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Abstract—Coupled inductors are widely used in multiple
outputs and interleaved dc-dc converters. Also filters often
use coupled inductors as their inductive part. A generalized
design procedure is proposed in this paper focused on cur-
rent ripple minimization and applicable to coupled induc-
tors exposed to PWM signals and in continuous conduction
mode. The design provides a very large inductance for all
windings but one. Compared to other designs it adapts to
the existing magnetic properties of the magnetic device
changing only the inductance ratio, simplifying the design
and manufacturing process. It is based on the equivalent
inductance value and its divergences. The only assumption
applied is that the coupling coefficient among all wind-
ings is the same, which is an acceptable approximation in
many magnetic core architectures. The theoretical results
are experimentally verified. Not only almost zero ripple
current is achieved, but also mass and volume is reduced
compared to non-coupled inductors. This is an additional
advantage of coupled inductors in mass and volume critical
applications, like aerospace.

Index Terms—inductors, magnetic device, zero ripple
current

I. INTRODUCTION

COUPLED Inductors (CI) are widely used as magnetic
parts in multiple outputs converters [1]–[5]. Also filters

use CI [6]–[8] to improve their frequency rejection adding
a notch but the proposed design cannot be easily applied to
power converters and is focused on two windings CI. Space
applications make extensive use of CI [9]–[13] mainly due
to the mass and volume reduction. To the reduction of mass
and volume, many more advantages have been reported in
technical literature. In fact, in [4] not only a current ripple
reduction is stated, but also lower cross regulation is claimed.
Stability improvement of CI have been demonstrated in [14],
[15]. The current ripple reduction is of great advantage when
feeding microprocessors, to reduce the capacitor bank as
shown in [16]. An experimental comparison of CI and single
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inductors can be found in [17] and [18], but without providing
too much mathematical insight.

In ac applications, a reduction of THD is also demonstrated
[19] and a losses decrease is claimed due to the current ripple
and volume reduction of the CI in [20]. Other ac converters
using a CI and proposing a symmetrical magnetic design have
been reported in [21]. This symmetrical design assures an
almost equal coupling coefficient for all windings, that could
be applied in the hereafter proposed design procedure.

But all these articles are focused on the converter itself and
the proposed magnetic design cannot be easily applied to other
converters.

One of the first studies that analyzed zero-ripple-current
(ZRC) in CI is [22]. It chooses the coupling coefficient equal to
the turns ratio, statement that agrees with the idea of this paper.
But to fulfill this equality it varies the gap of the magnetic
element. Whereas, the hereafter proposed design procedure
moves the divergence responsible of the ZRC condition to
the already existing real coupling coefficient value by just
changing the inductance ratio, greatly simplifying the design
of the ZRC CI.

Other designs couple identical inductors together, missing
the influence of their value or turns ratio [22] in the ZRC
condition. Although they present the influence of the duty
cycle in the current ripple, they risk the appearance of addi-
tional time intervals that can distort the current ripple severely
by changing the voltage levels applied to CI. Correcting this
voltage level change is not always possible, as it affects the
output voltage. In [23]–[25], current ripple is reduced adjusting
the coupling coefficient, as proposed in our work, to enhance
the battery life when used for charging and discharging.
But these papers don’t provide general design procedures or
general mathematical equations that could allow using their
design procedure in other applications.

Many papers apply finite element analysis (FEA) to analyze
magnetic elements, like in [26]–[28] that present an optimum
ad-hoc design, which, once more, is difficult to use in other
applications. In [29] the CI is also analyzed thoroughly includ-
ing a FEA, this time focused on an interleaved dc-dc converter.
It is true that FEA provides a very precise magnetic design
but it strongly depends on the FEA grid, its symmetry and
therefore on the chosen core and winding geometry. Although
the results can be very precise, they are case by case solutions.

Either the design techniques of CI found in technical liter-
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ature are ad-hoc designs that optimize a particular application
or the design techniques are focused on optimized geometrical
magnetic designs that are very difficult to generalize.

The only generalized CI description that explains the reason
for ZRC condition found so far is [30]. Based on this CI
analysis hereby we propose a design technique for CI that
directly leads to ZRC, reducing mass and volume as well. It
can be applied to any type of converter that applies PWM
waveforms in continuous conduction mode (CCM) to a CI.

