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Abstract:

Voltage controlled magnetic components, which consist in dynamically controllable inductances and
transformers, are a promising yet understudied technology of growing interest. In fact, these components offer
circuit designers an additional degree of freedom to achieve multi-objective optimization with improved
Pareto fronts. This article provides a review of some technologies that can be used to create controlled
magnetics, including emerging technologies with high potential. Furthermore, a list of possible applications
is proposed, where these components can provide a significant advantage in terms of efficiency, size reduction,
or controllability. Special emphasis is laid on a use case: a 20 kW multiport DC/DC converter in which power
flow control is achieved using voltage-controlled inductors based on partially saturable magnetic cores.

1. Introduction

Magnetic components constitute one of the basic devices in power electronics systems. As a matter of fact,
inductors and transformers can be used for short-term energy storage, filtering, and to transfer power while
providing galvanic isolation between circuits [1].

Nonetheless, they remain amongst the bulkiest parts and account for a significant share of the losses [2, 3].

Magnetic component design results from trade-offs between a variety of parameters. For instance, in a filter,
a higher inductance value will improve the filtering, which is related to pulse width modulation choice, but
also increases the response time and, often, the losses [4]. In some power converter topologies, inductance
values result from a trade-off between power lost in the active and reactive devices. Capability to bear higher
currents, which are dictated by fault conditions, will also translate to higher volume [5]. In general, inductance
and conduction losses are positively correlated. Furthermore, magnetic component selection, either custom or
off-the-shelf, results from trade-offs between several variables such as cost, losses, and size.

Dynamically controlled magnetics [6], which have the capability to change their values online based on an
external control signal, constitute an opportunity for power electronics, by bringing an additional degree of
freedom in finding a compromise among minimal size, minimal losses, maximum filtering, limiting current
rise without compromising dynamic response, etc.

After a brief introduction on magnetics and reluctance modeling, this paper gives in section 3 an overview of
technologies and physical phenomena used to create tunable magnetics. Section 4 provides a list of relevant
possible applications, while a use case is detailed in section 5. Finally, section 6 concludes the paper.

2. Basis of magnetics design
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Figure 1 (a) shows a schematic of a generic inductor, composed of the winding, a magnetic core, and an air
gap. Its equivalent reluctant model, analyzed using basic circuit theory, can be derived by replacing the core
and the air gap by reluctances R. The winding is replaced by a magnetomotive force (MMF) source —
calculated as shown in Figure 1 (b). [ is the length of the air-gap, [ is the average length of the magnetic core,
A its cross-sectional area, N the number of turns, and the magnetic material has a relative permeability u, —
which characterises its ability to increase or channel the magnetic flux ¢.
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Figure 1. (a) Physical schematics of an inductor, (b) equivalent reluctant model, and (c) inductance calculation.

The inductance, which links the magnetic flux and the electric current (Figure 1 (c)), can be expressed as
! -1
L=N?Ap, - (;+ lg) .

The rms current through the coil imposes that large wires and few turns be used to limit losses. On the other
hand, the peak current through the coil dictates that a large number of turns (small due to the limited window
area) be used to avoid magnetic saturation which would result in a drop in permeability — and therefore
inductance. As a matter of fact, unwanted saturation may lead to over currents, increased losses, and control
issues. The device must be designed such that, given the peak current [, the peak magnetic flux density B,
given by
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remains below the saturation flux density B, of the material of the core. In practice, this means selecting a
core of sufficient size.

When considering dynamically tunable magnetics, the models must be updated to account for the energy
stored through the inductance-tuning mechanism, and that may sometimes be recovered. In particular, the
relation between the voltage v, and the current i; reads

v (t) =N

—_— = . + iy - —,
dt dt dt = " dt

where L is a function of time. However, most applications currently operate the tunable magnetics in quasi-

static conditions, whereby the second term can be neglected. When considering tunable technics with low

enough response time, this effect could nonetheless be leveraged, for instance for active filtering.

The following section highlights how these variables can be tuned online to achieve dynamic inductance
control.

3. Physical effects and technologies for inductance control

The basic model presented in the previous section provides guidance on how the inductance can be
dynamically tuned by changing the number of turns, the length of the air gap, the permeability of the magnetic
core, and the overall shape of the inductor.



Tapped coils with tap changers (mechanical or solid-state) constitute tunable inductances that can take discrete
values. Practical use in power applications remains limited to voltage regulating distribution transformers due
to the high cost and complexity of discrete implementations [7]. On-chip integration of both the winding and
the tap-changer (MEMS- or solid-state-based) have been demonstrated for low-value inductances, benefiting
from the high-density integration enabled by wafer-level technology [8].

Magnetic cores are usually used in their linear region, where they exhibit constant permeability. However,
when increasing the field and approaching saturation, the permeability drops (Figure 2). This is exploited to
create tunable inductances, whereby a magnetic core is submitted to a biasing field by means of an auxiliary
winding, that polarizes the material on its B-H curve around the target operating point. This technology has,
in particular, been used to regulate power converters [9]. The main shortcoming of this approach is the
significantly increased power loss in the DC-biased portion of the core. An application is detailed in section
5110].
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Figure 2 First quadrant magnetization curve of a typical ferrite for power electronics (N87): (BH) curve (blue) and incremental
permeability u,;, (red). External biasing allows to move the operation point along the (BH) curve and thereby tune the inductance,
which is inversely proportional to . ;.

