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Abstract—Magnetic components are recently being researched and believed to be a main source of losses, and increasing the weight 
of power converters, which has become a real challenge for designers. Controlled magnetics for power electronic applications is a 
promising but still-evolving technology that started to gain momentum as it enabled circuit designers to achieve greater optimization in 
terms of cost, losses, and size during the design stages of different power converters. In this paper, a comprehensive review is carried out 
on practical tunable magnetic technologies that may turn out to be a viable solution and find their usage in power electronic applications. 
In addition, several techniques that can be used in the realization of controlled magnetic components, including but not limited to 
current-controlled magnetics, voltage-controlled magnetics, and self-regulated magnetics, are being investigated to define the merits and 
drawbacks of each technology for potential future usage. This article is mainly focused on controlled power inductors for various power 
electronic applications, and its main goal is to assist designers in selecting the suitable technology for their applications. 

Index Terms—Tunable magnetics, voltage-controlled magnetics, current controlled magnetics, self-regulated magnetics, variable 
power inductors, power electronic applications. 

1. INTRODUCTION

Magnetic components, either energy-transfer devices such as transformers or energy-storage devices such as inductors, are 
crucial elements and a prominent part of any power electronic circuit [1]. Inductors play different vital roles in power electronic 
circuits, such as being used as energy-storage devices to serve different operating modes; being used as filters for switched current 
waveforms; and being used in snubber circuits to limit current change rate and transient currents. On the other hand, transformers 
are also not less important than inductors, and they play major roles that can be stated as transforming voltage levels that may be 
required for circuit operation; providing electrical isolation between different components in the circuit as a matter of safety; and 
matching impedance between different circuits to achieve maximum power [2, 3]. 

The study of power losses in magnetic components such as inductors and transformers is becoming more popular as it is one of 
the main elements that contribute greatly to the efficiency and stability of power electronic converters [4, 5]. These losses typically 
comprise of copper losses that take place in the copper wire winding as well as iron losses that are being dissipated in the iron core 
and are mainly caused by eddy currents, the hysteresis of the magnetization curve, and residual magnetism [6-8]. According to 
power loss analysis in [9], [10], [11], [12], and [13], the most dissipated power in these proposed power electronic converters 
occurs in magnetic components, whether transformers or inductors, rather than other losses such as conduction and switching 
losses of the power semiconductor devices. The proposed converters in [7] and [14] have only one inductor and one transformer 
respectively, at the same time, these topologies include many other power semiconductor switches. Taking into consideration the 
small number of magnetic components in these two converters as compared to other components and looking into power loss 
analysis in both cases, it can be noted that losses that occur in magnetic components are significant, although not dominant. Without 
losing generality, it can be stated that reducing magnetic component losses will contribute greatly to the converter’s efficiency 
regardless of whether these losses occurring in the magnetic components are dominant as stated in [9-13] or not, as stated in [7] 
and [14], because even in the case that they are not dominant, they are still significant. 

In addition to the loss problem, magnetic components such as power inductors still present a challenge in terms of size. The fact 
that most bulky components in power electronic converters are magnetic components is understood, as the magnetic core is most 
likely made of heavy iron to avoid saturation and the winding is mostly made of thick copper to reduce resistance and hence losses. 
These two reasons are behind the increase in the magnetic component’s volume and weight. To compromise for loss and size 
issues, the design of magnetic components is usually the result of a trade-off between various variables such as size, efficiency, 
cost, inductance, direct current resistance, switching frequency, and saturation current [15, 16]. 

A promising solution for size and loss problems occurring in power converters can be controlled or tunable magnetics, that is, 
the ability to provide power inductors whose inductance can be varied while being in use, or similarly to provide transformers 
whose coupling coefficient, turns ratio, leakage, and magnetization inductances can be tuned online [17]. In power inductors used 
in DC-DC converters, it has been demonstrated that the power losses in these converters depend on the inductor's current, and there 
is an optimum value for the inductor's current that can improve the converter’s efficiency. The inductor current needs to be changed 
independently from the load current, and this can be achieved using controlled magnetics [18, 19]. For instance, in power electronic 
converters proposed in [16], [20], [21], and [22], controlling the inductance of the main converters reduced the ripple current 
flowing through their inductors, which resulted in the following optimizations: 1) reducing the losses occurring in magnetic 
components to significant values and hence increasing the converter’s efficiency; 2) reducing the size of the converter; and 3) 
improving the performance of the converter. 

The discussion in this paper will be limited to tunable inductors, also known as variable inductors (VIs), and future research may 
focus on variable transformers (VTs) instead. Thus, this paper is dedicated to techniques and technologies that can be utilized to 
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dynamically control the inductance of power inductors online. In the rest of this article, various techniques and configurations that 
can be utilized to create controlled magnetic components for both current-controlled and voltage-controlled types will be 
investigated, stating the advantages and disadvantages of each technique. Later, power electronic applications utilizing tunable 
magnetics based on these technologies will be thoroughly examined, along with the advantages and drawbacks of each application, 
followed by future research suggestions to overcome these limitations. And finally, a conclusion will be presented. 

2. CONCEPT OF MAGNETIC CIRCUITS 

Magnetic materials are broadly classified into diamagnetic materials, paramagnetic materials, and ferromagnetic materials. 
Diamagnetic and paramagnetic materials have very low relative permeability approaching unity as compared to ferromagnetic 
materials. A further classification of ferromagnetic materials in terms of the hysteresis loop is soft magnetic materials and hard 
magnetic materials. The former is characterized by its narrow hysteresis loop; however, the latter is characterized by its wide 
hysteresis loop. In terms of power electronic applications, ferromagnetic materials, especially the soft magnetic ones, represent the 
ideal choice when designing magnetic components [23, 24]. 

A generic magnetic circuit with an air gap is depicted in Fig. 1. The physical design of this circuit may resemble a power inductor 
that is being extensively used in power electronic applications. In that circuit, the main winding consists of N turns, and it is being 
wound on a magnetic core with an air gap that shall be constructed of any soft magnetic material with a considerably high relative 
permeability of μr. The mean length of the magnetic core and the air gap is denoted by lc and lg, respectively. The effective cross-
sectional areas of the magnetic core Ac and air-gap Ag are equal and are denoted by A. 

When current denoted by i flows through the inductor’s winding, it will produce a magnetic flux denoted by ∅, which will 
circulate confined within the magnetic core.  It is typical to define magnetic flux intensity represented by H as provided in (1), 
where k is a constant equal to N/�lc+lg�. The magnetic flux intensity is directly proportional to the current, and it can be used 
instead of using current bearing in mind that increasing it means the current has increased. Similarly, it is common to define flux 
density in the core instead of magnetic flux; the magnetic flux density is denoted by B and is expressed simply as 𝐵𝐵 = ∅/𝐴𝐴, keeping 
in mind that magnetic flux density in the magnetic core is the same as in the air gap as the area of both are equal.  

The relationship between the magnetic flux intensity H and the magnetic flux density B is given as simple as 𝐵𝐵 = 𝜇𝜇0𝜇𝜇𝑟𝑟𝐻𝐻,  where 
μ0 is the permeability of free space and is equal to 4𝜋𝜋 × 10−7 𝐻𝐻/𝑚𝑚. For simplicity, the multiplication of relative permeability and 
free space permeability is called magnetic permeability and is denoted by 𝜇𝜇. The relationship between magnetic flux density and 
magnetic flux intensity is commonly called the magnetization curve, or B-H curve [1, 2]. For instance, Fig. 2 illustrates the 
magnetization curve for a magnetic core made from silicon iron powder, a soft magnetic material [25]. The given B-H curve can 
be divided into two main regions, the linear region and the saturation region. Before the saturation of the magnetic core, the relation 
is linear, and in this linear region, it is typically clear that the magnetic permeability is constant and is equal to μ. The physical 
meaning of the linear region is simply that when current increases, the flux in the magnetic core increases linearly, maintaining a 
constant magnetic permeability. In contrast, in the saturation region, it is obvious that a further increase in current will only cause 
a very slight rise in the flux density, or, in other words, a very high current is required to generate a very low amount of flux. In 
saturation region, it is clear that the magnetic permeability is not constant anymore and it changes as current changes, implying 
that magnetic permeability is current-dependent, although the magnetic core material properties are not altered [26]. 

H= 𝑚𝑚𝑚𝑚𝑚𝑚
𝑙𝑙

= Ni
lc+lg

=ki (1) 

  
Fig. 1. Magnetic circuit with an air gap.   Fig. 2. Magnetization curve for silicon iron powder (FeSi) core.  
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Fig. 3. Normalized relative permeability 𝜇𝜇𝑟𝑟  versus DC 
magnetization force 𝐻𝐻 for silicon iron powder (FeSi) core. 

Fig. 4. Piece-wise linearized magnetization curve for silicon 
iron powder (FeSi) core. 

The variation of percentage relative permeability, 𝜇𝜇𝑟𝑟, against the magnetic field intensity, 𝐻𝐻, for a silicon iron alloy powder 
magnetic core is depicted in Fig. 3. The figure illustrates that the drop in permeability is not more than 10% during the linear 
region, indicating that it is nearly constant; however, in the saturation region, the permeability rolls off sharply to reach 60%, 
emphasizing the fact that the permeability is never a constant in the saturation region [25, 27]. For soft magnetic materials, it can 
be summarized that, in the linear region, the magnetic permeability of these materials is sufficiently high, constant, and current-
independent; however, during saturation, the magnetic permeability decreases sharply and approaches zero, and it becomes current-
dependent in that case. 

The piece-wise linear model depicted in Fig. 4 significantly simplifies the magnetization curve of soft magnetic materials. The 
permeability before saturation in that figure is represented by the constant μ, while the permeability during saturation is zero. In 
this model, it is assumed that during the saturation of the magnetic core, the flux density will reach its maximum value, denoted 
by 𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠, and the flux density will no longer increase with an increment in current. 𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠 is typically a constant that depends on the 
magnetic core material; it is the maximum that cannot be surpassed and is considered the upper limit that the peak flux density 
produced in the magnetic core should not exceed when designing magnetic components [1]. The saturation flux density of the most 
common soft magnetic materials is shown in Table I, and it is evident that the iron powder cores have a high saturation flux density 
and are much superior to ferrite cores, despite the fact that their relative permeability is much lower (𝜇𝜇𝑟𝑟 < 200) than that of ferrite 
cores [28, 29]. 

The insertion of an air gap in the depicted magnetic circuit in Fig. 1 produces a more linear magnetization curve, which enhances 
the current capability of inductors by increasing the current at which the core will saturate maintaining a constant permeability 
over wider range of currents, and this way the inductor can handle higher currents. Additionally, the core will have a higher energy 
storage capacity and won't be sensitive to potential fluctuations resulting in more stability. By including this air gap, a generic 
model for the inductance of power inductors can be developed, which will later be used to identify the techniques available for 
tuning inductance. The impact of the air gap on the B-H curve is clear in Fig. 5, where powder core with uniformly distributed air 
gaps is used. The air gap in ferrite materials is similar to that shown in Fig. 1, and there may be more than one gap distributed 
along the iron core. While, in powder cores, the air gap is uniformly distributed throughout the material, and these air gaps are 
created using a non-ferromagnetic material, insulating layer, that is being used to control the permeability of the core [2, 29-32]. 

According to the linearized reluctance model for magnetic circuits which assumes unsaturated magnetic core and uniform 
magnetic flux inside the magnetic core, the given circuit in Fig. 1 can be simply modeled as an MMF source with a value equal to 
Ni, where i is the current flowing through the winding and two reluctances connected in series; first reluctance represents the 
magnetic core, and the second one represents the air gap. The magnetic core reluctance denoted by ℛ𝑐𝑐 and the air gap reluctance 
denoted by ℛ𝑔𝑔 are given in (2) and (3), Fig. 6 illustrate the equivalent circuit [1]. 

TABLE I 
SATURATION FLUX DENSITY OF TYPICAL CORE MATERIALS 

Core Material Saturation Flux Density (Tesla) 
Ferrites up to 0.45 
Pure Iron Powder (Fe) 1.2 to 1.5 
Nickel Iron Alloy Powder (NiFe) up to 1.5 
Silicon Iron Alloy Powder (SiFe) up to 1.6 
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Fig. 5. Distributed air gaps effect on magnetization curve for 
silicon iron powder (FeSi) core. 

        Fig. 6. Equivalent magnetic circuit model. 

The overall reluctance of the air-gapped magnetic core denoted by ℛ is given in as ℛ = ℛ𝑐𝑐 + ℛ𝑔𝑔, and the overall reluctance 
expression is presented in (4), noting that the following assumption was made Ac=Ag=A, neglecting the fringing flux effect. Since 
the magnetic reluctance the core provides depends on relative permeability, which is current-dependent in the saturation zone, it is 
not constant. According to the piece-wise linearized model, during the linear zone, the reluctance has a constant, definite low value 
(assumes high relative permeability), and it becomes infinite during saturation due to zero relative permeability. 

