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Abstract—This paper presents the feasibility study of variable
inductor (VI)-based bidirectional dc–dc converter for applications
with a wide range of load variations such as electric vehicles. An
additional winding is introduced to the conventional power induc-
tor to inject a control current for adjusting the permeability of
magnetic cores. This has significant merits in controlling the cur-
rent ripple and enhancing the current handling capability of power
inductors, thereby reducing the size of magnetic components and
improving the performance. For current values, twice and three
times the rated current, the current ripple is reduced by 40.90 %
and 36.10 %, respectively. Nonetheless, this device requires a pre-
cisely controlled dc-current. As such, a small current controlled,
low-power and low-cost buck converter is built to power up the
auxiliary winding. To improve the reliability and robustness of
the VI, an integrated closed loop control that enables the control of
the main converter and the auxiliary converter is also implemented
and tested in real time to test the viability of the VI.

Index Terms—Bidirectional DC-DC converter, electric vehicle,
magnetic core, ripple control, traction, variable inductor.

I. INTRODUCTION

IN TRACTION systems, energy sources should be connected
to the motor drive by efficient and suitable power electronics

converters. These converters are vital in adapting the voltage lev-
els, managing the power flow and provide better performances
[1]–[3]. Their sizing, selection and design is very critical, since
they are required to have smaller size, higher efficiency, higher
power density and enhanced overall performance [4]. The
power inductor and the dc-link capacitor are key components
that dominate the size and dynamic performance of power
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electronic converters [5]. Due to wide range of load variations
in traction applications, the selection of these components,
particularly the power inductor requires a meticulous attention.
This is mainly due to the core material limitations, losses and its
impact on the overall performance [6]–[8]. Conventionally, this
component is selected to meet the ripple specifications under all
operating conditions. Nonetheless, in applications where there
are wide range of dynamic load variations and with multiple
kind of energy storage systems, such as electric vehicles (EVs),
the transient currents during acceleration and regenerative
braking may reach very high values. Selecting power inductors
to meet the high transient currents will lead to bulky and heavy
power inductors. This increase the size and weight of power
electronic converters. Larger power electronic converters, limit
the space for energy sources, thereby restricting the autonomy
of EVs. Therefore, it is vital to scale down the size of passive
components in order to reduce the overall size of these convert-
ers. This has motivated the adoption of numerous studies [4],
[6], [9]. Several methods such as the development of new mate-
rials, winding configurations, assembly techniques, increasing
the switching frequency, interleaving techniques, the use of
coupling inductors and the use of permanent magnets have been
proposed and explored in recent literature [6], [7], [10], [11].

Magnetic-based solutions have been presented in recent lit-
erature; integrated winding coupled inductors have been used
to reduce the size and volume of the magnetic material. How-
ever, they have higher switching losses due to close coupling
and stray capacitance [11]. Furthermore, interleaving technique
has been successfully used to reduce the size of passive compo-
nents, reducing the input current ripple, improving the efficiency
and dynamic performance, reliability and modularity [12].
Nevertheless, it requires higher number of components count
and current balancing control which complicate the control
circuitry [13].

Power inductors in interleaved converters can be also
integrated in a single core with specific coupling methods in
order to reduce the size of the magnetic core and improve
the performance [14], [15]. However, there is a considerable
leakage inductance due to the non-ideal coupling of the coupled
inductors which results in high voltage spikes and parasitic ring-
ing, which require additional circuitry to compensate this effect.
The use of permanent magnets to partially cancel the magnetic
fluxes in magnetic cores have been also used to enhance the
saturation current and reduce the size of power inductors [7].
Even though this solution provides remarkable improvement
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Fig. 1. Schematic Diagram of VI-based bidirectional converter and its control
structure.

in doubling the saturation current, its control flexibility is
limited.

