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Abstract—This article explores the use of a variable inductor as a5
reactive element for energy transfer in a dual-active-bridge (DAB)6
converter. By using a controlled variable inductor, the optimal7
switching region in the operation of the phase-shift DAB can be8
extended, and thus, high efficiencies can be achieved over wider9
load ranges compared to the traditional solution. Moreover, the10
combined use of the variable inductance together with the phase11
shift, as two control parameters, allows for the linearization of the12
DAB converter transfer function, which improves the stability and13
the performance of the controller. And finally, due to the controlled14
saturation of the device, it is feasible to reduce the magnetic core15
size, yielding a size optimization of the full converter. This article16
develops a circuit-based model to simulate the converter system,17
aiming to study the proposed improvements. Furthermore, a 2-kW18
SiC-based DAB converter prototype is constructed, including a19
controlled variable inductor. The experimental results presented20
in this article validate the studies carried out for the different21
operation conditions.22

Index Terms—Dual-active-bridge, efficiency, hysteresis losses,23
variable magnetics, zero voltage switching.24

I. INTRODUCTION25

THE electrical utility network of today is facing a significant26

change driven by the need for improved efficiency, reliabil-27

ity, and safety. To achieve these requirements, there is a growing28

interest toward the smart grid systems which incorporate dif-29

ferent systems using power electronics technologies. The most30

important of these systems is the solid-state transformer (SST)31
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which can radically change the utility power distribution by more 32

efficient routing of power, voltage regulation, and flexibility. The 33

basic and most popular structure of the SST is the dual-active 34

bridge (DAB). DAB converter allows bidirectional power flow 35

by means of regulating the phase shift (PS) between the converter 36

bridges. However, this modulation scheme can achieve high 37

efficiencies only at voltage levels that match the transformer 38

turns ratio; significant mismatches lead to transformer RMS 39

currents, inductor and transformer copper losses, and increased 40

semiconductor conduction losses [1]–[3]. Also, circulating cur- 41

rents take place due to the PS between the voltage and the current 42

applied to the transformer [4]. Another limitation is the loss of 43

zero-voltage switching (ZVS) at light loading conditions [5], 44

[6]. For tackling those limitations, many alternative modulation 45

schemes have been proposed in [3], [4], and [6]–[8]. As the 46

complexity of the modulation scheme increases, it compromises 47

the ease and time of implementation of the control function [9]. 48

Another approach to tackle the limitations of the DAB op- 49

eration is to use the variation in the switching frequency as an 50

alternative parameter to control the power flow in the converter. 51

However, the frequency variation has a significant effect on 52

the converter efficiency specifically in the presence of energy 53

storage systems (ESS) [10], [11]. The switching frequency 54

variation range is also limited by the design of magnetic com- 55

ponents, namely, the series inductor and the high-frequency 56

(HF) transformer. Finally, it is not straightforward to change the 57

frequency online during the converter operation since it implies 58

a change in the sampling period of the programmer, as well as 59

the interrupt periods for acquiring correct measurements of the 60

sensors data. Consequently, to widen the soft-switching range 61

and reduce circulating currents, most of the literature works 62

have explored modulation strategies which maintained a fixed 63

switching frequency [12]. To this motivation, the inductance 64

variation, achieved throughout the use of variable inductors (VI), 65

is proposed in this work as a promising control parameter of the 66

power flow in the DAB converter [13]. 67

VI is an electromagnetic device that is based on changing 68

the inductive impedance of a winding placed around a saturable 69

magnetic core [14]. This mechanism is achieved by changing 70

the saturation level of the magnetic core [14]. These devices, 71

therefore, allow for additional degrees of freedom in the de- 72

sign and control of power electronic converters (PECs) [14]. 73

This is particularly useful in resonant converters, where the 74

output power is generally controlled by varying the switching 75

frequency due to the power versus frequency characteristic of 76
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the converter [15], [16]. This standard frequency control presents77

some drawbacks due to electromagnetic interference (EMI) is-78

sues, complex filtering, or variable sampling time, among others,79

especially for a wide range of variation. However, if variable80

magnetics are used, the same control margins can be obtained81

at a constant switching frequency, therefore, allowing for an82

optimization of the EMI filters and sampling procedures [14],83

[17].84

Also for dc–dc bridge converters, such as the DAB or the85

dual-half-bridge (DHB), the addition of a new degree of freedom86

to the control scheme by means of the VI can enhance the op-87

erational performance of the system, for instance, by increasing88

the soft-switching margins, as reported in preliminary works [1],89

[2]. Specifically, in [1], where the VI concept was proposed as90

the main energy transfer element for DHB converter, the study91

concluded that the ZVS operation region of such topologies is92

controlled by means of PS control by employing an adaptive93

inductor. Therefore, high efficiency can be achieved over wider94

load ranges compared to the conventional converter. On the95

other hand, for the DAB converter, the authors in [2] adopted96

a solution based on inserting an additional series inductor at97

light load conditions, aiming to decrease circulating currents98

and thus, allowing for an increase in the converter efficiency.99

Consequently, these studies reinforce the idea of introducing100

an adaptive power transfer inductor in the DAB converter to101

reduce the overall power losses. However, the solution proposed102

in [2] is based on mechanical switching of a combination of103

fixed inductance values. The obvious benefits of mechanical104

switching are the simplicity and low cost. However, it allows105

only stepwise control, and it is too slow to provide a stable106

operation. On the other hand, the magnetically controlled VI107

allows continuous variation of the inductance; therefore, it will108

be used in the proposed study herein.109

The improvement of the DAB converter efficiency is not the110

only feature that the VI can provide, there are several potential111

features that can be explored. Another feature is the use of the112

inductance variation to linearize the control-to-output transfer113

function. This has implications in the static gain characteristic,114

which can allow several advantages to the converter control115

system. For example, in solar converters, the maximum power116

point tracking (MPPT) technique can be smoother without in-117

troducing dithering or instability due to nonlinear power flow118

characteristics.119

Another potential improvement that the VI can add to the DAB120

converter is the possibility to extend the maximum power level,121

which results from decreasing the inductance as a function of the122

PS to allow linear phase-to-power transfer function. This implies123

that, by means of controlled saturation of the magnetic core, the124

same magnetic core size can be used for a higher power level.125

This could allow optimizing the size of the magnetic element.126

However, the possibility to boost the converter power density by127

using VI is limited by the additional volume and losses of the128

power electronic devices which are needed for controlling the129

magnetic core saturation [18].130

Moreover, it is worth to notice that replacing the fixed power131

transfer inductance by a variable one, the dynamic performance132

of the control scheme can also be modified. In fact, it is133

Fig. 1. Schematic of DAB converter.

postulated that regarding the disturbance rejection upon closed- 134

loop control of the converter, the adaptive inductor adds an extra 135

control parameter, which can be employed to assist the main 136

control scheme in riding through the transient event. In all cases, 137

it is necessary to investigate the overall PEC figures of merit 138

incorporating the VI. 139

The aim of this article is to study the potential enhancements 140

to the operation of the DAB converter by using a VI. The focus 141

of this article is to present the improvements in the converter 142

efficiency under light loads (by extending the ZVS range) and 143

heavy loads (by reducing circulating currents), as well as the 144

linearization of the power flow characteristics, and finally, the 145

improvement of the dynamic response of the controlled system. 146

The analysis is carried out using an electromagnetic sys- 147

tem simulation model which takes into consideration different 148

component losses, such as switching and conduction losses, 149

magnetic device core and winding losses, etc. In this context, 150

Section II states the theoretical background that discusses the 151

structure and the principle of operation of the conventional DAB 152

converter. Also, the latter section provides a briefing about the VI 153

structure, operation, and model. Section III explains the models 154

for different system devices. The models are adjusted with the 155

electrical characteristics of the test setup, in order to develop 156

real simulations and particularize the analysis for the constructed 157

prototype. In Section IV, several potential aspects are studied for 158

extending the operation range of the DAB converter by using a 159

VI. In Section V, the test setup and the experimental results are 160

presented. Finally, Section VI concludes the article. 161

II. PROPOSED DAB USING VI 162

A. Principle of Operation of Conventional DAB Converter 163

The DAB converter is a bidirectional isolated dc–dc power 164

conversion topology which is composed of two full-bridge 165

inverter circuits, interfaced across a constant power transfer 166

inductor that usually includes an HF transformer, as clarified 167

by Fig. 1. 168

The flexibility of the primary and secondary active full bridges 169

in this topology allows for various modulation methods to 170

minimize the losses and to maximize the efficiency over a 171

wide load and voltage operation ranges [6], [19]. Using the 172

simplest modulation technique, named single-PS (SPS) scheme, 173

the full-bridge converters are operated at a constant switching 174

frequency, with 50% maximum duty cycle. After a thorough 175
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Fig. 2. ZVS boundaries of the DAB converter.

study of the circuit operation, it can be demonstrated that the176

bridge leading by a phase angle sends power to the lagging177

one [20]. The analytical expression for the power flow in the178

converter under SPS modulation scheme is179

PDAB =
VinVout

XLrt
θ

(
1− θ

π

)
. (1)

From (1), the control parameters that affect the power transfer180

are the input and output voltage levels, Vin and Vout, respectively,181

the transformer turns ratio rt = Ns/Np, the PS between the182

primary and secondary bridges θ, and the impedance XL = 2πfL,183

f being the switching frequency, and L the inductance of the coil.184

In case of having a constant voltage source at the output of185

the DAB converter, then the wide-voltage and wide-load are186

distinctive terms that need to be handled carefully. The voltage187

range indicates the relationship between the input and output188

voltage levels, while the loading condition indicates the amount189

of power demanded either by the input or the output sources,190

i.e., in forward or reverse direction. On the other hand, in the191

case of having a resistive load at the output, the resistance value192

determines the voltage level for a certain amount of demanded193

power, in this case, only to the resistive load, i.e., in the forward194

direction. In this latter case, the signification of the wide-voltage195

and wide-load terms is the same and can be interchangeable.196

B. Limitations of the Converter Operation Under197

Wide-Voltage and Wide-Load Ranges198

To achieve ZVS in the converter switching devices, the induc-199

tor current should be enough to charge and discharge the parasitic200

output capacitors of the switches [21]. Analyzing the inductor201

current waveform in analogy with the switching waveforms202

at both bridges, the ZVS conditions for the primary and the203

secondary bridges can be formulated in terms of the voltage204

conversion ratio M and the PS ratio θ/π as explained in detail in205

[13], [20], and [21]. The ZVS boundaries of the DAB converter206

can thus be represented as shown in Fig. 2.207

It can be observed that, ideally, for M = 1, ZVS can be208

achieved over the full range of operation. For values of M209

different than 1, the PS must be large enough to provide the210

required energy for achieving the ZVS condition. Operation211

under small PSs, i.e., upon low load conditions, is thus limited212

by the ZVS range, which implies that the converter should be213

designed to operate at the maximum PS in order to allow higher 214

values of current and facilitate ZVS. 215

On the other hand, higher values of PS imply that the phase 216

angle between the current and the voltage applied to one side 217

of the HF transformer increases as well. Consequently, the 218

reactive circulating currents are higher. Those currents result 219

in an increase in the conduction losses and elevate the reac- 220

tive power losses [4], [22] which eventually cause a drop in 221

the converter efficiency. To emphasize the effect of the PS on 222

the reactive currents, the total percentage reactive currents in the 223

converter is formulated again in terms of M and θ/π, as explained 224

in detail in [21]. 225

It can be concluded that under mismatches in the voltage levels 226

(M � 1), the soft-switching range is significantly constrained, 227

which limits the operation of the converter at low PS angles. 228

Additionally, since the PS angle between the bridges is the only 229

control parameter, therefore, under higher PS angles, the reactive 230

currents are higher. 231

Consequently, to widen the ZVS range and reduce circulating 232

currents, most of the literature has explored new modulation 233

strategies other than the SPS. Those alternative modulation 234

schemes consist in introducing extra degrees of freedom to 235

control the power transfer. This is achieved by inserting an extra 236

PS angle between the modulation pulses of two legs in a full 237

bridge [3], [4], [6]–[8]. Therefore, the resulting ac voltages will 238

be three-level with a zero-voltage period during the switching 239

transitions, which allows increasing ZVS and reducing circulat- 240

ing currents. However, the increase in the number of variables, 241

introduced by these modulation schemes, results in cumbersome 242

and time-consuming computations which might restrict the re- 243

sources of digital processors in real-time programming [9]. 244

This article hereafter proposes a different solution instead 245

of changing the operational margins, that is, to change the 246

operation point of the converter itself. This can be carried out by 247

introducing another control parameter, which is the inductance 248

variation in combination with the PS angle. From (1), it is clear 249

that replacing the fixed inductor by a variable one can serve as an 250

extra control parameter for the power transfer in the converter. 251

C. VI: Structure and Operation 252

From the study of the state of the art regarding possible 253

physical structures to implement the VI, the double E-core setup, 254

depicted in Fig. 3(a), is considered to be the most appropriate 255

and most comprehend in the literature [23]–[25]. The structure 256

consists of two E-cores stacked on top of each other to form 257

three magnetic arms with an air gap in the center arm. The 258

main winding is wound around the center arm, and the control 259

windings are wound around the lateral left and right arms; they 260

are serially connected in opposite polarity so as to cancel out the 261

ac voltages induced by the center leg [25]. 262

In this arrangement, the current flowing through the main 263

winding Nc generates an ac flux φC which circulates through the 264

center arm and splits to the outer left and right arms. Applying 265

a relatively small dc current Ib to the bias control windings Nb, 266

a dc flux is produced in the right arm φR and the left arm φL, 267

which tends to circulate mainly through the outer, ungapped, 268
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Fig. 3. Variable inductor based on double E-core structure. (a) Structure of
the device and windings. (b) Operation of VI in nonlinear region of B(H) curve.

