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Abstract: In this paper, the analysis of the quad-U variable inductor (V1) is presented. This is an alternative structure of VI to
other ones previously presented and analyzed in the literature, as for example the double-E structure and the triple-E structure.
Compared to them, the quad-U structure shows some advantages, namely more symmetrical operation and zero voltage
reflected across the bias winding. The superposition law is applied to the equivalent reluctance model in order to solve for DC
and AC operation separately. Using the proposed methodology, both AC winding inductance and DC winding inductance can
be obtained. An example of analysis is presented for a particular quad-U VI. Simulation and experimental results prove the

validity of the proposed analysis and modeling methodology.
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1. Introduction

Variable inductors (VI), also known as controllable
inductors, are magnetic elements in which the inductance can
be controlled by means of an electrical signal, usually a DC
current [1]. These devices have successfully been applied in
many power electronics applications, in which they can provide
additional control parameters to optimize the converter
operation. For instance, they have been used as an additional
strategy to control output power in electronic ballast
applications [2]-[7]; to provide constant frequency operation in
DC-DC resonant converters [8]; to optimize core size in
bidirectional DC-DC converters [9]; to improve switching
behavior in DC-DC converters [10]; to provide an independent
method to control the current through different LED arrays in a
one-stage converter [11][12]; to optimize the operation of
power factor correction (PFC) converters [13][14]; and to
improve regulation and voltage gain in DC-DC converters [15].

Different possibilities have been proposed until now to
implement VIs. Among them, most common ones are the
double-E structure [17][18], the triple-E structure [14][19] and
the quad-U structure [7]. The double-E structure has been
thoroughly study in previous publications [17][20]-[22]. The
triple-E structure has also been investigated in [14][19]. This
structure presents the disadvantage of modulating the
permeability of only a small part of the magnetic core. This
makes it necessary to handle a high bias current to attain the
required excursion of the inductance, which complicates the
supplying circuits and increases losses. The quad-U structure
has previously been proposed in [7], though it has not yet been
studied in detail.

The aim of this paper is to analyze and model the quad-U
structure used as V1. The modeling procedure will be similar to
that employed in [22], where it is assumed that the AC
component of the magnetic flux is small compared to the DC
level. In this way, the superposition law can be used to
determine the AC inductance, which is the variable of interest.

In the following, Section Il presents the structure of a quad-
U VI. Section 111 presents the analytical modeling based on DC
and AC superposed operation. Section IV shows an example of
analysis for a particular design. Section VI presents simulation
and experimental results. Finally, Section VII presents the
conclusions of this work.

2. Quad-U Variable Inductor

Fig. 1 illustrates the VI based on the quad-U structure. As
can be seen, the four U pieces are mounted in two cores, which
are separated by a spacer. The spacer is used to avoid interaction
between the fluxes in the two cores. The DC bias winding is
wound embracing both cores so that a circulating DC magnetic
flux ¢, is generated inside each core. The AC winding is split
into two windings, one on each outer arm of the structure. One
of the important points in VI technology is to avoid excessive
AC voltage reflected to the bias winding. As can be seen in Fig.
1, the quad-U structure successfully meets this requirement by
making the AC flux of each AC winding to go through the DC
winding in opposite direction. This is achieved by proper
connection of the AC windings corresponding terminals, as
illustrated in Fig. 1a.

The main advantage of the quad-U structure is that it is
completely symmetrical from the point of view of the AC and
DC flux paths, which is not the case of the double-E and triple-
E structures. As a consequence, the DC bias flux goes through
the entire structure of the quad-U VI and not only through part
of it, as it is the case in the double E and triple E structures. This
allows the designer to get a further reduction of the inductance
for the same VI volume. Consequently, the quad-U structure
will provide a larger inductance range for the same size and bias
current range.

Even though VIs can be used in DC applications, in this
analysis, it will be considered that the main winding produces
only an AC magnetic flux, with no DC component. The
auxiliary winding handles only a DC current, which generates
a DC flux used to bias the core AC magnetic flux. In order to
keep the AC flux within limits, an air gap is placed in each core.



The air gap limits the maximum value of the AC flux, reducing
magnetic losses and avoiding possible saturation due to the AC
component of the flux. However, a large air gap will have the
negative effect of requiring more DC current to achieve the
same DC bias flux, which increases the losses in the bias circuit
and decreases the efficiency of the structure. Therefore, a
thorough analysis of the structure is necessary to achieve an
adequate design of the VI.

