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Abstract—This work presents the design and simulation of
a controllable magnetic device. The device can help the Dual
Active Bridge converter (DAB) to operate in the soft switching
region for wide-load applications. The control law is based on
the modification of the ferrite-core’s permeance for Variable-
Transformers (VT). The frecuency-domain’s model of the VT
control leg is obtained using the Gyrator-Capacitor theory.
Finally, this model is found by the premise that the interactions
of the transformer’s main fluxes are minimum in the control leg,
furthermore this paper also proposed a ferrite-core construction
that reduces these interactions, therefore the induced voltage
in the control winding is also minimized, meaning the parallel
interactions of the fluxes are reduced. The results shows that the
perturbations are manageable for the control scheme and do not
affect the device operation.

Index Terms—Gyrator-Capacitor, Non-Linear Control, Linear
Control, Variable-Transformer, Controllable Magnetics

I. INTRODUCTION

Wide-voltage and wide-power applications are active re-
search areas in the field of power electronics. Usually, power
converters are not able to keep high efficiency when they are
forced to work at lower voltage or load levels than the nominal
ones [1] [2]. Several alternatives have been proposed being the
multilevel converters one of the most popular. This solution
is characterized by the ability to turn off and on power cells
to supply and vary either voltage or current [3]. However,
when the variations required are wide, more cells and control
signals are required, making the converter implementation
complex. An alternative proposed for full-bridge based DC/DC
converters considers the use of variable inductors (VI) and or
VT. With these devices, the converter gain can be modified
by controlling the magnetic flux densities in the inductor or
transformer cores. E.g. authors in [4] propose an LLC-DCDC
converter that is able to change its voltage gain modifying
the leakage inductance of the transformer employing a VI.
Following this approach, some researchers have studied how
to model and control the magnetic flux. References [5] and
[6] have in common that they modify the reluctance or the
permeance of the magnetic device by means of saturating
regions of the core. With this saturation the flux is altered in
the surrounding area, changing the response of the magnetic
device. An alternative to this method is shown by the authors

in [7] where a mechanical variation of the air gap in the
device results in a variation of the magnetic flux density inside
the core. Based on the first alternative (electrically controlled
magnetic device) this paper models the permeance of the
magnetic core, employing the gyrator-capacitor technique.
Changes in the magnetic device are achieved by local core
saturation by means of a DC-current and an auxiliary winding.

The Gyrator-Capacitor is not a novel technique and arose as
a response to linear reluctance model for magnetic materials,
Fig. 1 shows this representation; when a current i is applied to
an inductor L a voltage v is induced in the winding depend-
ing on the amount of turns N . Following this, the gyrator
makes the bridge between the electrical space to the magnetic
space, where the behaviour of the inductance is modeled as
a non-linear permeance, following the electrical-capacitance
model. As the capacitance follows a differential equation, the
LaPlace domain and the gyrator-capacitor can be used together
for designing the control law [8] and as this permeance is
implemented in a non-linear form [9] the inductor saturation
can be modeled properly. It worth mentioned that this model
do not use the flux Φ as the current equivalent but the rate of
change of the flux Φ̇.
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Fig. 1: Gyrator Capacitor representation

As there is no information in the literature that relates a VT
with a Dual-Active-Bridge (DAB), in this paper the model
proposed by the authors in [10] is modified and implemented
using the small signal model of the DAB proposed in [11]. In
this application the VT is intended to improve the efficiency
of a DAB converter working in a wide range of voltages and
loads, as it contributes to compensating the output voltage



variations by modifying the converter’s transformer equivalent
turns ratio keeping a soft switching operation.

This paper is divided as follow: Section II described how
the plant-model was found, In section III the proposed ferrite
core is depicted and simulated using finite elements simulation
to determine the magnitude of the interaction and how the
VT helps the DAB to improve its efficiency for wide load
operations, Section IV shows the proposed and designed
control architecture, in Section V the simulation results are
shown, finally conclusions and future work are presented.

II. PLANT MODELING

As mentioned before, a VT can be achieved by modifying
the flux path, saturating regions of the core. To take these
regions to saturation, an additional magnetic flux needs to be
generated. Depending on how the vector sum between the
auxiliary flux and the main transformers flux interacts, the
technique adopts a different biasing method name.

A. Proposed scenario and physical ferrite structure

Authors in [12]- [15] explain the different types of biasing,
and how they influence the variable magnetic device. Fig. 2
shows a graphical representation of the different biasing meth-
ods.