The magnetic properties of the core together with the
winding strategy are considered but the proposed solution does
not require special magnetic design techniques. Just classical
design techniques applied in a special manner, and explained
in the paper, achieve ZRC. The proposed design procedure
assumes that second order effects like core and copper losses
are small enough to be negligible.

A. Equivalent Inductance

One condition usually applied and found in technical lit-
erature for a CI, [18], is that the ratio between the square-
root of its inductances is equal to the ratio between its applied
voltages. This assures the volts-second balance of the magnetic
element.

Having two windings a and b, this means
√

La

Lb
=

vLa

vLb

(1)

La and Lb are the inductances and vLa
and vLb

are the
voltages applied to inductors a and b of the CI.

If (1) is not fulfilled, then the CI suffers an unbalance, which
can lead to a bizarre behavior of its current waveforms, but
can also be used to achieve ZRC.

This behavior has already been described in [18] and
[31], but no mathematical expressions describing these current
waveforms have been given. The described CI are also de-
signed for particular cases like having all the same inductance
and coupling only two or three inductors together. On the
other hand a detailed explanation of this effect together with
a comprehensive mathematical analysis can be found in [30].

The change of current ripple experienced by CIs can be
directly related to a change of the equivalent inductance of
each winding [30], [32]. Therefore, designing the equivalent
inductance results in the desired current ripple.

As explained in [30], the unbalance can be used to design
a ZRC CI and the optimal design procedure will be presented
hereafter. The design is based on the general equivalent
inductance expression of a CI exposed to PWM voltage signals
and in CCM.

Leq =
(
N−1

d · L−1 ·N
)−1

(2)

Following the same procedure explained in [30] to transform
(2) into a more useful expression, all coupling coefficients
among windings are supposed the same and equal to k̃. This
approximation introduces only a small error if all the elements
of matrix k are very similar. In fact, if the elements of matrix
k are varied about 5 % from each other and we compare the

resulting equivalent inductances, we can verify that the results
obtained with (2) and (3) differ at most 10 %.

Normalizing all elements of (2) with its corresponding self
inductance (Leqq =

Leqq

Lqq
) and operating on them, results in the

following simplified expression for the equivalent inductance,

Leqq =

[
(m− 1)k̃ + 1

]
(1− k̃)

[
(m− 2)k̃ + 1

]
− k̃

m∑
r=1
r ̸=q

∆qr

(3)

Where ∆qr is the deviation between the q-th and r-th
inductors, provoked by unbalances. Its ideal value is 1.

∆qr =

√
Lqq

Lrr

vLr

vLq

(4)

Eq. (3) will tend to infinity when the denominator becomes
zero.

Fig. 1 represents the normalized equivalent inductances and
their variation as a function of the coupling coefficient. It can
be clearly seen that in this particular case, a divergence appears
around k̃ ≈ 0.95. Although not shown here, if the unbalance
increases, then the divergence moves to lower values of k̃.
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Fig. 1. Normalized equivalent inductances for L11 = 9µH, L22 = 2L11

and L33 = 4L11 and applying the voltage vL1on
= 5V and choosing

the other voltages following (1). The unbalance chosen for the real
expression is 10 % for L22 and L33. We suppose that all coupling
coefficients are the same.

There are three different ways to move the divergence,
which is the pole of (3) and depends on the number of
windings m: change either the coupling coefficient k̃, or the
inductance ratio

√
Lqq

Lrr
or the voltage ratio vLr

vLq
as seen in (3)

and (4). Changing the coupling coefficient is complicated and
has a limited range because it depends on winding strategies
and the permeability. But the other two changes are easier to
perform. Usually the output voltage level is fixed, so the best
option is to change the self-inductance ratios.

B. Zero-ripple-current condition

As proposed in [30], the approach taken in this work is to
control the divergence (pole) of (3) for all windings to almost
match it with the real coupling coefficient of the magnetic
element. For the sake of clarity, the expressions are repeated
hereafter. The divergence of the equivalent inductance is
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k̃divergenceq =
1

m∑
r=1
r ̸=q

∆qr + 2−m
(5)

As k̃ < 1, the following condition assures the existence of
a pole,

m∑

r=1
r ̸=q

∆qr > m− 1 (6)

For a given number of windings, m, we can change ∆qr to
move the pole. The expression of ∆qr applying the previous
assumptions is,

∆qr =
vLr

vLq

√
Lqq

Lrr
=

√
Lqq

vLq

/√
Lrr

vLr

(7)

Taking into account that ∆qr = 1/∆rq , (5) and (6), it can
be deduced that a divergence exists in all windings but one
winding (for example, the first) and that ZRC can be expected
in all windings but one winding (for example, the first).