In this paper, a current controlled magnetic device, the so-
called variable inductor (VI) is introduced into a half-bridge
bidirectional DC-DC converter (as shown in Fig. 1) to enhance
the inductor flux density capability. By feeding the auxiliary
winding with a controlled dc-current in closed loop operation,
it is possible to detect high current load demands and regulate
the saturation level of the core. For this, a power control layer
and an additional converter are designed and implemented. The
auxiliary converter used in this study is smaller and has less
number of components compared to the H-bridge [10] and for-
ward [16] converters proposed in literature. Besides improving
the current handling capability of the power inductor by effec-
tively controlling the reluctance of the magnetic core, the VI
will also act as a current ripple regulator. Furthermore, with
faster controllers, by forcing the power inductor to saturation,
faster transient performances can be obtained [10]. This points
out another salient advantage of the VI.

This paper is organized in five sections. The introduction is
presented in Section I. Section II introduces the VI-concept,
including its operating principles, its application in ripple con-
trol, the selected topology and its configuration. The general
overview of the studied system and the design of the controllers
for the main and auxiliary converters are provided in Section
III. Section IV presents the experimental system and the results.
Finally, the concluding remarks and future works are presented
in Section V.

II. VARIABLE INDUCTOR CONCEPT

A. Operating Principle and Ripple Control

A VI is a dc-current controlled, multiple winding inductor
realized in various geometries and magnetic cores [17]–[19]. It
consists of a main winding and an auxiliary winding where the
dc-control current is applied to adjust the reluctance level of the

Fig. 2. B-H curve for illustrating the operation of VI.

core. The controlled current in the auxiliary winding alters the
magnetic flux density of the core and adjusts the operating point
in the B − H curve.

To illustrate the fundamental concepts involved a classical
B − H curve is revealed in Fig. 2.

In the proposed bidirectional converter, a C-Class chopper,
the amount of the inductor current ripple is given by:

Δis =
VsDsTs

Ls
(1)

where Vs is the source voltage, Ds is the duty cycle (the ratio
of the on-time to the switching period), Ls is the inductance
of the power inductor and Δis is the current ripple. As shown
in (1), the amount of current ripple is inversely proportional
to the inductance of the power inductor. If the power inductor
is operated in the saturation region of the B − H curve, its
inductance will fall due to the reduction in the permeability of
the material. This will influence the dynamic performance of
the converter as well as the expected levels of current ripple and
losses.

Referring to Fig. 2, three different load conditions are con-
sidered, a – light load, b – transition load (which corresponds
to an average current level (IsDC1), in the power converter) and
c – heavy load (corresponding to a higher average current level
(IsDC2). In point a, the power inductor operates in the linear
region, hence there is no effect on the level of the current ripple,
since the value of the inductance remains constant. By pushing
the operating point to b and c, the core enters in the transi-
tion and saturation regions. Consequently, the inductance of the
power inductor will be reduced. As a result, the current ripple
will increase. The increase in the current ripple and reduction
of the inductance leads to higher rms current leading to higher
losses and heating in the power converter and switches.

With a control current injected into the VI, the operating point
c, at heavy-load, can be adjusted. By cancelling part of the main
winding flux density, the operating point can be moved down
to the transition region from point c to point b as shown by the
blue arrow. In fact, resulting in inductance, which is higher than
the inductance at point c, maintaining the level of the current
ripple at reasonable values. For two operating points b and c, the
projected waveforms are to illustrate the effect of the change in
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Fig. 3. Schematic diagram of VI-Prototype with its Control Converter.

inductance with increase of current and its impact in the current
ripple. IsDC2 is greater than IsDC1 consequently, ΔiS2 is greater
than ΔiS1. In conclusion, operation in the saturation leads to
the higher current ripples and more losses.

B. VI Topology for Bidirectional Operation

The main challenge for the VI structure is the forced bidi-
rectional operation. It must operate in motoring or regenerative
braking modes. Typically, VIs are built with a main and an ad-
ditional winding, with mandatory decoupling between the two.
The main winding corresponds to the power inductor and the
auxiliary winding is connected to a current controlled DC-DC
converter. This auxiliary converter must be small and a low-
power to avoid any significant additional losses to the whole
system.

Fig. 3 depicts the schematic diagram of the studied VI. It
is realized by two sets of windings, the main winding and the
auxiliary winding wound into two magnetically decoupled mag-
netic cores. The two windings are wound on two toroidal ferrite
cores, each made by stacking of two cores.