Fig. 2: Flux interaction for different biasing methods in a
variable magnetic device

In parallel biasing the auxiliary winding is wound in
the same flux path as the main winding, this generates a
DC-flux that moves the same direction of the main flux.
However for the mixed and orthogonal biasing, orthogonal
vector components are presented; for orthogonal biasing,
the auxiliary winding is introduced from the top and the
flux spins around it, with this, the auxiliary DC-flux-vectors
are fully orthogonal to the main flux. Finally for the mixed
biasing, the DC-flux interacts in some regions orthogonally
and in other regions in parallel. This article assumes that the
fluxes are mainly orthogonal, which helps in the accuracy of
the small signal modeling as the main transformer flux does

no affects the input of the controller.

Fig. 3a shows the isotropic view of the ferrite construction
proposed by the authors. As the variations in the main flux are
neglected for this application, the circuit in the red box can
be analyzed separately from the circuit in the blue box.

(a) Isotropic view

(b) Permeance model

Fig. 3: Transformers topology proposed

For the right side of the blue-boxed circuit, two winding
are wound, the first one is the primary winding which can be
model as a magneto-motive force (MMF) equals to mmfp,
on the same leg the first part of the secondary winding is
wound an can be modeled as mmfs1 This secondary winding
is divided in two. The second part can be seen in the middle
leg of the core, and can also be modeled as a MMF equals
to mmfs2. Additionally the dimensions of the core gives to
every leg an equivalent permance P1 and P2. The equivalent
circuit is depicted in Fig. 3b.

Combining the Gyrator-Capacitor depicted in Fig. 1 and
expression(1) (Permeance Γ according to [10]) the variables
can be explained as: FDC is the input of the system or MMF of
the control winding, R represents the losses of the system due
to air-gaps, Γ is the permeance of the core, UΓ the MMF across
the permeance Γ, finally, the constans a and n are constanst
that depends mainly on the behaviour of the material of the
core, and are estimated from the datasheets plots [9] [10].

Γ =
Γo

1 + an|aUΓ|n−1
(1)

As for this application the FDC is always positive the MMF
of the permeance UΓ is bigger than 0 as well. Furthermore, a
is also greater than 0, thus the absolute value can be neglected.



With these additional constraints, (1) can be written as
follow in (2).

Γ =
Γo

1 + an(aUΓ)n−1
(2)

By finding the mesh equations in Fig. 1 UΓ follows the
expression shown next.

ΓU̇Γ =
FDC − UΓ

R
= Φ̇ (3)

B. Change of variable

However, (3) does not give a meaningful control variable,
as the system is solved for the MMF. This paper focuses on
controlling the permeance, so a change of variable for the
equations is proposed. With this modification, the system is
changed from U̇ = f(U,FDC) to Γ̇ = g(Γ, FDC). (2) can be
written by solving it in terms of Γ as follow

UΓ =
(Γo−Γ

anΓ )
1

n−1

a
(4)

Also (2) is derived, Γ̇ is shown next.

Γ̇ = U̇Γ
2anΓoU

n−1
Γ

(a2nUn
Γ + UΓ)2

(5)

Finally merging the expressions (3) → (5) and (4) → (5) is

Γ̇ = (
FDC − (

(Γo−Γ
anΓ )

1
n−1

a )

RΓ
)

2anΓo(
(Γo−Γ

anΓ )
1

n−1

a )n−1

(a2n(
(Γo−Γ

anΓ )
1

n−1

a )n + U)2
(6)

III. FINITE ELEMENTS VALIDATION

In this section the the proposed core in Fig. 3 is simulated
using finite elements technique, the results show how the main
flux interacts with the control biasing method, and determines
the fluctuations of the auxiliary winding permeance.

A. 3D model simulation

Using Maxwell-Ansys the magnitude of the interactions
are plotted in Fig. 4. It can be observed that the DC-flux
is concentrated in the control winding and does not spread
through the rest of the core, and that the main flux also stays
in between the primary and secondary leg.

Fig. 4: Auxiliary winding saturation

Additionally in Fig. 5a can also be appreciated that the
interactions are not fully orthogonal, as it still exists parallel
components in the flux. However, the orthogonal component

is bigger in magnitude. Additionally in Fig. 5b the inductance
of the control winding is depicted. As the number of turns of
this winding is equals to 1, the permeance value depends only
in the number of turns of the small signal model shown in the
next section. These variations needs to be contemplated in the
control scheme. The variations are the result of having in the
primary and secondary windings an square voltage of 100V
at 50kHz.

