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Abstract- This paper explores the use of a variable inductor as a 
reactive element for energy transfer in a Dual-Active-Bridge (DAB) 
converter. By using a controlled variable inductor, the optimal 
switching region in the operation of the phase-shift DAB can be 
extended, and thus high efficiencies can be achieved over wider load 
ranges compared to the traditional solution. Moreover, the combined 
use of the variable inductance together with the phase shift, as two 
control parameters, allows for the linearization of the DAB converter 
transfer function, which improves the stability and the performance 
of the controller. And finally, due to the controlled saturation of the 
device, it is feasible to reduce the magnetic core size, yielding a size 
optimization of the full converter. This work develops a circuit-based 
model to simulate the converter system, aiming to study the proposed 
improvements. Furthermore, a 2kW SiC-based DAB converter 
prototype is constructed, including a controlled variable inductor. The 
experimental results presented in this paper validate the studies 
carried out for the different operation conditions. 

I. INTRODUCTION 

The electrical utility network of today is facing a significant 
change driven by the need for improved efficiency, reliability, and 
safety. To achieve these requirements, there is a growing interest 
towards the smart grid systems which incorporate different systems 
using power electronics technologies. The most important of these 
systems is the Solid-State-Transformer (SST) which can radically 
change the utility power distribution by more efficient routing of 
power, voltage regulation, and flexibility. The basic and most 
popular structure of the SST is the Dual-Active-Bridge (DAB). DAB 
converter allows bidirectional power flow by means of regulating the 
Phase Shift (PS) between the converter bridges. However, this 
modulation scheme can achieve high efficiencies only at voltage 
levels that match the transformer turns ratio, significant mismatches 
lead to transformer RMS currents, inductor and transformer copper 
losses, and increased semiconductor conduction losses [1]-[3]. Also, 
circulating currents take place due to the PS between the voltage and 
the current applied to the transformer [4]. Another limitation is the 
loss of Zero-Voltage-Switching (ZVS) at light loading conditions 
[5],[6]. For tackling those limitations, many alternative modulation 
schemes have been proposed in literature [3],[4],[6]-[8]. As the 
complexity of the modulation scheme increases, it compromises the 
ease and time of implementation of the control function [9].  

Another approach to tackle the limitations of the DAB operation is 
to use the variation in the switching frequency as an alternative 
parameter to control the power flow in the converter. However, the 
frequency variation has a significant effect on the converter efficiency 
specifically in the presence of Energy Storage Systems (ESS) 
[10],[11]. The switching frequency variation range is also limited by 
the design of magnetic components namely the series inductor and the 
High Frequency (HF) transformer. Lastly, it is not straight forward to 
change the frequency online during the converter operation since it 
implies a change in the sampling period of the programmer, as well as 
the interrupt periods for acquiring correct measurements of the sensors 

data. Consequently, to widen the soft-switching range and reduce 
circulating currents, most of the literature works have explored 
modulation strategies which maintained a fixed switching frequency 
[12]. To this motivation, the inductance variation, achieved throughout 
the use of variable inductors, is proposed in this work as a promising 
control parameter of the power flow in the DAB converter [13].  

Variable Inductor (VI) is an electromagnetic device that is based on 
changing the inductive impedance of a winding placed around a 
saturable magnetic core [14]. This mechanism is achieved by changing 
the saturation level of the magnetic core [14]. These devices, therefore, 
allow for additional degrees of freedom in the design and control of 
Power Electronic Converters (PECs) [14]. This is particularly useful 
in resonant converters, where the output power is generally controlled 
by varying the switching frequency due to the power versus frequency 
characteristic of the converter [15],[16]. This standard frequency 
control presents some drawbacks due to Electro-Magnetic 
Interference (EMI) issues, complex filtering, or variable sampling 
time, among others, especially for a wide range of variation. However, 
if variable magnetics are used, the same control margins can be 
obtained at a constant switching frequency, therefore allowing for an 
optimization of the EMI filters and sampling procedures [14],[17].  

Also for DC-DC bridge converters, such as the DAB or the Dual-
Half-Bridge (DHB), the addition of a new degree of freedom to the 
control scheme by means of the VI can enhance the operational 
performance of the system, for instance by increasing the soft-
switching margins, as reported in preliminary works [1],[2]. 
Specifically, in [1], where the VI concept was proposed as the main 
energy transfer element for DHB converter, the study concluded that 
the ZVS operation region of such topologies controlled by means of 
PS control by employing an adaptive inductor. Therefore, high 
efficiency can be achieved over wider-load ranges compared to the 
conventional converter. On the other hand, for the DAB converter, 
the authors in [2] adopted a solution based on inserting an additional 
series inductor at light load conditions, aiming to decrease circulating 
currents and thus allowing for an increase in the converter efficiency. 
Consequently, these studies reinforce the idea of introducing an 
adaptive power transfer inductor in the DAB converter to reduce the 
overall power losses. However, the solution proposed in [2] is based 
on mechanical switching of a combination of fixed inductance 
values. The obvious benefits of mechanical switching are the 
simplicity and low cost. However, it allows only stepwise control, 
and it is too slow to provide a stable operation. On the other hand, 
the magnetically controlled VI allows continuous variation of the 
inductance, therefore it will be used in the proposed study herein. 

The improvement of the DAB converter efficiency is not the 
only feature that the VI can provide, there are several potential 
features that can be explored.  Another feature is the use of the 
inductance variation to linearize the control-to-output transfer 
function. This has implications in the static gain characteristic, 
which can allow several advantages to the converter control 
system. For example, in solar converters, the MPPT technique The present work has been partially supported by the European Union's H2020 
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can be smoother without introducing dithering or instability due 
to nonlinear power flow characteristics.  

Another potential improvement that the VI can add to the DAB 
converter is the possibility to extend the maximum power level, which 
results from decreasing the inductance as a function of the PS to allow 
linear phase-to-power transfer function. This implies that, by means of 
controlled saturation of the magnetic core, the same magnetic core size 
can be used for a higher power level. This could allow optimizing the 
size of the magnetic element. However, the possibility to boost the 
converter power density by using VI is limited by the additional 
volume and losses of the power electronic devices which are needed 
for controlling the magnetic core saturation [18]. 

Moreover, it is worth to notice that replacing the fixed power 
transfer inductance by a variable one, also the dynamic performance 
of the control scheme can be modified. In fact, it is postulated that 
regarding the disturbance rejection upon closed-loop control of the 
converter, the adaptive inductor adds an extra control parameter, 
which can be employed to assist the main control scheme in riding 
through the transient event. In all cases, it is necessary to investigate 
the overall PEC figures of merit incorporating the VI.  

The aim of this work is to study the potential enhancements to 
the operation of the DAB converter by using a VI. The focus of the 
work is to present the improvements in the converter efficiency 
under light loads (by extending the ZVS range) and heavy loads 
(by reducing circulating currents), as well as the linearization of the 
power flow characteristics, and finally the improvement of the 
dynamic response of the controlled system.  