As the voltages are difficult to change because they are fixed
by the circuit, we will change the inductances to move the
divergence to the required coupling coefficient k̃. The required
k̃ is determined by the expected real coupling coefficient,
kreal, of the manufactured CI.

The equivalent inductance can be recalculated, taking into
account that the ideal value of ∆qr ideal = 1, keeping L11 as
the ideal reference value and changing the values of all other
inductances by the same percentage ε.

∆1r =

√
L11

Lrr(1 + ε)

vLr

vL1

= ∆1r ideal
1√

(1 + ε)
(8)

Using (8) in (3) results,

Leq1 =
[(m− 1)k̃ + 1](1− k̃)

(m− 2)k̃ + 1− k̃(m− 1)( 1√
1+ε

)
(9)

Now, as ∆r1 = ∆r1 ideal

√
1 + ε and for the other windings

no deviation is present, then for these indices (q, r ̸=1 ∧ q ̸=r)
∆qr = 1, and we get

Leqq

∣∣∣
q ̸=1

=
[(m− 1)k̃ + 1](1− k̃)

1− k̃(
√
1 + ε)

(10)

Fig. 2 shows how the divergence changes with different k̃
values depending on the value of ε. But this figure also tells us
how much the normalized value of the equivalent inductance
increases. For example, for ε = 0.2, if the coupling coefficient
is k̃ = 0.9 then Leqq

∣∣
q ̸=1

becomes 20 times larger.
The divergence of (10) is therefore,

k̃divergence =
1√
1 + ε

(11)

Thus, changing the values of all inductances but L11 by the
same percentage ε, in order to not fulfill (1) results in different
equivalent inductances. If ε is chosen to comply with (11),
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Fig. 2. Variation of the normalized equivalent inductance (10) depending
on the deviation ε and the coupling coefficient k̃ for m = 3.

then Leqq

∣∣
q ̸=1

→ ∞ and will reach ZRC at the corresponding
outputs. But Leq1 will usually reduce its value as seen in Fig. 3.
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Fig. 3. Change of the reference inductance Leq1 (9) depending on the
deviation ε and the coupling coefficient k̃ for m = 3.

II. ZRC CI DESIGN METHODOLOGY

The design will be valid for any CI exposed to PWM signals
and assuming that the currents through all its windings are in
CCM. ZRC will be achieved by moving the divergence to the
coupling coefficient expected to be obtained with the real CI.

Applying classical inductor design techniques and the afore-
mentioned conditions results in the following procedure.

1) First, if all current ripples are known, then the different
inductance values that will be coupled together have to
be calculated. Knowing the voltage across each winding,
it has to be checked if the values fulfill (1).

2) Usually (1) won’t be fulfilled and then we have to
choose one inductance as the reference and size the other
inductances accordingly to fulfill (1). If current ripples are
unknown, then one has to be fixed and it will correspond
to the reference inductance. The other inductances, which
will have ZRC, have to be calculated based on (1).

3) Now all the inductances, but the reference will be in-
creased to unbalance (1) to achieve ZRC in all induc-
tances, but the reference. This will move the divergence to
lower values of k̃. If we know the expected real coupling
coefficient, kreal, based on our intended winding strategy
and the selected core, then we can choose the percentage,
ε, that all inductances have to be increased to match
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this coupling coefficient using (11) or Fig. 2. A good
practice is to keep the divergence, k̃divergence, slightly
above the real value kreal. The reduction of Leq1 must
also be checked, either with (9) or with Fig. 3 to keep its
current ripple within reasonable values.

4) The energy stored in the magnetic device, (Li2), deter-
mines the core size of the CI and therefore the dc current
level, io, has to be known. Then a classical magnetic
design procedure follows to calculate the required core
using, for example, the area-product.

