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ABSTRACT This article provides a comprehensive overview of the state of the art in the field of permanent
magnet biased inductors, (PMBIs). The theoretical benefits of PMBIs, operating in DC applications, were
identified decades ago, in the late 1950’s. Compared with a non-biased inductor, a 100% linear biased PMBI,
can achieve the same inductance and saturation current, while requiring only half of the core’s cross-sectional
area or half the number of turns. In practicality, achieving 100% biasing without introducing additional
losses, or detrimental conditions for the permanent magnet’s lifetime, becomes an important challenge and
the development and achievements of PMBIs have been evolving until present days. Therefore, this overview
paper, first introduces the basic background knowledge required for the development of PMBIs, including an
overview of the design benefits of biasing, the possible design strategies, additional benefits and possibilities
of over-biasing, and a brief introduction to permanent magnets, PMs. The historical evolution of the different
biasing techniques, and the employed core and PM topologies, are analyzed and evaluated. The different
physical prototype implementations found in the literature, and their operating characteristics, achievements,
and limitations, are compiled and evaluated. Finally, the present challenges of PMBI implementation, and
the future perspectives towards optimized development are summarized.

INDEX TERMS Pre-magnetized inductors, permanent magnet inductors, biased inductors, hybrid core
inductors, magnetic biasing.

I. INTRODUCTION
INDUCTORS and transformers are recognized as one of
the main factors limiting the achievable power density of
modern electronic converters. Inductors operating in DC ap-
plications only utilize the inductance in their positive current
range, while their linear inductance in the range of nega-
tive currents remains unutilized. Permanent magnet biased
inductors, PMBIs can be used to improve the power density
of inductors operating in DC applications. The theoretical
benefits of PMBIs were identified decades ago during the
late 1950s. A 100% biased PMBI can achieve the same in-
ductance and DC saturation as a non-biased inductor, while
requiring only 50% of the core’s cross-sectional area or num-
ber of turns. On the other hand, practically achieving full

biasing of the core becomes an important challenge, due to
additional power losses and performance limitations related
to the used PM materials. Therefore, the biasing methods,
core and PM topologies and their practical achievements have
been evolving and improving until the present days. This
paper presents an overview of the different PMBI topologies
documented in the scientific literature [1], [2], [3], [4], [5],
[6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29], and in patent applications [30], [31], [32], [33], [34],
[35], [36], [37], [38], [39], [40], [41], [42], [43], [44], [45],
[46], [47], [48], [49], [50], [51], [41], [52], [50], [53], [51],
[54], [55], [56], [57], [58], [59], [60], [61], [62], [63], [64],
[65], [66], [67], [68], [69], [70], [71], [72], [73], [74]. The
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FIGURE 1. BH-loops and inductance vs current profiles of a non-biased DC inductor with (a) shorter airgap and (b) longer airgap. And permanent magnet
biased inductors, with (c) 50% linear bias, (d) 100% linear bias, and (e) pre-saturated over >100% linear bias.

technical advantages and limitations and the practical design
improvements of the documented PMBI implementations are
analyzed and evaluated. The following Section II presents
the main and fundamental background knowledge relevant to
PMBIs, including an introduction to magnetic biasing, core
and permanent magnet materials and a summary of possible
design strategies and benefits of magnetic biasing. Section III
focuses on the evolution of PMBI topologies, analyzing the
main properties, and associated advantages and limitations.
Section IV presents a summary of the practical PMBI imple-
mentations, documented in the literature, and analyzes their
topology and associated design achievements and limitations.
The future challenges and perspectives of PMBIs and their
possible applications and optimization strategies are intro-
duced in Section V. The final conclusions of the PMBI review
are summarized in the latest Section VI.

II. FUNDAMENTAL PMBI KNOWLEDGE
This section presents the theoretical background relevant for
the analysis of PMBIs, their possible design strategies and
introduction on core and permanent magnet materials.

A. INTRODUCTION TO MAGNETIC BIASING
The saturation limit of ferromagnetic materials is independent
of the polarity of the magnetic field within the core, presenting
two symmetric saturation flux density limits, Bsat and − Bsat ,
in the 1st and 3rd quadrants of the BH-loop. Inductor core
materials are used as conductors of the magnetic flux, due to
their high permeability. On the other hand, the energy storage
capacity of common ferromagnetic materials is relatively low,
and power inductors typically present an airgap within the
length of the core, for energy storage. The airgap length de-
fines the linear inductance value and its associated saturation
current. Fig. 1(a) and (b) shows the BH-loop of a theoreti-
cal DC inductor and its corresponding inductance versus the

current profile for two airgap lengths. The effective permeabil-
ity, μ represents the slope of the BH-loop of the inductor, as
depicted in Fig. 1(a) and (b). By increasing the airgap length,
the saturation current limit is extended, at the expenses of
reducing the effective permeability of the inductor, μ and its
associated linear inductance value. Independent of the airgap
length, the maximum current and inductance product, LImax

must remain constant and equal to:

L Imax = Bsat Ac N (1)

Where Bsat is the saturation flux density of the core ma-
terial, Ac is the cross-sectional area of the core and N is the
number of turns [75]. In DC applications, the inductor’s cur-
rent and its associated magnetic field strength, H are limited to
operate exclusively within the first quadrant and not to reverse
polarity into negative current or H values. Thus, the linear
inductance region in the 3rd quadrant remains unutilized. PM-
BIs, present an initial bias magnetization (depicted as blue
vectors in Fig. 1), shifting the linear region of the core into
the 1st quadrant, and extending the saturation current limit for
positive currents. Accordingly, the saturation limit for nega-
tive currents has been reduced, and therefore the terminals of
PMBIs possess a specific polarity and are only intended to
operate in DC inductor applications. Fig. 1(c) and (d) shows
the BH-loops, and the associated inductance versus the current
curve of two PMBIs, achieving 50% bias and 100% bias
respectively. The bias magnetization increases the maximum
possible flux density increment, �B (depicted by red vectors
in Fig. 1) for DC currents. In standard, non-biased DC induc-
tors, the maximum flux density increment, �B extends from
zero (0T ) to the core’s saturation flux density, Bsat . In PMBIs
the maximum flux density increment, �BPMBI extends from
the introduced negative PM bias flux, −Bbias (at zero current),
to the saturation flux density of the core:
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FIGURE 2. Permanent magnet biased inductor’s design strategies. Full linear bias (100%) and BIF = 2 is assumed. (a) Saturation current, Isat increased
by 2x, (b) number of turns, N reduced by 1/2, (c) cross-sectional area, Ac reduced by 1/2, (d) BIF shared between: number of turns, N and cross-sectional
area, Ac, resulting in a reduction of N/

√
2 and Ac/

√
2.