The self-inductance of this magnetic circuit denoted by L can be calculated according to (5), and the final expression of self-
inductance is given in (6). The significance of the inductance is how much energy that inductor can store, as the energy stored in 
an inductor in the time domain is directly proportional to the value of the inductance assuming constant current, given that the 
energy is 1/2𝐿𝐿𝑖𝑖2, where 𝐿𝐿 is the inductance and 𝑖𝑖 is the current flowing through the inductor. As long as the magnetic permeability 
is constant, which only happens in the linear portion of the magnetization curve, the inductance can be assumed to be current-
independent. Otherwise, as the magnetic reluctance in the saturation region rises, the inductance will decrease and the magnetic 
core will be unable to store any more energy there [26]. 

The inductor must be designed so that it does not saturate at the maximum possible current; saturation can be a problem in terms 
of increasing losses and limiting the energy that inductors can handle. From the perspective of magnetic component design, it is 
ideal to have an inductor with a high inductance value and higher saturation current while at the same time maintaining a smaller 
size. On the other hand, in terms of power electronic applications, the inductance value must be chosen in a way that enhances the 
converters' overall performance, including their overall size, efficiency, transient response, and cost [15].  

 ℛ𝑐𝑐= lc
μ0μrAc

 (2) 

 ℛ𝑔𝑔= lg
μ0Ag

 (3) 

 ℛ= 1
μ0A

� lc
μr

+lg� (4) 

 𝐿𝐿 = 𝑁𝑁∅
𝑖𝑖

= 𝑁𝑁2

ℛ
= 𝑁𝑁2

ℛ𝑐𝑐+ℛ𝑔𝑔
 (5) 

 L=μ0N2A � 1
(lc/μr)+lg

� (6) 

3. TECHNIQUES FOR TUNING INDUCTANCE 

The inductance of a power inductor was given in (6); since the inductance value is solely dependent on the physical construction 
parameters of the winding and the magnetic core and independent of other variables such as current, assuming constant 
permeability. Therefore, the following techniques can be used to dynamically adjust the inductance value online for power 
inductors with construction similar to those in Fig. 1: 1) the number of turns the main winding N; 2) the air gap size, shape and 
position lg; 3) core material which translates to the relative permeability of the magnetic core μr; and 4) the inductor’s overall 
shape, which can alter the magnetic core mean length lc [22]. 
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3.1 Number of Turns Technique 

The number of turns can be varied with discrete steps or continuously to tune inductance online; in power electronic applications, 
the latter is preferred in order to achieve controllability over a greater range smoothly. According to (6), if other parameters remain 
constant, the inductance appears to be proportional to the square number of turns. This implies that raising or lowering the 
inductance of power inductors online and continuously can be achieved, typically by increasing or decreasing the number of turns, 
respectively. Additionally, since inductance is proportional to the square of the number of turns, any variation in the number of 
turns will have a significant impact on inductance as compared to other parameters, allowing for greater tunability as compared to 
other techniques stated earlier [33]. The major drawbacks of that method are: 1) Referring to (1), the magnetic flux intensity is 
proportional to the number of turns, which means that increasing the number of turns will result in a higher magnetic flux intensity 
for the same current value; thus, the core will saturate at lower currents, which will effectively lower the current-carrying capability 
of the power inductor; 2) increasing the number of turns can significantly increase the copper losses as the length of the conductor 
increases [26]. Although power electronic converters do not currently utilize discrete inductance control except in very rare 
applications, such as in [34], since it does not provide the complete control range needed to properly optimize these converters, the 
technology is available and has been presented in [34], [35], and [36]. The switches used can be either solid-state-based such as in 
[34], or mechanical based such as in [35] and [36]. 

3.1.1 MEMS-Based Configurations 

For instance, the basic design of a two-step tunable inductor proposed in [35] is shown in Fig. 7. By simply varying the inductor's 
number of turns between two and four, the inductance value can be changed online, achieving two different values. Micro-
electrical-mechanical-system (MEMS) technology is used in the proposed tunable inductor, enabling the integration of the whole 
design into a single chip. The inductor consists of a multi-turn spiral inductor and two electrostatic switches (MEMS switches), 
which may be switched on or off by applying a DC voltage across them. The electrostatic switches can be used to select between 
2 and 4 turns of the multi-turn spiral inductor by simply bypassing a specific number of turns, which consequently will vary the 
inductance correspondingly to two distinct values. Thanks to MEMS technology, this configuration has two main advantages: 1) 
smaller sizes (micro level) of the whole inductor, including switching; and 2) low power consumption for the MEMS switches, 
which result in not affecting the overall efficiency of the applications [37, 38]. On the other hand, this configuration has two main 
drawbacks: 1) MEMS technology has not yet demonstrated its viability for high-power applications, which are typically the case 
in power electronic applications; and 2) the control of inductance is not continuous so limited and has only two options [39]. 

In contrast to discrete-steps variable inductors, continuous variable inductors have been introduced in [33], [40], [41], and [42] 
and are capable of continuously adjusting inductance by changing the number of turns online. These realized configurations vary 
in terms of the technology used; the first two are based on MEMS technology, while the latter is based on solid-state technologies. 
For instance, the basic design of a MEMS-based liquid-based continuous variable spiral inductor is illustrated in Fig. 8, which is 
based on concepts presented in [33] and [40]. This variable inductor consists of a tank that holds conductive metallic liquid, a 
micro-pump that controls the amount of liquid being injected, micro-pipes to transfer the liquid to the channel, a spiral inductor 
consisting of four turns, and a channel where the liquid will be injected, and that channel is in direct contact with the inductor 
turns. Normally, the present current path is approximately 4 turns before injecting any liquid, as given in Fig. 8. On the other hand, 
when the conductive liquid is injected into the channel, the liquid comes into contact with the coil turns. This reduces the effective 
current path by bypassing portions of the coil turns and consequently reducing the number of turns, as illustrated in Fig. 9. By 
doing so, the inductance of that inductor can be varied continuously online. The main advantages of such a configuration are: 1) 
that the whole inductor and all its components are integrated into one chip, resulting in a smaller size thanks to MEMS technology; 
2) that high efficiency is achieved due to the use of micro-pumps that consume less power; and most importantly, 3) that inductance 
can be continuously tuned online. However, this configuration is still facing the same problems as stated earlier, as the MEMS 
technology is not yet proven in high-power applications. 

   
Fig. 7. Two-steps MEMS-based variable inductor.  Fig. 8. MEMS-based liquid-based continuous 

variable spiral inductor design. 
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Fig. 9. MEMS-based liquid-based continuous variable spiral 
inductor operation. 

Fig. 10. Solid-state-based voltage-controlled tunable inductor 
configuration. 

3.1.2 Solid-State-Based Configurations 

A solid-state-based variable inductor that partially depends on changing inductance by physically altering the number of turns 
is depicted in Fig. 10. This basic configuration consists mainly of two spiral inductors connected in series and a MOSFET switch 
connected in parallel with one of them; all of them are integrated into a single microchip [40]. The parasitic impedance of the 
MOSFET, which is usually dominated by the parasitic drain-to-source resistance (𝑅𝑅𝐷𝐷𝐷𝐷), can be changed by controlling the gate-to-
source control voltage (𝑉𝑉𝐺𝐺𝐷𝐷) of the MOSFET. When the control voltage (𝑉𝑉𝐺𝐺𝐷𝐷) is zero, the impedance offered by the MOSFET from 
drain-to-source is extremely high and can be regarded as an open circuit. As the control voltage increases, however, the impedance 
begins to decline until it reaches its minimum value at a sufficient control voltage, which can be considered a short circuit [43]. 
The operation is simply given as, when the MOSFET is in off-state, it acts as an open circuit; the number of turns will be a 
maximum of six, and hence the inductance will be maximum. On the other hand, when the MOSFET is in off-state, it acts as a 
short circuit, and three turns are bypassed, so the overall number of turns in that case is a minimum of three, and hence the 
inductance will be minimal. Although, in on/off cases, the inductance is changed by physically altering the number of turns, to 
change the inductance between minimum and maximum values, another idea is utilized. The number of turns will not be altered 
physically; however, the impedance of the MOSFET will be controlled via controlling voltage (𝑉𝑉𝐺𝐺𝐷𝐷) between open-circuit and 
short-circuit conditions in order to change the overall impedance seen by the input source, thereby modifying the overall effective 
inductance. The key merits of this configuration are that: 1) it can be made smaller and more compact; 2) it can be implemented 
for power electronic applications as power MOSFETs are capable of handling high power effectively; and 3) a high tunability 
range can be achieved. On the other side, the main drawback of this configuration that makes it impractical will be the increased 
conduction losses due to the high drain-to-source resistance (𝑅𝑅𝐷𝐷𝐷𝐷) of the MOSFET required to achieve higher values of inductance, 
which can significantly reduce the overall efficiency of any power electronic converter. 

3.2 Air-Gap Length Technique 

The inductance of a power inductance can be tuned continuously online by varying the air gap length of ferromagnetic as well 
as iron powder cores. Inductance is also affected by the geometry and position of the air gap; typically, the optimal geometry, 
either a constant air gap, a stepped air gap, or a slopped air gap, is chosen based on the application [44, 45]. Once the inductor is 
constructed, the geometry and position of the air gap are fixed, and only the air gap length may be altered online by mechanical 
methods to tune the inductance. The inductor’s inductance provided in (5) can be approximated by noting that for ferromagnetic 
cores, the relative permeability is of high value in comparison to the permeability of free space, μr≫μ0. It implies that the magnetic 
core reluctance is significantly lower than the air gap reluctance, ℛ𝑐𝑐 ≪ ℛ𝑔𝑔, and that the core reluctance can be neglected when 
taking the air gap reluctance into consideration. This results in a reduction of the inductance expression to (7), noting that the 
fringing effect is neglected [46]. 

 𝐿𝐿 = 𝑁𝑁2

ℛ𝑔𝑔
= μ0𝑁𝑁2𝐴𝐴𝑔𝑔

𝑙𝑙𝑔𝑔
 (7) 

According to (7), the inductance is inversely proportional to the air gap length, meaning that a higher air gap length results in a 
lower inductance value and vice versa. The significant correlation between inductance and air gap is the reason for the wide 
tunability range of inductance when using this method. This technique may also be applied to iron powder cores because, in 
addition to the distributed air gaps that are present in iron powder cores, additional concentrated air gaps that can be variable are 
inserted in such cores to further increase the saturation level of the core [47-49]. Although the fringing effect was neglected, larger 
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air gap lengths can significantly increase it. This can lead to greater losses in the magnetic core and winding as well as increased 
vibration because of the concentrated electromagnetic force in the air gap area. To minimize the fringing effect and reduce vibration 
behavior, this technique will employ several air gaps; however, this can lead to a bigger magnetic core, greater manufacturing 
technical difficulties, and an increase in the total cost of the inductor [30, 50, 51]. Additionally, a mechanical means is employed 
to adjust the air gap, which significantly has a negative effect on response time. Furthermore, the area of the air gap and its position 
should be selected in a manner to minimize the fringing effect at the design phase [52]. 

3.2.1 Mechanically-Controlled Configurations 

The fundamental design for this technique is depicted in Fig. 11. It comprises two ferromagnetic U-shaped cores, one of which 
is fixed and the other of which is free to move. The inductor’s main winding is wound around the fixed core, while an actuator 
employs a control motor, such as a servo or stepper motor, attached to the movable core. The actuator and motor, in particular, are 
designed to handle extreme magnetic forces while the heavy ferrite core is in motion. As the control motor increases the air gap 
length, the inductance will drop until it reaches a static constant value. The variation of inductance with air gap length is plotted in 
Fig. 12. Rather than using the approximated model from (7), the exact model provided in (6) is employed in the plot. The following 
assumptions are made to plot this graph, the number of turns 𝑁𝑁 = 100, the area 𝐴𝐴 = 100 𝑚𝑚𝑚𝑚2, the core is made of ferrite with 
relative permeability 𝜇𝜇𝑟𝑟 = 2000, the core mean length 𝑙𝑙𝑐𝑐 assumed to be 100 mm, and the air gap maximum variation length is 
assumed to be 25 mm, while the minimum length is 1 mm. The inductance clearly decreases rapidly with air gap length between 
1 and 10 mm, and then it appears to have reached a steady value; no significant change happens to inductance with a change in the 
air-gap length; this behavior is confirmed by practical measurements in [53]. The non-linear inductance variation is consistent with 
the simplification assumed in (7), in which the inductance is inversely proportional to the length of the air gap. This technique's 
primary benefit is its ability to achieve a high tunability range, yet its drawbacks may be summarized as follows: 1) low response 
time due to mechanical means used to control bulky movable cores; 2) increased losses in mechanical actuators and motors owing 
to heavy mass moment of inertia; 3) the production of multiple air gap cores to reduce the fringing effect is more expensive and 
technically difficult; and 4) limited to small power applications due to increased electromechanical forces. The disadvantages of 
this technique outweigh its merits, which makes it unsuitable for practical power electronic applications and limited to laboratory 
work unless further modifications are made [17, 53]. 

