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Abstract—For many applications, e.g. battery or fuel cell
electric vehicles, power electronic converters must achieve a high
power density and conduct large DC currents. Hence, many
converters require inductors, that can carry a relatively large DC
bias current in addition to the ripple current without undergoing
saturation. Coupled inductors have been identified as a viable
option to achieve a high power density thanks to the (partial)
cancellation of the DC magnetic flux in the core material.

To facilitate a fast converter design, this paper presents
an electric model of analytical expressions for the currents
(time-domain, DC, RMS), that result in a generalised converter
topology that applies rectangular (two-level) voltages with steady-
state duty cycles and an arbitrary phase-shift to a two-winding
coupled inductor with arbitrary coupling and turns ratio. The
presented model is also applicable to converter topologies with
transformers, e.g. Dual Active Bridge converters, by setting the
DC values of the inductor currents to zero.

Index Terms—Coupled inductor, transformer, analytical model,
electric model, DC-DC converter, boost converter

I. INTRODUCTION

Numerous power electronics converters with coupled in-
ductors (CIs) have been presented in literature for various
applications, e.g. nonisolated DC-DC converters for battery or
fuel cell electric vehicles (BEVs, FCEVs) and rectifiers with
power factor correction (PFC) [1]–[7]. For these applications,
a high power density is desired and large DC currents must be
conducted. Converters with CIs have been shown to achieve
an up to two-fold increase in power density compared to con-
verters with independent phases, while comparable efficiencies
are realised [8]–[10]. This increase in power density stems
from the (partial) cancellation of the DC magnetic flux in the
magnetic core material of the inversely coupled inductors.

The coupled-inductor boost converter (CIBC) is an example
of a converter with a two-winding CI. Its bidirectional variant
with switches (T1,II and T2,II) instead of diodes towards
the secondary side is shown in Fig. 1. The CIBC has been
analysed in literature w.r.t. the peak-to-peak current ripples of
its primary current ip and of its CI’s terminal currents i1 and
i2 [1], [7], [8], [10].

Another example of a converter with a two-winding CI is
the dual floating output boost converter (DFOBC). It has been
analysed w.r.t. the resulting current ripples of its CI’s terminal
and magnetising currents as well as of its input current [5].

However, for both of these exemplary converters (CIBC and
DFOBC), a complete steady-state analysis of the time-domain,
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Fig. 1. Bidirectional CIBC with an inversely coupled inductor.
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Fig. 2. Generalised two-level topology with an inversely coupled inductor,
where V1,I > 0V, V1,II < 0V, V2,I < 0V and V2,II > 0V must hold.
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Fig. 3. The equivalent Π circuit of a lossless coupled inductor with an ideal
1:1 transformer, used e.g. in Fig. 1 and Fig. 2.

DC and RMS currents in the CI as well in the switches and
the associated DC capacitors is missing in literature.

Therefore, this paper introduces an electric model, which
includes explicit analytical expressions for all of these steady-
state current values assuming lossless conditions. Furthermore,
the model does not only apply to the CIBC or DFOBC
topologies because it is based on the generalised converter
topology shown in Fig. 2, which applies to many more
converters, that generate rectangular (two-level) voltages v1



and v2 at the terminals of a CI. Above all, the model even
considers possibly unequal duty cycles for the voltages v1 and
v2, an arbitrary phase shift δ between the voltages, as well
as two independent DC bias currents in i1 and i2. Lastly, no
conditions on the coupling, the turns ratio or the inductance(s)
of the CI are imposed. Thanks to the generality of the model, it
can also be applied to converter topologies with two-winding
transformers, e.g. Dual Active Bridge converters, by setting
the DC bias current values to zero.

The paper is structured as follows: The considered equiva-
lent circuit of the CI and the necessary assumptions to apply
the presented model are discussed in Section II. The currents
in the selected equivalent circuit are analysed in Section III
before the resulting analytical expressions for the currents are
then stated in Section IV and validated in Section V.

II. MODEL ASSUMPTIONS

In this section, the necessary assumptions for the electric
model of the CI are presented. Namely, the considered equiv-
alent circuit of the two-winding CI, the applied voltage wave-
forms and the zero-current startup condition are introduced.