Both the main winding and auxiliary winding number of
turns are equally divided into the two toroidal cores. The main
winding in the core 1 and in core 2 are electrically connected
in series. Similarly, the auxiliary windings in the two cores are
connected in series. However, to cancel the amount of reflected
voltages from these windings to the main windings, they are
wound in such way that the net induced voltage is nil. This
accounts for the required decoupling action.

Fig. 3 shows the directions of the fluxes: the red arrow rep-
resents the flux imposed by the current flowing in the auxiliary
winding and the blue one represents the flux imposed by the
main winding. In core 1, the magnetic flux from the main wind-
ing and the magnetic flux from the auxiliary winding partially
cancel each other, whilst in core 2, the two fluxes add up. In
core 1, the cancelation of the flux moves the operating point
of the core to the linear/transition region while in core 2, the
additive flux forces the magnetic core to operate in the satura-
tion region. Nonetheless, this configuration has better saturation
regulation and ripple current control in comparison to the same
configuration with no control current in the auxiliary winding.
Also, as the main windings are electrically connected in series,
the total inductance will be the sum of each individual induc-
tances. Therefore, with this approach the effective inductance

TABLE I
SPECIFICATIONS THE VI-PROTOTYPE

Ferrite core Toroid R 102 × 65.8 × 15.0 (mm) with Epoxy coating

Core material N87 from EPOCS
Main winding wire gauge 4.17 mm2

Bias winding gauge 0.65 mm2

Main winding number of turns 28
Auxiliary winding number of turns 360
Total Volume of VI 0.273 dm3

can be regulated. It has to be noted that the auxiliary winding is
idle during the levels of current less than the saturation current
of the power inductor. However, for currents greater or equal to
the saturation current the control current is injected in order to
enable the partial saturation operation of the power inductor.

In order to have minimum impact of the auxiliary winding on
the overall efficiency of the bidirectional converter, the auxiliary
winding number of turns are made much higher than the main
winding number of turns. Besides the gauge of the main winding
is about 6.5 times larger than the auxiliary winding wire gauge.
The specifications of the studied VI-prototype are detailed in
Table I.

To exploit the merits of the VI in controlling the current ripple
and improving the current handling capability of magnetic cores,
the auxiliary winding current has to be precisely controlled.
To do so, a mathematical relationship between the auxiliary
winding and main winding currents is vital. As such, based on
the open loop first studies, the relationship between the two
currents is obtained using curve fitting. This is further presented
in Section IV and the curve that relates the auxiliary winding
current and the main current is revealed in Fig. 5.

III. SYSTEM DESCRIPTION

In order to test the proposed solution, a bidirectional converter
and a VI were designed and built. The converter was designed in
such away; it is capable of sustaining load changes with stable
dc-link operation. The VI was designed to easily operate in con-
ditions correspondent to heavy loads, meaning it would saturate
relatively fast. The overall schematic diagram of the system used
in this study is depicted in Fig. 1. The bidirectional converter is
a C-Class DC chopper, which enables two-way flow of current,
consisting of energy sources (such as batteries or supercapac-
itors), a variable inductor, two active switches (IGBTs) and a
dc-link capacitor. The auxiliary converter is a buck-type used
for controlling the current of the auxiliary winding to regulate
the effective inductance of VI.

The energy storage system supplies power to the traction sys-
tem, and the bidirectional converter acts as a boost converter
to step-up the supply voltage to the dc-link voltage during nor-
mal operation and hard acceleration. Whilst, during regenerative
braking it behaves as a step-down converter to charge the storage
systems. The conventional saturating power inductor is replaced
by a dc-current controlled VI. The dc-current, in the auxiliary
winding of the VI is used to regulate the effective inductance of
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TABLE II
MAIN CONVERTER DESIGN SPECIFICATIONS

Variable Value Unit

Nominal input voltage Vs 12 V
Nominal output voltage Vd c 24 V
Inductor current ripple Δ is 45%
Rated inductor current Is 6 A
Output voltage ripple Δvd c 10%
PWM switching frequency fsw 20 kHz

TABLE III
AUXILIARY (BUCK) CONVERTER DESIGN SPECIFICATIONS

Variable Value Unit

Nominal Input Voltage V i n 12 V
Nominal output voltage Vo 3 V
Current ripple Δ ib 5%
Voltage ripple Δvo 10%
PWM switching frequency fsw 20 kHz

the inductor passive component during higher current demands
in hard acceleration and regenerative braking of EV.