An enhanced modified design utilizing an air gap length variation to tune the inductance online is illustrated in Fig. 13. It consists 
of a fixed ferrite core and a free-moving air-core inductor attached to a movement control mechanism. The movement control 
mechanism comprises an actuator and a control motor, such as a servomotor. The air-core inductor's mass moment of inertia is 
much lower than the heavy iron core's; therefore, moving the lighter inductor requires a lower control motor rating. Consequently, 
the actuator and the control motor will be less expensive and dissipate lower losses, suggesting that this design is a viable option 
for medium- and high-power converters. The air-core inductor has a number of turns represented by N and a length indicated by 
lc, while the ferrite core length is twice as long as the inductor and has a width equal to its thickness equal to b. The relative 
permeability and cross-sectional area of the ferrite core are expressed by μr and Ac, respectively, noting that the latter equals b2. 
The concept of operation is as follows: the inductance is maximal when the air gap length, represented by lg, is zero, which happens 
when the core is completely within the air-core inductor. As the ferrite core gets farther away from the air-core coil, the air gap 
length, lg, increases and the inductance decreases. When lg=lc , as depicted in Fig. 13, the inductance is minimal in this case, and 
the ferrite core is completely outside the air-core inductor. The inductance for this design as a function of air-gap length is given 
in (8), considering that this is the only variable. When substituting  lg= 0, the inductance expression given in (8) simplifies to (9), 
which is referred to as the maximum inductance and is denoted by Lmax; in contrast, the formula reduces to (10) when substituting 
lg=lc, and this is referred to as the minimum inductance and is represented by Lmin. Based on the equation given in (8), the variation 
of inductance with air gap length is plotted in Fig. 14. The following assumptions are made to plot this graph, the number of turns 
𝑁𝑁 = 10, the area 𝐴𝐴 = 100 𝑚𝑚𝑚𝑚2, the core is made of ferrite with relative permeability 𝜇𝜇𝑟𝑟 = 1000, the inductor’s mean length 𝑙𝑙𝑐𝑐 
assumed to be 100 mm, and the air gap maximum variation length is assumed to be equal to 𝑙𝑙𝑐𝑐/2, while the minimum length is 
zero. It is evident that the inductance decreases linearly as the air gap length increases, which is consistent with the practical results 
presented in [54]. The benefits of this design can be summarized as: 1) a broad range of achievable inductances; 2) faster response 
due to the lower mass moment of inertia of the mechanical movement system; 3) reduced losses in the mechanical system owing 
to the lower mass moment of inertia; and 4) cost-effectiveness since the moving system's cost decreased drastically. With all of 
these merits, power electronic converters used in wireless power transfer (WPT) methods are a good use case for this design [54]. 
The primary drawback of this design is its size; it is not compact due to the necessity of a longer ferrite core than the air-core 
inductor for reliability purposes. In addition, due to the continuous movement, the wear out of the mechanical moving parts is 
another critical concern. The use of MEMS technology, as suggested in [55], can address these problems; nevertheless, it has not 
yet been proven that medium- or high-power converters may benefit from such a realization. 

𝐿𝐿 = 𝜇𝜇0𝑁𝑁2𝐴𝐴𝑐𝑐 �
𝜇𝜇𝑟𝑟�1−

𝑙𝑙𝑔𝑔
𝑙𝑙𝑐𝑐

�
2

𝑙𝑙𝑐𝑐−𝑙𝑙𝑔𝑔
+ 𝑙𝑙𝑔𝑔

𝑙𝑙𝑐𝑐
2� (8) 

𝐿𝐿𝑚𝑚𝑠𝑠𝑚𝑚 = 𝜇𝜇𝑟𝑟𝜇𝜇0𝑁𝑁2𝐴𝐴𝑐𝑐
𝑙𝑙𝑐𝑐

 (9) 
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𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚 = 𝜇𝜇0𝑁𝑁2𝐴𝐴𝑐𝑐
𝑙𝑙𝑐𝑐

 (10) 

      
Fig. 11. Schematic diagram of the basic design of a ferrite 
double U-core air-gapped variable inductor. 

Fig. 12. Variation in inductance with air gap length of a basic 
ferrite double U-core air-gapped variable inductor. 

 

  
Fig. 13. Schematic diagram of the improved design of the 
variable air gap length inductor. 

Fig. 14. Variation in inductance with air gap length of the 
enhanced variable air gap inductor. 

3.2.2 Current-Controlled Configurations 

The air-gap-changing approach necessitates the elimination of mechanical movement control systems in order to reduce overall 
size and response time. The virtual air-gap (VAG) technique is able to create virtually air-gaps with any desired gap length with 
the aid of a DC bias control current. This approach is promising for medium- and high-power converters, especially resonant 
converters. Additionally, its usage can be extended to reactive power compensation, harmonic filtering, and other power system-
related applications. Different configurations for the realization of this technique have been proposed in previous literature, such 
as in [56-67].  

The fundamental configurations of virtual air-gap techniques utilized in variable inductors are depicted in Fig. 15. The U-core 
and toroidal core configurations are illustrated in Figs. 15a and Fig. 15b, respectively. This basic design, either U-core or toroidal 
core configuration, comprises two magnetic cores interconnected together in an orthogonal manner and two windings wound 
around these cores. The main winding is wound around the main core, and these winding terminals represent the inductor’s 
terminals, while the auxiliary or control winding is wound around the auxiliary core. In order to minimize or eliminate the induced 
emf and harmonics caused by the main winding on the auxiliary winding, orthogonal biasing is employed, in which the two working 
fluxes that result from the main and auxiliary windings, respectively, must be perpendicular to each other [68]. The orthogonal 
biasing is achieved by installing the two magnetic cores orthogonally. During the manufacturing process of the two cores, an 
unintentionally fixed actual air gap might be created, which should be minimized if not completely eliminated. The insertion of a 
small air gap can increase the inductance's tunability range and extend the inductor's power range [59]. On the other hand, a larger 
air gap can have a negative impact on the inductance tunability range, resulting in a reduced range [58]. The two cores can either 
be constructed of the same material or different materials, depending on the requirements of the application. For instance, a high-
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permeability main core connected with a low-permeability auxiliary core, or alternatively, a high-permeability two-core 
configuration, yields a high tunability range, and the inductance of the main winding is highly independent of load current [56, 
60]. The principle of operation of this technique is that the main flux generated by the AC main winding circulates in the main 
core, while the control flux produced by the DC auxiliary winding circulates in the auxiliary core. The two fluxes interact in the 
shared volume between the main and the auxiliary core, and the degree of saturation of the shared volume is being adjusted by 
controlling the DC bias current flowing through the auxiliary winding. For instance, a higher DC bias current causes the shared 
volume to become more saturated, increasing the reluctance of this portion of the core. Controlling the degree of the locally 
saturated volume of the magnetic core is similar to creating an air gap and controlling its length. In fact, the length of the virtual 
air gap can be translated into a real mechanical length, which is being controlled by controlling the DC bias current [69]. For a 
higher degree of tunability for the virtual air-gap length and hence the inductor’s inductance, a high DC bias magnetization force 
is required; moreover, larger and multiple shared volumes are necessary. The inductance variation with DC bias current is similar 
to the inductance variation with air gap length given in Fig. 12. As demonstrated by the practical measurements provided in [58, 
60, 67], the inductance varies in an inverse non-linear manner; initially, an increase in DC bias current will result in a sharp drop 
in the inductance, and subsequent increases in the DC bias current will cause an insignificant decrease in the inductance. The 
copper losses in the auxiliary winding are equal to the square of the auxiliary winding's DC bias current multiplied by the resistance 
of the auxiliary winding. Instead of raising the auxiliary winding DC bias current to increase the DC magnetization force because 
the losses are directly proportional to the squared number of the DC bias current, increasing the number of turns of the auxiliary 
winding can increase the DC magnetization force without contributing considerably to the overall losses since it is directly 
proportional to the value of resistance. Furthermore, when the shared volume between the main and auxiliary cores increases, a 
wider range for the virtual air gap length may be accomplished, increasing the degree of freedom in inductance tuning [56, 58]. 

The equivalent reluctance model of the proposed technique is shown in Fig. 16, where, 𝑁𝑁𝑚𝑚 is the main winding number of turns, 
𝑖𝑖𝑚𝑚 is the main winding AC current, 𝑁𝑁𝑠𝑠 is the auxiliary winding number of turns, number of turns, 𝑖𝑖𝑠𝑠 is the auxiliary winding DC 
bias current, ∅𝑚𝑚 is the flux produced by main winding and flowing in the main winding, ∅𝑠𝑠 is the flux produced by auxiliary 
winding, ℛ𝑚𝑚 is the reluctance of the main core, ℛ𝑔𝑔 is the parasitic air-gap reluctance, ℛ𝑠𝑠 is the reluctance of auxiliary winding, 
ℛ𝑚𝑚,𝑠𝑠𝑠𝑠 is the reluctance of the shared volume between the main and auxiliary cores. The parasitic air-gap reluctance is part of the 
main winding equivalent circuit since it is assumed that the main core has been cut, while on the other hand, the auxiliary core is 
not cut. This parasitic air-gap reluctance can be minimized by using an enhanced manufacturing process rather than cutting the 
cores manually. The main core equivalent circuit additionally includes the shared volume's reluctance since variations in this 
volume's reluctance affect the main core circuit's total reluctance and, consequently, the inductance value of the main inductor [56, 
57, 61]. 

Further enhanced configurations that imply multiple shared volumes, or, in other terms, multiple virtual air gaps, are depicted in 
Fig. 17. Fig. 17.a and Fig. 17.b illustrate the U-core configuration and the torrid core configuration, respectively. A novel design 
for the virtual air gap technique is illustrated in Fig. 17a. In this optimized configuration, the main AC winding is divided into two 
halves and connected in series to form the main winding, and similarly, the auxiliary winding is divided into two halves and 
connected in series to form the auxiliary winding. This configuration size is the same as the configuration proposed in Fig. 15; 
however, in this design, there are two virtual air gaps instead of one. As the number of virtual air gaps increases to two while the 
core's overall size remains constant, the inductance tunability range expands, allowing for more flexibility in the variation of the 
main inductor’s inductance. A setup like this requires less space and materials than the one shown in Fig. 15a, assuming the same 
inductance tunability range. In addition, the tunability range for the system shown in Fig. 17a may be further expanded by adding 
more control cores if necessary [58]. The design presented in Fig. 17b employs three control cores, which can create three virtual 
air gaps of controllable length. This design outperforms the one described in Fig. 15b in terms of inductance tunability range, size, 
and efficiency. In general, the purpose of adding several control cores is to increase the number of virtual air gaps and, as a result, 
expand the main winding inductance's tunability range. Furthermore, efficiency, compactness, and tunability range may all be 
improved with more control cores, and the number of control cores can be chosen depending on the requirements of the application 
[56]. The advantages of this method may be summed up as follows: 1) a wide range of inductance tunability is easily achievable; 
and 2) it has an extremely rapid response as compared to other designs that use air gap length to alter inductance. However, there 
might be certain drawbacks: 1) the difficulty of manufacturing such special core configurations may result in higher overall costs; 
2) increased losses in auxiliary winding may cause a significant drop in overall efficiency; and 3) certain designs, as given in Fig. 
15, may have larger overall sizes due to low material and space utilization factors. As previously mentioned, the losses issue may 
be handled by increasing the auxiliary winding's number of turns. Alternatively, control windings can be made of specific 
superconducting materials that have a very low resistance at low temperatures and hence enhance the current that can be carried 
by control windings to achieve higher mmf without increasing total losses [62, 66]. Furthermore, the low utilization problem can 
be overcome by innovative configurations, as provided in Fig. 17. 
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       (a)                                                  (b) 

Fig. 15. The basic structure of a virtual air gap variable inductor. (a) U-core configuration; (b) Toroidal core configuration. 

Fig. 16. Equivalent magnetic circuit model of a basic virtual air gap variable inductor. 

       (a)                                       (b) 

Fig. 17. The structure of an enhanced virtual air gap variable inductor. (a) U-core configuration; (b) Toroidal core configuration. 
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3.3 Relative Permeability Technique 

Controlling the relative permeability, μr, as given in (6) is one of the most effective techniques to regulate inductance online. 
Referring to Fig. 3, relative permeability appears to be independent of current during the linear region and is dependent on the 
magnetic core material only; on the other hand, relative permeability is clearly dependent on current during saturation, and it starts 
to decrease as the magnetic core saturates. That change in relative permeability can be exploited in order to tune the inductance 
online. There are three main approaches utilized to control the relative permeability of magnetic cores: 1) current-controlled 
approach, and it is the most popular one that utilizes an external DC bias current to adjust the relative permeability of the magnetic 
core; 2) liquid-controlled approach, and it is the less popular approach that employs MEMS technology in conjunction with liquid 
fluids to alter the relative permeability of the medium, which represents the magnetic core in that case; 3) voltage-controlled 
approach, still-evolving technology that employs an external DC bias voltage to adjust the relative permeability of the magnetic 
core. The first technique is DC current bias, also known as actively current-controlled variable inductors, and is the most frequently 
utilized in power electronic converters, as discussed in [16], [20], [21], [22], [70], [71] ,[72], [73], [74], [75], [76], [77] and [78]. 
While, the second and third approaches are less popular in power electronic applications. 