5) Now the design has to achieve the required coupling. For
example, if a toroidal core is chosen, then the windings
have to be laid out in a way to achieve the desired
coupling among them. A low coupling (kreal = 0.8)
means that the windings have to be distributed on dif-
ferent sectors of the torus. It must be taken into account
that the core permeability also influences the coupling.
For EE or EI cores, an optimal gap has to be designed
to achieve the desired coupling, as explained in [24].

6) Depending on the operating frequency and the maximum
dc and ac currents, the needed copper area for each
winding has to be selected. Thus, one can determine the
minimum needed window area of the core. If a toroidal
core with a sector distribution of windings is chosen, the
window area is the most critical aspect to fulfill.

7) The maximum flux density (B) has to be checked to
assure that the core does not saturate.

Finally, the CI has to be measured (see [33]) to check if the
requirements are met.

A flow chart of the proposed procedure is shown in Fig. 4.

III. PRACTICAL DESIGN OF A THREE WINDINGS CI

To verify the proposed design methodology a three output
Buck converter will be designed following the experimental
set-up of [30]. Its three outputs will use a common CI working
in CCM where two outputs will have ZRC, and one not.

The specifications of the three different Buck converters are
summarized in Table I, where current ripple of outputs 2 and
3 is the maximum value. Even lower values are desirable.

TABLE I
SPECIFICATIONS OF THREE BUCK CONVERTERS WITH CI

Output Vout (V) Iomax (A) Iomin (A) Vs (V) ∆IL (A)
1 3.3 1.0 0.5 8.25 0.30
2 5 0.5 0.2 12.5 0.02
3 12 0.5 0.2 30.0 0.05

Duty cycle has been limited to D = 0.4 and the switching
frequency has been chosen to be f0 = 100 kHz.

We start with step 1). The required inductance Lo for the
three Buck converters together with the critical inductance Lc

(limit between CCM and DCM) are shown in Table II and have
been calculated using (12) and the values found in Table I,

Select and calculate reference Lo1

Calculate the other Loq

∣∣∣
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Fig. 4. Flowchart of design procedure.

Lo =
Vs(1−D)D

∆ILfo

Lc =
(1−D)Vout

2Iomin
fo

(12)

TABLE II
CALCULATED NOMINAL AND CRITICAL INDUCTANCES OF THE THREE

BUCK CONVERTERS WITH CI.

Output Lc(µH) Lo(µH)

1 19.8 66.0
2 75.0 1500
3 180.0 1400

The values shown in Table II already suggest that we need
almost ZRC at outputs 2 and 3.

A. ZRC CI design
First we have to adjust voltages and inductances to fulfill

(1). Afterwards we have to follow step 2). If we use the
inductance of output 1 as reference inductance, then we have
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TABLE III
SELF INDUCTANCES TO DESIGN FOR THE REDUCED CI.

L11(µH) L22(µH) L33(µH)

66 219.7 1265

to recalculate the inductances of outputs 2 and 3 to fulfill (1).
These new values are L11 = 66µH, L22 = 151.5µH and
L33 = 872.7µH.

It is clear now that the required current ripple will not be
achieved in outputs 2 and 3 and we will apply step 3) to reach
larger inductance values in those outputs.

If we use a toroidal MPP core and wind the three windings
on different sectors as shown in the Fig. 6, we can expect
a coupling among the windings of kreal ≈ 0.8. The rate
(percentage ε) that L22 and L33 have to change can be
calculated using (11). If we want to place the divergence above
the real coupling coefficient, kreal ≈ 0.8, we could provide a
small margin to k̃divergence, in this case it is approximately
4 %. This will cope with the tolerances of the magnetic device
(permeability change, final real coupling, etc.) and in addition
it will lower the value of L11 less. In this case, a deviation
of ε = 45 % has been chosen which based on (11) places
the divergence at kdivergence = 0.83, above the real coupling,
kreal ≈ 0.8. Fig. 2 shows that the equivalent inductances will
be about 14 times larger and the reference inductance will be
about 1.1 times larger, as seen in Fig. 3.

Table III shows the new values of L22 and L33 which have
been increased by 45 %.

Using (3), we can calculate the expected equivalent induc-
tances.

