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Abstract—The non-ideal behavior of semiconductor devices
used in power electronic circuits exciting a transformer can
cause DC voltage components applied to the transformer
terminals. This DC voltage in turn generates a DC current
and/or DC flux density component only limited by the parasitic
resistance of the windings and semiconductors. The biased flux
density operation deteriorates the performance of the converter,
since the core can be driven into saturation, generating higher
currents and hence higher temperatures in the circuit. In order
to overcome this problem, the previously reported "Magnetic
Ear", a non-invasive flux density transducer concept, is used in
this paper. The design, placement and all implementation issues
for this flux density transducer are described. For verifying the
theoretical considerations, the transducer is used to perform a
closed loop control over the DC component of the flux density in
the 166kW/20kHz transformer, therefore ensuring its unbiased
magnetic flux density operation.

I. INTRODUCTION

Isolated and/or high step-up DC-DC converters are built

with arrangements of semiconductor switches which pro-

vide AC excitation to a transformer. Phenomena such as

unmatched turn-on/turn-off times, semiconductor forward-

voltage drops, gate driving signal delays or pulsating load,

among others, can cause differences in the positive and

negative volts-seconds applied to the transformer [1–3].

This results in a DC voltage component at the transformer

terminals, which causes an undesired DC current and/or DC

magnetic flux density component in the transformer core.

The relation between this DC voltage and the resulting DC

flux density component is described by [4]

BDC =

(
Vp,DC

Rp,T

− V ′
s,DC

R′
s,T

)
· Np

lM
· μ0μ̄r , (1)

where Vp,DC and V ′
s,DC represent the DC voltage com-

ponents applied from the primary and secondary side in

the transformer respectively, Rp,T and R′
s,T represent the

winding resistances plus the semiconductors’ equivalent on-

state resistances of the primary and secondary side switches

respectively, lM is the length of the magnetic path, Np is the

number of turns on the primary side, μ0 is the permeability

of air and μ̄r is the core’s relative permeability in the linear

region of the core’s B-H curve.

Applying this equation to the 166 kW/20 kHz transformer

shown in Fig. 1 (details about this transformer are matter of

upcoming publications) only 3mV of DC bias Vp,DC would

suffice to generate a 50mT DC bias in the flux density of the

310mm
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Figure 1: The MEGACube [5] 166 kW/20 kHz transformer to
be used as test bench for the described magnetic flux density
transducer.

transformer core. This biased magnetic flux density operation

results in higher cores losses and potentially in saturation

of the transformer core, leading to higher conducted and

switched currents which can compromise the converter’s

efficiency and reliability. For these reasons, an active flux

balancing method that ensures an unbiased magnetic flux

density operation of the transformer is highly desirable.

Several strategies for ensuring unbiased transformer flux

density have been proposed [2, 6–12] whereby a classi-

fication and summary of these strategies is presented in

[4]. This paper describes the implementation of a closed

loop magnetic flux balancing scheme based on the concept

proposed in [4], where a novel non-invasive flux density

transducer, the "Magnetic Ear" together with the respective

control loop was introduced. Details about the transducer

concept are presented in Section II. In order to successfully

implement the flux density transducer on the 166 kW/20 kHz

transformer shown in Fig. 1, several practical issues such as

transducer geometry, drive circuits and sampling methods are

addressed in Section III. This leads to the final design of the

transducer, whose performance is experimentally validated in

Section IV.

II. THE MAGNETIC EAR

The Magnetic Ear flux density transducer’s main concept

consists on a shared magnetic path between the main core

(the actual transformer core) and an auxiliary core repre-

sented by the reluctance Rm in Fig. 2-a), where the trans-

978-1-4673-4355-8/13/$31.00 ©2013 IEEE 2118
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Figure 2: The "Magnetic Ear" main concept: a) Equivalent circuit
representation with main core and auxiliary core sharing part of the
magnetic path; b) Real implementation of the main core (EPCOS
UU93/76/30 N87) and auxiliary core (EPCOS EQ30/8 N87 with
removed middle leg) and Naux = 3.

former serves as link between the primary and secondary

side full-bridges, building a dual-active-bridge configuration.