The analysis is carried out using an electromagnetic system 
simulation model which takes into consideration different 
component losses, such as switching and conduction losses, 
magnetic device core and winding losses, etc. In this context, section 
II states the theoretical background that discusses the structure and 
the principle of operation of the conventional DAB converter. Also, 
the latter section provides a briefing about the VI structure, operation, 
and model. Section III explains the models for different system 
devices. The models are adjusted with the electrical characteristics 
of the test setup, in order to develop real simulations and particularize 
the analysis for the constructed prototype. In section IV, several 
potential aspects are studied for extending the operation range of the 
DAB converter by using a VI. In section V, the test setup and the 
experimental results are presented. And finally, the conclusions of 
the work are summarized in section VI. 

II. PROPOSED DAB USING VARIABLE INDUCTOR 
 

A. Principle of operation of conventional DAB converter 

The DAB converter is a bidirectional isolated DC-DC power 
conversion topology which is composed of two full-bridge inverter 
circuits, interfaced across a constant power transfer inductor, that 
usually includes a HF transformer, as clarified by Fig. 1.  

 

The flexibility of the primary and secondary active full bridges in 
this topology allows for various modulation methods to minimize the 
losses and to maximize the efficiency over a wide load and voltage 
operation ranges [6],[19]. Using the simplest modulation technique, 
named Single-Phase Shift (SPS) scheme, the full-bridge converters 
are operated at a constant switching frequency, with 50% maximum 
duty cycle. After a thorough study of the circuit operation, it can be 
demonstrated that the bridge leading by a phase angle sends power 
to the lagging one [20]. Equation (1) shows the analytical expression 
for the power flow in the converter under SPS modulation scheme:  

 𝑃𝐷𝐴𝐵 =
𝑉𝑖𝑛𝑉𝑜𝑢𝑡

𝑋𝐿𝑟𝑡
𝜃 (1 −

𝜃

𝜋
)          (1) 

 From (1), the control parameters that affect the power transfer 
are the input and output voltage levels, Vin and Vout respectively, 
the transformer turns ratio, rt=Ns/Np, the PS between the primary 
and secondary bridges, θ, and the impedance, XL=2πfL, f  being 
the switching frequency, and L the inductance of the coil.   

In case of having a constant voltage source at the output of the 
DAB converter, then the wide-voltage and wide-load are 
distinctive terms that need to be handled carefully. The voltage 
range indicates the relationship between the input and output 
voltage levels, while the loading condition indicates the amount of 
power demanded either by the input or the output sources, i.e. in 
forward or reverse directions. On the other hand, in the case of 
having a resistive load at the output, the resistance value 
determines the voltage level for a certain amount of demanded 
power, in this case only to the resistive load, i.e. in the forward 
direction. In this latter case, the signification of the wide-voltage 
and wide-load terms is the same and can be interchangeable. 

B. Limitations of the converter operation under wide-

voltage and wide-load ranges 

To achieve ZVS in the converter switching devices, the 
inductor current should be enough to charge and discharge the 
parasitic output capacitors of the switches [21]. Analyzing the 
inductor current waveform in analogy with the switching 
waveforms at both bridges, the ZVS conditions for the primary 
and the secondary bridges can be formulated in terms of the 
voltage conversion ratio, M, and the PS ratio, θ/π, as explained in 
detail in [13],[20],[21]. The ZVS boundaries of the DAB 
converter can thus be represented as shown in Fig. 2. 

It can be observed that, ideally, for M = 1, ZVS can be 
achieved over the full range of operation. For values of M 
different than 1, the PS must be large enough to provide the 
required energy for achieving the ZVS condition. Operation 
under small phase shifts, i.e. upon low load conditions, is thus 
limited by the ZVS range, which implies that the converter 
should be designed to operate at the maximum phase shift in 
order to allow higher values of current and facilitate ZVS.  
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Fig. 1. Schematic of DAB converter. 

 
 

 
Fig. 2. ZVS boundaries of the DAB converter. 
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On the other hand, higher values of PS imply that the phase angle 
between the current and the voltage applied to one side of the HF 
transformer increases as well. Consequently, the reactive circulating 
currents are higher. Those currents result in an increase in the 
conduction losses and elevate the reactive power losses [4],[22] 
which eventually causes a drop in the converter efficiency. To 
emphasize the effect of the PS on the reactive currents, the total 
percentage reactive currents in the converter is formulated again in 
terms of M and θ/π, as explained in detail in [21]. 

It can be concluded that under mismatches in the voltage levels 
(M ≠ 1), the soft-switching range is significantly constrained, 
which limits the operation of the converter at low phase shift 
angles. Additionally, since the phase shift angle between the 
bridges is the only control parameter, therefore under higher 
phase shift angles the reactive currents are higher. 

Consequently, to widen the ZVS range and reduce circulating 
currents, most of the literature has explored new modulation strategies 
other than the SPS. Those alternative modulation schemes consist in 
introducing extra degrees of freedom to control the power transfer. 
This is achieved by inserting an extra phase shift angle between the 
modulation pulses of two legs in a full bridge [3],[4],[6]-[8]. Therefore, 
the resulting AC voltages will be three-level with a zero-voltage period 
during the switching transitions, which allows increasing ZVS and 
reducing circulating currents. However, the increase in the number of 
variables, introduced by these modulation schemes, results in 
cumbersome and time-consuming computations which might restrict 
the resources of digital processors in real-time programming [9]. 

The work hereafter proposes a different solution instead of 
changing the operational margins, is to change the operation point of 
the converter itself. This can be carried out by introducing another 
control parameter which is the inductance variation in combination 
with the phase shift angle. From (1), it is clear that replacing the fixed 
inductor by a variable one can serve as an extra control parameter for 
the power transfer in the converter.  

C. Variable inductor: structure and operation 

From the study of the state of the art regarding possible 
physical structures to implement the VI, the double E-core setup, 
depicted in Fig. 3a, is considered to be the most appropriate and 
most comprehend in literature [23]-[25]. The structure consists 
of two E-cores stacked on top of each other to form three 
magnetic arms with an air gap in the center arm. The main 
winding is wound around the center arm, and the control 
windings are wound around the lateral left and right arms, they 
are serially connected in opposite polarity so as to cancel out the 
AC voltages induced by the center leg [25]. 

In this arrangement, the current flowing through the main 
winding, Nc, generates an AC flux, ɸC, which circulates through 
the center arm and splits to the outer left and right arms. Applying 
a relatively small DC current, Ib, to the bias control windings, Nb, a 
DC flux is produced in the right arm, ɸR, and the left arm, ɸL, which 
tends to circulate mainly through the outer, ungapped, 
circumference of the core [25]. The DC flux will bias the operation 
point of the magnetic material within the B(H) curve towards the 
nonlinear region, causing the inductance seen from the main 
winding terminals to vary as a function of the DC bias current 
[23],[26]. The operation is clarified by Fig. 3b, which shows the 
operation points on the B(H) curve for the left and right arms. The 
constant DC control current will produce a constant mmf in the left 
and right arms which will bring these sections into the non-linear 
region of the magnetization curve. 