A. Equivalent circuit of the coupled inductor

The considered CI (or transformer) can have an arbi-
trary coupling factor and arbitrary (possibly unequal) self-
inductances L1 and L2. There are multiple equivalent circuits
to models such CIs (or transformers) with non-ideal coupling.
The T and Π equivalent circuits are popular options. In this
paper, the Π circuit, cf. Fig. 3, is chosen to model the CI
because its magnetising inductances Lm1 and Lm2 take the
place of the uncoupled self-inductances in the current paths,
while the additional inductance L12 is associated with the
coupling of the inductors in the equivalent circuit. Moreover,
the voltages v1 and v2 are directly applied to Lm1 and
Lm2 respectively, which leads to simple expressions for the
corresponding currents im1 and im2. The inductances Lm1,
Lm2 and L12 of the Π circuit can be determined with:

L12 = 1−k2

k L0, Lm1 = 1−k2

1/n−kL0, Lm2 = 1−k2

n−k L0 (1)

L0=
√
L1L2=

√
AL,1AL,2N1N2, n=

√
L1

L2
=
√

AL,1

AL,2

N1

N2
(2)

Note that k ∈ (0, 1) in (1) is the coupling factor and n, as
defined in (2), is not equal to the turns ratio N1/N2 in the
general case of unequal permeances AL,1 and AL,2. It is worth
mentioning that, depending on the selected n and/or k, Lm1

and Lm2 can become negative or even unbounded. In these
cases, they do not correspond to physical inductances any
more. However, the electric behaviour at the terminals of the
CI circuit is still correctly modelled. On the other hand, L12

and L0 are always positive.
With the equivalent circuit defined, the applied voltages v1

and v2 are discussed next.

B. Voltages applied to the terminals of the coupled inductor

In this paper, rectangular (two-level) voltages v1 and v2
with corresponding duty cycles d1 and d2, as defined at the

top of Fig. 4, are assumed to be applied to the terminals of
the CI (cf. Fig. 3). Both, v1 and v2, are periodic in steady
state operation with a constant switching period Ts = 1/fs.
The secondary voltage v2 may have an arbitrary steady-state
phase shift δ ∈ (0, 1) (normalised to Ts) relative to the primary
voltage v1. With the duty cycles and phase shift defined,
shorthand notations are introduced at this point:

d′1 = 1−d1, d′2 = 1−d2, d12 = d1−d2, δ′ = 1−δ (3)

The switching period is divided into two intervals on each side
of the CI, as defined in Fig. 4 for the circuit of Fig. 2:

• Primary interval I: v1 = V1,I (T1,I conducts)
• Primary interval II: v1 = V1,II (T1,II conducts)
• Secondary interval I: v2 = V2,I (T2,I conducts)
• Secondary interval II: v2 = V2,II (T2,II conducts)

It will become evident in the subsequent analysis that two
main cases can be distinguished depending on whether the
steady-state switching period starts with secondary interval II
or I as shown in the left and right parts of Fig. 4 respectively:

Case A : d2 + δ ≤ 1, Case B : d2 + δ > 1 (4)

With this distinction, the derived electric model will impose
no conditions on the signs of V1,I/II or V2,I/II as long as
steady state can be achieved. However, the circuit that is used
to generate v1 and v2 might only be capable of generating
voltages of a certain polarity. E.g. in the circuit of Fig. 2,
V1,I>0V and V1,II<0V as well as V2,I<0V and V2,II>0V
must hold, which is reflected in the waveforms of Fig. 4.

In the CI equivalent circuit given in Fig. 3, steady state
is achieved if the time averages (over one switching cycle)
of all voltages across the three inductors are zero, which is
equivalent to vanishing voltage-time areas at the terminals:∫ Ts

0 s
vjdt =

∫
I vjdt+

∫
II vjdt, j ∈ {1, 2} (5)

= Vj,IdjTs+Vj,IId
′
jTs = 0V· s

This yields steady-state conditions for the duty cycles in terms
of the applied voltages in intervals I and II as defined in Fig. 4:

d1 =
V1,II

V1,II−V1,I
∈ (0, 1) , d2 =

V2,II

V2,II−V2,I
∈ (0, 1) (6)

The steady-state conditions (6) can also be solved for the
required steady-state voltages in interval II on both sides:

V1,II = −d1

d′
1
V1,I, V2,II = −d2

d′
2
V2,I (7)

Since the derived expressions for the resulting currents are
found to be simpler if (7) is used, V1,II and V2,II are chosen
to be eliminated from the subsequent steady-state analysis.