This shared reluctance Rm changes its magnetic properties,

namely its relative permeability μr,m as the main core is

driven through the B-H loop. This variation results in a

change in the inductance Ls measured from the terminals of

the auxiliary core’s winding Ws. This variation in inductance

is sensed by an auxiliary drive circuit which extracts the

inductance value of the auxiliary core, delivering a signal

directly related to the instantaneous magnetization state of

the core. The main and auxiliary cores used to test this

concept are presented in Fig. 2-b).

The B-H loop of the transformer in Fig. 1 is presented in

Fig. 3-a) while the measurement of the inductance for the

auxiliary core arrangement shown in Fig. 2-b) is presented

in Fig. 3-b) whereby the main and auxiliary cores are built

with EPCOS UU93/76/30 N87 and EPCOS EQ30/8 N87

cores respectively. As can be seen, the inductance of the

auxiliary core is considerably sensible to the instantaneous

magnetization state of the main core, thus the instantaneous

value of the auxiliary core’s inductance can be used as

measure of the magnetization state of the main core. It should

be noted that the behavior of the auxiliary core’s inductance

is depending on the shape of the main core’s B-H loop,

whereby higher sensitivities are reached if the permeability

of the main core continuously changes along the B-H loop.

In case the core material is highly linear until saturation is

reached, e.g. in gapped cores, this sensitivity is deteriorated

and only a change in the inductance can be perceived once

the core is driven into saturation. The details and trade-offs
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Figure 3: a) B-H loop of the transformer core shown in Fig 1;
b) Measured inductance from the auxiliary core’s terminals as the
main core is driven through the B-H loop.

in the transducer’s design, which is ultimately used to control

the flux in the main core, will be discussed in the following.

III. DESIGN, DRIVE CIRCUITS AND SAMPLING

METHODS

As mentioned earlier, the Magnetic Ear transducer consists

of an auxiliary core with its auxiliary winding and the

respective drive circuit used to measure the inductance seen

from the auxiliary winding terminals and to convert it to an

analog signal. Moreover, in order to implement the feedback

loop which performs the flux balancing in the main trans-

former core, the sampling strategy of the aforementioned

signal needs to be studied. As a start, the selection of the

appropriate auxiliary core geometry (dimensions) and core

material is addressed.

A. Auxiliary Core Design

The selection of the auxiliary core’s shape and magnetic

properties, namely its relative permeability μr,a, will directly

affect the sensitivity of the auxiliary inductance Laux to

changes in the main core’s permeability μr,m, i.e. changes

in the magnetization state of the main core.

In order to analyze the impact of the auxiliary core’s

geometry and its magnetic properties on the measurement

sensitivity, consider the arrangement presented in Fig. 4-a),

where a C core is used as auxiliary core. In order to achieve

a high sensitivity to changes in the main core’s permeability

μr,m, the total reluctance of the auxiliary cores’ magnetic path

must be mainly defined by the shared reluctance Rm and not

by the auxiliary core’s reluctance Ra, i.e. Rm >> Ra. These

reluctances are defined by:

Ra =
la

μ0μr,aAa
, (2)

Rm =
lm

μ0μr,mAm
, (3)
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Figure 4: Magnetic flux density transducer, "The Magnetic Ear",
geometric definitions.

where la, μr,a and Aa are the magnetic path length, relative

permeability and cross section of the auxiliary core respec-

tively; lm, μr,m and Am are the corresponding values of

the shared magnetic path and μ0 is the permeability of air.

It should be noted that Am represents the mean core cross

section of the shared magnetic path since this area is not

constant along lm. Moreover, Am is tightly linked with the

dimension ca of the auxiliary core, as will be shown later in

this section.

Considering the definitions from Figs. 4-a) and b), the

following observations can be made:

• The height ha of the auxiliary core must be as small

as possible in order to reduce the length of the auxil-

iary core’s magnetic path la and therefore reduce the

reluctance Ra.