� �B = [0 Bsat ] = Bsat
� �BPMBI = [−Bbias Bsat ] = Bbias + Bsat

We can define the Bias Improvement Factor, BIF as the
ratio of the maximum flux density increment of the PMBI over
the non-biased reference:

BIF = �BPMBI

�B
= Bbias + Bsat

Bsat
(2)

and the minimum required current and inductance product,
LImax of a PMBI can be expressed by:

L Imax_PMBI = Bsat Ac N/BIF (3)

For achieving 100% linear bias, as in Fig. 1(d), the bias
flux density must be equal to the negative saturation limit,
−Bbias = −Bsat , and according to (2) then BIF = 2. This
allows for increasing a factor of 2 times the inductance, L
or the saturation current, Isat or reducing by a factor of 1/2
the required cross-sectional area, Ac or the number of turns,
N , compared to the non-biased reference. If the bias flux does
not reach the negative saturation, −Bsat a proportionally lower
improvement factor, BIF will be obtained in (2), within the
range between 1 and 2.

B. PRE-SATURATION OVER LINEAR BIASING
Full linear biased PMBIs (as in Fig. 1(d)) concentrate the
totality of the linear inductance region into the positive current
range (from 0A to Imax), allowing for an improvement factor,
BIF = 2 available for reducing the required LImax product
for DC applications (3). In applications where the inductor is
operating with a relatively high DC current and a smaller AC
peak-to-peak current ripple, IDC � IPP the inductance is only
utilized within a relatively small current range: (IDC ± IP).
These applications can benefit from pre-saturation over 100%
linear bias levels. By further concentrating the totality of the
linear inductance region into the operating current range (from
IDC − IP to IDC + IP), overbiased PMOBIs can achieve bias

improvement factors larger than two, BIF > 2 [22]. In order
to introduce bias flux levels higher than >100% of the linear
region of the core, the PMs have to provide an important
magnetization force, Hbias to bias the core into the negative
saturation region, as depicted in Fig. 1(e). At initial condi-
tions of zero current, I = 0A the bias flux is higher than the
saturation limit, Bbias > Bsat and the core is pre-saturated, pre-
senting very low inductance. The linear part of the BH-loop is
concentrated on the required current operation range around
IDC , and the bias magnetizing force, Hbias introduced by the
PM, is matched to the DC current operation point.

Hbias = N IDC

lm
(4)

Where lm is the length of the magnetic circuit within the
core. The minimally required current and inductance prod-
uct, LImax of a PM Over-Biased Inductor, PMOBI, operating
within the current range: IDC − IP and IDC + IP, as defined
in (4) and Fig. 2(e), can be estimated by:

LImax_PMOBI = Bsat Ac N/OBIF (5)

Where the Over-Biasing Improvement Factor, OBIF, is
the ratio of the minimally required current inductance prod-
uct, LImax of a non-biased inductor (1) and an Over-Biased
PMOBI (5), and can be calculated by:

OBIF = LImax

LImax_PMOBI
= IDC + IP

IP
(6)

This strategy can result in important size reduction factors,
OBIF � 2 for the required cross-sectional area or number of
turns (5), of DC inductors operating with a small current ripple
and high DC current, IDC � IP (6).
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C. PMBI DESIGN STRATEGIES
The choice for assigning the BIF to the possible design
variables: L, I , 1/N and 1/Ac, leads to achieving different
design benefits. Fig. 2 shows four different examples of de-
sign strategies. These design improvements are calculated
assuming an ideal EE core PMBI with PM inside the airgap
achieving 100% linear bias and BFI = 2. Fig. 2(a) shows a
PMBI where the BIF is used to increase the saturation current,
Isat . This results in an equal core size and equal winding
DC resistance, while doubling the saturation current, 2Isat .
Applications dominated by copper losses, could benefit from
a design strategy utilizing the BIF to reduce 50% the number
of turns, N , as represented in Fig. 2(b). This strategy could
be implemented with two different approaches, as depicted in
Fig. 2(b) (top and bottom). If the same window area is used,
the wire cross-sectional area could be doubled, 2Aw achieving
the same window fill factor and only 25% of the reference DC
resistance. If the wire’s area, Aw is not increased, this strat-
egy results in 50% of the reference DC resistance, and only
requires 50% of the total window area, Wa. This is especially
advantageous for inductors using single-layer windings, the
total length of the core can be reduced, resulting in an addi-
tional core volume reduction. Applications benefiting from a
reduced inductor weight, could use the strategy depicted in
Fig. 2(c), reducing 50% the required core’s cross-sectional
area, Ac and resulting in an additional reduction of approx-
imately 70% in the mean length per turn, MLT and the DC
resistance of the reference design. Is also possible to distribute
the achieved BFI between several of the design parameters: L,
I , 1/N and 1/Ac. In Fig. 2(d) is depicted a design strategy em-
ploying the BFI for a reduction of 0.707 for both, the number
of turns, N/

√
2 and the core cross-sectional area, Ac/

√
2. This

strategy results in approximately 70% core volume, 80% MLT
and a DC resistance of 60% compared with the non-biased
reference.

D. CORE AND PERMANENT MAGNET MATERIALS
The requirement in bias flux, φbias and PM characteristics for
PMBIs, are dependent on the saturation flux density of the
core material and the frequency of operation. Higher operation
frequency requires higher resistivity materials. Fig. 3 shows
the more common core and PM materials used for PMBIs.
SiFe laminations provide a higher saturation flux density limit
and lower resistivity and are commonly used in lower fre-
quency applications (< 1 kHz). Ferrites, MnZn and NiZn
provide a relatively lower saturation limit and much higher
electrical resistivity, increasing their possible operation fre-
quency (MnZn < 500kHz, NiZn < 3 MHz). Nanocrystalline
and amorphous tape cores provide a higher resistivity than
SiFe laminations, while presenting a similar saturation limit
[90], [91], [92]. Other common core materials like iron pow-
der or SMC, having distributed airgap characteristics, present
important challenges for the PM biasing technique, and only
small biasing levels have been achieved [17]. PMBIs using
core materials with high saturation limit, Bsat present a higher

FIGURE 3. Common PMBI’s core and PM materials. Top: soft magnetic
materials for PMBI cores. Bottom: hard magnetic materials for PMs. Flux
density and electrical resistivity.