C. CI currents and the zero-current startup condition

Generally, both CI terminal currents i1 and i2 (as well as
im1, im2 and i12) consist of a DC and an AC component:

ij = Ij,dc + ij,ac, where
∫ Ts

0 s
ij,acdt = 0A, j ∈ {1, 2} (8)

In this paper, the DC components I1,dc and I2,dc are assumed
to be controlled and therefore known in steady state. Notably,
they may be unequal and even have opposite signs.
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Fig. 4. Exemplary two-level terminal voltages applied to the coupled inductor in Fig. 2 and the resulting currents in the equivalent circuit of Fig. 3. The
”Off”, and ”Startup” intervals are included since all currents are assumed to be zero up to t = T1. Case A (d2+δ ≤ 1) is illustrated on the left-hand side and
Case B (d2 + δ > 1) on the right-hand side. Intervals I and II are defined for the primary and secondary waveforms in steady-state as indicated. Parameters
used for case A: d1=1/3, d2=0.3, δ=0.5. Parameters used for case B: d1=0.2, d2=0.7, δ=0.75. Common parameters used: V1,I=800V, V2,I=− 600V,
fs=100 kHz, I1,dc=25A, I2,dc=10A, L0=100 µH, n=2, k=0.9 (i.e. Lm1=− 47.5 µH, Lm2≈17.273 µH, L12≈21.111 µH).

Finally, all currents are assumed to be initially zero up to a
suitable time instant T1 < 0 s, cf. Fig. 4:

0A = i1 = i2 = im1 = im2 = i12 ∀ t≤T1<0 s (9)

This zero-current startup condition (9) corresponds to the
converter being off prior to T1 as shown in Fig. 4. During
the startup interval t ∈ [T1, 0 s), suitable voltages are then
assumed to be applied s.t. steady-state operation starts at
t = 0 s, which is also illustrated in Fig. 4. This will become
important to the analysis of the currents in Section III.

III. CURRENT ANALYSIS

To uniquely identify the steady-state currents in the induc-
tances of the Π circuit of Fig. 3, the currents through all
three inductances must be known at least at one point in time
because otherwise an arbitrary DC current can be circulating
through all three inductances, which would be unaffected by
the applied voltages. The zero-current startup condition (9)
provides such a point in time at t = T1 (and at all points
before T1) when all currents are known to be zero. Therefore,

the currents in the magnetising inductances of the Π circuit
can be written for t ≥ T1 as:

imj = imj(T1)︸ ︷︷ ︸
0A

+ 1
Lmj

∫ t

T1
vjdt, ∀ t ≥ T1 j ∈ {1, 2} (10)

The current in L12 is now linearly dependent on im1 and im2:

i12 = i12(T1)︸ ︷︷ ︸
0A

+ 1
L12

∫ t

T1
v1−v2dt ∀ t ≥ T1 (11)

= 1
L12

∫ t

T1
v1dt− 1

L12

∫ t

T1
v2dt

= Lm1

L12
im1 − Lm2

L12
im2 = k

1/n−k im1 − k
n−k im2

Since (10) and (11) hold at all considered time instants t ≥ T1,
they can be used to derive the DC components of im1, im2

and i12 next.

