-20,
wherein a second conductive wire enters the inner
cross-shaped space from a side defined by the first
leg (A) and the second leg (B).

22. The coupled inductor component with integrated
current balancing according to any of items 18-21,
wherein the second conductive wire exits the inner
cross-shaped space from a side defined by the first
leg (A) and the fourth leg (D).

23. The coupled inductor component with integrated
current balancing according to any of items 19-22,
wherein the first conductive wire constitutes the first
main winding (L1) and the first current-balancing
winding (L3).

24. The coupled inductor component with integrated
current balancing according to any of items 19-23,
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wherein the second conductive wire constitutes the
second main winding (L2) and the second current-
balancing winding (L4).

25. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the magnetically permeable core is
made of a material having high magnetic permeabil-
ity, such as a ferromagnetic material.

26. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein two of the legs, such as the first leg
(A) and the fourth leg (D), or the second leg (B) and
the third leg (C), or the first leg (A) and the third leg
(C), or the second leg (B) and the fourth leg (D), or
the first leg (A) and the second leg (B), or the third
leg (C) and the fourth leg (D), have air gaps.

27. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the first (A), second (B), third (C) and
fourth (D) legs have air gaps.

28. The coupled inductor component with integrated
current balancing according to any of the preceding
items, wherein the magnetically permeable core is
made of a material having low magnetic permeabil-

ity.

29. A coupled inductor component with integrated
current balancing comprising:

- amagnetically permeable core comprising:

o a base member and a top member, the
base member and top member extending
in horizontal planes;

o first (A), second (B) and third (C) legs ar-
ranged substantially perpendicular relative
to the base and top member and arranged
between the base and top members;

- first and second directly coupled main windings
(L1, L2);

- first and second reversely coupled current-bal-
ancing windings (L3, L4), wherein the first and
second current-balancing windings (L3, L4) are
serially connected to thefirstand second directly
coupled main windings (L1, L2),

wherein a first return path of the first current-balanc-
ing winding (L3) and a second return path of the sec-
ond current-balancing winding (L4) are arranged or-
thogonally to the first main winding (L1) and the sec-
ond main winding (L2), respectively.

30. The coupled inductor component according to
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item 29, wherein the first return path of the first cur-
rent-balancing winding (L3) is arranged opposite to
the second return path of the second current-balanc-
ing winding (L4).

31. A buck DC-DC converter comprising a coupled
inductor component with integrated current balanc-
ing according to any of the preceding items.

32. The buck DC-DC converter according to item 31,
configured to operate in synchronous mode.

33. The buck DC-DC converter according to any of
items 31-32, wherein the buck DC-DC converter is
a two-phase buck DC-DC converter.

34. The buck DC-DC converter according to any of
items 31-32, the converter further comprising a
number of active switches, an input capacitor and
an output capacitor.

35. An electromagnetic interference filter comprising
a coupled inductor component with integrated cur-
rent balancing according to any of items 1-30.

Claims

A coupled inductor component with integrated cur-
rent balancing transformer comprising:

- a magnetically permeable core comprising:

o a base member and a top member, the
base member and top member extending
in horizontal planes;

o first (A), second (B), third (C) and fourth
(D) legs arranged substantially perpendic-
ular relative to the base and top member
and arranged between the base and top
members;

-firstand second directly coupled main windings
(L1, L2);

- first and second reversely coupled current-bal-
ancing windings (L3, L4) wound around the
fourth (D) and third (C) legs, respectively, where-
in the first and second current-balancing wind-
ings (L3, L4) are serially connected to the first
and second directly coupled main windings (L1,
L2), the first and second reversely coupled cur-
rent-balancing windings (L3, L4) forming a cur-
rent balancing transformer,

wherein a first return path of the first current-balanc-
ing winding (L3) and a second return path of the sec-
ond current-balancing winding (L4) are arranged or-
thogonally to the first main winding (L1) and the sec-
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ond main winding (L2), respectively,
or:

- a first main winding (L1);

- first and second reversely coupled current-bal-
ancing windings (L3, L4) wound around the
fourth (D) and third (C) legs, respectively, where-
in the first and second current-balancing wind-
ings (L3, L4) are serially connected to the first
mainwinding (L1), the firstand second reversely
coupled current-balancing windings (L3, L4)
forming a current balancing transformer,

wherein a first return path of the first current-balanc-
ing winding (L3) and a second return path of the sec-
ond current-balancing winding (L4) are arranged or-
thogonally to the first main winding (L1).