 

 
III. ELECTROMAGNETIC SYSTEM MODEL 

The following paragraphs aim to model the full system, 
which includes the DAB converter, the VI, and the HF 
transformer. Also, specific details and electrical characteristics 
of the devices used in the constructed prototype are added to the 
model. This will allow an accurate representation of the full 
system in order to analyze the performance of the converter 
when the conventional inductor is replaced by a variable one. 

A. Power switches model 

To account for the switching and conduction losses, the SiC 
MOSFETs are modeled as shown by the circuit diagram in Fig. 
4. Specific to this application, the SCT2280KE devices are used 
[27], with the characteristic parameters indicated in Table I. 

B. HF transformer model 

The transformer used for the study is a HF planar transformer. The 
specifications and ratings of the transformer are stated in Table I. To 
characterize the transformer, the classic transformer circuit is used. 
The measurements and characterization were done as part of 
previous works [22],[28]. Nevertheless, a summary of the procedure 
and the obtained parameters are presented hereafter for convenience.  

To determine the characteristic parameters of the transformer, 
the conventional method is used which consists in performing open 
and short-circuit tests on the transformer windings. During the 
open-circuit test, also referred to as the no-load test, the impedance 
analyzer is connected to the terminals of the primary winding with 
the secondary winding open-circuited. Fig. 5 explains the process. 
The objective of this test is to estimate the magnetizing impedance 
of the transformer. Table I states the values of the obtained 
parameters. On the other hand, the short-circuit test was carried out 
by connecting the impedance analyzer to the primary winding with 
the secondary winding terminals short-circuited, as shown in Fig. 
6. The objective of this test is to estimate the series inductance and 
resistance of primary and secondary windings. It is worth to note 
that the magnetizing impedance is much higher than that of the 
leakage path, therefore, the parallel magnetization branch can be 
neglected in the calculation. Table I states the values of the 
obtained parameters. Also, Fig. 7 illustrates the transformer circuit 
model along with the bode plots illustrated in Fig. 8. 

 
(a)                                                  (b) 

Fig. 3. Variable inductor based on double E-core structure. a) Structure of the 
device and windings, b) operation of variable inductor in nonlinear region of 

B(H) curve. 
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Fig. 4. SiC MOSFET model. 
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C. Variable inductor model 

The VI is modeled based on the reluctance equivalent circuit 
[23],[24]. The magnetic core is modeled using three main 
elements. First, the constant reluctance, which models the non-
ferromagnetic material, such as the air gap, ℛgap. Secondly, the 
variable reluctance, which models the non-linear behavior of 
ferromagnetic material, such as the left, right, and center arms, 
represented by ℛ C(µ), ℛ L(µ), and ℛ R(µ), respectively. And 
finally, the magnetomotive source, which models the winding 
electrical and magnetic interaction, such as the control windings 
represented by the duplicated sources Nb.Ib, and the main winding 
represented by Nc.Ic. The equivalent reluctance circuit model 
corresponding to the double-E core VI is illustrated in Fig. 9.  

Therefore, the inductance can be calculated based on the 
reluctances of different paths in the magnetic circuit, as shown by (2). 

 𝐿 = 
𝑁𝑎𝑐

2

ℛ𝐶(𝜇)+ℛ𝑔𝑎𝑝+ℛ𝐿(𝜇)//ℛ𝑅(𝜇)
  () 

 The full developed model is described in detail in previous 

works by the authors [24],[26]. The latter model takes into 

consideration a detailed description and modeling of the device 

losses, mainly core losses and winding Eddy current losses. The 

necessary highlights of this loss model are presented below. 

i. Model of core losses 

 The core losses in a magnetic device are divided into: hysteresis 
loss and Eddy currents loss. Previous studies in literature [21] have 
shown that for a ferrite magnetic material operating in a range of 
frequency up to 100 kHz, the Eddy current losses are a very small 
part of the total core losses. Therefore, for the range of frequencies 
under study herein, the Eddy current losses in the magnetic core will 
be neglected for simplicity. 

To calculate the hysteresis losses, the Jiles-Atherton (JA) 
hysteresis model is used [31]. The main strengths of JA model 
compared to its counterpart models are: being the most suitable for 
development from a circuital simulation perspective, besides having 
good convergence, and acceptable accuracy among a variety of 
materials and operation conditions [33]. 

 

 

 

 
Fig. 5. No-load test to estimate magnetizing impedances of the transformer. 
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Fig. 6. Short-circuit test to estimate the series impedances of the transformer. 
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Fig. 7. HF transformer impedance model. 

 

(a) 

(b) 
Fig. 8. Bode plots of transformer impedance model illustrating: (a) the 

amplitude, and (b) angle. 
 

TABLE I.  SPECIFICATIONS OF DIFFERENT DEVICES 

Power 

Switch 

Commercial Reference SCT2280KE [27] 

ON Resistance, Ron 280 mΩ 

ON Inductance, Lon 2.5 µH 

Diode Resistor, Rd 300 mΩ 

Forward Voltage, Vf 4 V 

Output Capacitance, Coss 27 pF 

HF 

Transformer 

 

Commercial Reference Himag planar 500 

Rated power 10kW 

Transformer Ratio, Np/Ns 18:22 

Primary Series Resistance, Rsp 0.2 Ω 

Primary Series Inductance, Lsp 2.5 µH 

Secondary Series Resistance, Rss 0.2/(22/18)2 Ω 

Secondary Series Inductance, Lss 2.5/(22/18)2 µH 

Magnetizing Inductance, Lm 7.044 mH 

Magnetizing Resistance, Rm 188.2 kΩ 

Magnetizing Capacitance, Cm 0.2388 nF 

Variable 

Inductor 

Magnetic Core Size ETD49/25/16 

Magnetic Core Material N87 

Main winding no. of Turns, Nc 23 turns 

Bias winding no. of Turns, Nb 55 turns 

Inductance Range 70 – 140 µH 

 

    
(a)                                      (b)   (c) 

Fig. 9. Reluctance circuit of double E-core variable inductor shown in Fig. 3. 
a) Lengths of reluctance paths, b) the corresponding circuit model, and c) 

reluctance equivalent circuit. 

 
Fig. 10. Schematic of the implementation of JA model. 
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Fig. 10 shows a block diagram of the detailed implementation of 
the JA equations [26]. The parameters of the model are mainly five: 
Ms, a, k, c, and α, which are initially estimated by an iterative 
procedure to fit the model to the magnetic material B(H) curve data 
provided by the manufacturer [26]. Following this block diagram, the 
model equations have been implemented in Simulink™. Therefore, 
for a given core size and magnetic material, the instantaneous 
magnetic flux density (B) can be estimated for a certain instantaneous 
magnetic field intensity (H) applied to the magnetic core. 

ii. Model of winding losses 

The winding losses in a magnetic component are due to the 
resistance of the copper wire. At DC operation, or current waveforms 
of relatively low frequencies, this resistive component, Rdc, can be 
considered constant, and is a function of the resistivity of copper 
material, the temperature and the geometry of the wire. However, as 
the switching frequency increases, two effects start to appear, which 
affects the resistance, the skin effect and proximity effect, both 
caused by Eddy currents induced in the windings. These two effects 
alter the resistance of the winding and significantly contribute to the 
overall winding losses. It is necessary in this case to calculate the AC 
resistance of the winding. 