A. DC components of im1, im2 and i12

Thanks to the zero-current startup condition (9), and the
linear dependence of i12 on im1 and im2, the DC components
of im1, im2 and i12 in steady state can be derived as functions
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of the known DC components of the terminal currents. First,
the time averages of (10) and (11) are evaluated:

Imj,dc =
1
Ts

∫ Ts

0 s
imjdt j ∈ {1, 2} (12)

I12,dc =
1
Ts

∫ Ts

0 s
i12dt = k

1/n−k Im1,dc − k
n−k Im2,dc (13)

Second, for the DC components of the terminal currents holds:

I1,dc = Im1,dc + I12,dc, I2,dc = −Im2,dc + I12,dc (14)

Finally, solving (13) and (14) for Im1,dc, Im2,dc and I12,dc
results in:

Im1,dc =
nI1,dc−kI2,dc

Lm1/L0
, Im2,dc =

kI1,dc−I2,dc/n
Lm2/L0

(15)

I12,dc =
Im1,dc

L12/Lm1
− Im2,dc

L12/Lm2
=

(n−k)I1,dc+(1/n−k)I2,dc
L12/L0

(16)

The main advantage of the inversely coupled inductor is
evident in (15) because Im1,dc and Im2,dc are calculated based
on the (weighted) differences of I1,dc and I2,dc. This can
be understood as if the DC components of the magnetising
currents (partially) cancel out depending on the coupling factor
k. Fig. 5 illustrates that for k → 1 the DC magnetising
currents perfectly cancel out with equal terminal DC currents
and n = 1. It is evident, that for other choices of n, the perfect
cancellation shifts to lower coupling factors (e.g. k = 1/2
for n ∈ {1/2, 2} or k = 1/4 for n ∈ {1/4, 4}) and the DC
magnetising currents may even become arbitrarily large for
k → 1 and n ̸= I2,dc/I1,dc.

With the DC current components uniquely identified, the
initial currents at t = 0 s (when steady-state operation is
assumed to start) can be derived next.

B. Initial currents at t = 0 s

With the zero-current startup condition (9), applying suit-
able voltages during the startup interval t ∈ [T1, 0 s) allows for
arbitrary initial terminal currents at t = 0 s when steady-state
operation is started:

i1(0 s) = I1,0 = 1
Lm1

∫ 0 s

T1
v1dt︸ ︷︷ ︸

im1(0 s)=Im1,0

+ 1
L12

∫ 0 s

T1
v1−v2dt︸ ︷︷ ︸

i12(0 s)=I12,0

(17)

i2(0 s) = I2,0 = − 1
Lm2

∫ 0 s

T1
v2dt︸ ︷︷ ︸

im2(0 s)=Im2,0

+ 1
L12

∫ 0 s

T1
v1−v2dt︸ ︷︷ ︸

i12(0 s)=I12,0

(18)

Fig. 4 illustrates possible startup sequences, which use the
same voltage levels as are used in steady state. Notably, with
fixed CI parameters and predetermined applied voltage levels,
there is a limit on how close to t = 0 s the time instant T1

can be chosen.
Because (11) also holds for t = 0 s, the derivation of

Im1,0 and Im1,0 suffices to fully determine all initial currents.
Imposing the previously derived DC components Im1,dc and
Im2,dc for the triangular currents im1 and im2 in steady state,
cf. (7), directly yields the initial values of the currents:

Im1,0 = Im1,dc −
d1V1,I

2fsLm1
(19)

Im2,0 = Im2,dc −
d2V2,I

2fsLm2

{
1− 2δ

d′
2
, Case A

1− 2δ′

d2
, Case B

(20)

I12,0 = k
1/n−k Im1,0 − k

n−k Im2,0 (21)

The initial terminal currents follow directly:

I1,0 = Im1,0 + I12,0, I2,0 = −Im2,0 + I12,0 (22)

With the DC components and the initial values of all con-
sidered steady-state currents fully defined, the time-domain
waveforms and RMS current values can be derived based on
the applied voltages. The resulting expressions are presented
in the next section.

IV. RESULTING CURRENTS

Based on the previous analysis of the CI currents, the
time-domain current waveforms are formulated in this section.
Furthermore, analytical expressions for the RMS values of the
terminal currents as well as the currents in the switches and the
primary-side capacitor(s) (cf. Fig. 1 and Fig. 2) are presented.