3.3.1 Current-Controlled Configurations 

The basic design of a current-controlled variable inductors can be divided into two main configurations: double toroidal and 
double E-core. The schematic diagram of the former design is shown in Fig. 18, while the design of the latter is shown in Fig. 19. 
Both configurations function on the same operational principle, which is to alter the relative permeability of the magnetic core with 
the aid of an external DC bias current in order to adjust its inductance. The external DC bias current is typically controlled by an 
auxiliary converter, which is usually a non-inverting buck converter. These configurations employ parallel biasing, in which the 
two fluxes of the main and auxiliary winding are in parallel, either additive or subtractive. Parallel biasing often alters the relative 
permeability of the entire magnetic core, allowing for a wider inductance tuning range. However, the main disadvantage of this 
biasing scheme is the formation of unintended magnetic coupling between the main and auxiliary windings, which can induce 
unwanted emf in the auxiliary winding, negatively affecting the control circuit and even reflecting effects on the main winding by 
increasing harmonics in it. The undesired magnetic coupling effect is generally avoided by wounding both windings in such a way 
that any induced emf cancels out [64, 68]. 

Referring to the double toroidal core variable inductor configuration depicted in Fig. 18, it is comprised of two sets of windings, 
referred to as the main winding and the auxiliary winding, wound around two toroidal cores that are magnetically decoupled. The 
main winding represents the two terminals of the variable inductor, and the auxiliary winding serves as the control winding that 
can be used to control the magnetic core permeability and, consequently, the inductance of the main winding. The main winding 
number of turns is denoted by Nm, and it is split into two equal portions wound around each of the two toroidal cores. In a similar 
manner, the auxiliary winding has a number of turns denoted by Na and is also divided into two equal sections wound around each 
of the two toroidal cores. The main winding carries the main AC current denoted by Im, which produces a magnetic flux denoted 
by ∅m. Meanwhile, the auxiliary winding carries a small DC control current denoted by Ia, which generates a magnetic flux denoted 
by ∅a. The auxiliary winding, in comparison to the main winding, is a low-power winding capable of handling small DC control 
currents, is built of smaller cross-sectional area conductors, and has a high number of turns. Such a design is utilized to reduce 
losses in the auxiliary winding so that they do not have a substantial impact on the inductor's overall efficiency, and the high 
number of turns will compensate for the small DC control current, resulting in considerable MMF for permeability control. The 
auxiliary winding is wound in a manner to ensure that the following conditions are met: first, the auxiliary winding flux either 
cancels out a portion of the main flux or reinforces the main flux in both cores in order to control the degree of core saturation, and 
thus the inductor’s inductance is controlled; and second, the mutual coupling effect between the main and auxiliary windings is 
zeroed out in order to eliminate any transformed voltage due to the main winding on the auxiliary winding. Depending on the 
direction of the DC bias current Ia, the total flux in that toroidal cores can be either additive or subtractive. This means that the 
saturation level can be raised in the case of additive fluxes and lowered in the case of subtractive fluxes. As discussed earlier, as 
the inductor is driven into saturation, the relative permeability begins to decrease, which causes the inductance to decrease as well. 
This is how inductance is adjusted in such a scheme: the flux produced from the auxiliary winding will cancel out a portion of the 
main winding flux, reducing the saturation level, increasing relative permeability, and ultimately increasing inductance. On the 
other hand, when the main winding's flux is reinforced by the auxiliary winding's flux, the saturation level will rise, decreasing the 
permeability and therefore the inductance. There are several benefits to using two toroidal cores and splitting the primary and 
auxiliary windings evenly: 1) raise the inductor's saturation level to allow for higher operating currents; 2) allow for bidirectional 
operation while reducing the mutual coupling effect between the main and auxiliary windings, so that the mutual transformed 
voltage at the auxiliary winding is canceling rather than being additive regardless of the direction of the main winding current; and 
3) allow for reducing a portion of the main flux or increasing the main flux in order to control the degree of saturation and hence 
the inductor’s inductance in a more flexible way. The double toroidal configuration has demonstrated its effectiveness in 
bidirectional DC-DC converters, particularly in applications where saturation of the core is commonly anticipated and control of 
the degree of saturation is essential [20-22, 73, 74]. 

The schematic design of the double E-core current-controlled variable inductor is depicted in Fig. 19. This E-core structure is 
composed of two E-cores layered on top of one another and has three magnetic legs, with the central leg air-gapped. The main 
winding, which functions as the inductor terminals, is wound around the middle leg, while the auxiliary or control winding is 
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divided into two equal sections and is wound around the right and left arms. The technical parameters of the main and auxiliary 
windings are similar to those of the double toroidal core configuration in terms of the number of turns and cross-section area. In 
order to eliminate the mutually-induced voltage that occurs from the main winding on the auxiliary winding, the auxiliary winding 
is divided into two equal portions and connected in series in opposite polarity. Similar to the double toroidal core design, the 
principle of operation of this configuration is as follows: when an AC current flows through the main winding, represented by Im, 
it generates a flux ∅m, which will circulate in the magnetic core's center, right, and left arms. In contrast, when the DC control 
current passes through the auxiliary winding, which is denoted by Ia, it will produce a flux denoted by ∅a, and that flux will only 
flow on the outer circumference of the magnetic core and will not flow through the central leg due to the air gap. The air gap 
introduced in the central leg makes the inductor less vulnerable to variations in the E-core's magnetic properties and enhances the 
core's saturation level. The E-core becomes increasingly saturated as the control current Ia increases, which reduces the magnetic 
core's relative permeability and, consequently, the inductor's inductance. The reluctance equivalent circuit for this configuration is 
depicted in Fig. 20. The reluctances of the left section of the magnetic core are represented by ℛ𝑐𝑐1, ℛ𝑐𝑐2, and ℛ𝑐𝑐3, and their 
summation is denoted by ℛ𝑐𝑐,𝑙𝑙𝑙𝑙𝑚𝑚𝑠𝑠  as presented in (11). Similarly, the reluctances of the right section of the magnetic core are 
represented by ℛ𝑐𝑐4, ℛ𝑐𝑐5, and ℛ𝑐𝑐6, and their summation is denoted by ℛ𝑐𝑐,𝑟𝑟𝑖𝑖𝑔𝑔ℎ𝑠𝑠 as given in (12). While ℛ𝑐𝑐7 represents the central 
limb's core reluctance, ℛ𝑔𝑔  represents the central limb’s air gap reluctance, and their summation is indicated by ℛ𝑐𝑐,central  as 
illustrated in (13). The central leg reluctance ℛ𝑐𝑐,central  is considered to be uncontrolled since the auxiliary winding flux ∅𝑠𝑠 is not 
circulating in that limb due to the existence of the air gap. On the other hand, the reluctances of the left and right sections of the 
magnetic core, represented by ℛ𝑐𝑐,𝑙𝑙𝑙𝑙𝑚𝑚𝑠𝑠 and ℛ𝑐𝑐,𝑟𝑟𝑖𝑖𝑔𝑔ℎ𝑠𝑠, are being controlled by the auxiliary winding DC bias current. The main and 
auxiliary fluxes are clearly additive in the left portion of the core and opposing in the right section. As the DC bias current increases, 
the relative permeability of the left section of the core drops, and therefore its reluctance, indicated by ℛ𝑐𝑐,𝑙𝑙𝑙𝑙𝑚𝑚𝑠𝑠, increases. In contrast, 
when the DC bias current increases, the relative permeability of the right section of the magnetic core increases, and therefore the 
reluctance of this section, represented by ℛ𝑐𝑐,𝑟𝑟𝑖𝑖𝑔𝑔ℎ𝑠𝑠 , decreases. As a consequence of these non-uniform variations in relative 
permeability and reluctance of the magnetic core, the main winding inductance is affected. The typical relationship between the 
main inductor's inductance and the auxiliary winding DC bias current is illustrated in Fig. 21 [17, 25, 79-81]. The main inductor's 
inductance drops as the DC bias current of the auxiliary winding increases, indicating that the core is getting more saturated with 
increase in the DC bias current. Typically, this relationship is applicable for both the double toroidal core and the double E-core 
configurations. Several prototypes were built and tested as reported in [16, 20, 71-74, 76, 77, 79, 80, 82], and the main inductance 
as a function of DC bias current was found to be consistent with the relationship indicated in Fig. 21. In unidirectional DC-DC 
converters, like resonant converters, where power flows only in one direction, the double E-core configuration is commonly 
employed [20, 72, 75-79, 82, 83]. 

ℛ𝑐𝑐,𝑙𝑙𝑙𝑙𝑚𝑚𝑠𝑠=ℛ𝑐𝑐1 + ℛ𝑐𝑐2 + ℛ𝑐𝑐3 (11) 

ℛ𝑐𝑐,𝑟𝑟𝑖𝑖𝑔𝑔ℎ𝑠𝑠=ℛ𝑐𝑐4 + ℛ𝑐𝑐5 + ℛ𝑐𝑐6 (12) 

ℛ𝑐𝑐,central =ℛ𝑐𝑐7 + ℛ𝑔𝑔 (13) 

 

 
Fig. 18. Schematic diagram of double toroidal core variable-
inductor configuration. 

Fig. 19. Schematic diagram of double E-core variable-inductor 
configuration. 
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Fig. 20. Equivalent magnetic circuit model of double E-core 

variable-inductor configuration. 
Fig. 21. The typical relationship between the main 

inductor’s inductance and the auxiliary winding DC bias 
current. 

3.3.2 MEMS-Based Configurations 

The liquid-based MEMS variable inductor is the other technique that tunes the inductance online by altering relative 
permeability.  The fundamental layout of this variable inductor is shown in Fig. 22. This form of inductor is a solenoid constructed 
of copper wire with a certain number of turns N. The current flowing through the solenoid is indicated by the letter I and the 
inductor is wound in a way that creates an empty channel that is by default filled with air or vacuum. A specified amount of 
saturated salted water is injected into the inductor's channel using micropipes and a micropump. By increasing the amount of 
injected salted water, the relative permeability increases, thereby increasing the inductance. The benefits of this approach include 
the ability to tune the inductance online continuously, the ability to achieve a wide range of inductances online, cost-effectiveness, 
increased efficiency, and simplicity of design. The primary drawback of this design, though, is that it is not as common in power 
electronic applications because of the low inductance values that can be acquired with it, making it impractical for high-power 
applications. However, this approach could be promising in the future as a result of advancements in MEMS technology [84]. 

  
Fig. 22. Schematic diagram of liquid-based MEMS variable inductor. 

3.3.3 Voltage-Controlled Configurations 

 
Fig. 23. The modulation mechanism of inductance for voltage-controlled variable inductors based on the converse 

magnetoelectric effect. 
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All of the techniques that have been covered thus far fall into the category of current-driven or current-controlled variable 
inductors, where the inductance value was adjusted online using a DC bias current. The increased losses and size are the common 
issues with all of these techniques. When considering an alternative to current-controlled variable inductors, voltage-controlled 
variable inductors based on the converse magnetoelectric (CME) effect can be a viable option. Magnetoelectric voltage-controlled 
variable inductors have demonstrated a high inductance tunability range, compactness, and low power consumption, which reduces 
losses [85-87]. Magnetoelectric composites utilized in voltage-controlled variable inductors are commonly made up of 
piezoelectric or ferroelectric and magnetostrictive or ferromagnetic materials in order to achieve strong converse magnetoelectric 
coupling. The strong inverse magnetoelectric coupling of the composites suggests a substantial ability to tune the magnetic 
characteristics of the ferromagnetic material by applying an external electric field to the ferroelectric material. Magnetoelectric 
voltage-controlled variable inductors (ME-VIs) operate on the strain-mediated magnetoelectric coupling concept as illustrated in 
Fig. 23. Applying an external constant electric field (E), generated by a DC voltage (∆V), across the ferroelectric material induces 
strain within the ferromagnetic material; this is explained according to the inverse piezoelectric effect. Due to the strong strain-
mediated ME coupling between the two materials, this generated strain is transferred to the ferromagnetic material through the 
interface between both materials, causing shape deformation in the ferromagnetic material. According to the inverse 
magnetostrictive effect also known as Villari effect, deformations in a ferromagnetic material will induce a magnetic field within 
the material, resulting in a change in the saturation magnetization (∆M) of the ferromagnetic material, thereby altering the relative 
permeability (∆μ) and, hence, the inductance (∆L) of that material. This essentially means that the permeability and, consequently, 
the inductance of the ferromagnetic material can be controlled online for a core composed of a strong inverse magnetoelectric 
coupling composite by applying an external constant electric field to the ferroelectric material within the composite [86, 88-94].  

The relation between relative permeability of the ferromagnetic material as a function of the mechanical stress applied on it is 
provided in (14), where 𝜇𝜇𝑟𝑟,𝑚𝑚, 𝑀𝑀𝑠𝑠, 𝐾𝐾0, 𝜆𝜆𝑠𝑠, and 𝜎𝜎𝑚𝑚 are the ferromagnetic layers relative permeability, the saturation magnetization, 
the initial magnetic anisotropy, the saturation magnetostriction constant, and the applied stress across the ferromagnetic material, 
respectively [86, 90, 95, 96]. The relative permeability of a ferromagnetic material varies depending on the saturation 
magnetostriction constant (𝜆𝜆𝑠𝑠 ) and the type of stress applied to it (𝜎𝜎𝑚𝑚 ). The majority of common materials employed in 
ferromagnetic layers have a saturation magnetostriction constant that is typically positive, 𝜆𝜆𝑠𝑠 > 0 [88]. Principally, the stress 
applied to the ferromagnetic material is transferred to it through the piezoelectric material. If the ferromagnetic material is subjected 
to compressive stress, implying that the applied stress is negative (𝜎𝜎𝑚𝑚 < 0), then increasing the applied stress will cause the relative 
permeability of the ferromagnetic material to increase. On the contrary, when tensile stress is applied to ferromagnetic material, 
this indicates that the stress applied is positive (𝜎𝜎𝑚𝑚 > 0); in this scenario, increasing the applied stress will cause the relative 
permeability to decrease. Consequently, as the relative permeability increases, the inductor's inductance will increase as well, and 
vice versa. 