The DC flux inside the core is used to modulate the
permeability of the magnetic material according to its B-H
curve from the linear region up to saturation. The change in
permeability produces a change of reluctance that finally
generates the variation of the AC inductance of the structure.
The main objective of the analysis is to obtain the variation of
the AC inductance as a function of the DC bias current. It is also
interesting to determine the DC inductance seen from the
auxiliary winding because this inductance is strongly related to
the dynamic behavior of the V1, as it was studied in [23].

Fig. 1b illustrates the relevant dimensions of the structure
that will be considered in the model. [, and [, are the lengths of
the magnetic paths and airgap, respectively. A, is the section of
the U cores. For the airgap, a fringing factor v, will be
considered.

3. Analytical Modeling

Fig. 2 shows the equivalent reluctance circuit of the quad-U
VI. As can be seen, the circuits of both cores are equivalent,
being the only difference in the phase of the AC flux in the core,
which will not affect the results in terms of amplitudes.
Therefore, it is possible to analyze only one of the circuits.

In the circuit of Fig. 2, R, and R, represent the reluctances
of the core and of the airgap, respectively. Their values are
given in Table I, where u(B) represents the material
permeability as a function of the magnetic flux density (B), and
Uo s the permeability of the free space. F,;. and F,. are the
magnetomotive forces (MMF) created by the DC and AC
windings respectively, whose values are also provided in Table
I. ¢4 and ¢, represent the magnetic fluxes inside the core.
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Fig. 1. (a) VI based on the quad-U structure, (b) Quad-U

structure dimensions.

It is assumed that the AC component of the magnetic flux is
at least one order of magnitude smaller than its DC level, so that
it can be considered as a small signal operation. This is not a
very restrictive operating condition because usually the AC
component is made small in order to avoid high magnetic losses
in the core material.

Regarding the modeling of the magnetic material, the
Brauer’s equation that relates magnetic field intensity (H) and
magnetic field density (B) will be employed [24], which is
shown in Table I. Also, the total permeability (u.) defined as
the ratio between B and H, and the differential permeability
(uq) given by dB/dH are provided in Table I. k4, k, and k5 are
the parameters of the magnetic material according to the
Brauer’s model.
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Fig. 2. Equivalent reluctance circuit of the quad-U V1.

Table 1. Quad-U VI: Parameters and Quantities of the
Reluctance Model
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Since the AC component of the magnetic flux is small
compared to the DC level, it is possible to analyze the structure
behavior by superposing the DC and AC components of the
magnetic flux. Thus, the first step is to calculate the DC
operating point. The analysis of the circuit around the DC
operating point will provide the information related to the AC
winding inductance, AC magnetic flux density, magnetic
losses, etc.

3.1 DC Operating Point

The equivalent reluctance circuit for DC operation is
illustrated in Fig. 3a. In this circuit, it is straightforward to
obtain the DC magnetic flux, as follows:
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(a) DC equivalent reluctance circuit of the quad-U VI,
(b) AC equivalent reluctance circuit of the quad-U VI.

Fig. 3.
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The DC magnetic flux density can be the calculated by using
the following expression:

Pac )
B, =
dc Ae
Because the reluctances are changing according to the DC
magnetic flux density, it is necessary to solve the following
equation in order to calculate the DC flux density in the
structure:
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Using the expression of u, provided in Table | obtained
from the Brauer’s model, the final equation to be solved in order
to determine By, is given as follows:
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Equation (4) can be solved by using a mathematical
software. Once the DC component of the magnetic flux density
is known, the inductance seen from the DC winding can be
calculated. It must be noted that the DC winding carries both
DC fluxes, therefore:

_ Ndcz(bdc
Idc Idc

As can be seen from (5), the inductance of the auxiliary
winding also depends on the DC operating point. Therefore, as
the DC control current is modified to change the main winding
inductance, the inductance of the auxiliary windings is also
modified, as previously stated in [22]. This is important because
this inductance will affect the dynamic response of the VI [23].

_ 2 Nge Bdc(ldc) A, (5)

de

It is also important to highlight that, since the DC winding
inductance depends on the current through itself, the effective
inductance Lg. .ry Must be considered when analyzing the
dynamic behavior of the bias circuit, which is expressed as
follows [25][26]:

di,
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lac
where v, 4. and iz, represent the instantaneous voltage and
current of the DC winding.