Fig. 4. SiC MOSFET model.

circumference of the core [25]. The dc flux will bias the operation269

point of the magnetic material within the B(H) curve toward the270

nonlinear region, causing the inductance seen from the main271

winding terminals to vary as a function of the dc bias current272

[23], [26]. The operation is clarified by Fig. 3(b), which shows273

the operation points on the B(H) curve for the left and right arms.274

The constant dc control current will produce a constant mmf in275

the left and right arms, which will bring these sections into the276

nonlinear region of the magnetization curve.277

III. ELECTROMAGNETIC SYSTEM MODEL278

The following paragraphs aim to model the full system, which279

includes the DAB converter, the VI, and the HF transformer.280

Also, specific details and electrical characteristics of the devices281

used in the constructed prototype are added to the model. This282

will allow an accurate representation of the full system in order to283

analyze the performance of the converter when the conventional284

inductor is replaced by a variable one.285

A. Power Switches Model286

To account for the switching and conduction losses, the SiC287

MOSFETs are modeled as shown by the circuit diagram in Fig. 4.288

Specific to this application, the SCT2280KE devices are used289

[27], with the characteristic parameters indicated in Table I.290

B. HF Transformer Model291

The transformer used for the study is an HF planar trans-292

former. The specifications and ratings of the transformer are293

stated in Table I. To characterize the transformer, the classic294

transformer circuit is used. The measurements and characteriza-295

tion were done as part of previous works [22], [28]. Nevertheless,296

a summary of the procedure and the obtained parameters are297

presented hereafter for convenience.298

TABLE I
SPECIFICATIONS OF DIFFERENT DEVICES

Fig. 5. No-load test to estimate magnetizing impedances of the transformer.

Fig. 6. Short-circuit test to estimate the series impedances of the transformer.

To determine the characteristic parameters of the transformer, 299

the conventional method is used which consists in performing 300

open and short-circuit tests on the transformer windings. During 301

the open-circuit test, also referred to as the no-load test, the 302

impedance analyzer is connected to the terminals of the primary 303

winding with the secondary winding open-circuited. Fig. 5 304

explains the process. The objective of this test is to estimate 305

the magnetizing impedance of the transformer. Table I states 306

the values of the obtained parameters. On the other hand, the 307

short-circuit test was carried out by connecting the impedance 308

analyzer to the primary winding with the secondary winding 309

terminals short-circuited, as shown in Fig. 6. The objective 310

of this test is to estimate the series inductance and resistance 311

of primary and secondary windings. It is worth to note that 312

the magnetizing impedance is much higher than that of the 313

leakage path; therefore, the parallel magnetization branch can 314

be neglected in the calculation. Table I states the values of the 315

obtained parameters. Also, Fig. 7 illustrates the transformer 316

circuit model along with the Bode plots illustrated in Fig. 8. 317
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Fig. 7. HF transformer impedance model.

Fig. 8. Bode plots of transformer impedance model illustrating the (a) ampli-
tude and (b) angle.

Fig. 9. Reluctance circuit of double E-core VI shown in Fig. 3. (a) Lengths
of reluctance paths. (b) Corresponding circuit model. (c) Reluctance equivalent
circuit.

C. VI Model318

The VI is modeled based on the reluctance equivalent circuit319

[23], [24]. The magnetic core is modeled using three main320

elements. First, the constant reluctance, which models the non-321

ferromagnetic material, such as the air gap, ℛgap. Second, the322

variable reluctance, which models the nonlinear behavior of323

ferromagnetic material, such as the left, right, and center arms,324

represented by ℛC(µ), ℛL(µ), and ℛR(µ), respectively. And325

finally, the magnetomotive source, which models the winding326

electrical and magnetic interaction, such as the control wind-327

ings represented by the duplicated sources Nb.Ib, and the main328

winding represented by Nc.Ic. The equivalent reluctance circuit329

model corresponding to the double-E core VI is illustrated in330

Fig. 9.331

Fig. 10. Schematic of the implementation of JA model.

Therefore, the inductance can be calculated based on the 332

reluctances of different paths in the magnetic circuit, as shown 333

by 334

L =
Nac

2

ℛC (μ) + ℛgap + ℛL (μ) //ℛR (μ)
. (2)

The fully developed model is described in detail in previous 335

works by the authors [24], [26]. The latter model takes into 336

consideration a detailed description and modeling of the device 337

losses, mainly core losses and winding eddy current losses. The 338

necessary highlights of this loss model are presented below. 339

1) Model of Core Losses: The core losses in a magnetic 340

device are divided into hysteresis loss and eddy currents loss. 341

Previous studies in the literature [21] have shown that for a 342

ferrite magnetic material operating in a range of frequency up 343

to 100 kHz, the eddy current losses are a very small part of the 344

total core losses. Therefore, for the range of frequencies under 345

study herein, the eddy current losses in the magnetic core will 346

be neglected for simplicity. 347

To calculate the hysteresis losses, the Jiles–Atherton (JA) 348

hysteresis model is used [31]. The main strengths of the JA model 349

compared to its counterpart models are—being the most suitable 350

for development from a circuital simulation perspective, besides 351

having good convergence, and acceptable accuracy among a 352

variety of materials and operation conditions [33]. 353

Fig. 10 shows a block diagram of the detailed implementation 354

of the JA equations [26]. The parameters of the model are mainly 355

five: Ms, a, k, c, and α, which are initially estimated by an 356

iterative procedure to fit the model to the magnetic material B(H) 357

curve data provided by the manufacturer [26]. Following this 358

block diagram, the model equations have been implemented in 359

Simulink. Therefore, for a given core size and magnetic material, 360

the instantaneous magnetic flux density (B) can be estimated for 361

a certain instantaneous magnetic field intensity (H) applied to 362

the magnetic core. 363

2) Model of Winding Losses: The winding losses in a mag- 364

netic component are due to the resistance of the copper wire. At 365

dc operation, or current waveforms of relatively low frequencies, 366

this resistive component Rdc can be considered constant, and is a 367

function of the resistivity of copper material, the temperature and 368
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Fig. 11. Variable inductor winding model. (a) Configuration of the windings.
(b) Full circuit model.

the geometry of the wire. However, as the switching frequency369

increases, two effects start to appear, which affects the resistance,370

the skin effect and proximity effect, both caused by eddy currents371

induced in the windings. These two effects alter the resistance of372

the winding and significantly contribute to the overall winding373

losses. It is necessary in this case to calculate the ac resistance374

of the winding.375

Dowell provided a method that computes the equivalent wind-376

ing resistance using a 1-D analytical approach [34]. It estimates377

the ac resistance Rac by scaling the dc winding resistance Rdc378

by a factor379

Rac = Rdc

(
M ′ +

(
m2 − 1

)
D′

3

)
(3)

where M′ and D
′

are coefficients defined based on the geomet-380

rical dimensions of the winding, material characteristics, and381

frequency of operation, and m is the number of layers.382

In order to attain a full, comprehensive model of the device,383

the stray capacitance of the winding is added to the model.384

The calculation of the stray capacitance is based on an ana-385

lytical approach that divides the winding into partitions [35].386

It considers turn-to-turn and turn-to-core capacitances of the387

inductor. The overall total stray capacitance of the coil converges388

to the expression: Cs
∼= 1.366Ctt, where Ctt is the turn-to-turn389

capacitance of the coil, defined by390

Ctt = ε0 lt

[
εrβ

∗

ln (Do/Dc)
+ cot

(
β∗

2

)
− cot

( π

12

)]
(4)

where lt is the turn length, β∗ is the angular coordinate, ε0 and391

εr are the permittivity of air and relative permittivity of the in-392

sulation medium, respectively, and D0 and DC are the diameters393

of the wire with and without the insulation coating, respectively.394

The VI winding configuration is illustrated in Fig. 11(a).395

Also, the full impedance model of the winding in the magnetic396

device is expressed by the circuit diagram in Fig. 11(b).397

It is worth to note that the design of a VI for handling an ac398

high-frequency main current, as the case of the DAB converter399

in context, is different in two aspects specifically; first, the400

winding losses in the device will be different. The absence401

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.

of a dc component in the current will imply lower dc power 402

losses, while, on the other hand, a higher frequency current 403

waveform would contribute to increase the eddy current losses 404

due to skin and proximity effects. And second, the ac current 405

implies that an induced voltage could be reflected from the 406

ac main winding and generated across the dc control windings 407

which would drastically affect the design of those windings to be 408

able to handle higher levels of induced voltage. This, therefore, 409

constrains the arrangement of the VI windings such that the two 410

dc control windings be serially connected in opposite polarity 411

to cancel the induced voltages due to the ac main winding. 412

In conclusion, once the significant elements of the electro- 413

magnetic circuit are defined, the developed model can thus be 414

used to study the full dc–dc power converter system. 415

IV. PROPOSED POWER FLOW SCHEME 416

This section is intended to demonstrate the proposed structure 417

of power flow in the DAB converter by using the variable 418

magnetic element as well as PS modulation. Special emphasis is 419

given to the improvements brought about by replacing the fixed 420

inductor in a conventional DAB converter by a variable one. 421

A. Control of Power Transfer Using VI 422

As mentioned in the previous section, the value of the effective 423

inductance in the converter can be varied by means of biasing the 424

operation point on the B(H) curve of the magnetic core, using a 425

dc bias control current flowing through the control windings. For 426

reference, Fig. 12(a) depicts the simulated inductance variation 427

as a function of the bias control current, when varying the current 428

from 0 to 1 A in steps of 0.1 A. The inductance value is observed 429

to decrease from a maximum value of 140μH at no saturation, to 430

60 μH at full saturation, which is around 60% variation range. 431

Fig. 12(b), in turn, shows the resulting variation in the power 432

transfer in the DAB converter as a function of the dc bias control 433

current, the power level varies from the nominal value of 500 to 434

2100 W, which is nearly three times greater than the nominal. 435
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Fig. 13. Power transfer in a DAB converter as a function of inductance and
PS.