Dowell provided a method that computes the equivalent 
winding resistance using a one-dimensional analytical approach 
[34]. It estimates the AC resistance, Rac, by scaling the DC winding 
resistance, Rdc, by a factor: 

𝑅 𝑐 = 𝑅𝑑𝑐 ( 
′  

(𝑚2−1)𝐷′

3
),           (3) 

where M’ and D’ are coefficients defined based on the 
geometrical dimensions of the winding, material characteristics 
and frequency of operation, and, m is the number of layers. 

In order to attain a full, comprehensive model of the device, the 
stray capacitance of the winding is added to the model. The 
calculation of the stray capacitance is based on an analytical 
approach that divides the winding into partitions [35]. It considers 
turn-to-turn and turn-to-core capacitances of the inductor. The 
overall total stray capacitance of the coil converges to the expression: 
𝐶 ≅ 1 366𝐶𝑡𝑡, where Ctt is the turn-to-turn capacitance of the coil, 
defined by (4). 

𝐶𝑡𝑡 = 𝜀0𝑙𝑡 [
𝜀𝑟𝛽

∗

𝑙 (𝐷𝑜 𝐷𝑐⁄ )
    (

𝛽∗

2
) −    (

𝜋

12
)],          (4) 

where lt is the turn length, β*, is the angular coordinate, ɛ0 and ɛr 
are the permittivity of air and relative permittivity of the 
insulation medium respectively, and D0 and DC are the diameters 
of the wire with and without the insulation coating, respectively. 
The VI winding configuration is illustrated in Fig. 11a. 

 

Also, the full impedance model of the winding in the 
magnetic device is expressed by the circuit diagram in Fig. 11b. 

It is worth to note that the design of a VI for handling an AC high-
frequency main current, as the case of the DAB converter in context, 
is different in two aspects specifically; first, the winding losses in the 
device will be different. The absence of a DC component in the 
current will imply lower DC power losses, while, on the other hand, 
a higher frequency current waveform would contribute to increase the 
eddy current losses due to skin and proximity effects. And second, the 
AC current implies that an induced voltage could be reflected from 
the AC main winding and generated across the DC control windings 
which would drastically affect the design of those windings to be able 
to handle higher levels of induced voltage. This, therefore, constraints 
the arrangement of the variable inductor windings such that the two 
DC control windings be serially connected in opposite polarity to 
cancel the induced voltages due to the AC main winding. 

In conclusion, once the significant elements of the 
electromagnetic circuit are defined, the developed model can thus 
be used to study the full DC-DC power converter system. 

IV. PROPOSED POWER FLOW SCHEME 

This section is intended to demonstrate the proposed structure 
of power flow in the DAB converter by using the variable 
magnetic element as well as PS modulation. Special emphasis is 
given to the improvements brought about by replacing the fixed 
inductor in a conventional DAB converter by a variable one. 

A.  Control of power transfer using variable inductor 

As mentioned in the previous section, the value of the effective 
inductance in the converter can be varied by means of biasing the 
operation point on the B(H) curve of the magnetic core, using a 
DC bias control current flowing through the control windings. 
For reference, Fig. 12a depicts the simulated inductance variation 
as a function of the bias control current, when varying the current 
from 0 to 1A in steps of 0.1A. The inductance value is observed 
to decrease from a maximum value of 140µH at no saturation, to 
60µH at full saturation, which is around 60% variation range. Fig. 
12b, in turn, shows the resulting variation in the power transfer 
in the DAB converter as a function of the DC bias control current, 
the power level varies from the nominal value of 500W to 
2100W, which is nearly 3 times greater than the nominal. This 
illustrates that the VI can serve as a control parameter for the 
power transfer in the converter.  

 

 (a) 

 (b) 

Fig. 11. Variable inductor winding model. (a) Configuration of the 

windings, and (b) full circuit model. 

 

(a)  

(b) 
Fig. 12. Effect of inductance variation on power transfer in the proposed 

DAB converter, (a) inductance as a function of bias current, (b) RMS 
power transfer in DAB converter as a function of bias current. 
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Fig. 13 further adds a third dimension to depict the effect of PS 
as a control parameter, in combination with the inductance 
variation. As it can be observed, at a certain inductance value, as 
the PS increases, the power transfer in the DAB converter increases 
correspondingly, based on (1). However, this increase of the power 
becomes less significant as the inductance value increases.  

This can be clarified by comparing the operation at the two 
different curves a and b. At 0A bias current, where L is maximum, 
as the PS increases, the power transfer follows the curve a. A 
relatively small variation in the power is possible. However, at 1A 
bias, where L is minimum, as the PS increases, the power transfer 
follows the curve b, which shows more than double the variation 
of the power transfer compared to that at curve a.  

From another side, the figure also defines the limitations 
imposed by the PS control parameter on the variable inductance 
one. The figure clarifies that for higher PS, the decrease of the 
inductance can achieve larger output power compared to lower PS. 
In other words, the effect of the bias control current of the VI is 
increased as the PS between bridges increases towards the 
maximum. Therefore, selecting the inductor value for a specific 
operation range is a critical process in a DAB converter design. 

B. Linearization of the control function 

 As explained in the previous section the power transfer of a 
DAB converter is regulated by (1), as a function of several 
parameters. Fig. 14a shows the power transfer characteristics in the 
DAB converter as a function of the PS. It can be observed that the 
power transfer increase is approximately linear with the increase of 
PS until a certain limit, after which the rate of increase of power 
drops following a sinusoidal waveform until reaching the 
maximum power transfer at 90º PS angle. This characteristic 
operation is intrinsic to the PS DAB converter, and thus to control 
the power transfer in the converter, the PS is used as the primary 
control parameter. By manipulating (1), expression (5) is obtained. 

 𝜃 =
𝜋

2
(1 ± √1 −

4𝑃𝐷𝐴𝐵𝑋𝐿𝑟𝑡

𝜋𝑉𝑖𝑛𝑉𝑜𝑢𝑡
), (5) 

which explicitly defines the PS angle, , as a function of the output 
power, PDAB. As it can be observed, (5) presents a non-linear 
equation, introducing difficulty in implementation and excessive 
processing time, as well as affecting the dynamic performance of 
the digital controller. Therefore, it is promising to use the 
inductance as an extra control parameter to allow the linearization 
of the power transfer function, and thus achieving a linear control 
function, the merits of which will be discussed followingly. 