Mechanical variability of the inductance is achieved by various types of micromanipulators that vary the
length of the air gap (Figure 3) or move a magnetic shunt into or out of it. Due to the large influence of the air
gap on the inductance, this allows efficient and wide tunability. Other concepts rely on modifying the coil
dimensions. Yet, the use of mechanical means results in high response times and is also considered a critical
reliability issue. This, added to the high cost and potentially high power consumption, limits the practical
applicability of the concept.

Figure 3 Mechanically adjustable inductor in which the length of the air gap l, can be tuned by moving the cores using an actuator
(in blue).

If piezoelectric materials can be used as actuators for voltage-controlled mechanical adjustment of the air gap,
they offer another way to tune the inductance. In combination with magnetostrictive core materials, voltage-
tunable magnetoelectric composite inductors have been realized, which allows voltage adjustment of the
effective permeability of the inductors. In this case, a possible increase in core losses must be avoided [11].
For this purpose, magnetoelectric components have been integrated into the inductor or part of the inductor as
variable permeability magnetic flux valves. This approach has been the subject of much research, including
magnetic thin film and MEMS devices. Figure 4 shows the results obtained with voltage-controlled



magnetoelectric inductors, reaching a 450% tunability in the kHz-band. For power electronics applications,
electric field modulation of permeabilities has been achieved for ferromagnetic bulk and wound cores, ferrite
cores, and magnetic piezoelectric material composites [11, 12], resulting in significant inductance changes.
The magnetic material of choice is defined by magnetoelastic properties (magnetic anisotropy and relative
permeability) and resistivity versus thickness. All these parameters must be specifically tuned in terms of
inductance and operating frequency for the intended variable inductor applications. By transferring the
concepts to high-power, bulk material-based applications, the aforementioned limitations for the mechanical
approaches in response time and energy consumption could be overcome.
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Figure 4 (a) Measured inductance and (b) Q-factor of the integrated tunable inductor at voltage tuning with applied electric field
from 0 to 12 kV/cm. (c) Schematic of the magnetoelectric inductor with a multiferroic composite core (Reproduced from [13]).

Other methods of tunable inductors rely on the use of ferrofluids in the air gap of the inductors or as a variable
separation material in a pancake coil arrangement, or the use of deformable magnetic composites. Although
permeability is an intrinsic property of a material, shielding by eddy currents may lead to some additional
frequency-dependence [14], which could be exploited for inductance dynamic tuning. These methods are still
at the proof-of-concept stage at best and are also subject to similar reliability issues as discussed above.

4. Applications — brief overview and simple calculation of gains

Tunable inductances have long been used as controlled impedances, e.g., to adjust lighting intensity or for arc
welding. Nonetheless, the wide spreading of power electronics will greatly benefit from online adjustable
magnetics, which will further push optimal Pareto fronts. This will bring significant improvements in the

operation of a wide set of circuits and applications. This section describes some of these, summarized in
Table L.

Table I: Summary of the gain expected from the use of tunable magnetics for some applications.

HVDC circuit breaker - 45 % breaking current
Wind generator inverter - 20 % inverter loss
Battery charger - 10 % loss

Magnetic designs are constrained by trade-offs, making it impossible to achieve optimal operation over a wide
range of operating points with conventional components. For instance, in phase-shifted full bridge (PSFB)
and dual active bridge (DAB) converters, a high inductance is required to achieve soft switching — and thereby
high efficiency — at low load, but this increases the copper loss and limits power transfer. Dynamically
adjusting the inductance therefore offers an additional degree of freedom to track the maximum efficiency
point. For example, the energy saving considering a lithium-ion battery charging cycle using a PSFB would
reach 10 %.

Although switching energies of wide-bandgap semiconductor-based devices can fall to a few percent of their
silicon counterparts, full potential of SiC and GaN is achieved in resonant topologies, owing to the loss



reduction offered by soft switching. However, LC-circuits have resonant frequencies with low initial accuracy,
and possibly significant shift due to ageing and temperature. This is an issue when matching tanks are required,
such as in multiport converters or wireless power transfer. The ability to dynamically tune tanks is then of
great interest to maximize power delivery and efficiency — as showcased in section 5.

New topologies of power converter could further benefit from controllable magnetics. For instance, critical
conduction mode converters, and more generally hysteretic controllers, suffer from complex control and EMI
management due to their variable switching frequency. Online tunable inductors would solve this issue by
enabling such converters to run at constant frequency.