This illustrates that the VI can serve as a control parameter for436

the power transfer in the converter.437

Fig. 13 further adds a third dimension to depict the effect of438

PS as a control parameter, in combination with the inductance439

variation. As it can be observed, at a certain inductance value,440

as the PS increases, the power transfer in the DAB converter441

increases correspondingly, based on (1). However, this increase442

of the power becomes less significant as the inductance value443

increases.444

This can be clarified by comparing the operation at the445

two different curves a and b. At 0 A bias current, where L is446

maximum, as the PS increases, the power transfer follows the447

curve a. A relatively small variation in the power is possible.448

However, at 1 A bias, where L is minimum, as the PS increases,449

the power transfer follows the curve b, which shows more than450

double the variation of the power transfer compared to that at451

curve a.452

From another side, the figure also defines the limitations453

imposed by the PS control parameter on the variable inductance454

one. The figure clarifies that for higher PS, the decrease of the455

inductance can achieve larger output power compared to lower456

PS. In other words, the effect of the bias control current of the457

VI is increased as the PS between bridges increases toward the458

maximum. Therefore, selecting the inductor value for a specific459

operation range is a critical process in a DAB converter design.460

B. Linearization of the Control Function461

As explained in the previous section, the power transfer of462

a DAB converter is regulated by (1), as a function of several463

parameters. Fig. 14(a) shows the power transfer characteristics464

in the DAB converter as a function of the PS. It can be observed465

that the power transfer increase is approximately linear with466

the increase of PS until a certain limit, after which the rate of467

increase of power drops following a sinusoidal waveform until468

reaching the maximum power transfer at 90° PS angle. This469

characteristic operation is intrinsic to the PS DAB converter,470

and thus, to control the power transfer in the converter, the PS471

is used as the primary control parameter. By manipulating (1),472

the following expression is obtained:473

θ =
π

2

(
1±

√
1− 4PDABXLrt

πVinVout

)
(5)

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 PS angle.

which explicitly defines the PS angle θ as a function of the 474

output power PDAB. As it can be observed, (5) presents a 475

nonlinear equation, introducing difficulty in implementation and 476

excessive processing time, as well as affecting the dynamic 477

performance of the digital controller. Therefore, it is promising 478

to use the inductance as an extra control parameter to allow the 479

linearization of the power transfer function, and thus achieving 480

a linear control function, the merits of which will be discussed 481

as follows. 482

Fig. 14(a) illustrates the nonlinear power transfer curve of the 483

conventional DAB converter, compared to the linearized one 484

achieved by making use of the variation in the inductance. As 485

it can be observed, the linear power transfer curve coincides, 486

approximately, with the nonlinear curve in the range of θ = 487

0°–30°, which is illustrated on the plots as the linear region. 488

Therefore, the phase-to-power relationship of the linear power 489

curve can be defined by the slope of the straight line. Con- 490

sequently, by substituting the values of the power at 0° and 491

30° in (1), the linear power-to-phase relationship can be defi- 492

ned by 493

θlin =
XL · Iout · rt
Vin (5/6)

. (6)

The inductance is constant during the linear region, as demon- 494

strated in Fig. 14(b), while in order to increase the power transfer 495

by ΔP and keep the linearity of the function, the inductance is 496

reduced by ΔL, as illustrated in the figure. The inductance is 497

computed as a function of the power transfer and PS angle, as 498
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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.

shown in the following, which is derived from (1):499

L =
VinVout

2πf · rt · PDAB
θ

(
1− θ

π

)
. (7)

In order to achieve the calculated inductance variation in500

the magnetic device, the bias current is increased, as shown in501

Fig. 14(c).502

C. Combination of Inductance Variation With Modulation503

Schemes to Improve the Converter Efficiency504

At light loading condition, i.e., Vout � rtVin, two issues505

take place which contribute significantly to increase the power506

losses and thus to reduce the efficiency in this operation region.507

First, the loss of ZVS due to insufficient energy required to508

charge and discharge the MOSFET capacitors causing elevated509

switching losses [1]. And second, relatively small PS values510

interfere with the deadtime range causing a phenomenon called511

“voltage polarity reversal” [5], [36] and limiting the minimum512

power transfer. Those two issues cause an increase in the reactive513

power component and consequently, reduce the efficiency at514

this load range. In addition, at high loading condition, i.e.,515

Vout � rtVin, relatively large circulating currents take place,516

causing an increase in conduction losses and elevating reactive517

power losses [4], [22].518

In this context, varying the inductance to have a relatively519

higher value at light load allows for increasing the PS and520

maintaining ZVS for a wider range, as well as avoiding the521

interference with the deadtime. And, on the other hand, decreas-522

ing the inductance value at heavy load allows for reducing the523

circulating currents.524

To demonstrate the idea, Fig. 15 explains the two conditions of525

low and high loading. The figure shows the power transfer in the526

DAB represented in per unit (p.u.) values, and the corresponding527

voltage conversion ratio. The different boundaries of ZVS and528

circulating currents are indicated to clarify the sought operation529

zone. Fig. 15(a) shows that at a low loading, a small PS angle θ1530

could lead the converter to operate in a no ZVS region. However,531

Fig. 16. Efficiency of DAB converter using VI. (a) Inductance value, (b) PS,
and (c) converter efficiency as a function of output power transfer.

to achieve the same power level P, the inductance value can be 532

increased from L1 to L2. This allows increasing the PS angle to θ2 533

to be able to operate under ZVS once again. In the same manner, 534

Fig. 15(b) shows that at a high loading, a large PS angle θ1 could 535

lead the converter to operate under high circulating currents, 536

exceeding the required percentage reactive currents boundary. 537

However, to achieve the same power level P, the inductance 538

value can be decreased from L1 to L3. This allows decreasing the 539

PS angle to θ3 to be able to operate within the reactive boundaries 540

once again. 541

Using the simulation model, this analysis is verified by 542

comparing the efficiency of the full DAB converter using the 543

conventional constant inductance against that using the variable 544

inductance. Fig. 16 illustrates the simulation results. Fig. 16(a) 545

compares the inductance in a conventional DAB converter to 546

that of the proposed DAB using VI. While the conventional 547

inductance is observed to be constant at 100 μH, the VI changes 548

its value from the maximum of 144 μH to the minimum of 549

around 50 μH. The PS angle is calculated in the simulation 550

model by substituting L in (5), as illustrated in Fig. 16(b). It 551

can be observed that, in the case of the constant inductance, the 552

PS varies between the minimum and maximum values to adjust 553

the power transfer. The small PS angles applied at light loading 554

implicate a loss in the ZVS and interference with the deadtime. 555

While at a high loading condition, the large PS angles elevate 556

the reactive power losses. On the other hand, observing the PS 557

curve in the case of using variable inductance, it can be observed 558

that the variation is limited to a small range, 20° < θ < 50°. This 559
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Fig. 17. Output power delivered by the DAB converter as a function of the PS
angle, comparing SPS to DPS modulation strategies.

enhances the efficiency under the latter conditions of operation,560

as observed in Fig. 16(c).561

Another feature is that the variation of the inductance can al-562

low for achieving ZVS over the full operation range if combined563

with a modulation scheme such as the dual-PS (DPS) [37], [4].564

This can be observed in Fig. 17, which compares the power flow565

in the DAB converter for the cases of SPS and DPS modulations.566

More complicated modulation schemes are studied in some567

literature works [3], [6], [7], which aim at achieving ZVS over568

the full operation range of the converter. An example of those569

strategies is the triple-PS (TPS) [8]. Although the TPS is reported570

to provide the widest ZVS operation [8], it is also reported571

to pose more variables to the control function. This implies a572

more complicated implementation of the control calculations573

and requires higher processor capabilities [9]. In this manner, the574

use of VI can provide a good compromise between complexity575

and, on the other hand, the ease and time of implementation of576

the control function.577

Therefore, based on the previous analysis, the proposed model578

takes advantage of combining the DPS modulation scheme with579

the variation of inductance in order to extend the range of the580

ZVS to the full operation of the converter.581

D. Power Flow Schemes Based on the Operation Mode582

It is necessary when using several control parameters to583

decide the combination of those parameters in the system control584

function. In the case of the DAB converter, the objective is to585

control the power transferred between the input and output ports.586

Specific to this converter, the characteristics of the power flow587

impose some restrictions on the operation over wide load ranges,588

as it has been discussed in the previous sections. Therefore, two589

modes of operation can be applied to combine the inductance590

with the PS as control parameters.591

In the first mode, Mode I, the inductance value is used as592

the primary control parameter. This is a simplified mode where593

the power transfer can be adjusted throughout the full operation594

range by means of the variation of the inductance between the595

maximum and the minimum values. This mode assumes that596

the load, which the converter will supply, has a known (or597

predictable) profile as a function of time, which is the case in598

some applications, for example, in steel rolling mills. In such a599

condition, also the bias control current, which is responsible for600

adjusting the inductance value, can be defined as a fixed profile601

Fig. 18. Combination of variable inductance with PS to control the power flow
in the DAB converter: Mode I.

Fig. 19. Inductance (top) and PS angle (bottom) as a function of the output
power in the DAB converter using VI. (a) Mode I. (b) Mode II.

as a function of time. This can allow disregarding the dc–dc 602

converter required to control the bias current of the inductor 603

and instead use a programmable source. Such simplification can 604

be advantageous in some applications to reduce the number of 605

sensors and unnecessary digital control computations. However, 606

since the operation is based merely on open-loop calculations, 607

some differences might occur between the required power and 608

the provided one. This difference can be provided by the sec- 609

ondary control parameter, which is the PS angle between the 610

converter bridges. To achieve a specific power, the required PS is, 611

therefore, computed based on the current-to-phase relationship 612

derived from (5) by replacing PDAB by VoutIout. Therefore, this 613

mode of operation can be represented by the simplified block 614

diagram in Fig. 18. The resulting waveforms are illustrated in 615

Fig. 19(a). In this case, the load profile simulated is a linear 616

ramp increasing as a function of time, which implies that the 617

bias control current is a ramp proportional to the load profile. 618

As Ib is increased linearly, the inductance value is observed to 619

reduce from maximum to minimum values, as it can be seen 620

in the top plot. The variation of the PS angle, shown on the 621

bottom plot, is observed to be bound in a small range, since it 622

compensates the power difference between the designed and the 623

required inductance values at each operation point. 624

If the inductor is well designed for the application, then, 625

besides the simplicity of implementation, this mode will achieve 626

two advantages. First, the phase-to-current relationship is always 627

in the linear region, as it was mentioned in the previous section. 628

And second, the value of the PS angle, compared to the conven- 629

tional DAB, is higher at light loads to keep ZVS, and lower at 630
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Fig. 20. Combination of variable inductance with PS to control the power flow
in the DAB converter: Mode II.

heavy loads to reduce circulating currents. A better efficiency631

can thus be achieved over a wider load range.632

On the other hand, in the second mode, Mode II, the PS633

angle is considered as the primary control parameter. This is634

more generic where the power transfer in the DAB converter635

is adjusted by means of the PS angle, while the inductance is636

used to achieve some enhancements to the power flow charac-637

teristics. This mode assumes that the load can vary in wide and638

unpredictable profiles, for example, in grid-tied applications,639

such as the SST-based microgrid paradigm under study, where640

the system exhibits disturbances of the demanded power and is641

susceptible to fault conditions. In such a condition, the reference642

PS angle θlin is calculated as a function of the demanded output643

current, I∗out. This is done by using the linear current-to-phase644

relationship, previously expressed in (6), to keep the simplicity645

in digital implementation. The nonlinearity is thus compensated646

by the inductance variation. For this, the required variation of647

the inductance ΔLlin value is computed by using the phase-to-648

inductance relationship in (7). Meanwhile, the reference of the649

PS angle is always saturated to a minimum and a maximum650

value θmin and θmax, respectively, whether to the limits of ZVS651

and reactive currents or during transient events.652

The minimum PS limit is defined by the deadtime and the653

minimum phase angle that achieves ZVS [35]. In this case, since654

the proposed model applies DPS to achieve ZVS at light load,655

then the minimum PS is simply the angle corresponding to the656

deadtime 1μs, which corresponds to 18° at 50 kHz switching657

frequency. And, the maximum PS is 65°. Previous works [21]658

in the literature have limited the PS angle to 65°, due to the659

nonlinearity of the phase–power function, as it can be recalled660

from Fig. 14(a), where it can be observed that after 65°, the rate661

of increase of power drops. The amount of saturation in the PS662

angle is, hence, compensated by the inductance variation ΔLsat,663

which is computed by using (7). Fig. 20 shows a block diagram664

of the operation in Mode II. Also, the resulting waveforms are665

illustrated in Fig. 19(b), which when compared to Fig. 19(a),666

it can be observed that the PS is, similarly, limited by θmin667

and θmax, and has a linear relationship as a function of current.668

Compared to Mode I, this mode involves more computations.669

However, it provides the two formerly mentioned advantages—670

keeping a linear relation between the PS and the current as well671

Fig. 21. Closed-loop control of DAB converter using inductance and PS as
two control parameters.

Fig. 22. Dynamics of PI controller comparing the control using the PS to that
combining PS and VI.

as enhancing the efficiency over a wide load range. And, fur- 672

thermore, making use of this combination of control parameters 673

to design a closed-loop control for the system could allow to 674

address unexpected system transients or disturbance events in 675

an improved manner, as it will be demonstrated in the following 676

section. 677

E. Closed-Loop Control 678

The closed-loop structure is based on the combination of the 679

variable inductance and the PS as two control parameters. The 680

structure is based on Mode II being the generalized operation 681

mode, as shown in Fig. 21. The phase–current and inductance– 682

phase relationships are implemented based on (1). The dynamic 683

performance of the controller is tested by introducing a step in 684

the reference power. The step response of the control combining 685

PS and VI is compared against that using PS only. Fig. 22 shows 686

that the time response is smaller in case of adding the VI as a 687

control parameter. This is due to the use of VI to compensate the 688

saturation and linearization of the phase-to-current relationship 689

as explained in the previous sections. Referring to the previous 690

analysis, emphasis can be given to the advantages of using 691

these modes of operation compared to the conventional DAB 692



IEE
E P

ro
of

SAEED et al.: DUAL-ACTIVE-BRIDGE ISOLATED DC–DC CONVERTER WITH VARIABLE INDUCTOR FOR WIDE LOAD RANGE OPERATION 11

Fig. 23. Experimental setup.