Fig. 14a illustrates the non-linear power transfer curve of the 
conventional DAB converter, compared to the linearized one 
achieved by making use of the variation in the inductance. As it 

can be observed, the linear power transfer curve coincides, 
approximately, with the non-linear curve in the range of θ = 0º - 
30º, which is illustrated on the plots as the linear region.  

Therefore, the phase-to-power relationship of the linear power 

curve can be defined by the slope of the straight line. Consequently, 

by substituting the values of the power at 0º and 30º in (1), the 

linear power-to-phase relationship can be defined by (6). 

𝜃𝑙  =  
𝑋𝐿∙𝐼𝑜𝑢𝑡∙𝑟𝑡

𝑉𝑖𝑛(5/6)
         (6) 

The inductance is constant during the linear region as 
demonstrated in Fig. 14b, while in order to increase the power 
transfer by ΔP and keep the linearity of the function, the 
inductance is reduced by ΔL, as illustrated in the figure. The 
inductance is computed as a function of the power transfer and 
PS angle as shown in (7), which is derived from (1). 

 𝐿 =
𝑉𝑖𝑛𝑉𝑜𝑢𝑡

2𝜋𝑓∙𝑟𝑡∙𝑃𝐷𝐴𝐵
𝜃 (1 −

𝜃

𝜋
)          (7) 

 In order to achieve the calculated inductance variation in the 
magnetic device, the bias current is increased as shown in Fig. 14c. 

C. Combination of inductance variation with modulation 

schemes to improve the converter efficiency 

At light loading condition, i.e. 𝑉 𝑢𝑡 ≪ 𝑟𝑡𝑉  , two issues take 
place which contribute significantly to increase the power losses 
and thus to reduce the efficiency in this operation region. First, 
the loss of ZVS due to insufficient energy required to charge and 
discharge the MOSFET capacitors causing elevated switching 
losses [1]. And secondly, relatively small PS values interfere with 
the deadtime range causing a phenomenon called “voltage 
polarity reversal” [5],[36] and limiting the minimum power 
transfer. Those two issues cause an increase in the reactive power 
component and consequently reduce the efficiency at this load 
range. In addition, at high loading condition, i.e. 𝑉 𝑢𝑡 ≫ 𝑟𝑡𝑉  , 
relatively large circulating currents take place causing an increase 
in conduction losses and elevate reactive power losses [4],[22]. 

 

 
Fig. 13. Power transfer in a DAB converter as a function of inductance 

and phase shift. 

 

(a) 

(b) 

(c) 
Fig. 14. Linearization of power transfer characteristics in the proposed 

DAB converter using VI. (a) Power transfer, (b) inductance, and (c) bias 
control current command as a function of phase shift angle. 
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In this context, varying the inductance to have a relatively 
higher value at light load allows for increasing the PS and 
maintaining ZVS for a wider range, as well as avoiding the 
interference with the deadtime. And on the other hand, 
decreasing the inductance value at heavy load allows for 
reducing the circulating currents. 

To demonstrate the idea, Fig. 15 explains the two conditions of 
low and high loading. The figure shows the power transfer in the 
DAB represented in p.u. values, and the corresponding voltage 
conversion ratio. The different boundaries of ZVS and circulating 
currents are indicated to clarify the sought operation zone. Fig. 15a 

shows that at a low loading, a small PS angle 1 could lead the 
converter to operate in a no ZVS region. However, to achieve the 
same power level P, the inductance value can be increased from L1 

to L2. This allows increasing the PS angle to 2 to be able to operate 
under ZVS once again. In the same manner, Fig. 15b shows that at 

a high loading, a large PS angle 1 could lead the converter to 
operate under high circulating currents exceeding the required 
percentage reactive currents boundary. However, to achieve the 
same power level P, the inductance value can be decreased from 

L1 to L3. This allows decreasing the PS angle to 3 to be able to 
operate within the reactive boundaries once again. 

Using the simulation model, this analysis is verified by 
comparing the efficiency of the full DAB converter using the 
conventional constant inductance against that using the variable 
inductance. Fig. 16 illustrates the simulation results. Fig. 16a 
compares the inductance in a conventional DAB converter to that 
of the proposed DAB using VI. While the conventional inductance 
is observed to be constant at 100µH, the VI changes its value from 
the maximum of 144µH to the minimum of around 50µH. The PS 
angle is calculated in the simulation model by substituting L in (5), 
as illustrated in Fig. 16b. It can be observed that, in the case of the 
constant inductance, the PS varies between the minimum and 
maximum values to adjust the power transfer. The small PS angles 
applied at light loading implicates a loss in the ZVS and 
interference with the deadtime. While at a high loading condition, 
the large PS angles elevate the reactive power losses. On the other 
hand, observing the PS curve in the case of using variable 
inductance, it can be observed that the variation is limited to a small 
range, 20º < θ < 50º. This enhances the efficiency under the latter 
conditions of operation as observed in Fig. 16c. 

Another feature is that the variation of the inductance can allow 
for achieving ZVS over the full operation range if combined with 
a modulation scheme such as the Dual-Phase Shift (DPS) [37],[4]. 
This can be observed in Fig. 17, which compares the power flow 
in the DAB converter for the cases of SPS and DPS modulations.  

More complicated modulation schemes are studied in some 
literature works [3],[6],[7], which aim at achieving ZVS over 
the full operation range of the converter. An example of those 
strategies is the Triple-Phase Shift (TPS) [8]. Although the TPS 
is reported to provide the widest ZVS operation [8], it is also 
reported to pose more variables to the control function. This 
implies a more complicated implementation of the control 
calculations and requires higher processor capabilities [9]. In 
this manner, the use of VI can provide a good compromise 
between complexity and, on the other hand, the ease and time 
of implementation of the control function. 

Therefore, based on the previous analysis, the proposed 
model takes advantage of combining the DPS modulation 
scheme with the variation of inductance in order to extend the 
range of the ZVS to the full operation of the converter. 

 

 

 
D. Power flow schemes based on the operation mode  

It is necessary when using several control parameters to 
decide the combination of those parameters in the system 
control function. In the case of the DAB converter, the objective 
is to control the power transferred between the input and output 
ports. Specific to this converter, the characteristics of the power 

 
(a)    (b) 

Fig. 15. Power transfer in the DAB converter (top plot), and the 
corresponding voltage conversion ratio (bottom plot), showing two operation 

conditions: (a) light load, and (b) heavy load. 

 

no ZVS

no ZVS

no ZVS

no ZVS

= 30%

(a) 

(b) 

(c) 
Fig. 16. Efficiency of DAB converter using variable inductor. (a) inductance value, 
(b) phase shift, and (c) converter efficiency as a function of output power transfer. 

 

 
Fig. 17. The output power delivered by the DAB converter as a function 
of the phase shift angle, comparing SPS to DPS modulation strategies. 
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flow impose some restrictions on the operation over wide load 
ranges, as it has been discussed in the previous sections. 
Therefore, two modes of operation can be applied to combine 
the inductance with the PS as control parameters. 