• The width aa of the core cross section must be large

in order to increase the auxiliary cores’s cross section

Aa and therefore reduce reluctance Ra. For the same

reason, the depth of the auxiliary core da must be as

close as possible to the depth d of the main core.

• The permeability μr,a of the auxiliary core must be high

in order to reduce the reluctance Ra.

• The air gap between the auxiliary and the main core

must be kept as low as possible since this air gap

introduces a constant reluctance that deteriorates the

sensitivity of the transducer.

• The number of turns Naux of the auxiliary core only

affects the absolute value of inductance of the auxiliary

core but does not affect the sensitivity to changes in the

main core’s permeability. Therefore low number of turns

are suggested in order to reduce the induced voltage in

the auxiliary core winding due to the flux in the main

core, as will be shown in the next section.

The dimension ca of the auxiliary core has a large impact

on the transducer’s sensitivity. For example, a small ca would

result in a short magnetic path lm and therefore the auxiliary

core’s inductance would be mainly defined by the auxiliary

core’s reluctance Ra. On the other hand, a large ca results

in a large cross section Am of the shared magnetic path and

therefore in a small shared reluctance Rm, thus deteriorating

the sensitivity of the transducer. For this reason, the influence

of this dimension on the transducer sensitivity was studied

by means of FEM simulations. In order to generalize the

analysis, a per-unit system is used whereby the width w of

¹ ¹r a r m, ,/ = 2.0

/ = 1.5
a wa/ = 0.05
c wa

Main core Main core

¹ ¹r a r m, ,/ = 2.0

/ = 0.5
a wa/ = 0.05
c wa

b)a)

d)c)

¢Laux = 3.7% ¢Laux = 3.8%

Main core
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¢Laux = 6.0% ¹ ¹r a r m, ,/ = 2.0
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a wa/ = 0.1
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Main core

¢Laux = 6.5%

Figure 5: Simulation examples for different auxiliary core geome-
tries. The sensitivities i.e. the changes ΔLaux in auxiliary inductance
value resulting for various values of ca and aa (cf. Fig. 4) are
presented.

the main core is taken as base dimension while the relative

permeability (in non-saturated state) μr,m of the main core is

chosen as base permeability value.

As mentioned earlier, the goal is to find the geometry of

the auxiliary core which results in the highest sensitivity of

the auxiliary core’s inductance Laux to changes in the shared

magnetic path’s reluctance Rm. Therefore, the simulation

consists of measuring the difference in the auxiliary core’s

inductance ΔLaux when the permeability μr,m of the main

core drops by 50% for different values of ca. Additionally,

the effect of the auxiliary core’s permeability μr,a as well

as the dimension aa in this inductance variation is analyzed

since these two parameters were found to have the greatest

influence in the transducer’s sensitivity.

Fig. 5 shows the magnetic flux density for four exemplary

simulations whereby also the respective simulation parame-

ters and resulting inductance variations ΔLaux are shown. In

Fig. 5-a), a comparatively small value of ca was employed,

resulting in a short shared magnetic path lm. On the other

hand Fig. 5-b) shows the resulting flux density distribution

for a larger value of ca. When compared to Fig. 5-a), the

flux lines in this figure show that a larger cross section Am

is achieved with this value of ca, thus no considerable gain

in sensitivity is achieved (change in ΔLaux from 3.7% to

3.8%) in spite of the larger auxiliary core length ca. Similar

effects can be seen when comparing Figs. 5-c) and d), where

a larger auxiliary core width aa was used.

In Figs. 5-c) and d), the results for the same variation in ca
but with a larger value of aa are shown. This increased value

of aa results in a larger auxiliary inductance variation when

compared to Figs. 5-a) and b) due to the larger auxiliary

core cross section Aa, i.e. lower auxiliary core reluctance

Ra while the shared magnetic path’s cross section Am is not

significantly increased, as can be seen from the flux lines in

the respective figures.