Fig. 24. Variable inductor prototype.

converter. First, the PI controller is tuned based on the linear693

phase-to-current relationship, which simplifies the mathemati-694

cal operations and thus, decreases the processing time of the695

implemented control function. Second, the PS limitation does696

not affect the minimum power that can be transferred by the697

converter, since the inductance value is increased to compensate698

this. Third, circulating current can be significantly reduced due699

to the reduction of the PS angle especially at higher power, which700

is compensated by the decrease of the inductance value. And701

finally, the ZVS at light loads could be maintained by allowing702

the storage of enough energy in the inductor to charge and703

discharge the switches’ capacitors.704

V. EXPERIMENTAL RESULTS705

A. Experimental Platform706

A test platform has been developed to validate the electromag-707

netic model and the system analysis. The platform consists of a708

power stage and a programmer stage. The power stage includes709

the DAB converter as well as the VI. The DAB is composed710

of two full-bridge converters implemented using SiC MOSFETs.711

Each bridge is implemented on a separate PCB. The PCBs for the712

primary and secondary bridges are stacked on top of each other,713

with the VI prototype mounted on the primary bridge PCB, as714

seen in Fig. 23. The specific details of the design and operation715

parameters are summarized in Table II. Also, Fig. 24 shows the716

developed VI prototype. To supply the control winding of the717

VI, a variable dc voltage source is used in series with a resistor to718

have a maximum of 1.5 A dc bias control current. Additionally, a719

film capacitor is connected in parallel with the source terminals720

TABLE II
SPECIFICATIONS OF THE TEST SETUP

Fig. 25. Schematic of experimental setup.

to ensure that the voltage, and consequently the dc current, will 721

be as smooth as possible. 722

The HF isolation is achieved by an HF planar transformer. The 723

transformer ratings as well as the measured model parameters 724

have been already detailed in Section III. The tests carried out 725

consider the DAB converter feeding a resistive load. The load is 726

connected to the output dc-link of the DAB converter. 727

On the other hand, the digital control stage consists of a 728

TMS320F28335 controlCARD from Texas Instruments, which 729

is a C2000 32-bit microcontroller unit (MCU) [29]. The con- 730

trolCARD is mounted on a basis peripheral board for hardware 731

development. The software platform used is the Code Composer 732

Studio (CCS) from Texas Instruments [30]. The programmed 733

code is configured to realize two main tasks—providing the 734

switch modulation and processing the feedback measurements. 735

The hardware connections of the two stages, in addition to the 736

firing pulses, are illustrated in Fig. 25. 737

B. Impact of Inductance on Power Transfer in DAB Converter 738

The inductance value is varied by means of adjusting the dc 739

bias control current Ib. As the control current increases, the 740

magnetic core will approach saturation. The permeability of 741

the magnetic material will thus decrease, causing an increase 742

in the reluctance and eventually, a decrease in the value of 743



IEE
E P

ro
of

12 IEEE TRANSACTIONS ON POWER ELECTRONICS

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.

the inductance measured from the main winding terminals. The744

decrease in the value of the inductance, in its turn, results in a745

decrease of the inductor impedance under a constant switching746

frequency of the converter, governed by (1). Specific to the DAB747

converter, the operation mode can vary depending on the levels748

of the input and the output voltage. The voltage conversion ratio749

M has been previously defined to differentiate those modes of750

operation, such that M = 1 refers to Vin = Vout/rt, while M < 1751

refers to Vin > Vout/rt which is identified as the buck mode, and752

M > 1 refers to Vin < Vout/rt which is identified as the boost753

mode.754

Two experiments are thus carried out to identify the effect755

of the inductance variation on the power transfer in both latter756

conditions of operation. Based on this configuration, the power757

is transferred from the primary bridge to the secondary one,758

i.e., to the load, while the PS is kept constant at the maximum759

value of θ = 90°. The dc bias current supplying the VI control760

windings is increased from 0 to 1.2 A in steps of 0.1 A. The power761

transfer can, hence, be computed using the measurements of the762

voltage across the VI main winding, and the current flowing763

through it. The inductance value is, similarly, computed from764

the measured voltage and current, by using the rms of the first765

harmonic component of the waveforms [26].766

Fig. 26 illustrates the measured inductance and the power767

transfer in the DAB as a function of the dc control current for768

the buck mode, along with the corresponding instantaneous volt-769

age and current waveforms measured across the inductor main770

winding illustrated in Fig. 27. Meanwhile, the same experiment771

was repeated also for a higher loading condition, operating under772

the boost mode to reach a maximum power level of 1.8 kW, as773

shown in Fig. 28. The peak inductor current is boosted from 5 A774

at no saturation to 15 A at full saturation of the magnetic core,775

as it can be observed in Fig. 29.776

Fig. 27. Open-loop experimental results for DAB operating in buck mode the
ac inductor voltage (top) and current (bottom) for three levels of dc bias control
current: (a) 0 A and (b) 1.2 A.

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.

Fig. 29. Open-loop experimental results for DAB operating in boost mode.
The ac inductor voltage (top) and current (bottom) for three levels of dc bias
control current: (a) 0 A and (b) 1.5 A.
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Fig. 30. Experimental results. Efficiency curves when using PS to control the
power transfer in the DAB converter prototype.

C. Efficiency Curves777

After analyzing the operation of the DAB converter prototype778

using the VI, the merits of using the variable inductance for im-779

proving the operation of the DAB converter are explored in this780

section. To achieve this, several measurements have been carried781

out for recording the efficiency curves of the full converter as a782

function of the power transferred. To conceive a comprehensive783

comparison, three operation scenarios are studied, as explained784

below.785

1) PS Angle as the Primary Control Parameter: The first is786

the conventional scenario of controlling the power transfer in the787

DAB by means of varying the PS between the primary and the788

secondary bridges, while keeping the inductance value constant.789

The PS angle between the primary and secondary bridges is790

varied from 0° to 90° to transfer power from the input to the791

load, while the inductance value is kept constant at 100 μH.792

For the experiments carried out herein, the DAB converter is793

operated in the buck mode, whereby the test conditions presented794

in the previous section are replicated. Fig. 30 illustrates the795

efficiency curves calculated for both experiments as a function of796

the input power. It can be observed that, for 80 μH inductance,797

the efficiency value ranges from 85% to 94%, while the peak798

value is shifted to 165 W. Comparing both efficiency curves, it799

can be observed that using a lower inductance achieves a higher800

efficiency, especially as the level of power increases. This occurs801

at high loading condition, since reducing the inductance value802

allows transferring the same power with a smaller PS angle,803

which implies a smaller angle between the voltage and current804

applied to the transformer, and consequently, lower reactive805

power losses.806

2) Inductance as the Primary Control Parameter: On the807

other hand, the second scenario studied is to control the power808

transfer in the DAB by means of variation of the inductance value809

through controlled saturation, as discussed previously, while in810

this case, the PS between the bridges is kept constant. Similar811

to the previous analysis, this experiment is repeated for two dif-812

ferent values of the PS angle, 50° and 90°. Fig. 31 illustrates the813

efficiency curves as a function of the input power for both values814

of PS angle. In this case, the efficiency curves are observed to be815

more flat, presenting smaller efficiency fluctuation between the816

maximum and minimum values experienced. As the PS angle is817

reduced from 90° to 50°, the efficiency values are increased by818

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 PS to control the power transfer in the DAB converter prototype.

almost 6%, in a nearly linear translation of the efficiency curve 819

upward. This conclusion is, similarly, attributed to the reduction 820

of the circulating currents and consequently, the reactive power 821

losses, which eventually leads to higher efficiency. 822

3) Combining PS and Inductance as Control Parameters: 823

Finally, both the previous scenarios are combined to compare 824

the efficiency curves of the full DAB converter, with the aim 825

of demonstrating the efficiency improvement accomplished by 826

combining both parameters to control the power transfer. Fig. 32 827

illustrates two efficiency curves; one is measured at the operation 828

scenario whereby the PS angle is used as the control parameter 829

while keeping the inductance constant at 80 μH. The other curve 830

is measured at the operation scenario whereby the inductance is 831

used as the control parameter while keeping the PS constant at 832

50°. Those are the curves which presented the highest efficiency 833

during the previous efficiency comparative tests. 834

Within the conditions of operation of the experiment carried 835

out, at the specific input voltage of 100 V and load value of 836

50Ω, the nominal value of the power transfer is approximately 837

200 W, which can be calculated by (1). Around this value, it 838

is apparent that using the PS as the control parameter achieves 839

higher efficiencies. On the other hand, for low and high loading 840

conditions, the use of the VI achieves higher efficiency values. To 841

clarify this observation, two points are selected for comparison 842

under each of the operation conditions such that the input power 843

level is kept constant, and thereby, a constant voltage conversion 844

ratio M. Hence, points 1 and 2 are compared for the low loading 845

operation condition, while points 3 and 4 are compared for the 846

high loading condition. 847
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Fig. 33. Experimental results. The voltage conversion ratio M as a function
of the PS angle θ in degrees, illustrating the boundaries of ZVS in the DAB
converter, for comparing the experimental operation points 1 and 2.

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.

To compare the points 1 and 2, Fig. 33 is generated for M as a848

function of θ, in degrees, while illustrating the ZVS boundaries.849

This analysis is an experimental application of the theoretical850

study performed previously in Section II, precisely recalling851

Fig. 15(a). It can be observed that point 1 presents an operation852

condition of the converter at no ZVS.853

This explains the low efficiency obtained when comparing854

to point 2. Therefore, moving to point 2 can allow to bring the855

converter operation again into the ZVS region. This is due to856

the fact that increasing the inductance value from 80 μH, at857

point 1, to 120 μH, at point 2, implies that the PS is required858

to increase as well, from 90° to 50°, to achieve the same power859

level. The higher PS implies a larger time to charge or discharge860

the parasitic capacitances of the MOSFETs and thus, achieve ZVS861

again.862

Fig. 34 further clarifies the idea by illustrating the measured ac863

primary and secondary bridge voltages, and the corresponding ac864

current in the inductor measured at primary and secondary sides865

of the transformer. It can be observed that during the operation at866

point 2, the values of the currents I0 and I1 are positive, which is867

the initial condition for achieving ZVS, as discussed previously868

Fig. 35. Experimental results. The voltage conversion ratio M as a function
of the PS angle θ in degrees, illustrating the boundaries of ZVS in the DAB
converter, for comparing the experimental operation points 3 and 4.