demand of bias flux required by the PMs, while lower op-
eration frequency, allows for lower resistivity PM materials.
Table I presents a summary of commonly available prop-
erty ranges among the grades of the different PM materials
[79], [80], [81], [82]. Most common NdFeB PMs are typi-
cally sintered-NdFeB, achieving the highest energy products,
BH and a relatively low resistivity. Strontium-Ferrite, SrFeO
provide the highest resistivity at the expenses of reducing
the maximum energy product, BH . Bonded-NdFeB provide
a compromise of characteristics between sintered-NdFeB and
Ferrite PMs. Samarium Cobalt, SmCo achieves lower BH
products than NdFeB, while presenting much better thermal
performance. The main characteristics of a PM material are
described by their demagnetization curves [79], [80], [81],
[82], [83]. Fig. 4(a) shows the second quadrant of the de-
magnetization curves of a generic linear PM. If an opposing
demagnetizing force, HD is applied at the PM’s poles, the
PM lowers its operation point behaving as a linear source.
If the demagnetizing force is stronger than the demagnetiza-
tion threshold, Hd > HK , characterized by the knee, HK on
the Intrinsic curve, JH , the PM will be demagnetized. The
demagnetization threshold, HK and all BH characteristics of
PMs, are dependent on temperature. To avoid demagnetization
of the PMs, the maximum demagnetization field, Hd_max at
the highest operation temperature must be kept below the
associated demagnetization threshold, HK [81], [82], [83].
Fig. 4(b) shows the demagnetization curves of sintered NdFeB
grade N55, at different temperatures [78]. The percentage
change in the magnitude of the Br and Hc j values of a PM
material, as function of temperature changes, is charactered
by the thermal indexes, α and β indicated in Table I [78].
Another important parameter is the cost of the different PM
materials. In Table I is indicated the approximate cost of PM
material per unit of maximum BH product [79]. Rare earth
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TABLE 1. Modern PM Materials Grade Ranges

FIGURE 4. Permanent magnets. (a) Generic demagnetization curves, (b)
demagnetization curves of sintered NdFeB grade N55 [78], and (c) MEC
models of a linear permanent magnet.

materials have a lower availability, and PMs like NdFeB and
SmCo, present a higher cost compared to ferrite. Within its
linear region, Hd < HK , the PM can be simulated by a linear
source Magnetic Equivalent Circuit, MEC model, as depicted
in Fig. 4(c) [82]. The MEC voltage source model of the PM
consists of the ideal voltage source, of value mm fPM , in series
with the PM’s internal reluctance, RPM , defined as:

VMEC = mm fPM = Hc lPM (7)

RPM = lPM

μPMAPM
(8)

A linear PM can also use a current source model, with an
ideal current source equal to the remanent magnetic flux, φr :

IMEC = φr = APM Br (9)

The achievable bias flux, φbias is maximized and equal to
the remanent flux, φbias = φPM = φr when the PM’s opera-
tion point is highest, like in a magnetic short-circuit condition
with zero load reluctance, Rl = 0.

III. EVOLUTION OF PERMANENT MAGNET BIASING
TOPOLOGIES
Fig. 5(a) to (m) shows a schematic representation of the PMBI
topologies documented in the scientific literature [1], [2], [3],
[4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28]. The green vectors are representative of the PM´s flux,
φPM . The red vectors represent the magnetic flux introduced
by the coils, φcoil . The biased core sections present the green
and red vectors in opposite directions. The PMBI topologies
can be classified into four main types:
� Topologies with PMs inside the airgap.
� Improved topologies with PMs inside the airgap.
� Topologies with PMs outside the airgaps.
� Un-gapped cores biased with a Saturation-gap.
The basic MEC models of the main types of PMBI topolo-

gies are shown in Fig. 5(o), (p) and (q). Core segments are
represented as non-linear resistors with the characteristic BH
curve of the core material. The main desired characteristics of
an ideal PMBI topology, can be summarized in the following
bullet points:
� Maximum allowable PM’s area compared to the core’s

area. APM > Ac. Desirable to maximize achievable bias
flux, φbias, and the use of higher resistivity PMs.

� Minimum PM’s load reluctance, Rl to achieve the high-
est operation point of the PMs, and bias flux, φbias.

� Minimum demagnetizing fields, HD on PMs. Avoiding
demagnetization and maximizing its operation point.

� Minimum EMF’s inducing eddy currents on the PMs.
Reducing the total AC losses of the PMBI.

Table II presents an evaluation of the different PMBI
topologies depicted in Fig. 5 according to the achievable de-
sirable characteristics defined in the previous bullet points.

A. TOPOLOGIES WITH PMS INSIDE THE AIRGAPS
The first documented topology utilized standard cores with
PMs inside the airgaps [1], [2], [3], [4]. This topology has
been implemented with standard EE, UU or gapped toroid
cores, as depicted in Fig. 5(a) to (d) [7], [8], [13], [18], [19],
[20], [22], [23], [24]. The maximum allowable PM’s area is
limited by the core’s cross-sectional area, APM ≤ Ac. If the
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FIGURE 5. Permanent magnet biased inductor, PMBI topologies. Red vectors represent magnetic flux introduced by coils. Green vectors represent the
PM’s magnetic flux. Coil windings in yellow, “+” sign indicate current into the page, and “-“ sign is current out of the page.

TABLE 2. Characteristics Evaluation of PMBI Topologies From Fig. 5

PM is completely filling the length of the airgap, the PMs
load reluctance, is equal to the reluctance of the core, and
can be considered a magnetic short-circuit, achieving a high
operation point of the PM. On the other hand, the PM is
subject to strong demagnetizing fields. If the coil’s field is
stronger than the demagnetization threshold, Hd > HK , the
PM will be damaged. A common strategy to reduce the de-
magnetization field, Hd is to use a PM with the length shorter
than the airgap length, creating smaller airgaps around the

PM. Fig. 5(o) shows the MEC model of a PMBI using this
topology. The airgaps between the PM and the core introduce
an additional fringe reluctance around the PM, and success-
fully reduce the demagnetization field. The airgaps between
the PM and core gap endings increase the load reluctance
of the PM, reducing its operation point and achievable bias
flux. Fringing flux from the airgap also increases AC copper
losses, especially in high-frequency applications [104]. PMs
inside the airgap are subjected to all the coil’s magnetic flux
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FIGURE 6. PMBI with PM inside the airgap. Inductance vs current, L vs I,
measured and calculated with 2D and 3D FEM [8].