The performed parametric sweeps are summarized in
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simulations; a) Constant auxiliary core permeability μr,a = 2.0,
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Fig. 6. In Fig. 6-a), the effect of different auxiliary core

widths aa for a given auxiliary core permeability (μr,a = 2.0)

is presented. As expected, the variation ΔLaux in auxiliary

inductance increases with increasing aa, as the auxiliary core

cross-section is also increased. Moreover, for each value of

aa, the value of ca that maximizes the variation in auxiliary

inductance can be found, as shown by the dashed line in

Fig. 6-a). However, this optimum is not highly dependent on

the core length ca, i.e. this dimension and the core width aa
can be independently selected. As a result, independent of

the core length ca, the core width aa must always be made

as large a possible.

The sensitivity of the transducer to variations in the

permeability μr,a of the auxiliary core is studied in Fig. 6-b)

for different values of auxiliary core width ca. As mentioned

earlier, a higher permeability of the auxiliary core affects

positively the sensitivity of the transducer whereby, the value

of ca which maximizes the sensitivity can be found for each

value of auxiliary core relative permeability, as shown by the

dashed line in Fig. 6-b). In this case however, the optimum

value of core length ca is considerably dependent on the

value of relative permeability of the auxiliary core μr,a. For

example, if the main core and the auxiliary core posses the

same permeability, i.e μr,a = 1.0, the peak of sensitivity is

encountered when the length of the auxiliary core ca is 0.45
times the width w of the main core whereas if the auxiliary

core’s permeability is 2.5 times that of the main core, the

maximum sensitivity is found with an auxiliary core whose

length ca is 1.3 times the width w of the main core.

The previous analyses shows that, in order to achieve

the highest sensitivity in the transducer, first the relative

permeability μr,a of the auxiliary core must be selected as

high as possible. Once this property is selected, the length

ca of the auxiliary core that maximizes the sensitivity for

M
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Figure 7: Arrangement of auxiliary cores utilized to reduce the
effect of the main core’s flux on the auxiliary core inductance
measurement.
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Figure 8: Test circuit consisting on a full bridge driving the
transformer’s main core, the magnetic flux density transducer and
an external circuit utilized to force a DC flux component in the
main core.

a given main core width w can be determined with help of

Fig. 6-b).

With the rules for the selection of the auxiliary core

dimensions defined, the next step in the implementation of

the transducer is the proper placement of the the auxiliary

core, which ultimately defines the coupling of the main core’s

flux with the auxiliary core’s winding. This topic is addressed

in the following.

B. Auxiliary Core Placement

The auxiliary core offers a parallel magnetic path for

the flux in the main core and therefore an induced voltage

in the auxiliary core’s winding due to the main flux is

encountered. In [4], a placement orthogonal to the main

flux direction was proposed, aiming to reduce the effect of

this coupling on the measurement of the auxiliary core’s

inductance. In order to further improve the decoupling from

the main core’s flux, the arrangement presented in Fig. 7 is

proposed. Here, two identical auxiliary cores with windings

in opposed orientation are utilized. Nearly identical voltages

are induced in the windings of these cores, but due to the

opposed orientation, this induced voltages mostly cancel each

other out.

In order to test this compensation scheme, consider the test

circuit presented in Fig. 8, which is utilized to magnetize the

core to nominal flux while the magnetizing current im can be

directly measured at the transformer winding. The right hand

side circuit is utilized later to force a DC flux component in

the core and can be omitted for the testing of the proposed

compensation arrangement.

Fig. 9 shows the results of the compensation arrangement
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testing. The full-bridge in Fig. 8 supplied with Vp = 400V,

operated with a 20 kHz switching frequency and 40% duty

cycle was used to magnetize the transformer in Fig. 1. The

resulting primary winding voltage vp(t) is shown in Fig. 9-a)

together with the corresponding magnetizing current im(t).
The auxiliary cores where arranged as presented in Fig. 7,

whereby the voltage vaux,T(t) induced in the winding of the

auxiliary core 1 vaux,1(t) and the compensated signal are

depicted in Fig. 9-b). As can be seen, the voltage in a single

auxiliary core winding is considerable and would result in

a distorted measurement of the auxiliary core’s inductance.