 𝜇𝜇𝑟𝑟,𝑚𝑚�𝜎𝜎𝑚𝑚� = 𝜇𝜇0𝑀𝑀𝑠𝑠
2

2𝐾𝐾0+3𝜆𝜆𝑠𝑠𝜎𝜎𝑓𝑓
+ 1 (14) 

When a constant electric field is applied across a ferroelectric material, it will deform, either compressive or tensile, depending 
on the effective piezoelectric coefficient and the polarity of the applied electric field. The stress exerted on the piezoelectric material 
denoted by 𝜎𝜎𝑝𝑝 is expressed simply as 𝜎𝜎𝑝𝑝 = 𝑌𝑌𝑑𝑑𝑙𝑙𝑚𝑚𝑚𝑚𝐸𝐸, where 𝑌𝑌 stands for Young’s modulus, 𝑑𝑑𝑙𝑙𝑚𝑚𝑚𝑚  for the effective piezoelectric 
strain coefficient, and 𝐸𝐸 for the applied electric field on the piezoelectric material [86, 90]. In the case of in-plane stress, the 
effective piezoelectric coefficient (𝑑𝑑𝑙𝑙𝑚𝑚𝑚𝑚) is computed as (𝑑𝑑31 − 𝑑𝑑33)/(1 + 𝑣𝑣), where 𝑑𝑑31, 𝑑𝑑33, and 𝑣𝑣 are the transverse constant, 
the longitudinal constant, and Poisson ratio, respectively [97]. The typical values of the most common piezoelectric materials show 
that the transverse piezoelectric coefficient (𝑑𝑑31) is negative and the longitudinal piezoelectric coefficient (𝑑𝑑33) is positive, 
implying that the effective piezoelectric coefficient (𝑑𝑑𝑙𝑙𝑚𝑚𝑚𝑚) is usually negative for these materials [88]. In case of longitudinal stress, 
the effective piezoelectric coefficient is equal to longitudinal piezoelectric coefficient (𝑑𝑑31), and as the longitudinal piezoelectric 
coefficient is typically negative, the effective piezoelectric coefficient is negative as well [96]. According to the piezoelectric stress 
formula (𝜎𝜎𝑝𝑝), a negative effective piezoelectric coefficient (𝑑𝑑𝑙𝑙𝑚𝑚𝑚𝑚) indicates that when a positive electric field is applied across the 
ferroelectric material, the applied stress will be negative, meaning that it is a compressive stress. However, the applied stress will 
be positive when a negative electric field is applied across the ferroelectric material, suggesting that the stress is tensile. The 
transferred stress from ferroelectric to ferromagnetic materials in the magnetoelectric composite is mainly dependent on the shape 
of both ferromagnetic and ferroelectric components. For instance, a magnetoelectric composite consists of two plates glued 
together, one of which is piezoelectric and the other ferromagnetic. It is assumed that the piezoelectric material has a negative 
effective piezoelectric coefficient and the ferromagnetic material has a positive saturation magnetostriction constant. The 
piezoelectric material will therefore experience compression upon the application of a positive electric field, which will be 
translated into tensile stress in the ferromagnetic material as if the ferromagnetic material is being dragged downward. Figures 25, 
27, and 29 provide examples that fit into this explanation. However, with the same assumptions, if the shape is two rings placed 
inside each other such as in Fig. 28, compression in the piezoelectric material will result in compression in the ferroelectric material, 
and vice versa. This essentially indicates that the shape of the material plays a crucial role in determining how the applied electric 
field will affect the ferromagnetic material's relative permeability. Several designs for magnetoelectric voltage-controlled variable 
inductors have been published in previous works of literature [85, 87, 90, 98-103], with some of them proven in power electronic 
converters; the common designs are categorized into either plate-shape type, ring-shape type, or combination of them. Different 
configurations of these common designs will be discussed in the paragraphs that follow. 
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Fig. 24. The structure of a basic magnetoelectric voltage-
controlled variable inductor. 

Fig. 25. The schematic construction of an improved 
magnetoelectric voltage-controlled variable inductor. 

The construction of a fundamental design of a magnetoelectric voltage-controlled variable inductor is depicted in Fig. 24 [98]. 
It is composed of a piezoelectric strip, a magnetostrictive ring, and the inductor’s coil. The ferroelectric strip is constructed of a 
solid solution of lead zirconate (PbZr O3 ) and lead titanate (PbTiO3 ), often known as Pb(Zr, Ti) O3  or simply PZT. The 
ferromagnetic ring is formed out of manganese zinc (MnZn) ferrite, which has a high relative permeability and typically high 
resistivity. The coil of the inductor, which is wound around the ferromagnetic ring, has N turns. The PZT ferroelectric strip is fitted 
tightly along the ring's diameter in a manner that guarantees their interfacial coupling to one another. It is worth mentioning that 
the proposed system's size is measured in millimeters; however, a higher power rating would imply larger dimensions. When a 
positive-polarity DC voltage is applied across the PZT strip, a constant electric field is formed along the strip, and the PZT strip 
shrinks in the direction of the applied field according to the inverse piezoelectric effect and due to the negative piezoelectric 
coefficient (𝑑𝑑31 < 0). In contrast, the PZT strip expands in the direction of the applied electric field when a negative-polarity DC 
voltage is applied across it. The mechanical deformations, or induced strains, caused by the applied electric field on the PZT strip 
are subsequently transmitted to the ferromagnetic ring through their interfacial contact. As a result, the ferromagnetic ring 
undergoes mechanical deformations, which in turn induce a magnetic field inside the ring, resulting in changes in the ring's 
permeability and, consequently, the inductor's inductance. Typically, compressive stress in the PZT strip causes compressive stress 
across the ferromagnetic ring, and vice versa. This is mostly due to the applied electric field's direction, which is parallel to the 
PZT plate width. The practical results in [98] indicate that applying a DC voltage of 1 kV increases the inductance linearly, but 
reversing the polarity causes the inductance to drop linearly. In this design, the inductance change represented by ∆L is found to 
be directlyproportional to the change in the DC applied voltage denoted by ∆V, ∆L ∝ ∆V, indicating that the relationship is linear, 
assuming all other parameters are constant. The benefits of this design can be summarized as follows: 1) in terms of size, it is 
compact; 2) it is inexpensive; 3) in terms of manufacturing process complexity, it is easy to fabricate its layers; and 4) low power 
consumption at low frequencies. However, a number of problems with this design also arise: 1) a limited linear inductance 
tunability range of up to 20% at an operating frequency of 15 kHz and a DC control voltage of 1 kV; 2) the operational frequency 
bandwidth is limited due to increased iron losses in the magnetic core, imposing limitations when using it in power electronic 
applications; and 3) yet, it has not been demonstrated for high-power applications, which is almost the case in power converters. 
Further investigations are still required to be carried out for this composite to determine to what extent it is a feasible option for 
power electronic applications. 

A magnetoelectric voltage-controlled variable inductor with an enhanced design is depicted in Fig. 25 [85]. The proposed design 
consists of three slabs that comprise the inductor's core, made out of the following materials and arranged in the following manner: 
ferromagnetic, ferroelectric, and ferromagnetic, respectively, as well as the main inductor coil. The ferroelectric slap is constructed 
of piezoceramic material, a modification of PZT, while the two ferromagnetic slaps are made of soft magnetic material, metallic 
glass alloy (FeBSiC), commonly known as Metglas alloy. The thickness of the slabs is measured in micrometers and millimeters 
for ferromagnetic and ferroelectric materials, respectively, implying a significantly reduced size. The principle of operation is 
similar to the previous configuration, and it is based on the strong strain-mediated magnetoelectric coupling between the slaps. 
The PZT strip is subjected to a DC control voltage ranging from 0 to 600 V, and Fig. 26 illustrates how inductance decreases non-
linearly as the applied DC control voltage increases at a low operating frequency of 100 Hz, as reported in [85]. It should be noted 
that the inductance will increase rather than decrease if the DC control voltage supplied to the PZT strip is reversed in polarity. 
Since PZT has a negative piezoelectric coefficient, applying a positive DC electric field across it will compress it in the applied 
field's direction. In the direction of the applied voltage, that compressive strain will be transferred as a tensile stress to the two 
Metglas layers. As a consequence, both the relative permeability and the inductance drop. The action is reversed, and the stress 
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applied across the Metglas layers becomes compressive when the applied voltage has its polarity reversed, increasing permeability 
and hence inductance. A significant inductance tunability range of up to 450% at 100 Hz in Fig. 26 is evident, demonstrating how 
strongly the applied voltage affects the inductance of the Metglas slabs at low and medium frequencies. At a maximum voltage of 
600 V, the inductance tunability was found to be 250% and 50% at 100 kHz and 5 MHz, respectively, which is extremely high 
when compared to the prior configuration shown in Fig. 24. There are several benefits to this proposed design: 1) the power 
consumption due to energy lost in the PZT slab, as well as, iron losses lost in the Metglas ribbons is minimal at moderate 
frequencies; 2) an ultimately high non-linear inductance tunability range can be achieved at a moderate operating frequency; 3) in 
terms of size, it is compact; 4) regarding the manufacturing process, it is easy to fabricate; and 5) it is low in cost. The main 
drawback is that the increased iron losses in the Metglas slabs caused by eddy currents at higher frequencies severely limit the 
tunability range and, hence, restrict its uses in high-frequency applications, which are most common in power electronic 
applications. Furthermore, the tunability range, while wide, is non-linear, implying unsmooth inductance control. Enhancements 
are made to this design to extend its tunability range at higher frequencies. The main issue is that off-the-shelf available Metglas 
ribbons have a minimum thickness that is regarded as relatively high, which causes significant eddy current losses at high 
frequencies. Laminating Metglas ribbons, or, in other terms, employing thinner Metglas ribbons rather than using one, is a novel 
technique reported in [100] for reducing eddy current loss at higher frequencies. Despite the additional production cost and 
complexity required to get thinner ribbons, it has been demonstrated that employing more laminations for the Metglas slabs 
improved the inductance tunability range at higher frequencies, which may be promising for power electronic converters. 
Furthermore, this concept proved to be practically feasible in magnetically coupled resonance wireless power transfer (MCR-WPT) 
systems. By adding additional coil winding to the construction described in Fig. 25, the mutual inductance between the two 
windings can be adjusted over a wide range. The mutual inductance's relatively wide tunability range allowed MCR-WPT systems 
to achieve higher transmission efficiency [99]. To guarantee the effectiveness of these plate-type designs in power electronic 
converters, further study is necessary. 

    

Fig. 26. The variation of inductance with applied voltage at a 
low frequency of 100 Hz. 

Fig. 27. The construction of a ring-type double piezoelectric 
layer magnetoelectric voltage-controlled variable inductor.  

 
Fig. 28. The schematic design of a basic ring-type magnetoelectric voltage-controlled variable inductor. 
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In contrast to the design presented in [85], Fig. 27 illustrates the construction of a ME voltage-controlled variable inductor that 
uses two ferroelectric layers rather than two ferromagnetic layers [87]. The design consists of three rings arranged in the following 
manner to form the inductor's core, ferroelectric, ferromagnetic, and ferroelectric, as well as the inductor coil. The two ferroelectric 
rings are built of PZT, whereas the ferromagnetic ring is made of manganese zinc (MnZn) ferrite. The three rings are stacked on 
top of each other, as shown in Fig. 27, to guarantee strong interfacial contact between the core composites, and the inductor’s coil 
is wound around them. Because of the strong strain-mediated ME coupling between the composites, induced stresses within the 
PZT layers caused by applying DC control voltage to those layers are transmitted to the ferrite layer, resulting in variations in the 
ferrite core permeability and thus the inductor's inductance. When a DC control voltage within the range of ±300 V is applied to 
the two PZT rings, increasing the positive-polarity applied voltage results in a linear decrease in the inductance, while increasing 
the voltage in the opposite polarity, negative, causes the inductance to increase linearly, as reported in [87]. This design allows for 
a linear tunability range of up to 50% at low frequencies, such as 1 kHz, and up to 20% at high frequencies, such as 1 MHz, while 
the maximum tunability of 56.6% was obtained at 72 kHz, all is achieved at a low DC control voltage of 300 V. In comparison to 
the first and second designs, [98] and [85], this design can achieve a moderate linear tunability range at lower DC control voltages 
and moderate operating frequencies. A number of advantages can be concluded from this design: 1) a moderate linear inductance 
tunability range at moderate frequencies and electric fields; 2) the size of the proposed design is given in millimeters, indicating 
compactness; 3) ease of fabrication of the magnetoelectric composite; 4) low cost; and 5) reduced power losses as a result of lower 
electric field values that cause lower dielectric losses in the PZT material. Similar to previous configurations, a major disadvantage 
seems to be that the tunability range is limited with higher frequencies. In that aspect, it may not be suitable for power electronic 
converters, yet its linear inductance tunability behavior may be advantageous. This challenge, however, was overcome by adopting 
particular composites for the ferromagnetic layers that resulted in the elimination of magnetocrystalline anisotropy (MCA) and, 
thus, allowed for a wide inductance tunability range without experiencing excessive losses. The only difference between this novel 
design and the one illustrated in Fig. 27 is the materials that were employed. In that design, the ferromagnetic ring composite is 
constructed of two alloys: nickel-zinc-copper (NiZnCu) and cobalt ferrite (CoFe2O4), while the two ferroelectric rings composite 
are built of a mixture of lead magnesium niobite (PMN) and lead titanate (PT), widely known as PMN-PT. As a consequence, this 
suggested design was capable of achieving an extraordinary high tunability of up to 750% at a frequency of 10 MHz, as described 
in [102]. Further research is needed to validate the viability of these ring-type designs in medium- or high-power applications, 
which has yet to be demonstrated. 