 In the first mode, Mode I, the inductance value is used as the 
primary control parameter. This is a simplified mode where the 
power transfer can be adjusted throughout the full operation range 
by means of the variation of the inductance between the maximum 
and the minimum values. This mode assumes that the load, which 
the converter will supply, has a known (or predictable) profile in 
function of time, which is the case in some applications for example 
in steel rolling mills. In such a condition, also the bias control current 
which is responsible for adjusting the inductance value can be 
defined as a fixed profile in function of time. This can allow 
disregarding the DC-DC converter required to control the bias 
current of the inductor and instead use a programmable source. Such 
simplification can be advantageous in some applications to reduce 
the number of sensors and unnecessary digital control computations. 
However, since the operation is based merely on open-loop 
calculations, some differences might occur between the required 
power and the provided one. This difference can be provided by the 
secondary control parameter which is the PS angle between the 
converter bridges. To achieve a specific power, the required phase 
shift is, therefore, computed based on the current-to-phase 
relationship derived from (5) by replacing PDAB by VoutIout. Therefore, 
this mode of operation can be represented by the simplified block 
diagram in Fig. 18. The resulting waveforms are illustrated in Fig. 
19a. In this case, the load profile simulated is a linear ramp increasing 
as a function of time, which implies that the bias control current is a 
ramp proportional to the load profile. As the Ib is increased linearly, 
the inductance value is observed to reduce from maximum to 
minimum values, as it can be seen in the top plot. The variation of 
the PS angle, shown on the bottom plot, is observed to be bound in a 
small range since it compensates the power difference between the 
designed and the required inductance values at each operation point.  

 If the inductor is well designed for the application, then, besides 
the simplicity of implementation, this mode will achieve two 
advantages. First, the phase-to-current relationship is always in the 
linear region, as it was mentioned in the previous section. And 
second, the value of the PS angle, compared to the conventional 
DAB, is higher at light loads to keep ZVS, and lower at heavy loads 
to reduce circulating currents. A better efficiency can thus be 
achieved over a wider load range. 

 On the other hand, in the second mode, Mode II, the PS angle is 
considered as the primary control parameter. This is more generic 
where the power transfer in the DAB converter is adjusted by means 
of the PS angle, while the inductance is used to achieve some 
enhancements to the power flow characteristics. This mode assumes 
that the load can vary in wide and unpredictable profiles, for example 
in grid-tied applications such as the SST-based microgrid paradigm 
under study, where the system exhibits disturbances of the 
demanded power and is susceptible to fault conditions. In such a 
condition, the reference PS angle, θlin, is calculated as a function of 
the demanded output current, I*

out. This is done by using the linear 
current-to-phase relationship, previously expressed in (6), to keep 
the simplicity in digital implementation. The non-linearity is thus 
compensated by the inductance variation. For this, the required 
variation of the inductance, ΔLlin, value is computed by using the 
phase-to-inductance relationship, (7). While the reference of the PS 
angle is always saturated to a minimum and a maximum value, θmin 
and θmax, respectively, whether to the limits of ZVS and reactive 
currents or during transient events. 

 The minimum PS limit is defined by the deadtime and the 
minimum phase angle that achieves ZVS [35]. In this case, since the 
proposed model applies DPS to achieve ZVS at light load, then the 

minimum PS is simply the angle corresponding to the deadtime, 1s, 
which corresponds to 18º at 50kHz switching frequency. And the 
maximum PS is 65º. Previous works [21] in literature have limited 
the PS angle to 65º, due to the non-linearity of the phase-power 
function as it can be recalled from Fig. 14a, where it can be observed 
that after 65º the rate of increase of power drops. The amount of 
saturation in the PS angle is, hence, compensated by the inductance 
variation, ΔLsat, which is computed by using (7). Fig. 20 shows a 
block diagram of the operation in Mode II. Also, the resulting 
waveforms are illustrated in Fig. 19b, which if compared to Fig. 19a, 
it can be observed that the PS is, similarly, limited by θmin and θmax, 
and has a linear relationship as a function of current. Compared to 
Mode I, this mode involves more computations. However, it 
provides the two formerly mentioned advantages; keeping a linear 
relation between the PS and the current as well as enhancing the 
efficiency over a wide load range. And furthermore, making use of 
this combination of control parameters to design a closed-loop 
control for the system, could allow to address unexpected system 
transients or disturbance events in an improved manner, as it will be 
demonstrated in the following section. 

 

 

 

 
Fig. 18. Combination of variable inductance with phase shift to control 

the power flow in the DAB converter – Mode I. 

 

 

 

 
(a)                                                       (b) 

Fig. 19. Inductance (top) and phase shift angle (bottom) as a function of the output 
power in the DAB converter using variable inductor. (a) Mode I, and (b) Mode II. 

 

 
Fig. 20. Combination of variable inductance with phase shift to control 

the power flow in the DAB converter – Mode II. 
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E. Closed-loop control 

 The closed-loop structure is based on the combination of the 
variable inductance and the PS as two control parameters. The 
structure is based on Mode II being the generalized operation 
mode, as shown in Fig. 21. The phase-current and inductance-
phase relationships are implemented based on (1). The dynamic 
performance of the controller is tested by introducing a step in the 
reference power. The step response of the control combining PS 
and VI is compared against that using PS only. Fig. 22 shows that 
the time response is smaller in case of adding the VI as a control 
parameter. This is due to the use of VI to compensate the saturation 
and linearization of the phase-to-current relationship as explained 
in the previous sections. Referring to the previous analysis, 
emphasis can be given to the advantages of using these modes of 
operation compared to the conventional DAB converter. First, the 
PI controller is tuned based on the linear phase-to-current 
relationship, which simplifies the mathematical operations and 
thus decreases the processing time of the implemented control 
function. Second, the PS limitation does not affect the minimum 
power that can be transferred by the converter since the inductance 
value is increased to compensate this. Thirdly, circulating current 
can be significantly reduced due to the reduction of the PS angle 
especially at higher power, which is compensated by the decrease 
of the inductance value. And finally, the ZVS at light loads could 
be maintained by allowing the storage of enough energy in the 
inductor to charge and discharge the switches’ capacitors. 

V. EXPERIMENTAL RESULTS 

A. Experimental platform 

A test platform has been developed to validate the 
electromagnetic model and the system analysis. The platform 
consists of a power stage and a programmer stage. The power 
stage includes the DAB converter as well as the VI. The DAB is 
composed of two full-bridge converters implemented using SiC 
MOSFETs. Each bridge is implemented on a separate PCB. The 
PCBs for the primary and secondary bridges are stacked on top 
of each other, with the VI prototype mounted on the primary 
bridge PCB, as seen in Fig. 23. The specific details of the design 
and operation parameters are summarized in Table II. Also, Fig. 
24 shows the developed VI prototype. To supply the control 
winding of the VI, a variable DC voltage source is used in series 
with a resistor to have a maximum of 1.5A DC bias control 
current. Additionally, a film capacitor is connected in parallel 
with the source terminals to ensure that the voltage, and 
consequently the DC current, will be as smooth as possible.  