3.2 AC Operation

The AC component of the flux is superposed to the DC level
calculated in previous section. In order to determine the AC flux
in the structure, the small-signal equivalent circuit shown in
Fig. 3b is considered. In this circuit, the AC reluctances of each
arm of the structure are used, whose values are given as follows:
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By analyzing the circuit in Fig. 3b, the following value of the
AC flux is obtained:

Gac(Bac) = ac lac (10)
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Then, the AC inductance of each AC winding can be
calculated as follows:
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And the total AC inductance of the structure will be given by:

L = 2Ny Pac (12)
ac — 1
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4. Example of Quad-U VI Analysis

In this section, an example of analysis of a VI with a quad U
structure is presented. The data of the VI are gathered in Table
Il.

Equation (4) has been solved for the case of the parameters
shown in Table Il using WinPython 3.3.5. Thus, the DC
component of the magnetic flux density in the U cores has been
obtained. The result is represented in Fig. 4a.

Using (10) the AC flux in the cores can be calculated. From
this value the AC flux density can be obtained and represented
as a function of the DC bias current. The result is shown in Fig.
4b for an AC current of 0.5 A. The maximum value of the AC
flux density is 0.132 T at 0.5 A, which is attained at zero DC
bias. This value can be considered small enough as to be
consistent with the previous assumption of small signal
operation of the AC component. Therefore, the inductance of



the AC winding is calculated from (12). Fig. 4c illustrates the
obtained results.

Finally, using (5) and (7) the inductance and effective
inductance of the bias winding are calculated. Fig. 4d shows the
results as a function of the DC bias current.

5. Simulation and Experimental Results

A SPICE-based model of the VI has been developed
following the methodology presented in [20]-[23]. The
equivalent circuit is illustrated in Fig. 5.

In this model, a non-linear reluctor element has been used for
the two magnetic paths of the structure. The definitions of the
different elements used in the simulation can be found in [20]-
[23]. A new element has been developed for this work,
corresponding to a winding that embraces two independent
magnetic paths. The implementation of this element in LTspice
is shown in Appendix I. The latest version of the magnetic
library developed for this work can be downloaded from the
following website https://www.unioviedo.es/ate/marcosaa/.

In the circuit of Fig. 5 the V1 is tested similarly as it would be
done in the laboratory. The main winding of the VI is supplied
with a sinusoidal waveform of 0.1 V peak. The inductance is
obtained through the ratio of RMS voltage and current, which
are measured at the VI AC winding terminals. The necessary
SPICE directives used to calculate the inductance are also
shown in Fig. 5.

Table I1. Variable Inductor Data

Variable Inductor

AC winding turns, N, 25 (2 0.3 mm)
DC winding turns, Ny, 130 (& 0.2 mm)
DC control current, I, 0-06A
AC current range, I, 0-05A
Airgap length, 1. 0.12 mm
Estimated fringing factor, v, 1.06
Expected inductance range, L 0.7 —0.1mH

U20/16/7 (EPCOS-TDK)

Core length, I, 68.0 mm

Core area, 4, 55.0 mm?
N27 (EPCOS-TDK)

Initial permeability, 25°C, y; 2000

Flux density at H=1200 A/m, 25°C 500 mT

25 kHz — 150 kHz
k, = 0.1943 Am~T?
k, = 39.743 T2
k; =127.16 Am~T1t

Optimum frequency range

Brauer’s model parameters [20][24]
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Fig. 4. (a) DC magnetic flux density in the two cores of the
quad-U20 VI under study, (b) AC flux density of the
quad-U20 V1 versus DC bias current for an AC current
of 0.5 A, (c) AC winding inductance of the quad-U20 VI
versus DC bias current, (d) DC bias winding inductance
(Lqc) and effective inductance (Lgc .55) versus DC bias
current for the quad-U20 VI under study.

Fig. 6 shows the theoretical results compared with the
simulation results obtained from the circuit in Fig. 5. Note that
the simulation includes the effect of the flux AC component
inside the core, which has been neglected in the theoretical
analysis. As can be observed, the matching between theoretical
and simulation results is very good. This proves the validity of
the small signal operation assumption made in the theoretical
study.