Leq1 = 81.1µH

Leq2 = 3.1mH

Leq3 = 17.9mH

(13)

In case these values are not acceptable, then ε has to be
readjusted, even though the tolerances makes it difficult to
reach the exact desired values. The current ripple of output 2
will be reduced by a factor of two and the one of output 3 by
a factor greater than ten, when comparing Lo of Table III and
(13).

B. Core selection
The selected core material will be MPP and the core shape

will be toroidal. This type of cores are ideal to save space and
volume and offer a wide range of permeabilities to withstand
large flux densities without saturating.

Following step 4 of the proposed design procedure and using
data given in Table III and Table I, the total energy stored
in the core is Etotal = 0.5mJ. Based on the datasheet of
the manufacturer (the authors have chosen Magnetics), the
maximum flux density for MPP material is Bmax = 0.8T
and the smallest core to handle this energy is #55117 that has
an inner diameter of 9.52mm.

The wires have been chosen based on the current flowing
through them (see Table I). At least one wire is needed with

TABLE IV
CHARACTERISTICS OF CORE AND WINDINGS OF THE DESIGNED CI.

core perm. mass vol. turns turns turns
µ (g) (cm3) N11 N22 N33 k

55310 125 16 3.7 27 48 115 0.80

a minimum diameter of 0.5mm for the large current output
and the other two outputs need two wires with a minimum
diameter of 0.35mm.

As explained in step 5), to achieve a lower coupling, kreal,
the windings have to be distributed in sectors around the
torus and the distance from one sector to another makes the
coupling larger or smaller. It has to be taken into account that
permeability also influences the coupling coefficient. In our
case and with a permeability of µ = 125, a separation of
4mm between sectors, results in a coupling of kreal ≈ 0.8
(see Fig. 6). A lower coupling than kdivergence is preferred as
slopes are softer and therefore it is less critical to achieve and
keep ZRC (see Fig. 2).

In step 6) we have to check if the available window area is
enough for the needed windings. Thus, knowing the needed
inductances and the turn-inductance, AL, of the core, we can
calculate the turns number. This allows us to evaluate the
needed window area and it can be demonstrated, that the
selected window is too small, because we have to wind in
sectors to achieve a coupling of kreal ≈ 0.8. The needed
window area is Aw = 28mm2 and therefore we select a
bigger core #55310 (inner diameter of 13.3mm). Table IV
summarizes the mechanical specifications of the CI to be
manufactured.

The last step 7) requires to calculate the flux density, B, of
the core to assure that it doesn’t saturate. The magnetic field,
H , defined by (14), is calculated using the turn number N ,
the peak current Ipkmax

(see Table I) and the magnetic path
length le.

H =
∑ NIpkmax

le
(14)

With this calculated value of H = 19.6A/cm, the flux
density, B can be read from the hysteresis curve of the
magnetic material. The resulting flux density results,

Btotal = 0.29T (15)

which is well below the saturation flux given by the manu-
facturer for MPP material Bmax MPP = 0.8T.

IV. EXPERIMENTAL RESULTS

Using the same set-up described in [30] (see Fig. 5) to check
the proposed design procedure and having the specifications
of the converter shown in Table I, the obtained results are
explained here after.

The characterization of the CI is done as described in [33].
The measured self-inductances and the coupling matrix are
shown in (16) and (17) respectively.
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Fig. 5. Experimental set-up. Three BUCK converters sharing their three
output inductors, coupled together.

L11 = 67.58µH

L22 = 223.47µH

L33 = 1253µH

(16)

Fig. 6. Coupled inductor manufactured by sectors, the core is #55310
of Magnetics and its coupling is kreal ≈ 0.8.

kreal =




1 0.79 0.8
0.79 1 0.8
0.8 0.8 1


 (17)

It can be seen that the desired coupling has been achieved
and that the approximation supposing that all coupling coeffi-
cients are very similar is also correct. Using weigh MKS Euro
Products, that has a precision of ±0.2 g, the mass of the CI
has been determined to be 23.6 g. The volume of the CI has
been estimated to be 7.1 cm3.

A. Experimental measurements, current ripple and out-
put voltages.

The built Buck converter, operated in open loop, has
been tested with three loads at each output. Nominal loads,
RL1

= 4.1 Ω at output 1, resulting in a current of 0.8A
and for outputs 2 and 3 the loads are RL2

= 10 Ω and
RL3

= 36 Ω, where their currents are 0.5A and 0.34A
respectively. Also maximum and minimum loads have been
tested, not appreciating any change neither in the current ripple
nor in the inductors voltage, as shown in the corresponding
figures.