FIGURE 7. PMBI patents with PMs inside the airgaps. (a) UU core with
multiple PMs in series [68], (b) single winding biased inductance [40], and
(c) planar PMBI for on-chip inductors [70].

fluctuations, inducing eddy currents. Several patents have
been found employing very similar topologies with PMs in-
side the airgap, [33], [34], [35], [39], [40], [41], [42], [43],
[44], [45], [46], [47], [48], [49], [51], [54], [56], [57], [58],
[61], [64], [68], [70]. Fig. 7 presents some of the patented
PMBIs employing PMs inside the airgaps. In Fig. 7(a) is
presented a patented PMBI using a ferrite UU core and single-
layer windings [68]. The UU cores present several PMs in
a series of distributed airgaps. This strategy can reduce the
total demagnetization field in each magnet, as compared with
a single PM and airgap. The benefits of using distributed
series PMs inside distributed airgaps, have been further ex-
tended to the development of a pre-biased compound material,
as described in the patent [74], consisting of soft and hard
ferromagnetic layers, presenting 50% higher saturation cur-
rent, compared with similar non-biased material. Other trends
found in PMBI patent documents focus on the development of
biased planar inductors, and distributed micro-inductors, for
on-chip applications [100], [101], [102]. Fig. 7(b) presents a
PM-biased ferrite core designed for a single winding induc-
tance element, suitable for integrated inductance designs and
PCB-micro-inductors [40]. Fig. 7(c) presents a PMBI patent
using a planar core with PMs in the airgap between the core
plates and the planar copper windings [70].

B. IMPROVEMENTS OVER PMS INSIDE THE AIRGAPS
Fig. 5(e) presents the topology used by the first PMBI product
available in the market, developed by TDK in 1982. It uses

FIGURE 8. PMBI patents with PMs outside the airgaps. (a) Single EI cores
[37]. (b) [65] and (c) [69] using pairs of UU cores, with PMs near the
airgaps. Red vectors represent magnetic flux introduced by coils. Green
vectors represent the PM’s magnetic flux.

a ferrite core with small saturable segments between the PM
and the coil, greatly reducing demagnetization fields on the
PM [5]. The authors of the first publications on PMBIs using
PMs inside the airgap [1], [2], [3], [4], also introduced the
idea of using angled airgaps as depicted in Fig. 5(f). This
geometry can increase the maximum achievable PM’s area,
while reducing the demagnetization field induced on the PM.
This topology requires non-standard core shapes, and no phys-
ical implementations have been documented. The topology
depicted in Fig. 5(g) employs a UU core, presenting the PM
inside the airgap [23]. The PM is in a core segment with an
increased area, allowing for an increased PMs area, at the
expense of a volume increment of one of the core segments.
The bigger PM area increases the achievable bias flux level,
compared with the basic topology in Fig. 5(a) to (c).

C. TOPOLOGIES WITH PMS OUTSIDE THE AIRGAPS
To reduce the demagnetizing fields on the PMs, a common
strategy used by some PMBI topologies has been to place
the PMs outside the airgaps, as depicted in Fig. 5(h) to (k).
These topologies typically require non-standard core shapes
or additional segments of ferromagnetic materials for guiding
the PM’s bias flux. The additional segments contribute to the
total volume. The core segments near the airgaps would also
present a reduced effective area, due to the partial saturation
induced by the PMs, as documented in [27]. The maximum al-
lowable PM’s area in both topologies depicted in Fig. 5(h) and
(i), is limited by the core’s cross-sectional area, APM ≤ Ac.
Very similar topologies to Fig. 5(h) and (i), have also been
found in patent documents [36], [37], [38], [50], [51], [55],
[59], [60], [62], [63], [65], [66], [67], [69], [71], [72]. In
Fig. 8(a) [37] is depicted a PMBI topology using modified
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EI cores, and the possibility of using standard EI cores with
special PMs, presenting a 90° angle between its magnetiza-
tion poles. In Fig. 5(j) is depicted a topology employing UU
cores with PMs in the vicinity of the airgap, allowing for an
increased PM’s cross-sectional area. This topology does not
use any additional core segment to contain the biasing flux on
the back between the PMs, and therefore the PM operation
point, and the achieved bias are limited. Similar topologies
have also been found in patent documents [65], [69], as de-
picted in Fig. 8(b) and (c), presenting a pair of special UU
cores, with airgaps, and biased by the same pair of PMs
near their airgaps. This configuration minimizes the PMs load
reluctance and maximizes the achievable bias. On the other
hand, UU cores with a single airgap in only one of their legs,
can present mechanical challenges. The latest documented
PMBI topology using PMs outside the airgap, was developed
at M.I.T. in 2022 [25]. This topology, depicted in Fig. 6(k),
employs a ferrite pot-core with a long PM inserted into the
hollow central pole. The PM’s flux is guided to the edges of
the pot-core with the use of additional plates of soft magnetic
material, Hiperco-50. The maximum allowable PM’s area is
limited by the dimensions of the hole in the central pole of the
ferrite pot-core. The PM’s area is smaller than the effective
cross-sectional area of the core, APM < Ac. The PM inside the
hollow central pole does not contribute to flux variations and
the associated EMFs induced by the coil, since the flux will
concentrate on the higher permeability ferrite. On the other
hand, the Hiperco-50 plates present a permeability higher than
ferrite and much lower resistivity, and strong EMFs will be
induced. This topology employed a “ring-shield” (shown in
orange in Fig. 5(k) and Fig. 12.) to reduce eddy losses in the
Hiperco-50 plates [25].

D. THE SATURATION-GAP BIASING TOPOLOGY
This topology employs standard EE or UU cores with no
airgaps, as depicted in Fig. 5(l), (m) and (n) and the MEC
model in Fig. 5(q). Part of the PM’s flux will flow through
the longer section of the core, in the opposite direction to the
coil’s flux and provide the desired bias magnetization. In the
smaller portion of the core between the PMs, the magnetic
flux from both the coil and the PMs presents the same polarity,
becoming partially saturated and presenting the equivalent re-
luctance of a typical airgap. This section of the core is referred
to as the saturation-gap, and its reluctance is proportional to
the reluctance of the PMs [14], [15], [16], [21]. The PM’s area
is not limited by the core’s cross-sectional area, and the PMs
outside the core present minimal demagnetization fields. The
optimized Saturation-gap topologies depicted in Fig. 5(m) and
(n), consist of two standard UU cores with no airgaps, simulta-
neously biased by the same pair of PMs. In these topologies,
the PMs are placed in a short-circuit condition, optimizing
their operation point and the achievable bias flux.