In Fig. 7, the simulation circuit for the determination of the
DC bias winding inductance is illustrated. This figure also
shows the corresponding SPICE directives to perform the
calculations. The DC winding inductance can be obtained
directly by the average voltage at net “Ldc” shown in the circuit.
The calculation of the effective inductance requires injecting a
small AC current superposed to the DC bias current, which is
done by the current source 11 by means of the parameters |_ac
and 1_dc respectively. Then, by dividing the RMS values of the
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small signal current and voltage in the winding, the effective
impedance is calculated, and from it the effective inductance is
finally obtained. This is done using the .measure statements

bias current. Otherwise, the AC voltage across the winding
would be too low and would render inaccurate results. The
range used in this simulation started from 1 mA,; at zero DC

shown in Fig. 7. Note that, since the effective inductance is
lower at higher DC bias currents, it is necessary to increase the
value of the AC current injected at the higher values of the DC

R3

.tran 0 50m 30m 0.05m uic
.options reltol=0.005

bias current up to 20 mA, at 0.55 DC bias current.

AC Inductance Calculation

.measure freq param 1k
.measure Bdc avg V(Bc)
.measure Vrms rms V(AC1)

pc bias _param pi 3.1415026 .measure Irms rms (R2)
1 .measure Zac param Vrms/lrms
ey 1
ToPL .measure Lac param Zac/(2*pi*freq) TOPR
]
G R1 Ul =, Be &1 Br
03 100k Im=68m Am=55u |ut Ur lut| im=68m Am=55u
U2 k1=0.19432 k2=39.743 k3=127.158 B k1=0.19432 k2=39.743 k3=127.158
Ig=0.115m Ag=55u_ [ [ } 1) us (7T 7))
vg=1.06 1g=0.115m Ag=55u
< vg=1.06
R2 AC1 bias
1 & & o
v2 e Ubias . Lde 1.
Umain1 [ Nw=130 Umain2 [
SINE(0 0.1 1K) Nw=25 Nw=25
mid R4 J7
1m

Fig. 5. LTspice circuit for the simulation of the quad-U VI including the calculation of the AC winding inductance.
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Fig. 6. (a) DC magnetic flux density in the outer arms: theoretical results (blue solid line) and simulation results (blue squares),

(b) AC winding inductance: theoretical results (blue solid line) and simulation results (blue squares).
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R3
bias

.tran 0 100m 50m 0.01m uic
.options reltol=0.05
.param I_dc 0.1

.param I_ac 1m
.param freq 100

DC Winding Effective Inductance Calculation

.measure pi param 3.1415926

.measure Ldc_avg avg V(Ldc)
.measure Vavg avg V(bias)

.measure lavg avg I(R3)

.measure Vrms rms V(bias)-Vavg
.measure Irms rms I(R3)-lavg
.measure Zdc param Vrms/Irms
.measure Ldc_eff param Zdc/(2*pi*freq)

"

(1

TOPL

TOPR

SINE({l_dc} {I_ac*sqrt(2)} {freq})
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vg=1.06
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Fig. 7. LTspice circuit for the simulation of the quad-U VI including the calculation of the DC bias winding inductance.

Fig. 8 shows the simulation results obtained from the circuit
in Fig. 7 in comparison with the theoretical results. As can be
seen, both the inductance and the effective inductance match
perfectly the theoretical results obtained from the analytical
study.

With regard to the experimental tests, Fig. 9a shows a
photograph of the VI laboratory prototype used in the
experiments.

The AC inductance of the VI was measured at the laboratory
by using an Omicron Bode 100 impedance analyzer. A DC
current is injected to the DC bias winding while the AC
inductance is measured using the impedance analyzer. The
results are illustrated in Fig. 9b. As can be seen, the correlation
is quite good, which proves the usefulness of the developed
model.

DC winding inductance (mH)

0.4 0.5 0.6

o ;

1
0.3
DC bias current (A)

0.0 0.1 0.2

Fig. 8. DC bias winding inductance(L,.): theoretical results
(blue solid) and simulation results (blue squares). DC
bias winding effective inductance (L off): theoretical
results (green solid) and simulation results (green
triangles).
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(2) Laboratory prototype of the Quad-U VI, (b) AC
winding inductance: theoretical results (blue solid line)
and experimental measurements (red squares).

Fig. 9.

Fig. 10a shows the circuit used to measure the effective
inductance of the DC bias winding [25][26]. The series choke
is used to inject a DC bias current through the winding avoiding
any interaction with the impedance analyzer. Also, the
impedance analyzer is connected to the winding through a
capacitor, which represents a low impedance at the measuring
frequency while blocking the DC current from the DC voltage
source. The results are shown in Fig. 10b. As can be seen, again
a good correlation with the theoretical analysis has been
obtained. It must be noted that the matching is much better than
that obtained in a previous work [22]. The reason could reside
in the fact that the present VI structure presents some airgap in
the DC magnetic flux path, which renders more controllable the
value of the AC component of the magnetic flux injected by the
analyzer when approaching to the material saturation.