When compensated, the signal vaux,T(t) features negligible

induced voltage, thus this arrangement can be reliably used

in order to extract the auxiliary core’s inductance. This last

task is performed by the driving circuit of the auxiliary core,

as described in the next section.

C. Drive Circuit

In order to extract the inductance value from the auxiliary

core, a constant amplitude high-frequency excitation voltage

was used in [4] to drive the auxiliary core, whereby the

peak value of the current through the inductor is inversely

proportional to its inductance value. This current is later

rectified and filtered to generate a low frequency signal

directly related to the value of the auxiliary core’s inductance

and therefore to the magnetization state of the main core.

With the aforementioned driving circuit concept, the fil-

tering stage at the output of the driving circuit defines the

bandwidth of the transducer, thus, in order to improve this

bandwidth limitation, the driving circuit of Fig. 10-a) is

proposed. This circuit consists of two interleaved half bridges

phase-shifted by 90 ◦ driving each one auxiliary core (each

of these cores is then replaced by another pair of cores to

compensate for the induced voltage, as shown in Fig. 7)

with a switching frequency several times higher than the

main core’s excitation frequency. Each bridge forces a cur-
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Figure 10: Driver circuits utilized to extract the inductance value
of the auxiliary core: a) Interleaved bridges operated at constant
frequency and with minimum filtering requirements; b) Constant
peak-peak, variable frequency controlled driver. The inductance
value is translated into the operating frequency of the bridge.

rent through their corresponding auxiliary cores. Respective

current transformers are used to sense this current which, is

then rectified by diode bridges. The output diode rectifiers

are connected in series, causing the phase shifted currents to

compensate the ripple in the output signal vm(t), reducing

the amount of required output filter capacitance and therefore

increasing the bandwidth of the transducer.

An alternative drive circuit is shown in Fig. 10-b). The

main idea of this circuit is to operate the bridge at con-

stant peak-to-peak current by controlling the current with

a hysteresis controller whereby the switching frequency of
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the bridge is inversely proportional to the inductance of the

auxiliary core. The switching signal at the output of the

controller can be later demodulated into an analog signal

containing the information about the magnetization state of

the main core.

The final transducer, comprising two pairs of auxiliary

cores based on EPCOS EQ30/8 cores, was built. This ar-

rangement of cores (one pair for each auxiliary core in

Fig. 10-a)) driven by the circuit presented in Fig. 10-a)

was tested with the setup shown in Fig. 8. The resulting

output signal vm(t) of the transducer is presented in Fig. 11-

b). As shown in this figure, the transducer outputs a high

signal value when the magnetizing current im(t) reaches a

high value, i.e. when the flux in the main core is entering

saturation region. On the other hand, the output signal

vm(t) stays low during the zero crossing of the magnetizing

current, i.e. when the magnetic flux in the main core is zero.

The slight phase-shift between the peak magnetizing current

im(t) and the transducer’s output signal vm(t) is due to the

output filter capacitor of the drive circuit. However, since

this signal is sampled only at the end of the freewheeling

period, this phase shift does not deteriorate the behavior of

the closed loop controller, as described in the last section of

this paper.

The aforementioned behavior of the magnetic flux density

transducer, comprising the drive circuit from Fig. 10-a),

demonstrates the utility of this measurement concept, as

the output signal of the transducer is directly related to the

magnetization state of the main core. It is now the task of

the digital controller to sample the transducer output signal

vm(t) in order to detect and finally actively correct a biased

magnetization state of the main core.

D. Sampling Methods

The output signal shown in Fig. 11-b) continuously

changes as the magnetization state of the main core is
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by test circuit and resulting magnetizing current im(t) with DC
component Īm in the magnetizing current; b) Output signal of the
magnetic flux density transducer vm(t).

varying. This signal can be sampled at a high sampling rate,

e.g. ten times higher than the frequency of the main core

excitation. A lookup table implemented in the digital control

platform is utilized in order to translate the signal vm(t) into

the instantaneous value of the magnetic flux density in the

main core.