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.

in Section II. However, on the other hand, during the operation 869

at point 1, the value of the current I1 is negative, so the ZVS is 870

not achieved in this case. 871

On the other hand, to compare points 3 and 4, Fig. 35 is 872

generated, while additionally illustrating the boundaries for the 873

reactive currents. It can be observed that point 3 presents an 874

operation condition of the converter at high circulating currents, 875

which exceeds the set boundary. This explains the low efficiency 876

obtained when comparing to point 4. Therefore, when moving to 877

point 4, as the inductance value is decreased from 80 to 73 μH, 878

the PS is required to decrease as well, from 85° at point 3 to 879

50° at point 4, to achieve the same power level. The lower PS 880

angle implies a lower angle between the voltage and current 881

applied to the transformer, thereby lower circulating currents, 882

which brings the converter operation again within the boundaries 883

of the reactive currents. 884

Fig. 36 further clarifies the idea by illustrating that the mea- 885

sured ac waveforms are similar to the previous case. The reactive 886

current is marked by the red shaded areas on the plots. It can be 887

observed that during the operation at point 3, the reactive current 888

is higher than that occurring during the operation point 4. 889
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To conclude this discussion, it can be conceived that combin-890

ing the PS angle with the inductance as two control parameters891

of the power flow in the DAB converter results in boosting the892

efficiency along the entire operation range.893

VI. CONCLUSION894

A DAB converter using VI has been proposed. An electromag-895

netic model has been developed which describes the behavior896

of a VI using the reluctance equivalent circuit and including897

the device losses. Also, the VI was simulated within a DAB898

converter in a circuit-based time-domain simulation. Using these899

models, a new degree of freedom was explored for the control900

of power transfer in the DAB converter using VI, as well as901

studying the operational margins for combining both PS control902

with the variable inductance one. Moreover, the analysis opened903

several aspects for the improvement of DAB converter operation904

using the VI solution, such as extending the limits of the power905

transfer in the converter, linearization of the control function, and906

boosting the converter efficiency over a wider load range. The907

experimental results clarified the effect of the inductance varia-908

tion on the power transfer in a DAB converter under maximum909

PS, and the overall efficiency of the proposed DAB exceeded the910

conventional converter by around 5% at light and heavy loading911

conditions.912

While it is true that the controlled saturation of the magnetic913

core allows handling a higher power with the same core size914

[18], however, at this point in the investigation it cannot be pos-915

tulated, on an undisputed technical basis, that this also implies916

a reduction in the final size of the entire converter. To arrive at917

such a conclusion, the study herein can be extended to consider918

the extra size of the electronic components added for controlling919

the VI. Given the fact that these components should be rated for920

very small power, i.e., <10 W, therefore, it is quite feasible to921

optimize the size of the extra control converter [39]–[41]. It is922

also worth to note that scaling up the converter to higher power923

levels is not limited by the VI. The device can be designed for924

a higher power level by utilizing a core material which presents925

higher values of magnetic flux saturation, such as iron powder926

[14], [42]. Additionally, the VI design can be modified to allow927

higher inductance variation ranges.928

As a future development, the shares of the losses among the929

different converter components can be studied and demonstrated930

for the full operation range.931
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Abstract—This article explores the use of a variable inductor as a5
reactive element for energy transfer in a dual-active-bridge (DAB)6
converter. By using a controlled variable inductor, the optimal7
switching region in the operation of the phase-shift DAB can be8
extended, and thus, high efficiencies can be achieved over wider9
load ranges compared to the traditional solution. Moreover, the10
combined use of the variable inductance together with the phase11
shift, as two control parameters, allows for the linearization of the12
DAB converter transfer function, which improves the stability and13
the performance of the controller. And finally, due to the controlled14
saturation of the device, it is feasible to reduce the magnetic core15
size, yielding a size optimization of the full converter. This article16
develops a circuit-based model to simulate the converter system,17
aiming to study the proposed improvements. Furthermore, a 2-kW18
SiC-based DAB converter prototype is constructed, including a19
controlled variable inductor. The experimental results presented20
in this article validate the studies carried out for the different21
operation conditions.22

Index Terms—Dual-active-bridge, efficiency, hysteresis losses,23
variable magnetics, zero voltage switching.24

I. INTRODUCTION25

THE electrical utility network of today is facing a significant26

change driven by the need for improved efficiency, reliabil-27

ity, and safety. To achieve these requirements, there is a growing28

interest toward the smart grid systems which incorporate dif-29

ferent systems using power electronics technologies. The most30

important of these systems is the solid-state transformer (SST)31
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which can radically change the utility power distribution by more 32

efficient routing of power, voltage regulation, and flexibility. The 33

basic and most popular structure of the SST is the dual-active 34

bridge (DAB). DAB converter allows bidirectional power flow 35

by means of regulating the phase shift (PS) between the converter 36

bridges. However, this modulation scheme can achieve high 37

efficiencies only at voltage levels that match the transformer 38

turns ratio; significant mismatches lead to transformer RMS 39

currents, inductor and transformer copper losses, and increased 40

semiconductor conduction losses [1]–[3]. Also, circulating cur- 41

rents take place due to the PS between the voltage and the current 42

applied to the transformer [4]. Another limitation is the loss of 43

zero-voltage switching (ZVS) at light loading conditions [5], 44

[6]. For tackling those limitations, many alternative modulation 45

schemes have been proposed in [3], [4], and [6]–[8]. As the 46

complexity of the modulation scheme increases, it compromises 47

the ease and time of implementation of the control function [9]. 48

Another approach to tackle the limitations of the DAB op- 49

eration is to use the variation in the switching frequency as an 50

alternative parameter to control the power flow in the converter. 51

However, the frequency variation has a significant effect on 52

the converter efficiency specifically in the presence of energy 53

storage systems (ESS) [10], [11]. The switching frequency 54

variation range is also limited by the design of magnetic com- 55

ponents, namely, the series inductor and the high-frequency 56

(HF) transformer. Finally, it is not straightforward to change the 57

frequency online during the converter operation since it implies 58

a change in the sampling period of the programmer, as well as 59

the interrupt periods for acquiring correct measurements of the 60

sensors data. Consequently, to widen the soft-switching range 61

and reduce circulating currents, most of the literature works 62

have explored modulation strategies which maintained a fixed 63

switching frequency [12]. To this motivation, the inductance 64

variation, achieved throughout the use of variable inductors (VI), 65

is proposed in this work as a promising control parameter of the 66

power flow in the DAB converter [13]. 67

VI is an electromagnetic device that is based on changing 68

the inductive impedance of a winding placed around a saturable 69

magnetic core [14]. This mechanism is achieved by changing 70

the saturation level of the magnetic core [14]. These devices, 71

therefore, allow for additional degrees of freedom in the de- 72

sign and control of power electronic converters (PECs) [14]. 73

This is particularly useful in resonant converters, where the 74

output power is generally controlled by varying the switching 75

frequency due to the power versus frequency characteristic of 76

0885-8993 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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the converter [15], [16]. This standard frequency control presents77

some drawbacks due to electromagnetic interference (EMI) is-78

sues, complex filtering, or variable sampling time, among others,79

especially for a wide range of variation. However, if variable80

magnetics are used, the same control margins can be obtained81

at a constant switching frequency, therefore, allowing for an82

optimization of the EMI filters and sampling procedures [14],83

[17].84

Also for dc–dc bridge converters, such as the DAB or the85

dual-half-bridge (DHB), the addition of a new degree of freedom86

to the control scheme by means of the VI can enhance the op-87

erational performance of the system, for instance, by increasing88

the soft-switching margins, as reported in preliminary works [1],89

[2]. Specifically, in [1], where the VI concept was proposed as90

the main energy transfer element for DHB converter, the study91

concluded that the ZVS operation region of such topologies is92

controlled by means of PS control by employing an adaptive93

inductor. Therefore, high efficiency can be achieved over wider94

load ranges compared to the conventional converter. On the95

other hand, for the DAB converter, the authors in [2] adopted96

a solution based on inserting an additional series inductor at97

light load conditions, aiming to decrease circulating currents98

and thus, allowing for an increase in the converter efficiency.99

Consequently, these studies reinforce the idea of introducing100

an adaptive power transfer inductor in the DAB converter to101

reduce the overall power losses. However, the solution proposed102

in [2] is based on mechanical switching of a combination of103

fixed inductance values. The obvious benefits of mechanical104

switching are the simplicity and low cost. However, it allows105

only stepwise control, and it is too slow to provide a stable106

operation. On the other hand, the magnetically controlled VI107

allows continuous variation of the inductance; therefore, it will108

be used in the proposed study herein.109

The improvement of the DAB converter efficiency is not the110

only feature that the VI can provide, there are several potential111

features that can be explored. Another feature is the use of the112

inductance variation to linearize the control-to-output transfer113

function. This has implications in the static gain characteristic,114

which can allow several advantages to the converter control115

system. For example, in solar converters, the maximum power116

point tracking (MPPT) technique can be smoother without in-117

troducing dithering or instability due to nonlinear power flow118

characteristics.119

Another potential improvement that the VI can add to the DAB120

converter is the possibility to extend the maximum power level,121

which results from decreasing the inductance as a function of the122

PS to allow linear phase-to-power transfer function. This implies123

that, by means of controlled saturation of the magnetic core, the124

same magnetic core size can be used for a higher power level.125

This could allow optimizing the size of the magnetic element.126

However, the possibility to boost the converter power density by127

using VI is limited by the additional volume and losses of the128

power electronic devices which are needed for controlling the129

magnetic core saturation [18].130

Moreover, it is worth to notice that replacing the fixed power131

transfer inductance by a variable one, the dynamic performance132

of the control scheme can also be modified. In fact, it is133

Fig. 1. Schematic of DAB converter.

postulated that regarding the disturbance rejection upon closed- 134

loop control of the converter, the adaptive inductor adds an extra 135

control parameter, which can be employed to assist the main 136

control scheme in riding through the transient event. In all cases, 137

it is necessary to investigate the overall PEC figures of merit 138

incorporating the VI. 139

The aim of this article is to study the potential enhancements 140

to the operation of the DAB converter by using a VI. The focus 141

of this article is to present the improvements in the converter 142

efficiency under light loads (by extending the ZVS range) and 143

heavy loads (by reducing circulating currents), as well as the 144

linearization of the power flow characteristics, and finally, the 145

improvement of the dynamic response of the controlled system. 146

The analysis is carried out using an electromagnetic sys- 147

tem simulation model which takes into consideration different 148

component losses, such as switching and conduction losses, 149

magnetic device core and winding losses, etc. In this context, 150

Section II states the theoretical background that discusses the 151

structure and the principle of operation of the conventional DAB 152

converter. Also, the latter section provides a briefing about the VI 153

structure, operation, and model. Section III explains the models 154

for different system devices. The models are adjusted with the 155

electrical characteristics of the test setup, in order to develop 156

real simulations and particularize the analysis for the constructed 157

prototype. In Section IV, several potential aspects are studied for 158

extending the operation range of the DAB converter by using a 159

VI. In Section V, the test setup and the experimental results are 160

presented. Finally, Section VI concludes the article. 161

II. PROPOSED DAB USING VI 162

A. Principle of Operation of Conventional DAB Converter 163

The DAB converter is a bidirectional isolated dc–dc power 164

conversion topology which is composed of two full-bridge 165

inverter circuits, interfaced across a constant power transfer 166

inductor that usually includes an HF transformer, as clarified 167

by Fig. 1. 168

The flexibility of the primary and secondary active full bridges 169

in this topology allows for various modulation methods to 170

minimize the losses and to maximize the efficiency over a 171

wide load and voltage operation ranges [6], [19]. Using the 172

simplest modulation technique, named single-PS (SPS) scheme, 173

the full-bridge converters are operated at a constant switching 174

frequency, with 50% maximum duty cycle. After a thorough 175
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Fig. 2. ZVS boundaries of the DAB converter.

study of the circuit operation, it can be demonstrated that the176

bridge leading by a phase angle sends power to the lagging177

one [20]. The analytical expression for the power flow in the178

converter under SPS modulation scheme is179

PDAB =
VinVout

XLrt
θ

(
1− θ

π

)
. (1)