A. Time-domain currents

The steady-state time-domain currents in the inductors of
the Π circuit for the applied terminal voltages shown in Fig. 4
are derived using the previously stated initial currents. All
currents are piecewise linear functions of time due to the
piecewise constant terminal voltages:

im1 = Im1,0+
V1,I

Lm1

{
t, 0 ≤ t

Ts
< d1

t−Ts

1−1/d1
, d1 ≤ t

Ts
≤ 1

(23)

im2 = Im2,0 +

{
ĩm2,A, Case A
ĩm2,B, Case B

(24)

ĩm2,A = − d2V2,I

d′
2Lm2


t, 0≤ t

Ts
<δ

δTs−d′
2t

d2
, δ≤ t

Ts
<d2+δ

t− Ts, d2+δ≤ t
Ts
≤1

(25)

ĩm2,B =
V2,I

Lm2


t, 0≤ t

Ts
<d2−δ′

Ts−t−δ′Ts/d2

d′
2/d2

, d2−δ′≤ t
Ts
<δ

t− Ts, δ≤ t
Ts
≤1

(26)

Note that stating im1 and im2 is sufficient to define all currents
because i12 can be calculated using im1 and im2 with (11).



The CI terminal currents i1 = im1 + i12 and i2 = −im2 + i12
can also be calculated using im1 and im2:

i1 =
(
1+Lm1

L12

)
im1 − Lm2

L12
im2 = 1/n

1/n−k im1 − k
n−k im2 (27)

i2 = Lm1

L12
im1 −

(
1+Lm2

L12

)
im2 = k

1/n−k im1 − n
n−k im2 (28)

These general expressions for the currents in the time domain
can e.g. be used to evaluate the instantaneous currents at any
point during the switching period and specifically also at the
switching instants, which will be discussed next.

B. Switched currents (terminal currents at switching instants)

In various converter topologies, the terminal currents of
the CI at the switching instants are relevant to calculate the
switching losses since these currents must be switched by the
transistors. Examples are the converter circuits in Fig. 1 or
Fig. 2. With the considered voltages, cf. Fig. 4, there are two
switching instants on the primary side (TS1,I/II) and two on
the secondary side (TS2,I/II), which are given by:

TS1,I = 0 s, TS1,II = d1Ts (29)

TS2,I = δTs, TS2,II =

{
(d2 + δ)Ts, Case A
(d2 − δ′)Ts, Case B

(30)

The resulting switched terminal currents are not explicitly
stated here but can easily be calculated by evaluating (27)
and (28) at the switching instants (29) and (30).

In addition to the instantaneous current values, also the RMS
currents are of interest for a converter optimisation. They are
discussed in the following.

C. RMS terminal currents

The RMS currents at the terminals of the coupled inductor
are e.g. relevant for calculating copper losses. Based on the
time-domain current waveforms (27) and (28), the expressions
for calculating the RMS values of the two terminals currents
are found to be:

Ij =
√

1
Ts

∫ Ts

0 s
i2jdt =

√
I2j,dc+I2j,ac, j ∈ {1, 2} (31)

=

√
I2j,dc+

(aj−bj)
2+4ajbjc

12(1−k2)2L2
0f

2
s

The coefficients introduced in (31) are defined below:

a1=
1
nd1V1,I, a2=nd2V2,I, b1=kd2V2,I, b2=kd1V1,I (32)

c =

{
cA, Case A
cB, Case B

(33)

cA =


d′
2−(1+d12)

2+3δ(d12+δ′)
d′
1d

′
2

, 0 < d1 < δ

d2
12−3δ(d12−δ)− δ3

d1d′
2

d′
1d2

, δ ≤ d1 < δ + d2
d2
12−3δ(d12−δ)

d1d′
2

, d2 + δ ≤ d1 < 1

(34)

cB =


d2
12+3δ′(d12+δ′)

d′
1d2

, 0 < d1 < d2 − δ′

d2
12+3δ′(d12+δ′)− δ′3

d′
1d2

d1d′
2

, d2 − δ′ ≤ d1 < δ
d2−(1−d12)

2−3δ′(d12−δ)
d1d2

, δ ≤ d1 < 1

(35)

Note that in (31) the RMS values of the AC components of
the terminal currents are given as well. Next, the RMS values
of the currents in the switches are derived.