Fig. 1 also shows the required control layers to operate and
test this solution. The main converter control layer consists of a
dc-link controller and a current controller for the bidirectional
DC-DC converter. The dc-link voltage controller is used to keep
the dc-link voltage within the limit so that there is stable voltage
to be delivered to the load and prevent current ripple propagation
to the source. The auxiliary converter control layer consists
of a current controller for auxiliary converter and a reference
current estimator, which determines the reference current for
the auxiliary winding control current.

A. Main Converter Control Design

The main converter is a C-Class DC chopper with bidirec-
tional current flow capability. The specifications of the main
winding converter are shown in Table II.

The average model of the converter can be derived from the
dynamic equations of the converter in a complete switching
period.

Ls
dis (t)

dt
= vs (t) − (1 − ds (t)) vdc (t) (2)

Cdc
dvdc (t)

dt
= i′s (t) − io (t) (3)

where vs , ds , vdc , is , i′s , Cdc , and io are the source
voltage, the duty cycle, the dc-link voltage, the source current,
modulated source current, dc-link capacitor, and the load current
respectively. The transfer functions of the plants can be obtained
using Laplace transform.

is (s) =
Vdc

sLs
ds (s) +

Vs(s)−Vdc (s)
sLs

(4)

Vdc (s) =
1

sCdc
i′s (s) − 1

sCdc
io (s) (5)

The first terms in (4) and (5) influence the dynamics of the
system and the second terms are disturbances. The controllers
are designed for the transfer functions shown in (6) and (7).
The inner current loop is required to have faster response, as
such the bandwidth (ωnc = 2πfsw/40) of the current controller
is selected to be much higher than the bandwidth of the dc-link
voltage controller (ωnv = 2πfsw/400).

The reduced transfer functions of the bidirectional converter
and the dc-link can be expressed as in (6) and (7) in respective
order.

G I (s) =
is (s)
ds (s)

=
Vdc

sLs
(6)

G V (s) =
Vdc (s)
i′s (s)

=
1

sCdc
(7)

The above expressions show that the dynamics of the con-
verter is influenced by the power inductor and the dc-link ca-
pacitor. Since the transfer functions are first order systems, the
control can be easily achieved using PI controllers by relating
the general second order system (8) with the closed loop of the
plant. The gain parameters of controllers are calculated analyti-
cally using the procedures presented in [20]. The general second
order system is shown in (8).

Gso (s) =
ω2

n

(
s
z + 1

)

s2 + 2ζωns + ω2
n

(8)

where ωn is the undamped natural frequency, ζ is the damping
factor, and z is the zero. The design specification ζ is chosen as
0.707 and ωn is selected in accordance to the speed of the con-
trollers needed. The closed-loop transfer function of the current
plant (Tcl I) and the PI controller can be expressed as:

Tcl I =
is (s)
i∗s (s)

=

K c
p

Ls

(
s + K c

i

K c
p

)

s2 + K c
p Vd c

Ls
s + K c

i Vd c

Ls

(9)

Kc
p and Kc

i are the proportional and integral gains of the cur-
rent controller (PI). Comparing expression (9) with the general
second order system in (8). The parameters can be calculated
by choosing the required natural frequency and damping ratio.

Kc
p =

2ωncζLs

Vdc
(10)

Kc
i =

ω2
ncLs

Vdc
(11)

Likewise, the closed-loop transfer function (Tcl V ) of the
dc-link can be written as:

Tcl V =
Vdc (s)
V ∗

dc (s)
=

K v
p

Cd c

(
s + K v

i

K v
p

)

s2 + K v
p

Cd c
s + K v

i

Cd c

(12)

Using the same approach, the PI gains for the voltage con-
troller are calculated by (13) and (14).