IV. PRACTICAL PMBI IMPLEMENTATIONS
Several PMBI prototypes employing the topologies presented
in Fig. 5, and using the different cores and PM materials, have

been documented in the literature [5], [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26].

A. PMBI IMPLEMENTATIONS USING FERRITE CORES
Ferrite core materials have been the first and most common
choice for the investigation and development of PMBIs. Due
to their relatively lower saturation flux density, Bsat the bias
flux requirement, φbias, are more easily achieved. A total of
twelve different PMBI implementations using ferrite cores
have been documented. Table III present a summary of the
different PMBI implementations, the topology employed, ma-
terials, electrical characteristics, and their achieved bias flux,
BFI, and overall design benefits. Only three PMBIs have been
found as commercial products available in the market. The
first PMBI product was the PCH Core, developed by TDK
using the topology depicted in Fig. 5(e) and published in 1982
[5]. The used PM material was Barium Ferrite, with a rela-
tively low remanent flux density, Br . This topology achieved
30% bias flux, and 30% higher saturation current. The second
commercially available PMBI product was developed by STS
in 2014 [13]. This PMBI is marketed as MaxFlux and can
achieve 100% bias of ferrite cores. The PM and core topology
is not disclosed in [13]. The third and latest PMBI product
available on the market, was developed by SUMIDA Elec-
tronics in 2015 [18]. The specific topology and PM placement
are also not disclosed. The topologies of these two PMBI
products [13], [18], probably employ PMs inside airgaps, or
a combination of hard PM material filled inside a distributed
airgap, as described in patent [73]. A patent document by
STS documents a UU core with a multitude of PMs in series
distributed airgaps, as depicted in Fig. 7(a) [67]. The first
PMBI prototype using the basic topology with PMs inside
the airgap was implemented for a miniaturization of a flyback
transformer for a PC power supply in 2003 [7]. This study
compared two different types of PMs: standard sintered Nd-
FeB PMs and bonded NdFeB PMs. Sintered PMs presented
important eddy current losses, and the use of bonded PMs
was the preferred choice, providing a higher resistivity, while
lower remanent flux density, Br . The use of higher resistivity
bonded PMs achieved an almost identical Q factor as the
non-biased reference, at the expense of achieving a lower
bias level. This implementation achieved 60% bias flux and
reduced the core’s cross-sectional area and the total core vol-
ume by a 30%. Four implementations have been documented
achieving 100% bias of ferrite cores, using sintered NdFeB
PMs, with different topologies [11], [14], [20], [22]. In [20]
is also presented an FEA simulation of the demagnetization
field of the PM, which assures that the fields are below the
demagnetization threshold. Sintered PMs provide the highest
coercive force and bias flux, at the expenses of presenting a
relatively low resistivity. The AC losses, in these PMBI imple-
mentations, are significantly increased, and can only operate
in applications at a relatively low frequency or small current
ripple, IPP � IDC . Another PMBI prototype was documented
in 2019 [24], using the basic topology with PMs inside the
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TABLE 3. Physical PMBI Implementations Using Ferrite Cores. Part 1-of-2, From 1982 to 2015

airgaps depicted in Fig. 5(b). This prototype employed fer-
rite cores and bonded NdFeB PMs. The higher resistivity of
bonded PMs greatly reduces eddy currents compared to sin-
tered PMs. In this PMBI, the airgaps are filled by the PMs, and
it achieves 100% bias which doubles the saturation current,

from Isat = 14 A to 2Isat = 28 A. Bonded PMs present a lower
demagnetization threshold compared with sintered PMs, and
the expected fields on the PMs, with no fringing airgaps,
could be higher than the threshold of demagnetization. The
prototype is tested on a DC-AC inverter operating quite below

VOLUME 5, 2024 1317



AGUILAR ET AL.: PERMANENT MAGNET BIASED INDUCTORS–AN OVERVIEW

TABLE 3. (Continued.) Physical PMBI Implementations Using Ferrite Cores. Part 2-of-2, From 2015 to 2022
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FIGURE 9. Implemented DC filter pairs. STD, is standard non-biased filter EE inductor pair. PMI1, is 100% PM biased UU inductor pair. PMI2, is >100%
pre-saturated over linear bias, UU inductor pair. Right: Measured inductance vs current profiles, L vs I of the three filters. Each filter contains two
inductors in series. Data from [21].

FIGURE 10. Measured inductance versus current, L vs I profiles. Left: L vs I of PMBI prototype (PM Hybrid) with and without PM. Center: L vs I of
PM-Hybrid and non-biased ferrite core with same inductance and saturation. Right: Implemented prototypes. Non-biased ferrite core uses bobbin with
15 turns and PM-Hybrid uses 11 turns. Data from [25].

its saturation limit, with a 50 Hz AC current of Irms = 5 A with
a 400 kHz current ripple with IPP = 2 A. The Saturation-gap
topology, as depicted in Fig. 5(m) and (n), has been imple-
mented using ferrite cores and bonded-NdFeB PMs [21]. The
two UU PMBIs connected in series, are compared with two
standard non-biased EE core inductors, operating in a DC-
DC converter, at 36 kHz switching frequency, with IDC = 9A
and a current ripple of IPP = 2A. Two different prototypes
were implemented achieving the same inductance within the
current operation range, with 100% bias and Over-Bias flux
levels. PMI1 achieves full linear 100% bias, and the BIF = 2
is employed to reduce the core cross-sectional area by 50%.
By reducing the core’s area, the mean length per turn, MLT
is also reduced and PMI1 achieves 16% lower DC resistance
compared with the non-biased STD.

The linear part of the inductance of PMI2 has been con-
centrated to the operating current range, from 8A to 10A,
resulting in an OBIF = 3. It also achieves 50% reduction of
the core area and volume, and an additional reduction of 35%
of the required number of turns, resulting in less than 50% DC
resistance. Fig. 9. shows the implemented filter pairs, and their
measured inductance versus current profiles, L vs I [21]. The
latest ferrite PMBI documented in the literature was devel-
oped at MIT in 2022 [25], employing the topology depicted in
Fig. 6(k). The prototype is tested with and without the PM and
achieved 45% bias flux and 45% increase in saturation cur-
rent. The PMBI prototype is also compared with a non-biased

pot-core with the same inductance and saturation current. The
PMBI achieving a 45% bias flux, employs the associated
BIF = 1.45, to reduce 27% the required number of turns,
resulting in 50% reduction of DC resistance. Fig. 10 shows the
implemented PMBI, the non-biased reference prototypes, and
their measured inductance vs current profiles. The prototypes
operate on a converter at 1 MHz switching frequency. The
expected DC and AC ripple current, during operation, have
not been specified. The authors indicate that the prototype is
oriented to applications dominated by DC losses, presenting
relatively low AC current ripple, IDC � IPP. The prototype
employs a shield-ring to reduce the eddy current losses [25].