Fig. 11 illustrates the testing of the quad-U VI prototype in a
single-inductor LED driver, in a similar application as in [23].
The converter operates at 100 kHz to supply a 15 W LED lamp;
all relevant information is provided in Fig. 11a. Fig. 11b shows
the half-bridge output voltage v; and inductor current i; at the
minimum (left) and maximum (right) LED power. Fig. 11c
shows the LED voltage, current and power as a function of the
VI DC bias current. As can be seen, the LED lamp power can
be controlled from a minimum of 4 W to a maximum of 15 W,
which demonstrates the feasibility of the proposed solution.

6. Conclusions

In this paper the analytical modelling of the quad-U
structure of VIs has been presented. The superposition law has

been used to obtain the DC and AC components of the magnetic
flux of the VI. From this information, the main inductance of
the VI has been calculated as a function of the DC control
current. The study also provides the DC inductance and
effective inductance of the bias winding. Thus, all the important
parameters of the VI are obtained.

Inc

0000 — X
I\
2 mF/25V
0-6V Impedance,
7 Analycer @

25 :

mH)

DC winding inductance (

0.0 0.1 0.2 0.3 0.4 0.5 0.6
DC bias current (A)

(b)

Fig. 10. (a) Experimental circuit used to measure the effective
inductance of the DC bias winding, (b) effective DC
winding inductance: theoretical results (blue solid line)
and experimental measurements (red squares).
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Fig. 11. (a) VI-based LED Driver, (b) experimental waveforms
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(c) LED lamp voltage, power and current versus VI
DC bias current.

A SPICE model for the quad-U VI has also been developed
to test the theoretical analysis. Simulation results match
perfectly the theoretical analysis, which validates the correct
application of the superposition law in the analytical procedure.
One of the advantages of the SPICE model developed in this
work is that it can be used in simulations including a complete
VI-based power converter.

The analyzed VI has also been tested in the laboratory by
measuring the main winding inductance and the effective
inductance of the DC bias winding. The obtained experimental
results matched quite well the results from the theoretical
analysis and simulations. Experimental results on a real life
single-inductor LED driver prototype have also proven the
feasibility of the quad-U magnetic structure.

It has been found that the quad-U structure is completely
symmetrical from the point of view of the AC and DC flux
paths. This represents an advantage compared with the double-
E and triple-E structures because the DC bias flux goes through
the whole magnetic structure of the VI. Therefore, the quad-U
structure provides a larger inductance range than the other types
of VI for the same size and bias current range.

It must also be stated that the proposed modeling technique
based on analytical approach can suffer from several
inaccuracies as approximation of the B-H curve, asymmetry of
the core and other not considered effects. This is the reason of
not having a perfect matching between theoretical and
experimental results. Therefore, for a further insight on the VI,
a finite element analysis (FEA) would be helpful. However,
FEA will usually require much more time for modelling and
simulation than the proposed analytical methodology. Only for
simulation time, FEA will usually require from minutes to hours
depending on the required accuracy, while the calculation time
of the analytical approach is in the range of seconds.

Appendix |. LTspice definition of a Winding Implemented
around Two Magnetic Arms.
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Fig. Al.1. (a) Symbol, (b) equivalent circuit.

; WINDING2
.subckt winding2 1 23456 7 8
; 1,2 electric pins

3,4 magnetic pins, core 1

5,6 inductance value pins

7,8 magnetic pins, core 2

Nw, number of turns

fbe bl Wl e Lo W

; magnetic circuit

EFw 3 4a value={Nw*I(EVw)}

RFw 4a 4 1m ; small resistance to avoid voltage loop
EFlw 7 8a value={Nw*I(EVw)}

RF1lw 8a 8 1m ; small resistance to avoid voltage loop
)

; electric circuit

GVw 2 wl value={-(I(EFw)+I(EF1w))}

Rgw wl w2 1m

Lw w2 2 {Nw}

EVw 1la 2 value={V(w2,2)}

Rew 1 la 1m ; to avoid voltage loop

)

; inductance calculation

Ei 5 6 value={-Nw*(I(EFw)+I(EF1w))/I(EVw)}

Ri 5 6 10k

.ends winding2
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