Kv
p = 2ωnvζCdc (13)

Kv
i = ω2

nvCdc (14)
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Fig. 4. (a) Reduced average model of buck converter with Resistive load;
(b) Reduced average model of buck converter with auxiliary winding as load.

By referring to the main converter control layer depicted in
Fig. 1, the reference current for the main winding is obtained
from the dc-link controller. The dc-link controller input is the
error signal obtained from the desired voltage reference and
the actual dc-link voltage. The error signal is processed by the
PI controller with gains designed in (13) and (14) to give the
reference current across the power inductor. The current con-
troller processes error signal obtained from the difference of the
reference current and the actual measured current and accord-
ingly provides control signals. This output is used as a reference
signal to generate the PWM signals for controlling the power
electronic switches of the bidirectional converter.

B. Auxiliary Converter Control Design

A buck converter is selected as an auxiliary converter for
providing the controlled current for the VI. The specifications
of the converter are presented in Table III.

In the actual implementation, the load is replaced by the aux-
iliary winding. The reduced average model of the buck converter
without and with auxiliary winding as its load are depicted in
Fig. 4(a) and (b), respectively.

The equations of the reduced average model of the buck
converter, which is shown in Fig. 4(a), can be written as:

L
diin (t)

dt
= dVin (t) − vc (t) (15)

C
dvc (t)

dt
= iin (t) − vc (t)

R
(16)

Combining (15) and (16), then replacing vc = ibR, and tak-
ing the Laplace transform. The output current to the control
transfer function can be written as (17).

ib (s)
d (s)

=
Vin

RLCs2 + Ls + R
(17)

When the load is replaced by the auxiliary winding circuit,
which consists of an inductance and a series resistance, the
above model will be changed into a more complex third order
system as shown in (18).

ib (s)
d (s)

=
Vin

LbLCs3 + RbLCs2 + Ls + Rb
(18)

However, the third pole is very far from the dominant poles
hence the system can be reduced. The characteristics of the
designed buck converter is highly influenced by the auxiliary
winding. Consequently, the third order model of the system is

approximated by a first order transfer function of the auxiliary
winding circuit.

The conventional PI controller is selected and the design of
the control parameters is performed using the procedures used
previously. The closed-loop transfer function can be written as:

ib (s)
i∗b (s)

=

K b
p

Ls

(
s + K b

i

K b
p

)

s2 + (Rb +K b
p )

Lb
s + K b

i

Lb

(19)

where Kb
p and Kb

i are the proportional and integral gain of
the auxiliary winding current controller respectively. The su-
perscript ∗ is to indicate a reference (set) value of a signal.
In this study, the controller is designed based on ζ (0.707)
and ωn is selected to be 1/20 times the switching frequency
in rad/s to make it much faster than the main winding current
controller.

By comparing the denominators of (8) and (19), the gain
parameters of the controller are determined as in (20) and (21).

Kb
i = 2ωncζLb − Rb (20)

Kb
i = ω2

ncLb (21)

Referring to the auxiliary converter control layer in Fig. 1, the
reference current of the current controlled auxiliary converter is
obtained from the control current estimator block. For practical
implementation of the controllers in the microcontroller, Tustin
approximation method is used for digital conversion.

C. Global Control Operation

As it is revealed in Fig. 1 the control layer consists of the
main converter control layer and the auxiliary converter control
layer. The first consists of the dc-link controller and the current
controller, while the second one is composed of the reference
current estimator block and the auxiliary current controller. The
main winding reference current is obtained from the dc-link
controller.

In the auxiliary converter control block, the auxiliary current
estimator is determined from a series of tests. For several current
levels in the main winding, the control current is varied in steps
of 0.05 A until a minimum ripple current is noticed for each main
current. Then the curve fitting approach is used to determine the
control function (relationship) relating the auxiliary winding
and main winding currents. This enables an automatic closed
loop (integrated) control of the overall system. After obtaining
the mathematical relationship between the two currents, the in-
tegrated closed loop system that consist of the closed loop of the
main converter and the closed loop of the auxiliary converter
with its current estimator block is implemented in a microcon-
troller. The curve, which shows the relationship between the two
currents, is shown in Fig. 5.