B. PMBI IMPLEMENTATIONS USING SILICON-IRON AND
OTHER HIGH SATURATION CORE MATERIALS
Silicon-Iron, SiFe laminations, and other ferromagnetic core
materials characterized by a high saturation flux density, Bsat ,
present a bigger challenge for practical PMBI implementa-
tion. The higher saturation limit, Bsat implies a higher demand
for PM’s bias flux, φbias = AcBsat . Only six different physical
PMBI implementations have been documented, using SiFe
cores or other core materials with high saturation, Bsat > 1T
[6], [8], [15], [17], [23], [26]. Table IV present a summary of
the different PMBI implementations, the topology employed,
the materials and electrical characteristics, and their achieved
bias flux, BFI, and overall design benefits. The first PMBI
implementation using SiFe laminations core was documented
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TABLE 4. Physical PMBI Implementations Using High Saturation Core Materials

in 2001 [6]. This prototype was the first implementation of
a topology with the PMs outside the airgaps, in Fig. 5(h).
The maximum PM area in this topology is also limited by
the core’s cross-sectional area, APM ≤ Ac. It uses small guid-
ing plates to contain the flux between the back of the PMs.

Unfortunately, the central leg of the core also presents an air-
gap, increasing the reluctance to load the PM and reducing the
achievable bias flux. The prototype was tested with and with-
out the PMs. The PMBI presented 20% higher inductance,
indicating approximately 20% bias flux has been achieved.
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FIGURE 11. Design improvements with the Saturation-gap PMBI topology. 100% linear bias is achieved. Top: two UI-PMBIs in series compared with one
standard non-biased EI inductor. Bottom: two UI-PMBIs in series compared with two standard EI inductors in series. Core volume and DC resistance data
is empirically measured from [15] and [21].

The first implementation using SiFe cores and the basic PMBI
topology with a PM inside the airgap, as in Fig. 5(a), was doc-
umented in 2008 [8]. The inductor operates at a relatively high
DC current of 32 A, and a 10 kHz small current ripple of 3.2 A,
IDC � IPP. Due to its high operation temperature, it employs a
sintered SmCo PM, providing better thermal performance and
slightly lower remanence, Br compared with more common
NdFeB PMs. It utilizes small airgaps between the PM’s poles
and the edges of the core, reducing the demagnetization fields
on the PM, at the expense of a lower operation point and lower
achievable bias flux.

The simulated and empirically measured inductance ver-
sus current, LvsI profile of this prototype is presented in
[8] and Fig. 6. The achieved bias flux is 50%, resulting in
a 30% core volume reduction and equivalent DC resistance.
The only PMBI implementation achieving 100% biasing of
a SiFe core was documented in 2014 [15], employing the
saturation-gap topology depicted in Fig. 5(m). This topology
allows for the highest PM’s area compared to core’s area,
APM � Ac, and the PMs are in a magnetic short-circuit condi-
tion, optimizing their operation point. This topology consists
of two UU-PMBIs, biased by the same pair of PMs. In this
implementation, the two UU-PMBIs are connected in series,
and compared to a single non-biased EE core inductor, achieve
the same inductance and saturation current. Each UU-PMBI
is therefore required to provide half of the total inductance.
The prototype, including both UU-PMBIs in series, presents
a 50% total core volume reduction. The total winding DC
resistance of the two UU-PMBIs connected in series, is 30%
higher compared with the single non-biased EE inductor. The
design benefits of the saturation-gap topology are optimized
for applications requiring a pair of DC inductors, resulting in
100% bias and reduced DC resistance, as shown in Fig. 11,
and [21]. A PMBI employing a pot-core with PMs near the
airgaps was documented in 2015 [17]. The allowable PM area
in this topology is relatively small, limiting the achievable
bias flux. The prototype was tested with and without PMs,
presenting 10% higher inductance, indicating approximately

10% bias flux has been achieved. The used core material
is Somaloy, characterized by a high saturation flux density,
Bsat = 2T and relatively low permeability, μr = 430, result-
ing in a very high challenge for the PM biasing technique. A
PMBI using SiFe laminations core, and the improved topol-
ogy with PMs inside the airgap depicted in Fig. 5(g), was
documented in 2019 [23]. The total PM area is larger than the
main core’s cross-sectional area, and the PM is divided into
an insulated matrix of smaller PMs, increasing the achievable
bias flux, and limiting demagnetization fields and eddy losses.
The PMBI uses a modified UU core with single layer wind-
ings and is compared to a non-biased UU core with the same
inductance and saturation current. The PMBI achieves 70%
bias, and employs the bias improvement factor, BIF=1.75 to
reduce the number of turns and the required core length, like
in the design strategy depicted in Fig. 2(b).

The PMBI has 35% less turns, using thicker wire cross-
sectional area, and achieves a 50% reduction of the DC
resistance, and approximately 10% smaller core volume. The
latest PMBI implementation using a high-saturation core ma-
terial was documented in 2022 [26]. This PMBI prototype
employs Finemet UU cores and the topology with PMs near
the airgap depicted in Fig. 5(j). Ideally, the UU cores should
have only one airgap in the segment having the PMs, and
no-airgap in the segment within the windings, presenting a
mechanical challenge for this topology. The implemented pro-
totype uses an airgap of 0.25 mm, and part of the PM’s flux is
expected to flow through the airgap, creating a saturation-gap
reluctance, like in the topology depicted in Fig. 5(l). The
PMs are not in magnetic short-circuit condition, limiting their
operation point and achieving a 30% bias flux. This study
focused on the performance analysis of common sintered Nd-
FeB PMs, compared with specially manufactured laminated
NdFeB PMs, offering a great increase of resistivity and a good
remanence. The laminated PMs achieve a 90% reduction in
eddy current losses, compared with common sintered PMs.
The relative alignment of the PMs and the core’s laminations
is also analyzed. The highest bias flux is achieved when the
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PMs area is in direct contact with all the laminations, avoiding
the increased reluctance between laminations.

V. CHALLENGES AND PERSPECTIVES
This section summarizes the present main challenges asso-
ciated with the implementation of PMBIs, and the future
perspectives of the PM biasing technique and its possible
applications.