From (1), the control parameters that affect the power transfer180

are the input and output voltage levels, Vin and Vout, respectively,181

the transformer turns ratio rt = Ns/Np, the PS between the182

primary and secondary bridges θ, and the impedance XL = 2πfL,183

f being the switching frequency, and L the inductance of the coil.184

In case of having a constant voltage source at the output of185

the DAB converter, then the wide-voltage and wide-load are186

distinctive terms that need to be handled carefully. The voltage187

range indicates the relationship between the input and output188

voltage levels, while the loading condition indicates the amount189

of power demanded either by the input or the output sources,190

i.e., in forward or reverse direction. On the other hand, in the191

case of having a resistive load at the output, the resistance value192

determines the voltage level for a certain amount of demanded193

power, in this case, only to the resistive load, i.e., in the forward194

direction. In this latter case, the signification of the wide-voltage195

and wide-load terms is the same and can be interchangeable.196

B. Limitations of the Converter Operation Under197

Wide-Voltage and Wide-Load Ranges198

To achieve ZVS in the converter switching devices, the induc-199

tor current should be enough to charge and discharge the parasitic200

output capacitors of the switches [21]. Analyzing the inductor201

current waveform in analogy with the switching waveforms202

at both bridges, the ZVS conditions for the primary and the203

secondary bridges can be formulated in terms of the voltage204

conversion ratio M and the PS ratio θ/π as explained in detail in205

[13], [20], and [21]. The ZVS boundaries of the DAB converter206

can thus be represented as shown in Fig. 2.207

It can be observed that, ideally, for M = 1, ZVS can be208

achieved over the full range of operation. For values of M209

different than 1, the PS must be large enough to provide the210

required energy for achieving the ZVS condition. Operation211

under small PSs, i.e., upon low load conditions, is thus limited212

by the ZVS range, which implies that the converter should be213

designed to operate at the maximum PS in order to allow higher 214

values of current and facilitate ZVS. 215

On the other hand, higher values of PS imply that the phase 216

angle between the current and the voltage applied to one side 217

of the HF transformer increases as well. Consequently, the 218

reactive circulating currents are higher. Those currents result 219

in an increase in the conduction losses and elevate the reac- 220

tive power losses [4], [22] which eventually cause a drop in 221

the converter efficiency. To emphasize the effect of the PS on 222

the reactive currents, the total percentage reactive currents in the 223

converter is formulated again in terms of M and θ/π, as explained 224

in detail in [21]. 225

It can be concluded that under mismatches in the voltage levels 226

(M � 1), the soft-switching range is significantly constrained, 227

which limits the operation of the converter at low PS angles. 228

Additionally, since the PS angle between the bridges is the only 229

control parameter, therefore, under higher PS angles, the reactive 230

currents are higher. 231

Consequently, to widen the ZVS range and reduce circulating 232

currents, most of the literature has explored new modulation 233

strategies other than the SPS. Those alternative modulation 234

schemes consist in introducing extra degrees of freedom to 235

control the power transfer. This is achieved by inserting an extra 236

PS angle between the modulation pulses of two legs in a full 237

bridge [3], [4], [6]–[8]. Therefore, the resulting ac voltages will 238

be three-level with a zero-voltage period during the switching 239

transitions, which allows increasing ZVS and reducing circulat- 240

ing currents. However, the increase in the number of variables, 241

introduced by these modulation schemes, results in cumbersome 242

and time-consuming computations which might restrict the re- 243

sources of digital processors in real-time programming [9]. 244

This article hereafter proposes a different solution instead 245

of changing the operational margins, that is, to change the 246

operation point of the converter itself. This can be carried out by 247

introducing another control parameter, which is the inductance 248

variation in combination with the PS angle. From (1), it is clear 249

that replacing the fixed inductor by a variable one can serve as an 250

extra control parameter for the power transfer in the converter. 251

C. VI: Structure and Operation 252

From the study of the state of the art regarding possible 253

physical structures to implement the VI, the double E-core setup, 254

depicted in Fig. 3(a), is considered to be the most appropriate 255

and most comprehend in the literature [23]–[25]. The structure 256

consists of two E-cores stacked on top of each other to form 257

three magnetic arms with an air gap in the center arm. The 258

main winding is wound around the center arm, and the control 259

windings are wound around the lateral left and right arms; they 260

are serially connected in opposite polarity so as to cancel out the 261

ac voltages induced by the center leg [25]. 262

In this arrangement, the current flowing through the main 263

winding Nc generates an ac flux φC which circulates through the 264

center arm and splits to the outer left and right arms. Applying 265

a relatively small dc current Ib to the bias control windings Nb, 266

a dc flux is produced in the right arm φR and the left arm φL, 267

which tends to circulate mainly through the outer, ungapped, 268
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Fig. 3. Variable inductor based on double E-core structure. (a) Structure of
the device and windings. (b) Operation of VI in nonlinear region of B(H) curve.

Fig. 4. SiC MOSFET model.

circumference of the core [25]. The dc flux will bias the operation269

point of the magnetic material within the B(H) curve toward the270

nonlinear region, causing the inductance seen from the main271

winding terminals to vary as a function of the dc bias current272

[23], [26]. The operation is clarified by Fig. 3(b), which shows273

the operation points on the B(H) curve for the left and right arms.274

The constant dc control current will produce a constant mmf in275

the left and right arms, which will bring these sections into the276

nonlinear region of the magnetization curve.277

III. ELECTROMAGNETIC SYSTEM MODEL278

The following paragraphs aim to model the full system, which279

includes the DAB converter, the VI, and the HF transformer.280

Also, specific details and electrical characteristics of the devices281

used in the constructed prototype are added to the model. This282

will allow an accurate representation of the full system in order to283

analyze the performance of the converter when the conventional284

inductor is replaced by a variable one.285

A. Power Switches Model286

To account for the switching and conduction losses, the SiC287

MOSFETs are modeled as shown by the circuit diagram in Fig. 4.288

Specific to this application, the SCT2280KE devices are used289

[27], with the characteristic parameters indicated in Table I.290

B. HF Transformer Model291

The transformer used for the study is an HF planar trans-292

former. The specifications and ratings of the transformer are293

stated in Table I. To characterize the transformer, the classic294

transformer circuit is used. The measurements and characteriza-295

tion were done as part of previous works [22], [28]. Nevertheless,296

a summary of the procedure and the obtained parameters are297

presented hereafter for convenience.298

TABLE I
SPECIFICATIONS OF DIFFERENT DEVICES

Fig. 5. No-load test to estimate magnetizing impedances of the transformer.

Fig. 6. Short-circuit test to estimate the series impedances of the transformer.

To determine the characteristic parameters of the transformer, 299

the conventional method is used which consists in performing 300

open and short-circuit tests on the transformer windings. During 301

the open-circuit test, also referred to as the no-load test, the 302

impedance analyzer is connected to the terminals of the primary 303

winding with the secondary winding open-circuited. Fig. 5 304

explains the process. The objective of this test is to estimate 305

the magnetizing impedance of the transformer. Table I states 306

the values of the obtained parameters. On the other hand, the 307

short-circuit test was carried out by connecting the impedance 308

analyzer to the primary winding with the secondary winding 309

terminals short-circuited, as shown in Fig. 6. The objective 310

of this test is to estimate the series inductance and resistance 311

of primary and secondary windings. It is worth to note that 312

the magnetizing impedance is much higher than that of the 313

leakage path; therefore, the parallel magnetization branch can 314

be neglected in the calculation. Table I states the values of the 315

obtained parameters. Also, Fig. 7 illustrates the transformer 316

circuit model along with the Bode plots illustrated in Fig. 8. 317
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Fig. 7. HF transformer impedance model.

Fig. 8. Bode plots of transformer impedance model illustrating the (a) ampli-
tude and (b) angle.

Fig. 9. Reluctance circuit of double E-core VI shown in Fig. 3. (a) Lengths
of reluctance paths. (b) Corresponding circuit model. (c) Reluctance equivalent
circuit.

C. VI Model318

The VI is modeled based on the reluctance equivalent circuit319

[23], [24]. The magnetic core is modeled using three main320

elements. First, the constant reluctance, which models the non-321

ferromagnetic material, such as the air gap, ℛgap. Second, the322

variable reluctance, which models the nonlinear behavior of323

ferromagnetic material, such as the left, right, and center arms,324

represented by ℛC(µ), ℛL(µ), and ℛR(µ), respectively. And325

finally, the magnetomotive source, which models the winding326

electrical and magnetic interaction, such as the control wind-327

ings represented by the duplicated sources Nb.Ib, and the main328

winding represented by Nc.Ic. The equivalent reluctance circuit329

model corresponding to the double-E core VI is illustrated in330

Fig. 9.331

Fig. 10. Schematic of the implementation of JA model.

Therefore, the inductance can be calculated based on the 332

reluctances of different paths in the magnetic circuit, as shown 333

by 334

L =
Nac

2

ℛC (μ) + ℛgap + ℛL (μ) //ℛR (μ)
. (2)

The fully developed model is described in detail in previous 335

works by the authors [24], [26]. The latter model takes into 336

consideration a detailed description and modeling of the device 337

losses, mainly core losses and winding eddy current losses. The 338

necessary highlights of this loss model are presented below. 339

1) Model of Core Losses: The core losses in a magnetic 340

device are divided into hysteresis loss and eddy currents loss. 341

Previous studies in the literature [21] have shown that for a 342

ferrite magnetic material operating in a range of frequency up 343

to 100 kHz, the eddy current losses are a very small part of the 344

total core losses. Therefore, for the range of frequencies under 345

study herein, the eddy current losses in the magnetic core will 346

be neglected for simplicity. 347

To calculate the hysteresis losses, the Jiles–Atherton (JA) 348

hysteresis model is used [31]. The main strengths of the JA model 349

compared to its counterpart models are—being the most suitable 350

for development from a circuital simulation perspective, besides 351

having good convergence, and acceptable accuracy among a 352

variety of materials and operation conditions [33]. 353

Fig. 10 shows a block diagram of the detailed implementation 354

of the JA equations [26]. The parameters of the model are mainly 355

five: Ms, a, k, c, and α, which are initially estimated by an 356

iterative procedure to fit the model to the magnetic material B(H) 357

curve data provided by the manufacturer [26]. Following this 358

block diagram, the model equations have been implemented in 359

Simulink. Therefore, for a given core size and magnetic material, 360

the instantaneous magnetic flux density (B) can be estimated for 361

a certain instantaneous magnetic field intensity (H) applied to 362

the magnetic core. 363

2) Model of Winding Losses: The winding losses in a mag- 364

netic component are due to the resistance of the copper wire. At 365

dc operation, or current waveforms of relatively low frequencies, 366

this resistive component Rdc can be considered constant, and is a 367

function of the resistivity of copper material, the temperature and 368



IEE
E P

ro
of

6 IEEE TRANSACTIONS ON POWER ELECTRONICS

Fig. 11. Variable inductor winding model. (a) Configuration of the windings.
(b) Full circuit model.

the geometry of the wire. However, as the switching frequency369

increases, two effects start to appear, which affects the resistance,370

the skin effect and proximity effect, both caused by eddy currents371

induced in the windings. These two effects alter the resistance of372

the winding and significantly contribute to the overall winding373

losses. It is necessary in this case to calculate the ac resistance374

of the winding.375

Dowell provided a method that computes the equivalent wind-376

ing resistance using a 1-D analytical approach [34]. It estimates377

the ac resistance Rac by scaling the dc winding resistance Rdc378

by a factor379

Rac = Rdc

(
M ′ +

(
m2 − 1

)
D′

3

)
(3)

where M′ and D
′

are coefficients defined based on the geomet-380

rical dimensions of the winding, material characteristics, and381

frequency of operation, and m is the number of layers.382

In order to attain a full, comprehensive model of the device,383

the stray capacitance of the winding is added to the model.384

The calculation of the stray capacitance is based on an ana-385

lytical approach that divides the winding into partitions [35].386

It considers turn-to-turn and turn-to-core capacitances of the387

inductor. The overall total stray capacitance of the coil converges388

to the expression: Cs
∼= 1.366Ctt, where Ctt is the turn-to-turn389

capacitance of the coil, defined by390

Ctt = ε0 lt

[
εrβ

∗

ln (Do/Dc)
+ cot

(
β∗

2

)
− cot

( π

12

)]
(4)

where lt is the turn length, β∗ is the angular coordinate, ε0 and391

εr are the permittivity of air and relative permittivity of the in-392

sulation medium, respectively, and D0 and DC are the diameters393

of the wire with and without the insulation coating, respectively.394

The VI winding configuration is illustrated in Fig. 11(a).395

Also, the full impedance model of the winding in the magnetic396

device is expressed by the circuit diagram in Fig. 11(b).397

It is worth to note that the design of a VI for handling an ac398

high-frequency main current, as the case of the DAB converter399

in context, is different in two aspects specifically; first, the400

winding losses in the device will be different. The absence401

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.

of a dc component in the current will imply lower dc power 402

losses, while, on the other hand, a higher frequency current 403

waveform would contribute to increase the eddy current losses 404

due to skin and proximity effects. And second, the ac current 405

implies that an induced voltage could be reflected from the 406

ac main winding and generated across the dc control windings 407

which would drastically affect the design of those windings to be 408

able to handle higher levels of induced voltage. This, therefore, 409

constrains the arrangement of the VI windings such that the two 410

dc control windings be serially connected in opposite polarity 411

to cancel the induced voltages due to the ac main winding. 412

In conclusion, once the significant elements of the electro- 413

magnetic circuit are defined, the developed model can thus be 414

used to study the full dc–dc power converter system. 415

IV. PROPOSED POWER FLOW SCHEME 416

This section is intended to demonstrate the proposed structure 417

of power flow in the DAB converter by using the variable 418

magnetic element as well as PS modulation. Special emphasis is 419

given to the improvements brought about by replacing the fixed 420

inductor in a conventional DAB converter by a variable one. 421

A. Control of Power Transfer Using VI 422

As mentioned in the previous section, the value of the effective 423

inductance in the converter can be varied by means of biasing the 424

operation point on the B(H) curve of the magnetic core, using a 425

dc bias control current flowing through the control windings. For 426

reference, Fig. 12(a) depicts the simulated inductance variation 427

as a function of the bias control current, when varying the current 428

from 0 to 1 A in steps of 0.1 A. The inductance value is observed 429

to decrease from a maximum value of 140μH at no saturation, to 430

60 μH at full saturation, which is around 60% variation range. 431

Fig. 12(b), in turn, shows the resulting variation in the power 432

transfer in the DAB converter as a function of the dc bias control 433

current, the power level varies from the nominal value of 500 to 434

2100 W, which is nearly three times greater than the nominal. 435
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Fig. 13. Power transfer in a DAB converter as a function of inductance and
PS.