As it is clearly shown, for currents less than 6.5 A, the auxil-
iary winding is idle, hence, the control current is zero. However,
for currents greater than or equal to the saturation current, an
appropriate control current is applied to the auxiliary winding
in accordance to the curve shown in Fig. 5.
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Fig. 5. Auxiliary winding reference current and the main winding current
relationship curve.

IV. EXPERIMENTAL SETUP AND RESULTS

The experimental setup consists of a C-Class DC chopper
IGBT topology (1200 V, 100 A) operating in continuous con-
duction mode powered by two batteries in parallel, a current
controlled buck converter, power supplies, measuring instru-
ments, RLC meter and C2000 launch pad Piccolo platform mi-
crocontroller. For interfacing the measurement signals to the
microcontroller and the control signals to the IGBTs an inter-
face PCB was manufactured. The conventional power inductor is
replaced by the selected VI-prototype presented in Section II B.
The buck converter is built in a PCB mounting approach and
its controller is implemented in the same microcontroller. To
emulate the dynamic behavior of the EV traction system, two
batteries and a resistive load are used as a variable load. A 3.3
mF, 400 V capacitor is used as dc-link capacitor and a volt-
age sensor is used to measure its voltage. Two current sensors
are also used for measuring the main winding current and the
auxiliary winding current. As a small current variation in
the auxiliary winding can influence the effective inductance
of the main winding, a precision current sensor is selected. The
experimental set up is shown in Fig. 6.

The experiments in this section are focused on the global sys-
tem in order to clearly understand the effects and improvements
due to the introduction of the VI to the bidirectional converter.
For that, its characteristic is studied both without and with the
activation of the auxiliary winding. As such, the main winding
current is varied until the saturation current level is reached and
beyond. As a result, it is found that operating the power inductor
above the saturation limit leads to higher current ripples. This
results in the heating of the switching devices and distortion
in the current waveform, as expected by the theory. The exper-
imental results for characterizing the ripple levels due to the
variations of the main current are summarized in Table IV.

It can be clearly shown that the increase of current in the
main winding results in more ripple. Increasing the duty cycle

Fig. 6. Experimental setup of VI-based converter test bench.

TABLE IV
RIPPLE VARIATIONS WITH THE INCREASE OF CURRENT

Duty Cycle Is r m s (A) Is a v g (A) Peak to Peak Ripple (%)
RippleΔ is (A)

0.50 3.94 3.77 1.6 42.44
0.52 3.96 3.94 1.76 44.67
0.58 6.3 6.24 3.6 57.69
0.60 7.79 7.7 3.8 62.34
0.62 8.81 8.25 6.8 82.42
0.63 9.39 9.22 8 86.77
0.64 11.5 11.3 9.8 86.73
0.65 12.8 12.2 11 90.16
0.70 17.78 17.2 15.65 91.00

from 0.50 to 0.70 increases the peak-to-peak current ripple sig-
nificantly. For instance, for D = 0.65 and D = 0.70, the ratio
of peak-to-peak current ripple reaches 90.16% and 91.00% re-
spectively. Such a high ripple results in more losses, affecting
the efficiency and performance of power converters. This de-
scribes the typical behavior of such converters for applications
with a wide range of load variations, if the power inductor in
the converter is pushed to operate in the saturation region.

After carefully analyzing the characteristics of the power in-
ductor with the increase of current in the main winding, the aux-
iliary winding is activated and a controlled current is injected
to it. This current helps in regulating the effective inductance of
the main winding by changing the permeability of the magnetic
core. For the last two cases in Table IV, a control current is ap-
plied in the auxiliary winding to quantify the amount of ripple
improvements and the current handling capability of the power
inductor. For D = 0.65, the amount of current ripple is 90.16%,
when no control current is injected into the auxiliary winding.
However, by injecting a control current of 0.75 A (Fig. 7(b))
and 1 A (Fig. 7(c)), the amount of current ripple can be reduced
by 40.90 % and 38.20 % in respective order.