For the purpose of operating the main core with unbiased

flux density, however, sampling the magnetic ear’s output

signal during the freewheeling states of the full-bridge would

suffice to obtain the DC magnetization state of the main core,

as explained in [4]. This behavior can be seen from Fig. 12,

where a DC component Īm in the magnetizing current, i.e.

in the main core’s flux density was induced by adjusting

the duty cycles on the test bridge (cf. Fig. 12-a)). Fig. 12-b)

shows the resulting output signal vm(t) from the flux density

transducer whereby a clear difference in its peak value can be

noticed during two consecutive freewheeling intervals. Due

to the biased flux density operation, the output signal vm(t)
features its peak value at the end of the positive semi-cycle

since it’s at this point when the main core’s permeability is

at its minimum, i.e. the auxiliary core’s inductance is at its

minimum.

The difference between the peak values the output signal

at the end of the positive and negative semi-cycles is directly

related to the biased magnetization state of the main core.

This means that keeping this difference at its minimum is

equivalent to minimizing the DC component of main core’s

magnetic flux density. This strategy is used to actively control

the DC component of the magnetic flux density in the core,

as will be experimentally shown in the next section.

IV. CLOSED LOOP OPERATION

The feedback loop detailed in [4] was implemented on the

166 kW/20 kHz transformer shown in Fig. 1. Two main tests

were realized in order to study the dynamic performance
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Figure 13: Experimental testing of the feedback compensation
scheme: a) Response to step from −40mT to 40mT in magnetic
flux density DC component reference BDC∗; b) Response to com-
pensation of externally forced DC flux density component BDC,E.

of this feedback loop. The first test, shown in Fig. 13-a),

consists of a step response from −40mT to 40mT in the DC

flux density component reference BDC∗ applied at t=0.6ms.
As can be seen, the feedback loop is successfully able to

regulate within 2ms the DC component BDC in the magnetic

flux density. Considering the slow dynamics of the potential

sources for DC components in the voltage applied to the

transformer (e.g. differences in switching times, forward

voltage drops and gate driving signal delays), this response

time is considered appropriate. Fast modifications in loading

conditions can also cause imbalances in the DC flux density

component, as described in [8]. However, with modern

digital control platforms, this problem can be solved by using

the strategy proposed in [11].

The second performed test consists on forcing an external

DC flux density component with the external DC source and

inductor shown in Fig. 8. By adjusting the current IE , the

DC flux density component BDC,E in the main core can be

adjusted. This DC component is measured with the Magnetic

Ear flux density transducer and used in the feedback loop in

order to compensate for it with the main full-bridge. The

result of this test is shown in Fig. 13-b). Here, the feedback

loop is left off until t=0.6ms, whereby before this time a

forced DC component BDC,E=40mT can be noticed. As the

DC flux density component feedback loop is activated at

t=0.6ms, the DC flux density component BDC is regulated to

zero after 3ms, achieving an unbiased flux density operation.

These two tests show the effectiveness of the proposed

magnetic flux density transducer and its respective drive

circuit and feedback scheme, ensuring the unbiased DC flux

density operation of the transformer.

V. CONCLUSION

The "Magnetic Ear" magnetic flux density transducer

proposed in [4] was successfully implemented on a real

166 kW/20 kHz transformer, ensuring unbiased DC flux den-

sity operation of the transformer. In order to implement

this transducer, first a general analysis of the tradeoffs in

the selection the of the auxiliary core core geometry was

performed, leading to clear rules which can be utilized to

appropriately select the dimensions that best suits the main

transformer dimensions. The drive circuit utilized to extract

the inductance value of the auxiliary core and therefore

to extract the information about the magnetization state of

the core were presented. Here, a drive circuit with large

bandwidth was utilized, enabling the implementation of a

fast feedback loop, which was ultimately utilized to actively

control the DC magnetization state of the core, as demon-

strated experimentally.
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