Another basic ring-type magnetoelectric voltage-controlled variable inductor design is depicted in Fig. 28 [101]. Likewise, to 
all previous configurations, it consists of two rings, ferromagnetic and ferroelectric, glued together, creating the core of the 
inductor, and the main inductor's coil is coiled around them. The ferroelectric ring is formed of PZT, whereas the ferromagnetic 
ring is composed of Metglas ribbons. The PZT ring was subjected to a DC control voltage ranging from -1 kV to 1.6 kV. The 
strong CME coupling between the materials forming the core caused the inductance to increase with a negative applied voltage 
and decrease with a positive applied voltage. In that regard, a linear inductance tunability range of up to 400% at a low frequency 
of 300 Hz and 1.6 kV was achievable, as described in [101]. Despite the fact that the tunability of the inductance is still achievable 
beyond this frequency over a very limited range, it is non-linear, implying that control is no longer smooth. Similar to the preceding 
configurations, the limited tunability range at high frequencies is caused by the Metglas ring's severe eddy current loss at higher 
frequencies. The key advantage of this arrangement is the simplicity of fabrication of the core, which can result in reduced cost 
because the design employs just two rings, in addition to lower dielectric losses and compactness. However, it is obvious that the 
inductance tunability range is very restricted to frequencies of only up to 10 kHz, making it unsuitable for power electronic 
applications. Reduced-thickness Metglas ribbons might significantly enhance the tunability range; however, as previously 
indicated, this would have a negative impact on total cost. 

All preceding designs for ME voltage-controlled variable inductors have not been demonstrated to be suitable for high-power 
applications, and they are typically employed in low-power applications. To overcome that issue, the magnetic flux valve (MFV) 
concept has been introduced [103]. A ME voltage-controlled variable inductor based on the magnetic flux valve concept is realized 
by making a portion of the magnetic core of a magnetoelectric composite, and the reluctance of this part, commonly referred to as 
the magnetic flux valve, is controlled by varying the voltage applied to the piezoelectric layer of the magnetoelectric composite. 
This method's analogy thus far is comparable to the previously mentioned virtual air-gap approach, which controls the reluctance 
of specific magnetic core parts in order to control the magnetic core's total reluctance and, therefore, the inductor's inductance. 

The design of a ME voltage-controlled variable inductor based on the magnetic flux valve principle is depicted in Fig. 29a. It 
comprises the main core, which is formed up of two U-shaped magnetic cores and one magnetic flux valve, in addition to the main 
inductor winding wound around the magnetic flux valve. The two U-shaped cores are composed of manganese zinc (MnZn) ferrite, 
and the magnetic flux valve that represents the center leg is built of a magnetoelectric composite. The magnetic flux valve is 
constructed from a predetermined number of ferroelectric and ferromagnetic layers stacked together using adhesives, as illustrated 
in Fig. 29b. The layers of the magnetic flux valve are layered on top of one another to ensure strong interfacial magnetoelectric 
coupling between these layers. Ferroelectric or piezoelectric layers are commonly formed of PZT, whereas ferromagnetic or 
magnetostrictive layers are produced of amorphous Metglas alloy. In fact, the two U-shaped ferrites are essential to ensure that the 
magnetic flux path is closed, thereby contributing to an overall increase in the tunability range of the inductance. To enhance the 
inductor's capacity for handling power while avoiding the magnetic core from quickly being saturated, a small fixed, intentional 
air gaps are placed between the two U-shaped cores and the magnetic flux valve. The wider the air-gap length, the higher the 
saturation current and hence the power capability that the inductor can handle; however, increasing the air-gap length reduces the 
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inductance tunability range, necessitating a trade-off between the inductance tunability range and the power capacity [90]. For that 
reason, four identical fixed air gaps are inserted between the right and left U-shaped ferrite cores and the magnetic flux valve, as 
depicted in Fig. 29a. The magnetic flux valve is made up of 22 PZT slabs and 44 Metglas ribbons that are placed one on top of the 
other; both have equal thicknesses in the millimeter range. Since the ferroelectric layers are comprised of non-magnetic material, 
the magnetic flux flowing through the magnetic flux valve will only pass through the ferromagnetic layers. As a result, the effective 
equivalent cross-sectional area of the magnetic flux valve limb is estimated using the number and thickness of ferromagnetic layers 
rather than ferroelectric layers.  It is evident that there are twice as many ferromagnetic layers as there are ferroelectric ones. This 
results in a larger effective magnetic cross-sectional area for that limb; however, increasing the number of ferromagnetic layers 
causes increased eddy current loss and, therefore, a limited tunability range. 

The magnetic reluctance model for this inductor is given in Fig. 29c, where the current flowing through the main winding is 
denoted by i, the number of turns in the main inductor’s winding is indicated by N, the reluctance of the magnetic flux valve is 
denoted by ℛ𝑠𝑠, the reluctance of the four air gaps on the left and right U-shaped ferrite cores is equal and has a value denoted by 
ℛ𝑔𝑔, and similarly, the reluctance of the left and right U-shaped ferrite cores is equal and has a value denoted by ℛ𝑐𝑐. The main 
winding mmf is given as Ni, and it produces a total flux identified by ∅𝑠𝑠 that flows essentially in the magnetic flux valve. It is then 
split into two components, ∅1 and ∅2, flowing through the left and right U-shaped ferrite cores, respectively. The formula for 
inductance as a function of relative permeability of magnetic flux valve for that design is provided in (15). The mean length of 
ferromagnetic layers, air-gaps, and U-shaped ferrite cores is represented by 𝑙𝑙𝑚𝑚, 𝑙𝑙𝑔𝑔, and 𝑙𝑙𝑐𝑐, respectively; the effective cross-sectional 
area of ferromagnetic, piezoelectric, air-gaps, and U-shaped ferrite cores is denoted by 𝐴𝐴𝑚𝑚, 𝐴𝐴𝑝𝑝, 𝐴𝐴𝑔𝑔, and 𝐴𝐴𝑐𝑐, respectively, taking 
into consideration that 𝐴𝐴𝑔𝑔 = 𝐴𝐴𝑐𝑐; the relative permeability of ferromagnetic layers and the ferrite U-shaped cores is indicated by 
𝜇𝜇𝑟𝑟,𝑚𝑚 and 𝜇𝜇𝑟𝑟,𝑐𝑐, respectively; the number of ferromagnetic and piezoelectric layers in the magnetic flux valve is represented by 𝑛𝑛𝑚𝑚 
and 𝑛𝑛𝑝𝑝, respectively [90]. When a voltage between 0 and 400 V is applied to the PZT layers of the magnetic flux valve, the 
permeability of the Metglas layers 𝜇𝜇𝑟𝑟,𝑚𝑚 decreases, increasing the reluctance of the magnetic flux valve limb 𝑅𝑅𝑠𝑠. This increases the 
overall reluctance of the magnetic path that is given by 𝑅𝑅𝑠𝑠 + 𝑅𝑅𝑔𝑔 + 𝑅𝑅𝑐𝑐/2 and consequently decreases the overall inductance of the 
inductor L, resulting in a maximum tunability range of up to 80% at power frequencies of either 50 or 60 Hz, as reported in [103]. 

𝐿𝐿(𝜇𝜇𝑟𝑟,𝑚𝑚) = 𝑁𝑁2

𝑅𝑅𝑣𝑣+𝑅𝑅𝑔𝑔+𝑅𝑅𝑐𝑐
2

= 𝑁𝑁2

𝑙𝑙𝑓𝑓
𝑛𝑛𝑓𝑓𝜇𝜇0𝜇𝜇𝑟𝑟,𝑓𝑓𝐴𝐴𝑓𝑓+𝑛𝑛𝑝𝑝𝜇𝜇0𝐴𝐴𝑝𝑝

+
𝑙𝑙𝑔𝑔

𝜇𝜇0𝐴𝐴𝑔𝑔
+ 𝑙𝑙𝑐𝑐

2𝜇𝜇0𝜇𝜇𝑟𝑟,𝑐𝑐𝐴𝐴𝑐𝑐

(15) 

The key advantage of this approach thus far is that it can be employed in medium- and high-power applications, as opposed to 
all preceding configurations. The proposed design in [103], however, is limited to power frequencies and ignores the impact of 
increased eddy current losses in the Metglas ribbons at higher frequencies. Then, using it for power electronic applications could 
not be practical unless more stable ferrite materials used in the magnetic flux valve composite. Due to its frequency limitation, the 
Metglas-based MFV-based ME voltage-controlled variable inductors can be beneficial for a variety of power system applications, 
including, but not limited to, smooth reactive power compensation and voltage control in grids [104, 105]. A soft magnetic material 
with higher resistivity should be employed in the ferromagnetic layers of the magnetic flux valve to reduce eddy current losses and 
allow tuning of inductance at higher operating frequencies. Therefore, instead of Metglas alloy, the ferromagnetic layers will be 
composed of a nickel-zinc-copper (NiZnCu) and cobalt ferrite (CoFe2O4) alloy, while the ferroelectric layers and the two U-shaped 
ferrite cores will remain unchanged, formed out of PZT, and manganese zinc (MnZn) ferrite, respectively [90]. The U-cores and 
the magnetic flux valve are separated by four identical air gaps in order to improve the power handling capability, as stated earlier. 
The PZT layers inside the magnetic flux valve are subjected to a DC control voltage that ranges from 0 to 500 V. As the voltage 
was increased, the inductor's inductance decreased, and according to [90], inductance tunability of up to 220% at 1 MHz was 
achieved. This configuration offers several benefits, including: 1) a broad inductance tunability range at higher frequencies; 2) a 
viable solution for power electronic converters due to its ability to handle medium- and high-power; 3) minimized iron losses in 
the ferromagnetic slabs; 4) minimized dielectric losses in the PZT layers due to the fact that these layers' thicknesses can be 
significantly reduced through the use of multi-layer ceramic capacitor (MLCC) manufacturing technology, and hence the required 
DC control voltage is reduced substantially. The most significant drawback, meanwhile, could be the challenges in fabricating the 
magnetic flux valve, which might lead to an increased cost of the overall inductor. Furthermore, the structural problems associated 
with the ME composite design, such as the corner effect, have to be addressed by the use of unique designs; this might further 
complicate the manufacturing process, which adds to the main difficulty [106]. Yet, this configuration's ability to handle medium 
and high power at MHz operating frequencies with a wide inductance tunability range presents it as a potentially effective choice 
for power electronic applications. 

In order to compare this design to the majority of other proposed designs, Table II summarizes the maximum inductance 
tunability for the most commonly proposed ME voltage-controlled variable inductors. The designs proposed in [102] and [90] are 
novel and promising because, in contrast to prior designs, they seem to achieve extraordinary linear inductance tunability ranges 
with high stability up to cutting-edge switching frequencies, which usually include the entire operating frequency range of state-
of-the-art power electronic converters. In fact, the linear inductance tunability range emphasizes efficient and smooth inductance 
tunability over the non-linear ones. Bearing in mind that the inductance tunability, represented by 𝛾𝛾, is determined by (𝐿𝐿𝑚𝑚𝑠𝑠𝑚𝑚 −
𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚)/𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚, where 𝐿𝐿𝑚𝑚𝑠𝑠𝑚𝑚  and 𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚 represent the maximum and minimum achievable inductances at constant frequency under 
various applied electric fields, respectively. Furthermore, as stated earlier, the structure and shape of the piezoelectric and 
ferromagnetic materials, the materials used in the magnetoelectric composition, the range of the DC applied electric field, and the 
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fabrication process are all noticed to have an influence on the inductance tunability range of ME voltage-controlled variable 
inductors. 

(a) (b) 

(c) 
Fig. 29. MFV-based Variable Inductor. (a) The schematic structure of an MFV-based ME voltage-controlled variable inductor; 
(b) The schematic structure of a magnetic flux valve; (c) Equivalent magnetic circuit model of a basic MFV-based voltage-
controlled variable inductor.