The high frequency isolation is achieved by a HF planar 
transformer. The transformer ratings as well as the measured model 
parameters have been already detailed in section III. The tests carried 
out consider the DAB converter feeding a resistive load. The load is 
connected to the output DC-link of the DAB converter.  

On the other hand, the digital control stage consists of a 
TMS320F28335 controlCARD™ from Texas Instruments™, 
which is a C2000™ 32-bit Microcontroller Unit (MCU) [29]. 
The controlCARD™ is mounted on a basis peripheral board for 
hardware development. The software platform used is the Code 
Composer Studio (CCS) from Texas Instruments™ [30]. The 
programmed code is configured to realize two main tasks: 
providing the switch modulation and processing the feedback 
measurements. 

The hardware connections of the two stages, in addition to 
the firing pulses are illustrated in Fig. 25. 

 

 

 

 

 
Fig. 21. Closed-loop control of DAB converter using inductance and phase 

shift as two control parameters. 
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Fig. 22. Dynamics of PI controller comparing the control using the phase 
shift to that combining phase shift and variable inductor. 

 

 

 
Fig. 23. Experimental setup. 

TABLE II.  SPECIFICATIONS OF THE TEST SETUP 

Power Stage 

DAB 

Converter 

Rated power 2 kW 

Input voltage 200 V 

Output voltage 250 V 

Peak inductor current 15 A 

Switching frequency 50 kHz 

Deadtime 1 µs 

Variable 

Inductor 

Core shape and size ETD49/25/16 

Magnetic material N87 

Inductance variation range 144 µH – 50 µH 

DC voltage source 0 – 30 V 

Current limiting resistor 10 Ω 

Peak DC control current 3 A 

Programmer Stage 

Hardware C2000™ Real-time MCU TMS320F28335 [29] 

Software 
Integrated development 

environment 
Code Composer Studio [30] 
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B. Impact of inductance on power transfer in DAB converter 

The inductance value is varied by means of adjusting the DC bias 
control current, Ib. As the control current increases, the magnetic core 
will approach saturation. The permeability of the magnetic material 
will thus decrease causing an increase in the reluctance and eventually 
a decrease in the value of the inductance measured from the main 
winding terminals. The decrease in the value of the inductance, in its 
turn, results in a decrease of the inductor impedance under a constant 
switching frequency of the converter, governed by (1). Specific to the 
DAB converter, the operation mode can vary depending on the levels 
of the input and the output voltage. The voltage conversion ratio, M, 
has been previously defined to differentiate those modes of operation, 
such that M = 1 refers to Vin = Vout/rt, while M < 1 refers to Vin > Vout/rt 
which is identified as the buck mode, and M > 1 refers to Vin < Vout/rt 
which is identified as the boost mode. 

Two experiments are thus carried out to identify the effect of the 
inductance variation on the power transfer in both latter conditions of 
operation. Based on this configuration, the power is transferred from 
the primary bridge to the secondary one, i.e. to the load, while the PS 
is kept constant at the maximum value of θ = 90º. The DC bias current 
supplying the VI control windings is increased from 0A to 1.2A in 
steps of 0.1A. The power transfer can, hence, be computed using the 
measurements of the voltage across the variable inductor main 
winding, and the current flowing through it. The inductance value is, 
similarly, computed from the measured voltage and current, by using 
the rms of the first harmonic component of the waveforms [26]. 

Fig. 26 illustrates the measured inductance and the power transfer 
in the DAB as a function of the DC control current for the buck 
mode, along with the corresponding instantaneous voltage and 
current waveforms measured across the inductor main winding 
illustrated in Fig. 27. While the same experiment was repeated also 
for a higher loading condition, operating under the boost mode to 
reach a maximum power level of 1.8kW, as shown in Fig. 28. The 
peak inductor current is boosted from 5A at no saturation to 15A at 
full saturation of the magnetic core, as it can be observed in Fig. 29. 

C. Efficiency curves 

After analyzing the operation of the DAB converter prototype 
using the variable inductor, the merits of using the variable inductance 
for improving the operation of the DAB converter are explored in this 

section. To achieve this, several measurements have been carried out 
for recording the efficiency curves of the full converter as a function 
of the power transferred. To conceive a comprehensive comparison, 
three operation scenarios are studied, as explained below. 

i. Phase shift angle as the primary control parameter 

The first is the conventional scenario of controlling the power 
transfer in the DAB by means of varying the PS between the 
primary and the secondary bridges, while keeping the inductance 
value constant. The PS angle between the primary and secondary 
bridges is varied from 0º to 90º to transfer power from the input to 
the load, while the inductance value is kept constant at 100µH. 

For the experiments carried out herein, the DAB converter is 
operated in the buck mode, whereby the test conditions presented 
in the previous section are replicated, Fig. 30 illustrates the 
efficiency curves calculated for both experiments as a function of 
the input power. It can be observed that, for a 80µH inductance, the 
efficiency value ranges from 85% to 94%, while the peak value is 
shifted to 165W. Comparing both efficiency curves, it can be 
observed that using a lower inductance achieves a higher efficiency 
specially as the level of power increases. This occurs at high 
loading condition, since reducing the inductance value allows 
transferring the same power with a smaller PS angle, which implies 
a smaller angle between the voltage and current applied to the 
transformer, and consequently lower reactive power losses.  

 

 

  
Fig. 24. Variable inductor prototype. 
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Fig. 25. Schematic of experimental setup. 

 

 

(a) 

(b) 
Fig. 26. Experimental results. Effect of inductance variation on power transfer 
in the DAB converter under buck operation mode. (a) Measured inductance, 

and (b) power flow, as a function of the bias control current. 

 
     (a)              (b) 

Fig. 27. Open-loop experimental results for DAB operating in buck mode. AC 
inductor voltage (top) and current (bottom) for three levels of DC bias control 

current: (a) 0A, and (b) 1.2A. 
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ii. Inductance as the primary control parameter 

On the other hand, the second scenario studied is to control the 
power transfer in the DAB by means of variation of the inductance 
value, through controlled saturation as discussed previously, while 
in this case the PS between the bridges is kept constant. Similar to 
the previous analysis, this experiment is repeated for two different 
values of the PS angle, 50º and 90º. Fig. 31 illustrates the efficiency 
curves as a function of the input power for both values of PS angle. 
In this case, the efficiency curves are observed to be more flat, 
presenting smaller efficiency fluctuation between the maximum 
and minimum values experienced. As the PS angle is reduced from 
90º to 50º, the efficiency values are increased by almost 6%, in a 
nearly linear translation of the efficiency curve upwards. This 
conclusion is, similarly, attributed to the reduction of the 
circulating currents and consequently the reactive power losses, 
which eventually leads to higher efficiency. 

iii. Combining phase shift and inductance as control 

parameters 

Finally, both the previous scenarios are combined to compare 
the efficiency curves of the full DAB converter, with the aim of 
demonstrating the efficiency improvement accomplished by 
combining both parameters to control the power transfer. Fig. 32 
illustrates two efficiency curves; one is measured at the operation 
scenario whereby the PS angle is used as the control parameter 
while keeping the inductance constant to 80µH. The other curve 
is measured at the operation scenario whereby the inductance is 
used as the control parameter while keeping the PS constant at 
50º. Those are the curves which presented the highest efficiency 
during the previous efficiency comparative tests.  