It is important to note in this case; the current waveforms
show that injecting a control current in the auxiliary wind-
ing not only reduce the amount of current ripple but also en-
hance the current handling capability of the power inductor. In
Fig. 7, the average current is twice the rated current of the power
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Fig. 7. Experimental results for D = 0.65 with control current in the auxiliary
winding.

Fig. 8. Experimental results for D = 0.70 with control current in the auxiliary
winding.

inductor. If no control current is applied, the power inductor
is forced to operate in saturation region. Nonetheless, with a
control current, the power inductor can be pushed to operate
in partial saturation, which results in the current ripple con-
trol and improving the current handling capability of the power
inductor. Similarly, as shown in Fig. 8(b) and (c), for the D =

Fig. 9. Closed loop results.

0.70, a control current of 0.70 A and 0.85 A are applied and the
current ripple in the main winding is reduced by 20% and 36%
in respective order. In this case, the ripple current is reduced
significantly, but as the level of current is much higher than the
rated current of the power inductor, the power inductor operates
in the saturation region. From the results shown in Fig. 8, the VI
can be used with about 2.9 times the rated current of the power
inductor. At these levels of current, the power inductor is satu-
rated, but with the injection of a control current, its operating
point can be forced to move from deep saturation to saturation
region closer to the transition region. This leads to a significant
current ripple reduction, resulting in the reduction of losses.

The injected auxiliary winding current pre-bias the magnetic
core and helps in cancelling part of the main flux in the main
winding that enables the magnetic core to operate in partial sat-
uration. This operation regulates the effective permeability of
the magnetic cores resulting in adjusting the inductance of the
power inductor. This helps in the ripple control and enhances the
current handling capability of the power inductor. Some of
the experimental results of the integrated closed loop opera-
tion of the overall system (including now the auxiliary cur-
rent level estimator) are presented in Fig. 9. In each plot, the
auxiliary winding current and main converter current are shown
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in the left side and in the right side, respectively. As it can be
clearly shown in Fig. 9, there is very slight difference between
the measured current and the reference current, this is mainly
due to the noisy nature of the current sensor used.

It can be also shown that the closed loop system provides bet-
ter control of the current ripples. In Fig. 9(d), the main winding
current is 15.2 A, which is 2.53 times higher than the rated cur-
rent of the inductor. At this level of current, with the help of the
integrated control, a controlled auxiliary winding is applied and
the current ripple is kept 42.1%, which is much better than the
open loop result with less main current (12.2 A) in Fig. 7. Fur-
thermore, as it takes into considerations the current levels of the
main winding, it provides precise regulation of the inductance
and control of current ripples

V. CONCLUSION

This paper presents the viability of VI based bidirectional
DC-DC converter for applications with a wide range of load
variation such as EV. The conventional power inductor in DC-
DC converter is replaced by VI in order to have better ripple
control, enhanced current handling capability and adaptive con-
trol of the saturation level of a power inductor. To achieve the
aforementioned goals, a low-cost, and low-power biasing circuit
is built and a mathematical relationship that relates the auxiliary
winding current with the levels of the main winding current is
developed. The validity of the proposed VI, the biasing circuit
and the improved DC-DC converter are verified through exper-
imental tests. From the experimental results, it can be deduced
that, with a small auxiliary winding current, the current handling
capacity of a power inductor can be significantly improved. For
currents twice the rated current, the ripple current is reduced
from 11 A to 6.5 A, which is 40.90 % reduction. Similarly,
for currents 2.9 times larger than the rated current, the current
ripple is reduced from 15.65 A to 10 A (36.10 % decrease). It
should be noted that for this level of current, the core is still in
saturation, but the current ripple can still be reduced. Therefore,
with the same core size the current handling capability is greatly
improved, hence a remarkable step for core size miniaturization
of magnetic components. The long-term plan of this work is to
develop VI-based converters for EV applications and full-scale
validation.
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