The coupled inductor componentwithintegrated cur-
rent balancing according to any of the preceding
claims, wherein all the main winding(s) and current-
balancing windings are integrated into a single mag-
netically permeable core, thereby forming the cou-
pled inductor component with integrated current bal-
ancing transformer.

The coupled inductor componentwithintegrated cur-
rent balancing according to any of the preceding
claims, wherein the first return path of the first cur-
rent-balancing winding (L3) is arranged opposite to
the second return path of the second current-balanc-
ing winding (L4).

The coupled inductor componentwithintegrated cur-
rent balancing according to claim 3, wherein the first
return path of the first current-balancing winding (L3)
and the second return path of the second current-
balancing winding (L4) are arranged in the magnet-
ically permeable core such that a first current flows
in the first current-balancing winding (L3) and a sec-
ond current flows in the second current-balancing
winding (L4), wherein the first and second currents
flow in opposite directions.

The coupled inductor componentwithintegrated cur-
rentbalancing according to any of claims 3-4, where-
in the first return path of the first current-balancing
winding (L3) and the second return path of the sec-
ond current-balancing winding (L4) are arranged
such that they at least partly cancel their contribution
to magnetic flux generated in the legs of the mag-
netically permeable core.

The coupled inductor componentwithintegrated cur-
rent balancing according to any of the preceding
claims, wherein the component is configured such
that a first magnetic flux generated from current(s)
in the main winding(s) (L1, optionally L2) is inde-
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pendent and not influenced by a second magnetic
flux generated from currentsin the current-balancing
windings (L3, L4).

The coupled inductor component with integrated cur-
rent balancing according to any of the preceding
claims, wherein the main winding(s) (L1, optionally
L2) and the current-balancing windings (L3, L4) are
decoupled.

The coupled inductor componentwithintegrated cur-
rent balancing according to any of the preceding
claims, wherein the coupled inductor component is
configured to operate using at least two phases,
wherein a first phase corresponds to the first main
winding (L1) and the first current-balancing winding
(L3) and the second phase corresponds to the sec-
ond main winding (L2) and the second current-bal-
ancing winding (L4), or wherein a first phase corre-
sponds to the first main winding (L1) and the first
current-balancing winding (L3) and the second
phase corresponds to the first main winding (L1) and
the second current-balancing winding (L4).

The coupled inductor component with integrated cur-
rent balancing according to claim 8, configured such
that the two phases are active atthe same time using
a common gate signal.

The coupled inductor componentwithintegrated cur-
rent balancing according to any of the preceding
claims, wherein the coupled inductor component is
configured to operate using at least four phases,
wherein the coupled inductor component further
comprises two parallel paths, each path having two
phases, wherein a first path comprises the first main
winding (L1) and the first and second reversely cou-
pled current-balancing windings (L3, L4), and where-
in a second path comprises secondary first main
winding (L1’) and the first and second reversely cou-
pled current-balancing windings (L3’, L4’), wherein
a third return path of the secondary first current-bal-
ancing winding (L3’) and a fourth return path of the
secondary second current-balancing winding (L4’)
are arranged orthogonally to the secondary firstmain
winding (L1°).

The coupled inductor componentwith integrated cur-
rent balancing according to any of the preceding
claims, wherein two of the legs, such as the first leg
(A) and the fourth leg (D), or the second leg (B) and
the third leg (C), or the first leg (A) and the third leg
(C), or the second leg (B) and the fourth leg (D), or
the first leg (A) and the second leg (B), or the third
leg (C) and the fourth leg (D), have air gaps.

A coupled inductor component with integrated cur-
rent balancing comprising:
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13.

14.

15.

20
- a magnetically permeable core comprising:

o a base member and a top member, the
base member and top member extending
in horizontal planes;

o first (A), second (B) and third (C) legs ar-
ranged substantially perpendicular relative
to the base and top member and arranged
between the base and top members;

- first and second directly coupled main windings
(L1, L2);

- first and second reversely coupled current-bal-
ancing windings (L3, L4), wherein the first and
second current-balancing windings (L3, L4) are
serially connected to the firstand second directly
coupled main windings (L1, L2),

wherein a first return path of the first current-balanc-
ing winding (L3) and a second return path of the sec-
ond current-balancing winding (L4) are arranged or-
thogonally to the first main winding (L1) and the sec-
ond main winding (L2), respectively.

The coupled inductor component according to claim
12, wherein the first return path of the first current-
balancing winding (L3) is arranged opposite to the
second return path of the second current-balancing
winding (L4).

A buck DC-DC converter comprising a coupled in-
ductor component with integrated current balancing
according to any of the preceding claims.

An electromagnetic interference filter comprising a
coupled inductor component with integrated current
balancing according to any of claims 1-13.
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