Within the conditions of operation of the experiment carried out, 
at the specific input voltage of 100V and load value of 50Ω, the 
nominal value of the power transfer is approximately 200W, which 
can be calculated by (1). Around this value, it is apparent that using 
the PS as the control parameter achieves higher efficiencies. On the 
other hand, for low and high loading conditions, the use of the VI 
achieves higher efficiency values. To clarify this observation, two 
points are selected for comparison under each of the operation 
conditions such that the input power level is kept constant, and 
therefore, a constant voltage conversion ratio, M. Hence, points 1 
and 2 are compared for the low loading operation condition, while 
points 3 and 4 are compared for the high loading condition.  

To compare the points 1 and 2, Fig. 33 is generated for M as 
a function of θ, in degrees, while illustrating the ZVS 
boundaries. This analysis is an experimental application of the 
theoretical study performed previously in section II, precisely 
recalling Fig. 15a. It can be observed that point 1 presents an 
operation condition of the converter at no ZVS.  

 

(a) 

(b) 
Fig. 28. Experimental results. Effect of inductance variation on power 

transfer in the DAB converter under boost operation mode. (a) Measured 
inductance, and (b) power flow, as a function of the bias control current. 

 

 

 
     (a)              (b) 

Fig. 29. Open-loop experimental results for DAB operating in boost mode. 
AC inductor voltage (top) and current (bottom) for three levels of DC bias 

control current: (a) 0A, and (b) 1.5A. 

 
Fig. 30. Experimental results. Efficiency curves when using phase shift 

to control the power transfer in the DAB converter prototype. 

 

 

 
Fig. 31. Experimental results. Efficiency curves when using inductance 

to control the power transfer in the DAB converter prototype. 

 

 

 
Fig. 32. Experimental results. Efficiency curves when combining inductance 
with phase shift to control the power transfer in the DAB converter prototype. 
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This explains the low efficiency obtained when comparing to 

point 2. Whereby, moving to point 2 can allow to bring the 
converter operation again into the ZVS region. This is due to the 
fact that increasing the inductance value from 80µH, at point 1, to 
120µH, at point 2, implies that the PS is required to increase as 
well, from 90º to 50º, to achieve the same power level. The higher 
PS implies a larger time to charge or discharge the parasitic 
capacitances of the MOSFETs and thus achieve ZVS again. 

Fig. 34 further clarifies the idea by illustrating the measured AC 
primary and secondary bridge voltages, and the corresponding AC 
current in the inductor measured at primary and secondary sides of 
the transformer. It can be observed that during the operation at point 
2, the values of the currents I0 and I1 are positive which is the initial 
condition for achieving ZVS as discussed previously in section II. 
However, on the other hand, during the operation at point 1, the value 
of the current I1 is negative, so the ZVS is not achieved in this case. 

On the other hand, to compare points 3 and 4, Fig. 35 is 
generated, while additionally illustrating the boundaries for the 
reactive currents. It can be observed that point 3 presents an 
operation condition of the converter at high circulating currents, 
which exceeds the set boundary. This explains the low efficiency 
obtained when comparing to point 4. Whereby, moving to point 4, 
as the inductance value is decreased from 80µH to 73µH, the PS is 
required to decrease as well, from 85º at point 3 to 50º at point 4, to 
achieve the same power level. The lower PS angle implies a lower 
angle between the voltage and current applied to the transformer, 
thereby lower circulating currents, which brings the converter 
operation again within the boundaries of the reactive currents. 

 

 
Fig. 36 further clarifies the idea by illustrating the measured 

AC waveforms similar to the previous case. The reactive current 
is marked by the red shaded areas on the plots. It can be observed 
that during the operation at point 3, the reactive current is higher 
than that occurring during the operation point 4. 

To conclude this discussion, it can be conceived that 
combining the PS angle with the inductance as two control 
parameters of the power flow in the DAB converter results in 
boosting the efficiency along all the operation range. 

VI. CONCLUSIONS 

A DAB converter using VI has been proposed. An 
electromagnetic model has been developed which describes the 
behavior of a VI using the reluctance equivalent circuit and including 
the device losses. Also, the VI was simulated within a DAB 
converter in a circuit-based time-domain simulation. Using these 
models, a new degree of freedom was explored for the control of 
power transfer in the DAB converter using VI, as well as studying 
the operational margins for combining both PS control with the 
variable inductance one. Moreover, the analysis opened several 
aspects for the improvement of DAB converter operation using the 
VI solution, such as extending the limits of the power transfer in the 
converter, linearization of the control function, and boosting the 
converter efficiency over a wider load range. The experimental 
results clarified the effect of the inductance variation on the power 
transfer in a DAB converter under maximum PS, and the overall 
efficiency of the proposed DAB exceeded the conventional 
converter by around 5% at light and heavy loading conditions.  

 
Fig. 33. Experimental results. The voltage conversion ratio, M, as a function of 
the the phase shift angle, θ in degrees, illustrating the boundaries of ZVS in the 

DAB converter, for comparing the experimental operation points 1 and 2. 
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Fig. 34. Experimental results. The measured AC primary and secondary 
bridge voltages (top), and the corresponding inductor current measured at the 
primary and secondary (bottom), for comparing the experimental operation at: 

(a) point 1, and (b) point 2. 

 

 

 
Fig. 35. Experimental results. The voltage conversion ratio, M, as a function of 
the the phase shift angle, θ in degrees, illustrating the boundaries of ZVS in the 

DAB converter, for comparing the experimental operation points 3 and 4. 
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Fig. 36. Experimental results. The measured AC primary and secondary 
bridge voltages (top), and the corresponding inductor current measured at the 
primary and secondary (bottom), for comparing the experimental operation at: 

(a) point 3, and (b) point 4. 
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While it is true that the controlled saturation of the magnetic core 
allows handling a higher power with the same core size [18], 
however, at this point in the investigation it cannot be postulated, on 
an undisputed technical basis, that this also implies a reduction in the 
final size of the entire converter. To arrive to such a conclusion, the 
study herein can be extended to consider the extra size of the 
electronic components added for controlling the VI. Given the fact 
that these components should be rated for very small power, <10W, 
therefore, it is quite feasible to optimize the size of the extra control 
converter [40]-[42]. It is also worth to note that scaling up the 
converter to higher power levels is not limited by the VI. The device 
can be designed for a higher power level by utilizing a core material 
which presents higher values of magnetic flux saturation such as iron 
powder [14],[43]. Additionally, the VI design can be modified to 
allow higher inductance variation ranges. 

As a future development, the shares of the losses among the 
different converter components can be studied and demonstrated 
for the full operation range. 
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