The output filtering inductance of an inverter is limited by the voltage drop across it at fundamental frequency
and nominal load. However, under reduced loading, the inductance could be increased to keep the voltage-
drop constant. This would allow the switching frequency to be reduced proportionally without power quality
degradation, resulting in a proportional reduction in switching power loss. Under this control strategy, the
analysis of the annual production profile of a wind turbine located in northern France and equipped with an
IGBT inverter shows that the potential average power loss reduction reaches 20 %, assuming a tunability of +
30%.

In DC networks, minimal parasitic inductance is required to create a strong grid with good controllability. On
the other hand, the line inductance limits the rate of current rise during short circuit, thereby limiting the
constraints on the circuit breaker. In such application, the use of a low inductance value in normal operation,
which is then increased in case of fault, would enable a reduction in the circuit breaker rating (-45% breaking
current in a typical HVDC network, assuming + 30% inductance tunability — Figure 5), while maintaining
controllability.
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Figure 5: Current rise after load-side short-circuit of a HVDC transmission line: constant vs. tunable line inductance. Simulation
performed with Vp. =400 kV, I, =2 kA, Ly, = 20 mH.

Although today’s electric network is exclusively either exploiting a single spectral component (typically 50
or 60 Hz) or DC, tomorrow’s networks may exploit a wide spectrum to transfer power: not only the
fundamental, but also the harmonics would be used to convey energy between sources and loads in a targeted
manner (Figure 6). In such multi-frequency network, tunable magnetics would enable power routing based on
spectral content [6].
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Figure 6. Structure and spectrum of a multi-frequency grid in which the spectral components supplying each load or sub-network
can be dynamically selected by tuning the inductance of the respective filter.

5. Use case: self-tunable multiport resonant converter

Several isolated dc/dc topologies have been proposed in the literature for interconnecting multiple energy
storage systems (ESS) with different capabilities. Nevertheless, resonant multiport isolated converters, in
particular those based on a multiwinding transformer (MWT), have been receiving more attention in
applications where multiple DC sources and/or loads must be integrated (Figure 7). This results from their
reduced number of conversion stages, which leads to an increased power density and efficiency.

On the other hand, the increased number of windings at the same magnetic core makes the resonant MWT-
based (RES-MTB) topologies more susceptible to parameter deviations on the MWT and multiple reactive
networks, which can lead to power flow control issues. Thus, the multiple resonant tanks must be properly
tuned to reduce these parameter deviations and unbalance.
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Figure 7. left: RES-MTB converter embedded with actively controlled inductors (ACI) for multi-source integration; right: Power distribution in
function of the load frequencies considering the different ESSs [15].

In this context, the integration between actively controlled passive elements and the RES-MTB converter can
be used as an additional degree of freedom to tune individually the values of the resonant inductors. Hence, it
allows not only the self-tuning of the multiple resonant tanks against parameter deviations but also the power
flow control among the ports.

The concept of integrating a variable inductor into the RES-MTB converter is experimentally validated with
a prototype of 20 kW (Figure 8), cf. [10, 15].



P~ MWT y\A/x
(1:1:1:1) N~

[MM) x 600 x 290 mm (xyz)

[ RT: Resonant Tank

Figure 8 — Hardware prototype of the RES-MTB converter [10].

The structure of the variable inductor is based on the gapped E-core, cf. Figure 9 (a). The control winding,
which is responsible for changing the inductance value, is divided into two identical parts with the number of
turns equal to N,.. The control winding is mounted on the outer legs of the E-cores, cf. Figure 9 (a,b), while
the main winding is placed on the air-gapped center leg.

The control and generation of the dc bias current can be realized, for example, via a non-isolated switched
mode dc/dc converter for optimal efficiency. By increasing the dc bias current up to the point where the
magnetic flux density enters the saturation region, the increased reluctance of the core reduces the inductance
value (Figure 9 (¢)).

Experimental results were obtained under two conditions: unbalanced and balanced operations, cf. Figure 10.
In the first condition, the resonant tanks RT I and RT III are configured with the same inductance value to
ensure the resonance frequency of 20 kHz, while RT II is configured with the maximum inductance to reduce
the processed power cf. Figure 10 (a). In the second case, all tanks are matched so as to ensure balanced power
transfer (Figure 10 (b)).
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Figure 9: (a) Concept of actively controlled inductors considering the control and main windings. (b) picture of the prototype and (c) measured
inductance as a function of bias current [10, 15].
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Figure 10: Experimental results considering the steady-state operation: under unbalanced (a) and balanced (b) conditions [10].

6. Conclusion

Tunable magnetics bring an additional degree of freedom to circuit designers, enabling to further push Pareto
fronts in online multi-objective optimizations. A wide variety of physical phenomena and technologies have
already been investigated to create such devices. Further research should investigate the limitations of each
technology in terms of upscaling, bandwidth, response time, complexity, failure rate, etc. Future work should
also focus on innovative topologies and control strategies to better understand the full potential of this new
family of components. Although this article focuses on tunable inductances, the same phenomena can be and
have been applied to designing transformers with tunable coupling coefficients, leakage, and magnetizing
inductances. A dramatic leap forward in tunable magnetics design for the next generation of power electronics
is expected from the combination of circuit design and magnetic materials expertise.
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