(a) Vector interactions

(b) Control leg permeance variations

Fig. 5: Auxiliary winding open-loop simulation results

B. Dual active bridge soft switching region

The control scheme helps the DAB to modify the output
power by means of keeping the equivalent turns ration with
unity gain. With this relation, the converter can work in
soft-switching region (SSR), improving the efficiency of the
system for wide load applications. A small signal model
of the transformer shown in Fig. 3b is presented next, the
equations are shown in TABLE I. The model is proposed in
[11] and is used to determine the Leakage inductance Llk,
the magnetizing inductance Lmag and the equivalent turns
ratio neq according to the variations on the control variable
reluctance ℜv .

Inductances Lℜ1
, Lℜ2

, Lℜv
are related to the previous men-

tioned permances P1, P2,Γo respectively, as the model in [11]
is reflected to the primary side, the permeances needs to be
multiplied by the second power of the number of turns in the
primary winding n2

pPi=Lℜi
.

With the variations shown in Fig. 5b and the small signal
model, the oscillations due to non-orthogonal fluxes coming
from the primary and secondary winding, vary from 160µ[H]
- 130µ[H] which is translated to 0.15µ[H∗turns] - 0.12µ[H∗
turns] According to these values, the neq is around 2.5, and
the variations in the permeance ∆Γ = 20%.



TABLE I: Transformer small-signal-model according to [11]

Llk = Lp(1− k2) Lmag=Lpk2

neq = nLmp

k2Lp
k =

√
1−

Lp(ss)

Lp

m =
ns2
ns1

n =
ns1

+ns2
np

Lp =
(Lℜ2

+Lℜv )Lℜ1
(Lℜ2

+Lℜv )+Lℜ1

Lmp = Lp

n
(
ns1
np

− Lℜ2

ns2
np(Lℜ2

+Lℜv )
)

Lp(ss) =
Lℜ1

Lℜ2
Lℜvm2

Lℜ1
Lℜ2

+Lℜ1
Lℜv−2Lℜ1

Lℜ2
m+Lℜ1

Lℜ2
m2+Lℜ2

Lℜvm2

IV. LINEARIZATION AND CONTROL DESIGN

As Γ̇ is a non-linear space state equation a linear model
is required. Fig. 6 shows a snapshot from the datasheet
of material PC-95 of TDK. With these plots, assuming the
core will have an increased temperature, parameters a and
n are found. Also the slope of the plot gives information
about the maximum and minimum relative permeability µr,
which directly affects the intial permeance of the core Γo

and the minimum value of the permeance after saturation
Γm = R+ Γo(UΓsat

) ≈ R.
By changing parameter n the plot will have stiffer slope in

saturation, and the behaviour of the core when the temperature
is increased can be ajusted. It worth mentioned that as for
high temperatures, the core slope(in saturation) is stiffer, the
core will resemble more the air behaviour, this is helpful as
the main flux can be redirect completely addressing changes
similar to removing the control leg.

Fig. 6: B vs H of Material PC-95

TABLE II, shows the parameters following the core dimen-
sions and the B vs H curve of the material core.

With the values of TABLE II and the information extracted
from the datasheets, (2) is plotted in Fig. 7 to determine the
point where the linearization has more robustness.

For this application the controller is more robust when
linearized in the second kneee of Fig. 7 due that in this region

TABLE II: Model parameters for Eq.(6)

a 0.6286
n 20
Γo 6.6960x10−5[H ∗ turn]
Γm 4x10−10[H ∗ turn]
Ae 2.0291x10−4[m]
le 0.0126[m]

Γi, Pi =
µrµoAe

le

Fig. 7: Γ vs UΓ According to TABLE II.

µr changes from its maximum value, Γ = Γo to saturation
Γ ≈ R. (7) shows (6) linearized in Γknee = 3.38x10−7 and
Uknee = 1.8.

ˆ̇Γ = −0.0012Γ̂− 4.1986x10−9 ˆFDC (7)

A. Full-State-feedback-control

As mentioned before, authors in [11] propose a small signal
model of a variable transformer. This model is tested using a
Dual Active Bridge converter, as the voltages in these type
of application depends mainly on Battery levels, the dynamic
of the system is considerably slower than the ferrite dynamic
response. The rate of change in the voltage determines the
speed of the reference, meaning the stabilization of the closed-
loop transfer function can be in the order of seconds. With this
in mind, the closed-loop poles are chosen in −3.7321 and
−0.26795. Following a ζ = 2 and ω = 1.Finally, system (7)
is extended to have an integral gain. The controllers constants
are shown next. (8) also, shows the augmented matrixes of the
system (9)

[kp ki] =

[
−1.815x109

−3.3173x109

]
(8)

Aaug =

[
−0.0012 0

1 0

]
Baug =

[
−4.1986x10−9

0

]
(9)

Finally, Fig. 8 depicted the architecture of the controller
implemented.