TABLE II 
INDUCTANCE TUNABILITY RANGE OF MOST COMMON ME-VIS 

# ME Composite Material Structure Shape Inductance Tunability (%𝛾𝛾) Electric Field (E) Frequency Ref. 
1 MnZn ferrite/ PZT Ring/Plate 20% - linear 5 kV/cm 15 kHz [98] 
2 Metglas/PZT/Metglas Plate/Plate/Plate 450% - non-linear 12 kV/cm 0.1 kHz [85] 
3 PZT/MnZn ferrite/PZT Ring/Ring/Ring 56.6% - linear 3 kV/cm 72 kHz [87] 
4 Metglas/PZT Plate/Plate 250% - non-linear 5 kV/cm 1 kHz [96] 
5 Metglas/PZT/PZT Plate/Plate/Plate 750% - non-linear 5 kV/cm 1 kHz [96] 
6 Metglas/PMN-PZT/Metglas Plate/Plate/Plate 200% - non-linear 14 kV/cm 1 kHz [86] 
7 Metglas/PMN-PZT Ring/Ring 1150% - non-linear 8 kV/cm 1 kHz [86] 
8 PMN-PZT/NiZnCu ferrite Ring/Ring 16% - linear 8 kV/cm 6000 kHz [86] 
9 PMN-PT/(NiZnCu, CoFe2O4) ferrite/PMN-PT Ring/Ring/Ring 750% - non-linear 20 kV/cm 10,000 kHz [102] 
10 PZT/Metglas Ring/Ring 412% - non-linear 16 kV/cm 0.3 kHz [101] 
11 PZT/(NiZnCu, CoFe2O4) ferrite Plate/Plate 220% - non-linear 20 kV/cm 5000 kHz [90] 
12 Metglas PZT/Metglas Plate/Plate/Plate 56.5% - linear 16.7 kV/cm 30 kHz [99] 

4. APPLICATIONS AND FUTURE RESEARCH

4.1 Applications 

Variable inductors have been employed in a variety of power electronic converter applications, mostly based on the previously 
stated techniques. Lighting drivers [70, 107-116], resonant converters [79, 80, 117-129], dual-active-bridge converters [72, 130, 
131], wireless power transmission [54, 132-138], reactive power compensation and voltage control in power systems [139-141], 
and maximum power point tracking (MPPT) [142, 143] are all examples of applications that utilize the tuning inductance concept. 
Emphasizing the advantages and drawbacks of employing variable-inductance inductors in these converters is essential. 
Additionally, recommendations for further research that might address these drawbacks for possible applications in the future will 
be presented. 
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4.1.1 Lighting Drivers 

Lighting drivers are essential in operating either discharge lamps or light-emitting diode (LED) lamps. Their most common use 
is to provide soft starting, safe operation, and smooth dimming control. Resonant inverters are typically utilized in discharge lamps 
that depend on electronic ballasts for operation. Electronic ballasts that are often used have dimming mechanisms that rely on 
either dc-link voltage control, switching duty-cycle control, or switching frequency control. The dc-link voltage control method 
maintains the inverter switching frequency and duty cycle constant while controlling the dc-link voltage by controlling the 
inverter’s input dc voltage. In that manner, the lamp's voltage, current, and power can be adjusted by changing the dc-link voltage 
of the inverter. Although smoother linear dimming characteristics are produced by this simpler approach, soft starting cannot be 
accomplished with it, hence it is rarely employed. The average current and thus the power of the lamp can be adjusted when the 
duty cycle of the solid-state switches is changed while the dc-link voltage and switching frequency remain constant. However, this 
method may result in discontinuous drawn current at low lamp power and low duty cycles, and this discontinuous operation will 
increase electromagnetic interference and reduce the operation's reliability. As a consequence, increased stresses are noticed during 
discontinuous mode operation on solid-state switches, necessitating the need for additional protective circuits, such as snubber 
circuits, which may increase the total cost of this dimming technique. The switching frequency control technique involves altering 
the inverter's switching frequency while keeping the duty cycle and dc-link voltage constant, allowing for variations in the 
impedance of the resonant tank's series inductor, thereby controlling the drawn current and consequently regulating the lamp's 
power. Despite being straightforward, effective, and achieving soft starting, this method's dimming control is non-linear and 
unsmooth because of the high sensitivity of the lamp's power to the switching frequency [144-146]. It is possible to control the 
dimming without altering the dc-link voltage, the switching duty cycle, or the switching frequency, thus avoiding the disadvantages 
stated earlier by employing magnetically-controlled electronic ballasts, which use a variable inductor rather than a fixed one in the 
converter's resonant tank. This novel technique resulted in soft starting, linear dimming control, galvanic isolation between the 
control and power circuits, reduced overall cost, and increased efficiency over the entire dimming range [70, 82, 108-112, 145, 
147].  

The schematic design of a basic magnetically controlled electronic ballast driver is depicted in Fig. 30. It is composed of a half-
bridge resonant inverter connected to a resonant tank. The auxiliary winding current, denoted by 𝐼𝐼𝑠𝑠, adjusts the resonant inductance, 
represented by 𝐿𝐿𝑟𝑟, to control the power supplied to the lamp. In short, changing the resonant inductance value (𝐿𝐿𝑟𝑟) will alter the 
voltage that is applied to the lamp, which will change the current and power that it draws, consequently influencing the dimming 
of the lamp. The variable inductor used is typically current-controlled, implying that a dc bias current can be adjusted to change 
the permeability of the core and hence the inductor's inductance. Typically, a current-controlled variable inductor is employed in 
this design, indicating that the permeability of the core and, consequently, the resonant tank inductor's inductance may be altered 
by adjusting a dc bias current (𝐼𝐼𝑠𝑠). The half-bridge resonant inverter's switching power pole consists of two power diodes, denoted 
by D1 and D2, and two fully controlled semiconductor switches, such as MOSFETs, indicated by M1 and M2. The remaining 
parameters in this design are 𝑉𝑉𝑑𝑑𝑐𝑐, 𝐶𝐶𝑑𝑑𝑐𝑐, and 𝐶𝐶𝑟𝑟, which represent the inverter's dc input voltage, the capacitance of the dc blocking 
capacitor, and the capacitance of the resonant capacitor, respectively. In fact, this basic design, which utilizes the concept of 
variable inductance in lighting drivers, has been extensively employed in prior research for various purposes. For instance, a driver 
similar to the one illustrated in Fig. 30 was employed in [107, 109, 112] to allow universal ballasts for discharge lamps, which 
implies that the inverter can operate lamps with different power ratings optimally at a constant switching frequency and duty cycle. 
This eliminates the need for various drivers for different power rating lamps, making it a more cost-effective alternative. 
Furthermore, it led to the lamp's soft starting and stable, optimal performance within a designated power rating range. It should be 
noted that the variable inductor employed in this suggested design has a double E-core current-controlled arrangement.  

Furthermore, by utilizing the same design shown in Figure 30, it is possible to minimize the striations issue in fluorescent lamps 
efficiently. This issue is characterized by bright and dark bands that typically appear along the lamp's tube. It usually occurs at low 
lamp power, typically when the lamp's power is lower than 30%, and at low temperatures, typically room temperature or lower, as 
in freezers, for example. Employing constant frequency and duty cycle for the inverter and only controlling the resonant inductance 
(𝐿𝐿𝑟𝑟), the striations problem is significantly reduced. Moreover, since the control characteristic is linear, the dimming control 
becomes smoother. This application also utilizes a double E-core current-controlled variable inductor configuration [111].  

Another realization of a variable-inductor-based electronic ballast driver is presented in [70]. The proposed configuration is 
based on a current-sourcing resonant inverter, and instead of controlling the switching frequency or duty cycle, the resonant 
inductance is being controlled similarly to the preceding applications. This design has been demonstrated to be effective in driving 
high-pressure discharge lamps. This design also employs a double E-core, current-controlled variable inductor [71].  

In terms of light-emitting diode applications, the variable inductors concept has resolved a number of challenges in an efficient 
way, as reported in [113-116]. LED drivers are commonly classified into two types: passive LED drivers and switched-mode active 
LED drivers. The former utilizes passive components such as capacitors and inductors for performing power-factor correction 
(PFC), whereas the latter employs active converters for the same purpose. The main advantage of these passive LED drivers is 
their exceptional reliability and reduced cost because they don't have sophisticated control circuits. However, these drivers are 
large and heavy, with no dimming capability. Active LED drivers, on the other hand, are available in one, two, or three stages and 
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are typically employed in a broad range of applications owing to their small footprint and dimming capability, among several other 
benefits. However, the most significant drawback is that they are more expensive [148].  

The line-current harmonic constraints specified by IEC 61000-3-2 Class C must be met in applications where the input power 
exceeds 25 W, such as but not limited to high-brightness LEDs [149]. To comply with that standard, two-stage active LED drivers 
are commonly employed when a universal input voltage range is adopted. Power factor correction is the first step, which uses a 
converter to make sure the line-current harmonic limit is fulfilled. The second stage is a dc-dc conversion stage, where dimming 
is possible since the output voltage delivered to LEDs could be adjusted. Since more active switches and their control circuitry are 
used in this design, the total cost rises. One-stage ac-dc power factor correction flyback driver with constant boost inductance is 
utilized, as reported in [150], to minimize the number of switches and hence the overall cost. However, employing a single-stage 
ac-dc PFC flyback driver with a constant boost inductance can only satisfy one of the following two constraints: 1) at high input 
voltage levels, the bulk capacitor should not rise to unpractical and unsafe values; and 2) at low input voltage levels, the input-
current harmonics should meet the limits described by the IEC 61000-3-2 Class C standard. This difficulty can be easily handled 
by using variable boost inductance rather than fixed one, hence both constraints can be met. In order to guarantee that the bulk 
capacitor voltage is limited to safer values, the boost inductance is controlled to be constant and of a high value at high input 
voltage levels. It is then reduced to a lower value at low input voltage levels in order to ensure lower current harmonics, thereby 
satisfying the IEC 61000-3-2 Class C limits standard. A single-stage universal-input ac-dc PFC flyback driver employing a double 
E-core current-controlled variable inductor that is more cost-effective than two-stage solutions and able to handle both low and
high input voltages efficiently and without violating line-current harmonics standards has been reported in [115, 116].

The principle of variable inductors has been also implemented to efficiently and economically equalize the branch currents in 
multiarray LED lamps, as reported in [113, 114]. The multiarray LED lamps typically have manufacturing imperfections that cause 
the current supplied to identical branches to be unequal. As a result, the brightness of each branch will differ, resulting in an overall 
non-uniform luminous output of the arrays that is undesirable and may have negative biological effects on human eyes. Various 
techniques for implementing a multiarray LED driver include variable resistance, solid-state switches, or integrated circuits in 
series with each branch to regulate the branch current; hence, the brightness has already been presented in previous literature. 
However, if there is a significant voltage drop in these regulating devices, these techniques may lead to a reduction in the efficiency 
of the lighting system. In order to tackle this issue, switching converters are employed in each branch instead; however, each 
branch requires a switching converter with active switches, which can significantly increase complexity and total cost. A solution 
to this problem is to use a single converter that employs a double E-core current-controlled variable inductor in series with each 
branch. By adjusting the branch's inductance, the multiarray LED's current in each branch can be controlled. Since this method 
only requires one converter, its duty cycle and frequency are fixed. In contrast to prior techniques, this approach proposes a highly 
reliable, economical, and efficient solution.  

While it appears that employing variable inductors rather than fixed ones in lighting drivers yields several advantages, there are 
still certain general drawbacks that exist in all the applications discussed. These general limitations can be summarized as: 1) 
increased complexity in terms of control circuitry; 2) increased size due to the addition of control winding; 3) increased copper 
losses in the auxiliary winding of the inductor because all used inductors were current-controlled; this reduces the overall efficiency 
of the whole lighting system; 4) the control range is restricted to the lowest and highest inductance that the variable inductor can 
reach; 5) increased manufacturing cost since there are no ready-made solutions for the double E-core current-controlled variable 
inductor, which might increase the driver’s overall cost. Considering these drawbacks, an in-depth assessment should be carried 
out to figure out the most effective solution. 

Fig. 30. The fundamental design of a magnetically-controlled electronic ballast driver. 
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4.1.2 Resonant Converters 

Current-controlled inductors have been widely employed in a variety of resonant converter topologies to solve a range of issues 
[79, 80, 117-129]. For instance, operating two interleaved LLC resonant converters at the same switching frequency could result 
in a significant current imbalance due to mismatches between the components of the two converters. The current imbalance will 
result in unbalanced power distribution between the two LLC resonant converters, leading to unreliable operation. The first 
suggestion is to select the same capacitance and inductance values for both converters while maintaining the same switching 
frequency for both converters in order to achieve current balance. However, this approach is impractical and can result in increased 
expense and complexity since mass manufacturing of pre-selected inductances and capacitances is not feasible; instead, such 
components are often manufactured in standard values to allow for effective mass production. A different approach is to include 
an additional converter, which will operate both LLC resonant converters at the ideal switching frequency and adjust the input 
voltage to each LLC resonant converter, achieving current balance. Yet, this method results in a significant reduction in the overall 
efficiency of the two-phase interleaved LLC resonant converters due to the additional conversion stage. A novel technique has 
been presented in [117], whereby one LLC resonant converter is equipped with an additional fixed inductor, while the other LLC 
resonant converter is equipped with an additional current-controlled double E-core variable saturable inductor. By adjusting the 
variable inductor's inductance in one module, the component mismatch and, consequently, the current imbalance are eliminated. 
In this way, the switching frequency of both converters remains at the same optimal value while the resonant frequency of one 
LLC resonant converter is adjusted. In comparison to the prior proposed resolutions, efficiency curves suggest that this technique 
is more efficient. The main drawback is that designing the control circuitry of the current-controlled variable inductor to eliminate 
the current imbalance may increase the overall design complexity and, as a result, the overall cost.  