This illustrates that the VI can serve as a control parameter for436

the power transfer in the converter.437

Fig. 13 further adds a third dimension to depict the effect of438

PS as a control parameter, in combination with the inductance439

variation. As it can be observed, at a certain inductance value,440

as the PS increases, the power transfer in the DAB converter441

increases correspondingly, based on (1). However, this increase442

of the power becomes less significant as the inductance value443

increases.444

This can be clarified by comparing the operation at the445

two different curves a and b. At 0 A bias current, where L is446

maximum, as the PS increases, the power transfer follows the447

curve a. A relatively small variation in the power is possible.448

However, at 1 A bias, where L is minimum, as the PS increases,449

the power transfer follows the curve b, which shows more than450

double the variation of the power transfer compared to that at451

curve a.452

From another side, the figure also defines the limitations453

imposed by the PS control parameter on the variable inductance454

one. The figure clarifies that for higher PS, the decrease of the455

inductance can achieve larger output power compared to lower456

PS. In other words, the effect of the bias control current of the457

VI is increased as the PS between bridges increases toward the458

maximum. Therefore, selecting the inductor value for a specific459

operation range is a critical process in a DAB converter design.460

B. Linearization of the Control Function461

As explained in the previous section, the power transfer of462

a DAB converter is regulated by (1), as a function of several463

parameters. Fig. 14(a) shows the power transfer characteristics464

in the DAB converter as a function of the PS. It can be observed465

that the power transfer increase is approximately linear with466

the increase of PS until a certain limit, after which the rate of467

increase of power drops following a sinusoidal waveform until468

reaching the maximum power transfer at 90° PS angle. This469

characteristic operation is intrinsic to the PS DAB converter,470

and thus, to control the power transfer in the converter, the PS471

is used as the primary control parameter. By manipulating (1),472

the following expression is obtained:473

θ =
π

2

(
1±

√
1− 4PDABXLrt

πVinVout

)
(5)

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 PS angle.

which explicitly defines the PS angle θ as a function of the 474

output power PDAB. As it can be observed, (5) presents a 475

nonlinear equation, introducing difficulty in implementation and 476

excessive processing time, as well as affecting the dynamic 477

performance of the digital controller. Therefore, it is promising 478

to use the inductance as an extra control parameter to allow the 479

linearization of the power transfer function, and thus achieving 480

a linear control function, the merits of which will be discussed 481

as follows. 482

Fig. 14(a) illustrates the nonlinear power transfer curve of the 483

conventional DAB converter, compared to the linearized one 484

achieved by making use of the variation in the inductance. As 485

it can be observed, the linear power transfer curve coincides, 486

approximately, with the nonlinear curve in the range of θ = 487

0°–30°, which is illustrated on the plots as the linear region. 488

Therefore, the phase-to-power relationship of the linear power 489

curve can be defined by the slope of the straight line. Con- 490

sequently, by substituting the values of the power at 0° and 491

30° in (1), the linear power-to-phase relationship can be defi- 492

ned by 493

θlin =
XL · Iout · rt
Vin (5/6)

. (6)

The inductance is constant during the linear region, as demon- 494

strated in Fig. 14(b), while in order to increase the power transfer 495

by ΔP and keep the linearity of the function, the inductance is 496

reduced by ΔL, as illustrated in the figure. The inductance is 497

computed as a function of the power transfer and PS angle, as 498
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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.

shown in the following, which is derived from (1):499

L =
VinVout

2πf · rt · PDAB
θ

(
1− θ

π

)
. (7)

In order to achieve the calculated inductance variation in500

the magnetic device, the bias current is increased, as shown in501

Fig. 14(c).502

C. Combination of Inductance Variation With Modulation503

Schemes to Improve the Converter Efficiency504

At light loading condition, i.e., Vout � rtVin, two issues505

take place which contribute significantly to increase the power506

losses and thus to reduce the efficiency in this operation region.507

First, the loss of ZVS due to insufficient energy required to508

charge and discharge the MOSFET capacitors causing elevated509

switching losses [1]. And second, relatively small PS values510

interfere with the deadtime range causing a phenomenon called511

“voltage polarity reversal” [5], [36] and limiting the minimum512

power transfer. Those two issues cause an increase in the reactive513

power component and consequently, reduce the efficiency at514

this load range. In addition, at high loading condition, i.e.,515

Vout � rtVin, relatively large circulating currents take place,516

causing an increase in conduction losses and elevating reactive517

power losses [4], [22].518

In this context, varying the inductance to have a relatively519

higher value at light load allows for increasing the PS and520

maintaining ZVS for a wider range, as well as avoiding the521

interference with the deadtime. And, on the other hand, decreas-522

ing the inductance value at heavy load allows for reducing the523

circulating currents.524

To demonstrate the idea, Fig. 15 explains the two conditions of525

low and high loading. The figure shows the power transfer in the526

DAB represented in per unit (p.u.) values, and the corresponding527

voltage conversion ratio. The different boundaries of ZVS and528

circulating currents are indicated to clarify the sought operation529

zone. Fig. 15(a) shows that at a low loading, a small PS angle θ1530

could lead the converter to operate in a no ZVS region. However,531

Fig. 16. Efficiency of DAB converter using VI. (a) Inductance value, (b) PS,
and (c) converter efficiency as a function of output power transfer.

to achieve the same power level P, the inductance value can be 532

increased from L1 to L2. This allows increasing the PS angle to θ2 533

to be able to operate under ZVS once again. In the same manner, 534

Fig. 15(b) shows that at a high loading, a large PS angle θ1 could 535

lead the converter to operate under high circulating currents, 536

exceeding the required percentage reactive currents boundary. 537

However, to achieve the same power level P, the inductance 538

value can be decreased from L1 to L3. This allows decreasing the 539

PS angle to θ3 to be able to operate within the reactive boundaries 540

once again. 541

Using the simulation model, this analysis is verified by 542

comparing the efficiency of the full DAB converter using the 543

conventional constant inductance against that using the variable 544

inductance. Fig. 16 illustrates the simulation results. Fig. 16(a) 545

compares the inductance in a conventional DAB converter to 546

that of the proposed DAB using VI. While the conventional 547

inductance is observed to be constant at 100 μH, the VI changes 548

its value from the maximum of 144 μH to the minimum of 549

around 50 μH. The PS angle is calculated in the simulation 550

model by substituting L in (5), as illustrated in Fig. 16(b). It 551

can be observed that, in the case of the constant inductance, the 552

PS varies between the minimum and maximum values to adjust 553

the power transfer. The small PS angles applied at light loading 554

implicate a loss in the ZVS and interference with the deadtime. 555

While at a high loading condition, the large PS angles elevate 556

the reactive power losses. On the other hand, observing the PS 557

curve in the case of using variable inductance, it can be observed 558

that the variation is limited to a small range, 20° < θ < 50°. This 559
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Fig. 17. Output power delivered by the DAB converter as a function of the PS
angle, comparing SPS to DPS modulation strategies.

enhances the efficiency under the latter conditions of operation,560

as observed in Fig. 16(c).561

Another feature is that the variation of the inductance can al-562

low for achieving ZVS over the full operation range if combined563

with a modulation scheme such as the dual-PS (DPS) [37], [4].564

This can be observed in Fig. 17, which compares the power flow565

in the DAB converter for the cases of SPS and DPS modulations.566

More complicated modulation schemes are studied in some567

literature works [3], [6], [7], which aim at achieving ZVS over568

the full operation range of the converter. An example of those569

strategies is the triple-PS (TPS) [8]. Although the TPS is reported570

to provide the widest ZVS operation [8], it is also reported571

to pose more variables to the control function. This implies a572

more complicated implementation of the control calculations573

and requires higher processor capabilities [9]. In this manner, the574

use of VI can provide a good compromise between complexity575

and, on the other hand, the ease and time of implementation of576

the control function.577

Therefore, based on the previous analysis, the proposed model578

takes advantage of combining the DPS modulation scheme with579

the variation of inductance in order to extend the range of the580

ZVS to the full operation of the converter.581

D. Power Flow Schemes Based on the Operation Mode582

It is necessary when using several control parameters to583

decide the combination of those parameters in the system control584

function. In the case of the DAB converter, the objective is to585

control the power transferred between the input and output ports.586

Specific to this converter, the characteristics of the power flow587

impose some restrictions on the operation over wide load ranges,588

as it has been discussed in the previous sections. Therefore, two589

modes of operation can be applied to combine the inductance590

with the PS as control parameters.591

In the first mode, Mode I, the inductance value is used as592

the primary control parameter. This is a simplified mode where593

the power transfer can be adjusted throughout the full operation594

range by means of the variation of the inductance between the595

maximum and the minimum values. This mode assumes that596

the load, which the converter will supply, has a known (or597

predictable) profile as a function of time, which is the case in598

some applications, for example, in steel rolling mills. In such a599

condition, also the bias control current, which is responsible for600

adjusting the inductance value, can be defined as a fixed profile601

Fig. 18. Combination of variable inductance with PS to control the power flow
in the DAB converter: Mode I.

Fig. 19. Inductance (top) and PS angle (bottom) as a function of the output
power in the DAB converter using VI. (a) Mode I. (b) Mode II.

as a function of time. This can allow disregarding the dc–dc 602

converter required to control the bias current of the inductor 603

and instead use a programmable source. Such simplification can 604

be advantageous in some applications to reduce the number of 605

sensors and unnecessary digital control computations. However, 606

since the operation is based merely on open-loop calculations, 607

some differences might occur between the required power and 608

the provided one. This difference can be provided by the sec- 609

ondary control parameter, which is the PS angle between the 610

converter bridges. To achieve a specific power, the required PS is, 611

therefore, computed based on the current-to-phase relationship 612

derived from (5) by replacing PDAB by VoutIout. Therefore, this 613

mode of operation can be represented by the simplified block 614

diagram in Fig. 18. The resulting waveforms are illustrated in 615

Fig. 19(a). In this case, the load profile simulated is a linear 616

ramp increasing as a function of time, which implies that the 617

bias control current is a ramp proportional to the load profile. 618

As Ib is increased linearly, the inductance value is observed to 619

reduce from maximum to minimum values, as it can be seen 620

in the top plot. The variation of the PS angle, shown on the 621

bottom plot, is observed to be bound in a small range, since it 622

compensates the power difference between the designed and the 623

required inductance values at each operation point. 624

If the inductor is well designed for the application, then, 625

besides the simplicity of implementation, this mode will achieve 626

two advantages. First, the phase-to-current relationship is always 627

in the linear region, as it was mentioned in the previous section. 628

And second, the value of the PS angle, compared to the conven- 629

tional DAB, is higher at light loads to keep ZVS, and lower at 630
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Fig. 20. Combination of variable inductance with PS to control the power flow
in the DAB converter: Mode II.

heavy loads to reduce circulating currents. A better efficiency631

can thus be achieved over a wider load range.632

On the other hand, in the second mode, Mode II, the PS633

angle is considered as the primary control parameter. This is634

more generic where the power transfer in the DAB converter635

is adjusted by means of the PS angle, while the inductance is636

used to achieve some enhancements to the power flow charac-637

teristics. This mode assumes that the load can vary in wide and638

unpredictable profiles, for example, in grid-tied applications,639

such as the SST-based microgrid paradigm under study, where640

the system exhibits disturbances of the demanded power and is641

susceptible to fault conditions. In such a condition, the reference642

PS angle θlin is calculated as a function of the demanded output643

current, I∗out. This is done by using the linear current-to-phase644

relationship, previously expressed in (6), to keep the simplicity645

in digital implementation. The nonlinearity is thus compensated646

by the inductance variation. For this, the required variation of647

the inductance ΔLlin value is computed by using the phase-to-648

inductance relationship in (7). Meanwhile, the reference of the649

PS angle is always saturated to a minimum and a maximum650

value θmin and θmax, respectively, whether to the limits of ZVS651

and reactive currents or during transient events.652

The minimum PS limit is defined by the deadtime and the653

minimum phase angle that achieves ZVS [35]. In this case, since654

the proposed model applies DPS to achieve ZVS at light load,655

then the minimum PS is simply the angle corresponding to the656

deadtime 1μs, which corresponds to 18° at 50 kHz switching657

frequency. And, the maximum PS is 65°. Previous works [21]658

in the literature have limited the PS angle to 65°, due to the659

nonlinearity of the phase–power function, as it can be recalled660

from Fig. 14(a), where it can be observed that after 65°, the rate661

of increase of power drops. The amount of saturation in the PS662

angle is, hence, compensated by the inductance variation ΔLsat,663

which is computed by using (7). Fig. 20 shows a block diagram664

of the operation in Mode II. Also, the resulting waveforms are665

illustrated in Fig. 19(b), which when compared to Fig. 19(a),666

it can be observed that the PS is, similarly, limited by θmin667

and θmax, and has a linear relationship as a function of current.668

Compared to Mode I, this mode involves more computations.669

However, it provides the two formerly mentioned advantages—670

keeping a linear relation between the PS and the current as well671

Fig. 21. Closed-loop control of DAB converter using inductance and PS as
two control parameters.