When the voltage in the secondary side of the DAB is
shifted by a factor of r a new reference neqref = rneq is
generated and solving the equations in TABLE I the permeance
reference for the controller is calculated. With this value the
DC bias is generated following the linear model and the
transformer modified its flux path. In the next section the
results of the simulation are shown.



Fig. 8: Control architecture

V. RESULTS

In this section, the implementation of the control scheme in
Ansys-Maxwell© is shown. To estimate Γ′s value the voltage
v and current i of the auxiliary winding needs to be measure.
Finally as mentioned before, With changes in the DC bus of
the secondary side of the DAB a new peremance Γref , is
calculated using the small signal model in [11]. The DC-
current is implemented using an ideal current source. the
simulated case of study is shown next in TABLE III. Fig. 9
shows that for the case study the equivalent number of turns,
with the control leg unsaturated, is around 2.5, and to get
a change of 60% ⇒ neq = 1.5 the permeance needs to be
changed to 2x10−8[H ∗ turn].

TABLE III: Case of study

N 1
p 4x10−10[H ∗ turn]

ns1 65
ns2 35
np 2.5

Fig. 9: Modeled equivalent number of turns depending on the
permeance of the control leg

It is known that when the DAB voltages are even, the currents
are decreased in the transformer improving the efficiency, as
when working in soft-switching region, the losses are directly
tied to the conduction losses.

In the next section the results of the case of study using a
finite-elements simulation environment are shown.

A. Small signal linear model results

In Section III.b oscillations in the permeance of the con-
trol winding where presented using finite element simulation
results.Fig. 10b shows that these oscillations are strong a
noticeable when the leg has 0 current, however, when it is
fed by a current of 50[A ∗ turn] (calculated using (4)) they
decreased considerably. This phenomenon can be explained
by observing Fig. 7, where for small currents the permeance
value varies easily, however, after saturation the permeance
behaves almost constant until it reaches to the permeance of
the air. Finally, adding this ∆Γ to the reference of the system
Fig. 10a shows the error of the control implementation.

(a) error of the controller

(b) Simulation results of oscillations in the control leg

Fig. 10: Oscillations in the permeance results

Lastly, Fig. 11 shows how the controller, fed by the small
signal equations in [11] and by saturating the control leg of
the core varies the magnetizing inductance Lmag , the leakage
inductance Llk and the equivalent turns ration neq . In the
plot can also be observed that Lmag fell to a minimum value,
even after the other signals stabilize. This effect limits the
reflected voltage.

Fig. 11: Variations in the control flux



B. Finite elements large signal simulation results

In this subsection, the core presented in previous sections
is fed in three different scenarios according to TABLE III:
1) vs = vp = 100[V ]; ic = 0[A ∗ turn]
2) vs = 100[V ]; vp = 100[V ]; ic = 50[A ∗ turn]
3) vs = 100[V ]; vp = 250[V ]; ic = 0[A ∗ turn]

Fig. 12 shows L(Wp,Wp),L(Wp,Wp) and L(Wp,Wp)
which, by means of the cantilever model are approximated
into Llkg , Lmag and neq . The results are sumarized next in
TABLE IV

(a) Case: vs = vp = 100[V ]; ic = 0[A ∗ turn]

(b) Case: vs = vp = 100[V ]; ic = 50[A ∗ turn]

(c) Case: vs = 100[V ]; vp = 250[V ]; ic = 0[A ∗ turn]

Fig. 12: Parasitic inductance variations

CONCLUSIONS AND FUTURE WORK

In this paper, the integration of a small signal model and
control technique for a VT in DAB applications is designed
and simulated. The simulations show that the equivalent turns
ratio can be increased by saturating a magnetic core section by
means of the control winding in the VT, this could compensate
the reduction of the input voltage and increase the voltage
operation of the converter. It can also be observed that the
output was not fully compensated, as changes in the Leakage
and Magnetizing inductance also happened during the control
saturation.

TABLE IV: Model vs Simulation comparison

Parameter Model Simulation
vs = vp = 100[V ]; ic = 0[A ∗ turn]

Llk 2.7398e− 05 239.8x10−6[H]
Lmag 9.4317e− 05 520.19x10−6[H]
neq 2.6188 2.0377
vs = vp = 100[V ]; ic = 50[A ∗ turn]

Llk 5.4640e− 07 154.6x10−6[H]
Lmag 6.0521e− 05 511.3x10−6[H]
neq 0.95 1.4667

vs = 100[V ]; vp = 250[V ]; ic = 0[A ∗ turn]
Llk 2.7398e− 05 219.9x10−6[H]
Lmag 9.4317e− 05 560.0x10−6[H]
neq 2.6188 2.0177
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