A. FURTHER EVOLUTION OF PMBI TOPOLOGIES
The Saturation-gap, as depicted in Fig. 5(m) and (n), provides
the biggest PM’s area compared to the core’s cross-sectional
area, APM � Ac, and presents minimal demagnetization fields
on the PMs [15], [21]. The maximum area of the PMs is
only limited by the length of the UU core, and can po-
tentially be designed without any limitation, achieving any
required bias flux level, utilizing PMs having similar re-
sistivity as the core, as depicted in Fig. 3. This topology
does not use airgaps, and the equivalent high reluctance ef-
fect is achieved by a controlled saturation of a small length
within the core. This concept, using non-gapped cores with
PMs, has also found further applications for the implementa-
tion of a variable-bias inductance operating as a parametric
transformer, with improved efficiency and energy density
compared with previous parametric transformer topologies
[29]. This topology, employing a symmetric PM-biasing, to
achieve a variable inductance, could be used for applications
utilizing virtual-airgap control [105], [106]. Further evolution
of the Saturation-gap, and other PMBI topologies, would be
focused on the growing development of planar magnetics and
integrated magnetics [101], [102], [103], [104].

B. MODELING AND SIMULATION OF PMBIS
While an important number of developments has been made
for the modeling of the saturation and losses of common
inductors [92], [93], there are relatively few developments
on models for PMBIs. The mechanisms contributing to the
different power losses of PMBIs can be sub-classified by:
� DC losses, RDC => Winding’s DC resistance.
� AC losses, Equivalent series resistance, ESR:
� Core losses. Including biasing effects.
� Eddy current losses in PMs.
� Skin and proximity effects losses in windings.
Winding losses in PMBIs or standard non-biased inductors,

are identical in calculation. On the other hand, core losses and
eddy current losses on the PMs, present additional challenges
for the design of PMBIs.

All the documented implementations [5], [6], [7], [8], [9],
[10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26] utilize simple MEC models
and/or FEA simulations for design purposes. MEC models
can be utilized in Spice software for circuit analysis but pro-
vide limited accuracy and are not able to predict the eddy
current effects on core and PMs [11], [15]. 3D FEA sim-
ulations can achieve better accuracy than 2D FEA or MEC

simulations, as shown in [8] and Fig. 6. Nevertheless, magne-
tostatic FEA (2D or 3D) cannot predict eddy current effects
and more complex Multiphysics FEA software is required
to create PMBI models, considering temperature effects and
suitable for circuit SPICE simulations. Several models have
been developed for the estimation of eddy losses in PMs,
operating in synchronous PM-motors [87], [87], [88], [89],
which could be utilized to predict and minimize the eddy
current losses in PMBIs. The curling EMF inducing the eddy
currents, are proportional to the flux variations within the PM
area:

EMFeddy = −Aeddy 2π f �B (10)

The induced eddy current density can be estimated by:

Jeddy = EMFeddy

ρ leddy
(11)

Where Aeddy is the area enclosed by the eddy current loop,
leddy is the length of the loop, and ρ is the resistivity of
the PM material. Aeddy and leddy are defined according to
the geometrical dimensions of the PMs, and the total eddy
power losses, can be estimated by integrating the infinitesimal
current loops over the area of the PM [88]:

Peddy = hPM

x
∫
0

Jeddy(x)2 ρ leddy ∂x (12)

Where hPM is the height of the PM along its axis of mag-
netization. And ∂x, is the integration variable representing
the distance from the minimum possible eddy current loop,
at the center of the PM area, to the longest possible eddy
current loop at the perimeter of the PM. These calculations
only consider the flux inducing the eddy EMFs and do not
account for the effects of the reaction flux. In [89] is presented
a model including the effects of the reaction magnetic flux.
The accurate design and loss prediction modeling is one of
the present challenges for the development of PMBIs.

C. POWER LOSSES IN PMBIS
Power losses in common inductors, are typically expressed
as the sum of DC and AC power losses. The DC conduction
losses can be calculated by:

PDC_Loss = IDC
2 RDC (13)

And the AC losses, can be calculated by:

PAC_Loss = IP
2 ESR (14)

Where RDC is the DC resistance of the windings, IDC is the
DC current, IP is the peak value of the AC current ripple, and
ESR is the AC equivalent series resistance, at the operating
frequency. The total losses of an inductor are highly depen-
dent on the electrical operating conditions [93]. DC inductors
operating in a relatively high DC current and a relatively
small AC current ripple, IDC � IPP will be dominated by DC
losses (13), and the impact of the AC ESR will be minimal
(14). Several PMBI implementations have achieved important
reductions in DC resistance, up to 50% [13], [21], [25]. On the
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other hand, only few studies documented the AC loss charac-
teristics of the prototypes (Equivalent series resistance, ESR
or quality factor, Q). In [7] the Q factor at 100kHz, of a ferrite
PMBI is measured using different PM materials in the airgap.
Bonded-NdFeB PMs achieve a 60% bias with only a 10%
decrease in Q factor compared with the non-biased reference.
When using sintered NdFeB PMs, the Q factor is reduced
by an 80%, due to the low resistivity of the PMs and high
eddy current losses (12). In [14] a ferrite PMBI using sintered
NdFeB PMs is documented operating at 8kHz and presenting
similar inductor ESR and converter efficiency. On the other
hand, 8kHz is relatively low frequency for the ferrite core, and
authors report losses increase considerably at higher frequen-
cies, due to eddy currents on the PMs. In [15] is documented
a SiFe laminations PMBI achieving 100% bias with sintered
NdFeB, presenting a 10% increased ESR at nominal current
20A DC and a 300Hz current ripple of 7A peak. A 100%
biased ferrite PMBI using bonded-NdFeB is documented in
[21], presenting a 50% increase in ESR at 36kHz operating
frequency. No more publications have documented the ESR
or Q factor of the PMBI prototypes. Some authors have doc-
umented the total converter efficiency or the associated power
losses and showed equivalent results when using PMBIs or
standard non-biased prototypes [11], [20], [22], [25], [28].
These PMBI implementations used ferrite cores and sintered
NdFeB PMs, presenting much lower resistivity than the fer-
rite cores, and their ESR values are expected to be greatly
increased. Nevertheless, these converters are operating with
very small current ripples, IP � IDC (as shown in Table III)
and the total losses are dominated by the DC component (13)
(14), resulting in equivalent converter efficiency.