Now the current ripples will be measured to determine
the equivalent inductance of each output using L = ∆t vL

∆iL
.

The measured inductances will be compared to the desired
ones given by (2) using measured matrix kreal and (3) and
supposing all coupling values equal to kreal = 0.8.
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Fig. 7. Measured and calculated (dotted lines, using (2)) current wave-
forms for nominal conditions of the three coupled BUCK converters.
ZRC is achieved in L22 and L33 and ripple of L11 is larger because
the value of L11 has decreased (although, not seen here).
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Fig. 8. Measured and calculated (dotted lines, using (2)) current wave-
forms for maximum conditions of the three coupled BUCK converters.
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Fig. 9. Measured and calculated (dotted lines, using (2)) current wave-
forms for minimum conditions of the three coupled BUCK converters.

Fig. 7 shows the current ripple of all three outputs. As
expected, the current ripple of L22 and L33 is close to zero
and the ripple of L11 is still present. In fact, it will be larger
than before unbalancing L22 and L33. Table V and VI show
the measured and theoretical inductance values.

Fig. 8 and Fig. 9 also clearly show that load does not
affect the ZRC condition, which is maintained. This, of course,
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TABLE V
MEASURED EQUIVALENT INDUCTANCES

up ramp down ramp
Leq1 (µH) 74.0± 2.5 73.8± 2.5
Leq2 (µH) 2533± 122 2658± 122
Leq3 (µH) 10249± 538 13590± 538

TABLE VI
EQUIVALENT INDUCTANCES USING THE MATHEMATICAL MODEL

Eq. (2) Eq. (3)
up ramp = down ramp up ramp = down ramp

Leq1 (µH) 76.0 74.5
Leq2 (µH) 2974 3060
Leq3 (µH) 13250 9890

means also that the permeability has almost not changed with
load.

It is therefore demonstrated that ZRC can be reached in
(m− 1) windings.

B. Comparison of ZRC CI to single inductors.
This section will compare a design using three single

inductors to the proposed CI. The three single inductors will
be designed using the experimental values shown in Table V
and their mass and volume has been estimated theoretically.

The selected cross-section of the wires are the same as
before.

The energy stored in L11 is E1 = 0.125mJ. Using again
Magnetics, the best fitting core is #55127. The mass of the
finished inductor is 2.8 g and its volume is 0.73 cm3.

The energy stored in inductor L22 is E2 = 0.664mJ,
which leads to choose core #55117 of Magnetics. Its mass
and volume have been estimated as 9.7 g and 2.34 cm3.

Finally, for inductor L33 the energy stored is E3 = 3.4mJ.
The chosen core based on Magnetics’ core selection chart is
#55310. Its mass and volume have been estimated as 24.9 g
and 5.6 cm3.

The total mass and volume are thus 37.5 g and 8.7 cm3.
This means that a single inductor design has a 59 % more
mass and a 22.5 % more volume. Therefore, the mass and
volume savings of a CI designed with the here proposed
methodology, makes it the best choice for mass and volume
critical applications, like, for example, aerospace.

An additional advantage not mentioned before is a core loss
reduction due to a core mass reduction of the CI. A theoretical
loss estimation shows that core losses are reduced by a factor
of approximately four.

V. CONCLUSIONS

A practical design procedure of CI has been proposed, based
on a general expression proposed for the equivalent inductance
of each winding of a CI and the simpler expression of the
equivalent inductance when supposing all coupling coefficients
to be the same among all the windings.

The proposed design procedure achieves ZRC in the CI.
This has been done by only unbalancing the inductance

ratio. In fact, for an m windings CI, ZRC is achieved in
m − 1 windings. The design does not need a given coupling
coefficient, but it adapts to the real coupling coefficients related
to the geometry and permeability of the magnetic device.
Therefore complex magnetic device designs can be avoided.
Although coupling coefficients around k ≈ 0.8 are suggested
as optimal.

A substantial mass and volume saving in CI designed as ex-
plained, compared to single inductors has been demonstrated.
Even a magnetic core loss reduction can be expected due to
having a smaller volume core in the CI.
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