D. Currents in the switches

To derive expressions for calculating the RMS currents in
the switches shown in Fig. 1, or equivalently in Fig. 2, the DC
components of the respective currents are derived first. They
are given by the integrals in (36), (37) and (38), which are
constrained to the two intervals (I or II, cf. Fig. 4):

I1,I,dc =
∫
I
i1dt
Ts

= d1
(
I1,dc+

cdcd2V2,I

2d′
2L12fs

)
(36)

I2,I,dc =
∫
I
i2dt
Ts

= d2
(
I2,dc+

cdcd1V1,I

2d′
1L12fs

)
(37)

Ij,II,dc =
∫
II
ijdt
Ts

= Ij,dc−Ij,I,dc, j ∈ {1, 2} (38)

The newly introduced coefficient cdc is defined below:

cdc =

{
cdc,A, Case A
cdc,B, Case B

(39)

cdc,A =


1+d12−2δ, 0 < d1 < δ(
2δ−d12− δ2

d1d′
2

)d′
2

d2
, δ < d1 < δ + d2

(2δ−d12)
d′
1

d1
, δ + d2 < d1 < 1

(40)

cdc,B =


− (d12+2δ′)

d′
2

d2
, 0 < d1 < d2−δ′(

δ′2

d′
1d2

−d12−2δ′
)d′

1

d1
, d2−δ′ < d1 < δ

(1+d12−2δ)
d′
1d

′
2

d1d2
, δ < d1 < 1

(41)

The expressions for calculating the RMS values of the terminal
currents are given by analogous integrals and can be written
as functions of the DC components:

Ij,I =
√

1
Ts

∫ Ts

0 s
i2j,Idt =

√
1
Ts

∫
I i

2
jdt, j ∈ {1, 2} (42)

=
√
dj

√
I2
j,I,dc

d2
j

+
(aj+bjβj,I)

2+4b2jγj,I

12(1−k2)2L2
0f

2
s

Ij,II =
√

1
Ts

∫ Ts

0 s
i2j,IIdt =

√
1
Ts

∫
II i

2
jdt, j ∈ {1, 2} (43)

=
√
d′j

√
I2
j,II,dc

d′2
j

+
(aj+bjβj,II)

2+4b2jγj,II

12(1−k2)2L2
0f

2
s

I2j = I2j,I + I2j,II, j ∈ {1, 2} (44)

βj,I/II=

{
βj,A,I/II, Case A
βj,B,I/II, Case B

, γj,I/II=

{
γj,A,I/II, Case A
γj,B,I/II, Case B

(45)

The newly introduced coefficients in (45) are given in Table I
for case A and in Table II for case B. For the sake of
brevity (and computational speed), not all coefficients are
listed. Instead, the simplest expressions are selected s.t. all
RMS values are nonetheless defined because (44) can be used
together with (31), (42) and (43) to calculate the RMS values
for which the coefficients are not explicitly listed.

E. Sum of terminal currents

The sum of the two CI terminal currents (denoted ip =
i1+i2) is of interest for some converter topologies. The CIBC
in Fig. 1 is one example because the sum of the CI terminal



TABLE I
COEFFICIENTS FOR THE RMS CURRENTS IN THE SWITCHES (CASE A)

Coef. 0 < d1 < δ δ ≤ d1 < d2+δ d2+δ ≤ d1 < 1

β1,A,I
d1
d′2

(3d1−2δ)δ2

d21d2d
′
2

− d1
d2

Use β1,A,II

and (44).

γ1,A,I 0
(d1−δ)3δ3

d41d
2
2d

′2
2

Use γ1,A,II

and (44).

β1,A,II
Use β1,A,I

and (44). Use β1,A,I and (44). − d′1
d′2

γ1,A,II
Use γ1,A,I

and (44). Use γ1,A,I and (44). 0

β2,A,I
d2
d′1

Use β2,A,II and (44). − d2
d1

γ2,A,I 0 Use γ2,A,II and (44). 0

β2,A,II
Use β2,A,I

and (44).
(3d′2−2δ)δ2

d1d
′
1d

′2
2

− d′2
d′1

Use β2,A,I

and (44).

γ2,A,II
Use γ2,A,I

and (44).
(d′2−δ)3δ3

d21d
′2
1 d′42

Use γ2,A,I

and (44).