The eddy losses on the PMs are proportional to frequency
and the amplitude of the flux variation (10) and inversely
proportional to the PM resistivity (11). The presence of eddy
currents on the PMs can increase the PMBI losses if the PM
material is not adequate for the operation frequency. Topolo-
gies with the biggest PMs area in relation to the core’s area,
are required to achieve full bias using core and PM materials
with similar resistivity, as indicated in Fig. 3. In addition of
using high resistivity PM materials, other techniques have
been documented oriented to reduce the eddy current losses
in PMBIs. Authors in [23] employed a technique to reduce
the maximum allowable eddy current loop within the PM’s
surface, by using a matrix of electrically insulated smaller
PMs. Authors in [26] present an analysis of the eddy current
loss reduction using laminated sintered PMs on a PMBI. The
PMs with 1mm thick laminations, increase the PM resistance,
and the eddy current losses are reduced by 90% compared
with common sintered NdFeB PMs. Another more uncon-
ventional strategy for minimizing eddy current losses consists
of minimizing the resistance of the eddy current loop. This
strategy has been implemented using the topology depicted in
Fig. 5(k) [25]. A copper shield and ring are introduced be-
tween the ferrite and the Hiperco-50 plates. Since the copper
ring presents the lowest resistance, the induced eddy currents
will be concentrated in the copper ring, and the total dissipated

FIGURE 12. Eddy losses reduction using a copper shield-ring on pot-core.
Topology depicted in Fig. 5(k). Subfigures: (a) top view, (b) cross-section
side view, and (c) axisymmetric cross-section view, PM’s flux simulated
with FEA. Figure in (c) from [25].

eddy losses will be low (12). Fig. 12 presents a schematic
representation of the shield-ring technique employed in [25].
Since the impedance of the copper ring is dependent on fre-
quency, it is expected that the eddy current losses reduction
achieved by this shield-ring should be frequency-dependent,
as shown in [89]. No information about losses or the fre-
quency performance of the shield-ring are provided in [25],
[28].

The bias magnetization in the PMBI cores also modifies
the mechanisms associated with core losses. The complex
permeability of Mn-Zn ferrite cores has been analyzed under
different levels of magnetic fields induced by external PM.
The results indicate that at higher levels of magnetization, the
frequency threshold of increased core losses can be extended
[94], [95]. Similarly, patent [30], describes a high-frequency
inductor, where external PMs introduce a bias magnetization,
with the purpose of extending the usable frequency band-
width.

D. EVALUATION OF PM DEMAGNETIZATION
Other additional challenge for the reliability of PMBIs is the
evaluation and prediction of the operation point of the PMs
considering its thermal effects, to guaranty operation within
its linear range, avoiding the demagnetization threshold, Hk

(or Bk), as depicted in Fig. 4. Approximate estimation of the
PMs operation point can be obtained using MEC modeling,
as depicted in Fig. 5(o), (p) and (q). PMBIs using PMs inside
the airgap (Fig. 5(o)) will present a stronger demagnetization
field, since most of the coil’s flux is crossing through the PM’s
area, except for a smaller portion of fringe flux around the
PM. On the other hand, PMBIs using topologies with PMs
outside the airgaps or the saturation-gap topology, provides
an additional path for the coil’s flux, and will present smaller
demagnetization fields on the PMs, as shown in the MEC
models in Fig. 5(p) and (q).

Only two of the PMBI implementation documented in the
literature have provided analysis and simulations to verify the
operation point of the PMs to evaluate the risk of demagneti-
zation [20], [21]. Both publications employ FEA simulations
to predict the operation point of the PMs, by computing either
the H field or the B field, at current levels above saturation.
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FIGURE 13. Analysis and simulation of PM demagnetization risk. (a) Toroid with PM in airgap PMTPI [20], measured inductance vs current profile, L vs I
of different inductor prototypes, and FEA simulation of normal demagnetization field Hd on the PM of PMTPI at 20A current. (b) PMBI using
saturation-gap, PMI1 [21], measured and simulated inductance vs current profile, L vs I, and FEA simulation of the PM flux density, B (defining its
operation point) at different currents.

Fig. 13(a) and (b) presents the L vs I profiles and FEA sim-
ulation results of the PMBIs documented in Table III [20],
[21]. Both PMBIs use ferrite cores and achieve 100% linear
bias. Authors in [20] utilize a gapped ferrite toroid with a sin-
tered NdFeB PM inserted in the airgap. The magnet grade is
N35EH, providing one of the highest demagnetization thresh-
olds available on the market (Hk 100°C=1305 kA/m). Despite
the strong demagnetization fields produced in topologies with
PMs inside the airgap, the employed NdFeB grade is able to
resist the demagnetization field (707 kA/m) simulated at cur-
rent of 20A, at which the core is in full saturation. In Fig. 13(b)
is shown the measured and simulated L vs I profiles of the
PMBI documented in [21] (PMI1). It utilizes bonded-NdFeB
PMs with remanent flux density, Br = 0.8 T and a demagne-
tization flux density threshold, Bk = 0.12 T . The flux density
through the length of the PM is simulated at several winding
currents from 0A to 20A, at which the core is fully saturated.
Due to the relative position of the PMs outside the coil’s flux
path, the demagnetization fields are smaller than topologies
with PMs inside the airgap, and therefore the operation point
of the PMs in the saturation-gap topology is well above the
demagnetization threshold, Bk for all tested currents.

VI. CONCLUSION
This paper presents a review of the state of the art in the field
of permanent magnet biased inductors, PMBIs. The associ-
ated design advantages, and the evolution and main charac-
teristics of the different PMBI topologies are presented. An
ideal 100% biased PMBI would provide the same inductance
and saturation current as a standard DC inductor, while only
requiring 50% of core’s cross-sectional area, or 50% num-
ber of turns. The practical achievements of the documented
PMBI prototype implementations, have been evaluated and
summarized. Only the Saturation-gap topology, has proven
to practically achieve 100% linear bias of silicon-iron, SiFe
cores, optimizing the achievable benefits of PM biasing. Pre-
saturated or over-biased, >100% linear bias levels, have been
demonstrated in ferrite cores, allowing for a bias improvement
factor higher than two, BIF > 2, and its associated enhanced
design benefits. In DC-DC converter applications, operating
with relatively high DC current and relatively small current

ripple, the employment of over-biased PMBIs, presents im-
portant advantages, potentially achieving volume reductions
higher than 50%. The main challenges for the development
of PMBI and one of the focuses for future work, rely on the
improvement of PMBI component models for circuit simula-
tion and prediction and minimization of eddy losses on the
PMs. The combination of PMBIs with high frequency planar
magnetics and integrated component design could be one of
the future main trends of the PMBI technology.
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