The output voltage of dc-dc resonant converters should be regulated for different connected loads; this is usually accomplished 
through adjusting the switching frequency of the resonant converter's main active solid-state switches. However, the main issue is 
that employing switching frequency as the control parameter to regulate the output voltage would cause the electromagnetic 
interference filter to become larger in size and more complex to design, which would increase the resonant converter’s overall size. 
In addition, the design of control circuits and magnetic components is quite complicated. If an alternative technique for controlling 
output voltage is adopted while maintaining a constant switching frequency, these issues can be overcome. The conventional 
approach is to add an extra conversion stage, such as a full-bridge inverter with phase-shift control, after the resonant inverter stage 
and before the rectification step. However, this approach increases costs owing to the increased complexity of the control circuitry 
and reduces efficiency due to the additional conversion stage. This issue could be solved by employing a magnetically controlled 
dc-dc resonant converter, as seen in Fig. 31 [118, 119, 127]. Previously, magnetic regulation of the output voltage of a dc-dc
parallel resonant converter has been utilized by lighting drivers and has demonstrated several benefits over the switching frequency
control technique. In the resonant tank depicted in Fig. 31, a current-controlled double-E-core variable inductor is being employed.
While the switching frequency is fixed, the auxiliary winding d.c. bias current of the variable resonant inductor can be varied to
regulate the converter's output voltage, represented by 𝑉𝑉𝑜𝑜. The converter's overall size will be reduced by using resonant inductance 
as the new control parameter rather than switching frequency, and designing magnetic components, driver circuitry, and
electromagnetic interference filter becomes simpler, but the extra losses in the control winding will have a negative impact on the
converter's overall efficiency, as reported in [119, 127], indicating that more research is required, especially with regard to this
converter.

In the same manner, variable inductors have been employed in LLC resonant converters to regulate the output voltage [120-126, 
128]. In fact, regulating the output voltage of LLC resonant converters by adjusting the switching frequency has the following 
drawbacks: complexity in designing magnetic components, electromagnetic interference filters, and driver circuitry, as well as 
decreased power density and increased conduction losses. All of these will cause the resonant converter's overall efficiency to 
drop. Yet, magnetically-regulated LLC resonant converters allowed these converters to operate at a constant switching frequency 
and duty cycle, overcoming these limitations. The main idea is to replace the fixed resonant inductor with a current-controlled 
variable inductor. Thus far, the output voltage could be adjusted while maintaining a constant switching frequency and a constant 
duty cycle by adjusting the resonant inductance. This idea has been utilized to build a highly efficient battery charger in which the 
charging process is controlled by adjusting the resonant inductance value, as described in [120]. In this proposed charger, all issues 
related to switching frequency control are eliminated. 

Furthermore, [121, 122] has proposed another high-efficiency battery charger that utilizes variable inductors. This proposed 
design consists of two LLC resonant converters that share the same primary switches, with their respective outputs connected in 
series. In one converter, the resonant inductor is replaced by a current-controlled double E-core variable inductor, while in the 
other converter, it remains fixed. In order to guarantee optimal efficiency, both converters are run at a constant switching frequency 
close to the resonance frequency. Of the two LLC resonant converters, the one that employs a fixed resonant inductor has a fixed 
output voltage, while the other, which has a variable inductance, allows the battery's charging process to be controlled. Numerous 
benefits of this design can be summed up as follows: two LLC resonant converters paralleling allows for higher powers to be 
handled; smaller size of the electromagnetic interference filter, in addition to fewer complications while designing this filter; zero 
voltage switching for active switches and zero current switching for secondary power diodes is achievable, and consequently 
charging efficiency improved. 

In [125], a magnetically-controlled bi-directional battery charger design comprising a full-bridge inverter and a bi-directional 
half-bridge LLC resonant converter has been presented. The bi-directional AC/DC conversion is carried out by the full-bridge 
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inverter. This full-bridge inverter functions as a power factor correction device that supplies a regulated dc voltage for the dc-dc 
converter in the vehicle-to-grid mode and as a full-bridge inverter that converts the dc voltage into ac in the grid-to-vehicle mode. 
On the other hand, the bi-directional half-bridge LLC resonant converter controls battery charging and handles the DC/DC 
conversion. In this bi-directional half-bridge LLC resonant converter, the fixed resonant inductor is replaced by a current-controlled 
variable inductor. In this approach, the resonant inductance is adjusted while the switching frequency remains constant to regulate 
the output DC voltage and, therefore, battery charging. In this suggested topology, using magnetic control yields a number of 
advantages that may be summed up as follows: higher system efficiency is possible because zero voltage and zero current switching 
for main and secondary switches, respectively, may be accomplished; the electromagnetic interference filter design has been 
optimized and simplified, which will substantially reduce the charger's overall size.  

A low-power magnetically regulated single-stage AC/DC LLC resonant converter has been presented in [126]. The suggested 
topology comprises a boost power factor correction converter and a half-bridge LLC resonant converter, both of which share the 
same primary active switches. The boost converter performs a power factor correction function and regulates the input voltage to 
the resonant converter, while the latter regulates the output DC voltage. Instead of employing the switching frequency control 
technique, a current-controlled variable inductor replaced the fixed resonant inductor in the LLC resonant converter. As a result, 
by modifying the resonant inductance value, the LLC resonant converter's output voltage can be regulated. Numerous benefits are 
seen, all of which are similar to previously stated applications; the constant switching frequency operation simplifies the design of 
magnetic components and control circuitry. In addition, the operation at this constant frequency allowed the operation to approach 
the resonant frequency, thereby guaranteeing optimal operation and better efficiency. Furthermore, soft switching for all solid-
state switches, whether primary or secondary, is achieved, which increases system efficiency. 

Variable inductors have also been employed to address the cross-regulation issue in the multiple output LLC resonant converter, 
as presented in [128]. The proposed topology consists of an asymmetric half-bridge inverter, followed by a double E-core current-
controlled variable resonant inductor for each output channel. Each channel's output voltage is regulated independently by adjusting 
the channel's resonant inductance. Variations in the input voltage and/or output power typically result in fluctuations in the 
converter's output voltage. If the technique of switching frequency control is utilized instead of the magnetic control technique, a 
broad switching frequency range is employed to account for both variations and achieve the necessary output voltage regulation. 
Within the suggested topology, the output voltage is controlled by the magnetic control technique in the event of fluctuations in 
output power, but on the other hand, the output voltage is still being regulated by the switching frequency control technique when 
the input voltage varies. Employing magnetic control has in fact significantly reduced the switching frequency control range, and 
consequently the following benefits have been reported: the cross-regulation issue is resolved and each channel output voltage can 
be controlled independently; the design of magnetic components, electromagnetic interference filter, and control circuitry is further 
simplified and optimized; soft switching is possible for all primary and secondary solid-state switches; and an unlimited number 
of channels can be added to the proposed topology. 

Although using magnetic control in resonant converters has several advantages, as discussed in the earlier applications, there are 
a few common drawbacks as well. In short, these common shortcomings may be summarized as follows: increasing losses in the 
control winding of the variable inductor will deteriorate the converter's overall efficiency, and the voltage regulation range is 
usually limited due to the limited resonant inductance range. Though it appears that the advantages exceed these drawbacks, 
additional research is needed to address these issues or determine the best design compromise. 

Fig. 31. The basic design of a magnetically-controlled dc-dc resonant converter. 
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4.1.3 Dual Active Bridge Converters 

Dual active bridge (DAB) converters are one of the most common solid-state transformers used in a variety of applications to 
bidirectionally regulate power flow between two sources. In DAB converters, phase shift control between the two full bridges of 
the converter is the conventional power flow control approach. However, in fact, the phase shift modulation control technique 
achieves high efficiencies only when voltage levels match the transformer's turns ratio. A voltage mismatch will lead to an increase 
in the RMS current, thereby increasing the inductor’s and transformer's copper losses as well as the conduction losses of solid-
state switches. Furthermore, a circulating current will be generated from the phase shift between the voltage and current applied to 
the transformer, which will further reduce the efficiency. Additionally, with light loads, zero-voltage switching is not feasible, 
which would subsequently deteriorate the efficiency under these conditions. In reality, a number of controlling strategies have been 
proposed to regulate the power flow between the two dc sources. One such strategy involves using frequency control rather than 
phase shift, but it has increased the complexity of control circuits and is further limited by the magnetic components [72, 145]. 
Variable inductors were used to get around these difficulties, as reported in [72, 130, 131]. To address these challenges, the 
suggested design used both the phase shift control approach and the inductance control technique. The proposed topology is 
depicted in Fig. 32, which represents a bidirectional isolated dc-dc converter. It is primarily composed of two full bridge inverters, 
the primary and secondary, coupled via a high-frequency transformer and a power transfer inductor. The power transferred in this 
proposed topology depends on the following: the phase shift between the primary and secondary full bridge inverters; the input 
and output voltages, represented as 𝑉𝑉𝑖𝑖𝑚𝑚  and 𝑉𝑉𝑜𝑜 ; the transformer turns ratio, expressed as 𝑁𝑁𝑠𝑠/𝑁𝑁𝑝𝑝 ; and the variable inductor's 
reactance, which in turn depends on the switching frequency and the variable inductor's inductance.  This suggests that by adjusting 
the variable inductance as the new control parameter, the power transfer between the two sources could be achieved. The variable 
inductor employed is a double E-core current-controlled type. The following is a summary of the benefits of this proposed topology: 
1) the zero-voltage switching range was extended by increasing the inductance at light loading conditions, which resulted in
improving the efficiency due to the soft switching improvement; on the other hand, the inductance was decreased at heavy loading
conditions in order to reduce the circulating current and hence improve the efficiency; and the overall result is an increase in the
converter's efficiency over a wide range of loads; 2) the power transfer characteristics were linearized, which can help in
simplifying the design of the converter's control system; 3) improvement in the transient response as the added control parameter,
the variable inductance, can aid in stabilizing the system's dynamic response upon any disturbance. On the other hand, two limits
were observed: the zero-voltage switching range was limited and not extended significantly by the variable inductance, and
optimization in terms of the converter's size was not feasible. In order to overcome these two difficulties, further study is still
required.

Fig. 32. The basic design of magnetically-controlled dual-active-bridge converter. 

4.2 Future Research 

It has become evident that tunable magnetics for power electronics, particularly current-controlled types, are promising for 
numerous applications, as detailed previously. In contrast, voltage-controlled tunable magnetics provide a more advantageous 
option than current-controlled ones; however, the high cost of this technology has prevented its application in the power electronics 
domain. Yet, despite all of the advantages that variable inductors have achieved in various power electronic applications, off-the-
shelf solutions are still not available.  

Therefore, in order to meet the industrial application needs, further research is crucial. Further research on current-controlled 
variable inductors needs to focus on the following points: first, as previously mentioned, the typical variation of inductance with 
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the DC control current was non-linear; therefore, different magnetic materials may be utilized to achieve more linear inductance-
current characteristics; in fact, the non-linearity of the inductance-current relationship does not allow smooth and precise control; 
and second, different structures and configurations of the magnetic core should be investigated in order to optimize the inductor's 
overall size, extend the variable inductance tunability range, and minimize iron losses. It is essential to note that since cost is a 
dominant factor, any further research addressing these two points should take into consideration the inductor's overall cost.  

For voltage-controlled variable inductors, the following points need to be addressed: first, in order to reduce the cost of this type, 
extensive research regarding the cost of the piezoelectric and ferromagnetic layers must be carried out, considering new 
manufacturing processes and other advancements in material science; second, new structures, configurations, and materials should 
be investigated in order to achieve a higher inductance tunability range at a lower control voltage, taking into consideration that 
the variation of inductance with the applied control voltage should be linear in order to achieve smooth control. 

5. CONCLUSIONS

In this article, a comprehensive review of the tunable magnetics concept for power electronic applications has been presented. 
The principle of operation, various configurations and applications, and merits and drawbacks of various current-controlled and 
voltage-controlled variable inductors have been thoroughly examined. The primary objective of this review is to provide full 
guidance on the significance of the concept of tunable magnetics in power electronics and future research guidelines in this field. 
In summary, the main conclusion of this article is that current-controlled variable inductors, particularly the double E-core 
configuration, are currently widely employed in a variety of power electronic applications. This type was utilized primarily to 
efficiently regulate output voltage and power in lighting drivers, give additional control freedom in resonant converters, and 
improve the efficiency of dual active bridge converters, among other uses. However, in some of these applications, the unoptimized 
size, the inductance non-linear control characteristic, and higher losses in control winding still present a significant challenge. 
Furthermore, it was shown that, despite the fact that voltage-controlled variable inductors are superior to current-controlled ones 
owing to their broader inductance tunability range, smaller size, and increased efficiency, their primary reason that limits their 
applications in power electronic applications is their expensive cost. 
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Highlights 

• Actively-controlled variable inductors are widely employed in power 
electronic converters. 

• Current-controlled variable inductors have proven to improve power 
electronic converters' performance. 

• Current-controlled variable inductors were extensively employed in lighting 
drivers, resonant converters, and inductive wireless power transmission. 

• Current-controlled variable inductors have been utilized in dual-active-
bridge converters for improving converter’s efficiency. 

• Voltage-controlled variable inductors are more compact and efficient than 
current-controlled ones, yet they are seldom used due to their expensive cost. 
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