TABLE II
COEFFICIENTS FOR THE RMS CURRENTS IN THE SWITCHES (CASE B)

Coef. 0 < d1 < d2−δ′ d2−δ′ ≤ d1 < δ δ ≤ d1 < 1

β1,B,I − d1
d2

Use β1,B,II and (44). Use β1,B,II

and (44).

γ1,B,I 0 Use γ1,B,II and (44). Use γ1,B,II

and (44).

β1,B,II
Use β1,B,I

and (44).
d′1
d2

− (d′1+2δ′)(d′1−δ′)2

d′21 d2d
′
2

d′1
d2

γ1,B,II
Use γ1,B,I

and (44).
(d′1−δ′)3δ′3

d′41 d22d
′2
2

0

β2,B,I
Use β2,B,II

and (44).
3d2δ

′2−2δ′3

d1d
′
1d

2
2

− d2
d1

Use β2,B,II

and (44).

γ2,B,I
Use γ2,B,II

and (44).
(d2−δ′)3δ′3

d21d
′2
1 d42

Use γ2,B,II

and (44).

β2,B,II − d′2
d′1

Use β2,B,I and (44).
d′2
d1

γ2,B,II 0 Use γ2,B,I and (44). 0

currents represents the primary-side converter current. It can
be generally written in terms of im1 and im2:

ip = Ip,dc + ip,ac = i1 + i2 = im1 − im2 + 2i12 (46)

=
(
1+2Lm1

L12

)
im1−

(
1+2Lm2

L12

)
im2 = 1/n+k

1/n−k im1−n+k
n−k im2

Its DC component Ip,dc = I1,dc + I2,dc is the sum of the two
terminal DC components, which are assumed to be known.
The AC component ip,ac = ip − Ip,dc is also of interest
because a capacitor typically needs to buffer this component.
The losses of such a capacitor can be modelled by a frequency-
dependent equivalent series resistance (ESR). Therefore, the
spectral composition of ip,ac is generally of interest. However,
a worst-case estimation of the capacitor losses can be obtained
based on the capacitor’s ESR at the switching frequency and
the RMS value of the time-domain capacitor current. The
expression for this RMS current can be written concisely by
reusing the coefficient c, which was introduced in (33):

Ip,ac =
√

1
Ts

∫ Ts

0 s
i2p,acdt =

√
(ap−bp)

2+4apbpc

12(1−k2)2L2
0f

2
s

(47)

ap =
(
1
n + k

)
d1V1,I, bp = (n+ k) d2V2,I (48)

V. VALIDATION USING PLECS

Table III compares exemplary results of the presented ana-
lytical model with a lossless and a lossy PLECS simulation of
the generalised circuit in Fig. 2 with parameters given in Fig. 4.
The capacitors are thereby replaced by ideal voltage sources.

TABLE III
COMPARISON OF KEY RESULTS OF THE PRESENTED MODEL WITH PLECS

USING THE CIRCUIT IN FIG. 2 AND PARAMETERS GIVEN IN FIG. 4

Case I1 I2 I1,I I2,I Ip,ac
Presented model A 28.128A 31.957A 14.148A 22.175A 42.876A
PLECS (lossless) A 28.128A 31.957A 14.148A 22.175A 42.876A

PLECS (lossy) A 28.101A 31.801A 14.083A 22.227A 42.646A

The comparison confirms that the presented model is 100%
accurate under lossless conditions. If winding resistances of
R2 = R1/n

2 = 50mΩ are considered and the duty cycles
are adjusted to account for the associated losses, the model
remains accurate to within a relative error of less than ±1%.

VI. CONCLUSION

In this paper, an electric model of analytical expressions for
the currents (time-domain, DC, RMS) in a general two-level
converter topology with a two-winding CI is presented. The
model assumes that periodic, rectangular (two-level) voltages
with arbitrary phase shift, as well as steady-state duty cycles
are applied to the windings of the CI.

The derived expressions are 100% accurate for the assumed
conditions in the lossless case and enable a faster design
process because relatively slow numerical simulations can be
replaced with a fast analytical model.

Thanks to the generality of the introduced analytical model,
it can not only be applied to the CIBC (Fig. 1) but also to a
wide variety of other converters derived from the generalised
topology in Fig. 2 with two-winding CIs or transformers.
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