Fig. 22. Dynamics of PI controller comparing the control using the PS to that
combining PS and VI.

as enhancing the efficiency over a wide load range. And, fur- 672

thermore, making use of this combination of control parameters 673

to design a closed-loop control for the system could allow to 674

address unexpected system transients or disturbance events in 675

an improved manner, as it will be demonstrated in the following 676

section. 677

E. Closed-Loop Control 678

The closed-loop structure is based on the combination of the 679

variable inductance and the PS as two control parameters. The 680

structure is based on Mode II being the generalized operation 681

mode, as shown in Fig. 21. The phase–current and inductance– 682

phase relationships are implemented based on (1). The dynamic 683

performance of the controller is tested by introducing a step in 684

the reference power. The step response of the control combining 685

PS and VI is compared against that using PS only. Fig. 22 shows 686

that the time response is smaller in case of adding the VI as a 687

control parameter. This is due to the use of VI to compensate the 688

saturation and linearization of the phase-to-current relationship 689

as explained in the previous sections. Referring to the previous 690

analysis, emphasis can be given to the advantages of using 691

these modes of operation compared to the conventional DAB 692
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Fig. 23. Experimental setup.

Fig. 24. Variable inductor prototype.

converter. First, the PI controller is tuned based on the linear693

phase-to-current relationship, which simplifies the mathemati-694

cal operations and thus, decreases the processing time of the695

implemented control function. Second, the PS limitation does696

not affect the minimum power that can be transferred by the697

converter, since the inductance value is increased to compensate698

this. Third, circulating current can be significantly reduced due699

to the reduction of the PS angle especially at higher power, which700

is compensated by the decrease of the inductance value. And701

finally, the ZVS at light loads could be maintained by allowing702

the storage of enough energy in the inductor to charge and703

discharge the switches’ capacitors.704

V. EXPERIMENTAL RESULTS705

A. Experimental Platform706

A test platform has been developed to validate the electromag-707

netic model and the system analysis. The platform consists of a708

power stage and a programmer stage. The power stage includes709

the DAB converter as well as the VI. The DAB is composed710

of two full-bridge converters implemented using SiC MOSFETs.711

Each bridge is implemented on a separate PCB. The PCBs for the712

primary and secondary bridges are stacked on top of each other,713

with the VI prototype mounted on the primary bridge PCB, as714

seen in Fig. 23. The specific details of the design and operation715

parameters are summarized in Table II. Also, Fig. 24 shows the716

developed VI prototype. To supply the control winding of the717

VI, a variable dc voltage source is used in series with a resistor to718

have a maximum of 1.5 A dc bias control current. Additionally, a719

film capacitor is connected in parallel with the source terminals720

TABLE II
SPECIFICATIONS OF THE TEST SETUP

Fig. 25. Schematic of experimental setup.

to ensure that the voltage, and consequently the dc current, will 721

be as smooth as possible. 722

The HF isolation is achieved by an HF planar transformer. The 723

transformer ratings as well as the measured model parameters 724

have been already detailed in Section III. The tests carried out 725

consider the DAB converter feeding a resistive load. The load is 726

connected to the output dc-link of the DAB converter. 727

On the other hand, the digital control stage consists of a 728

TMS320F28335 controlCARD from Texas Instruments, which 729

is a C2000 32-bit microcontroller unit (MCU) [29]. The con- 730

trolCARD is mounted on a basis peripheral board for hardware 731

development. The software platform used is the Code Composer 732

Studio (CCS) from Texas Instruments [30]. The programmed 733

code is configured to realize two main tasks—providing the 734

switch modulation and processing the feedback measurements. 735

The hardware connections of the two stages, in addition to the 736

firing pulses, are illustrated in Fig. 25. 737

B. Impact of Inductance on Power Transfer in DAB Converter 738

The inductance value is varied by means of adjusting the dc 739

bias control current Ib. As the control current increases, the 740

magnetic core will approach saturation. The permeability of 741

the magnetic material will thus decrease, causing an increase 742

in the reluctance and eventually, a decrease in the value of 743
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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.

the inductance measured from the main winding terminals. The744

decrease in the value of the inductance, in its turn, results in a745

decrease of the inductor impedance under a constant switching746

frequency of the converter, governed by (1). Specific to the DAB747

converter, the operation mode can vary depending on the levels748

of the input and the output voltage. The voltage conversion ratio749

M has been previously defined to differentiate those modes of750

operation, such that M = 1 refers to Vin = Vout/rt, while M < 1751

refers to Vin > Vout/rt which is identified as the buck mode, and752

M > 1 refers to Vin < Vout/rt which is identified as the boost753

mode.754

Two experiments are thus carried out to identify the effect755

of the inductance variation on the power transfer in both latter756

conditions of operation. Based on this configuration, the power757

is transferred from the primary bridge to the secondary one,758

i.e., to the load, while the PS is kept constant at the maximum759

value of θ = 90°. The dc bias current supplying the VI control760

windings is increased from 0 to 1.2 A in steps of 0.1 A. The power761

transfer can, hence, be computed using the measurements of the762

voltage across the VI main winding, and the current flowing763

through it. The inductance value is, similarly, computed from764

the measured voltage and current, by using the rms of the first765

harmonic component of the waveforms [26].766

Fig. 26 illustrates the measured inductance and the power767

transfer in the DAB as a function of the dc control current for768

the buck mode, along with the corresponding instantaneous volt-769

age and current waveforms measured across the inductor main770

winding illustrated in Fig. 27. Meanwhile, the same experiment771

was repeated also for a higher loading condition, operating under772

the boost mode to reach a maximum power level of 1.8 kW, as773

shown in Fig. 28. The peak inductor current is boosted from 5 A774

at no saturation to 15 A at full saturation of the magnetic core,775

as it can be observed in Fig. 29.776

Fig. 27. Open-loop experimental results for DAB operating in buck mode the
ac inductor voltage (top) and current (bottom) for three levels of dc bias control
current: (a) 0 A and (b) 1.2 A.

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.

Fig. 29. Open-loop experimental results for DAB operating in boost mode.
The ac inductor voltage (top) and current (bottom) for three levels of dc bias
control current: (a) 0 A and (b) 1.5 A.



IEE
E P

ro
of

SAEED et al.: DUAL-ACTIVE-BRIDGE ISOLATED DC–DC CONVERTER WITH VARIABLE INDUCTOR FOR WIDE LOAD RANGE OPERATION 13

Fig. 30. Experimental results. Efficiency curves when using PS to control the
power transfer in the DAB converter prototype.

C. Efficiency Curves777

After analyzing the operation of the DAB converter prototype778

using the VI, the merits of using the variable inductance for im-779

proving the operation of the DAB converter are explored in this780

section. To achieve this, several measurements have been carried781

out for recording the efficiency curves of the full converter as a782

function of the power transferred. To conceive a comprehensive783

comparison, three operation scenarios are studied, as explained784

below.785

1) PS Angle as the Primary Control Parameter: The first is786

the conventional scenario of controlling the power transfer in the787

DAB by means of varying the PS between the primary and the788

secondary bridges, while keeping the inductance value constant.789

The PS angle between the primary and secondary bridges is790

varied from 0° to 90° to transfer power from the input to the791

load, while the inductance value is kept constant at 100 μH.792

For the experiments carried out herein, the DAB converter is793

operated in the buck mode, whereby the test conditions presented794

in the previous section are replicated. Fig. 30 illustrates the795

efficiency curves calculated for both experiments as a function of796

the input power. It can be observed that, for 80 μH inductance,797

the efficiency value ranges from 85% to 94%, while the peak798

value is shifted to 165 W. Comparing both efficiency curves, it799

can be observed that using a lower inductance achieves a higher800

efficiency, especially as the level of power increases. This occurs801

at high loading condition, since reducing the inductance value802

allows transferring the same power with a smaller PS angle,803

which implies a smaller angle between the voltage and current804

applied to the transformer, and consequently, lower reactive805

power losses.806

2) Inductance as the Primary Control Parameter: On the807

other hand, the second scenario studied is to control the power808

transfer in the DAB by means of variation of the inductance value809

through controlled saturation, as discussed previously, while in810

this case, the PS between the bridges is kept constant. Similar811

to the previous analysis, this experiment is repeated for two dif-812

ferent values of the PS angle, 50° and 90°. Fig. 31 illustrates the813

efficiency curves as a function of the input power for both values814

of PS angle. In this case, the efficiency curves are observed to be815

more flat, presenting smaller efficiency fluctuation between the816

maximum and minimum values experienced. As the PS angle is817

reduced from 90° to 50°, the efficiency values are increased by818

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 PS to control the power transfer in the DAB converter prototype.

almost 6%, in a nearly linear translation of the efficiency curve 819

upward. This conclusion is, similarly, attributed to the reduction 820

of the circulating currents and consequently, the reactive power 821

losses, which eventually leads to higher efficiency. 822

3) Combining PS and Inductance as Control Parameters: 823

Finally, both the previous scenarios are combined to compare 824

the efficiency curves of the full DAB converter, with the aim 825

of demonstrating the efficiency improvement accomplished by 826

combining both parameters to control the power transfer. Fig. 32 827

illustrates two efficiency curves; one is measured at the operation 828

scenario whereby the PS angle is used as the control parameter 829

while keeping the inductance constant at 80 μH. The other curve 830

is measured at the operation scenario whereby the inductance is 831

used as the control parameter while keeping the PS constant at 832

50°. Those are the curves which presented the highest efficiency 833

during the previous efficiency comparative tests. 834

Within the conditions of operation of the experiment carried 835

out, at the specific input voltage of 100 V and load value of 836

50Ω, the nominal value of the power transfer is approximately 837

200 W, which can be calculated by (1). Around this value, it 838

is apparent that using the PS as the control parameter achieves 839

higher efficiencies. On the other hand, for low and high loading 840

conditions, the use of the VI achieves higher efficiency values. To 841

clarify this observation, two points are selected for comparison 842

under each of the operation conditions such that the input power 843

level is kept constant, and thereby, a constant voltage conversion 844

ratio M. Hence, points 1 and 2 are compared for the low loading 845

operation condition, while points 3 and 4 are compared for the 846

high loading condition. 847



IEE
E P

ro
of

14 IEEE TRANSACTIONS ON POWER ELECTRONICS

Fig. 33. Experimental results. The voltage conversion ratio M as a function
of the PS angle θ in degrees, illustrating the boundaries of ZVS in the DAB
converter, for comparing the experimental operation points 1 and 2.

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.

To compare the points 1 and 2, Fig. 33 is generated for M as a848

function of θ, in degrees, while illustrating the ZVS boundaries.849

This analysis is an experimental application of the theoretical850

study performed previously in Section II, precisely recalling851

Fig. 15(a). It can be observed that point 1 presents an operation852

condition of the converter at no ZVS.853

This explains the low efficiency obtained when comparing854

to point 2. Therefore, moving to point 2 can allow to bring the855

converter operation again into the ZVS region. This is due to856

the fact that increasing the inductance value from 80 μH, at857

point 1, to 120 μH, at point 2, implies that the PS is required858

to increase as well, from 90° to 50°, to achieve the same power859

level. The higher PS implies a larger time to charge or discharge860

the parasitic capacitances of the MOSFETs and thus, achieve ZVS861

again.862

Fig. 34 further clarifies the idea by illustrating the measured ac863

primary and secondary bridge voltages, and the corresponding ac864

current in the inductor measured at primary and secondary sides865

of the transformer. It can be observed that during the operation at866

point 2, the values of the currents I0 and I1 are positive, which is867

the initial condition for achieving ZVS, as discussed previously868

Fig. 35. Experimental results. The voltage conversion ratio M as a function
of the PS angle θ in degrees, illustrating the boundaries of ZVS in the DAB
converter, for comparing the experimental operation points 3 and 4.

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.

in Section II. However, on the other hand, during the operation 869

at point 1, the value of the current I1 is negative, so the ZVS is 870

not achieved in this case. 871

On the other hand, to compare points 3 and 4, Fig. 35 is 872

generated, while additionally illustrating the boundaries for the 873

reactive currents. It can be observed that point 3 presents an 874

operation condition of the converter at high circulating currents, 875

which exceeds the set boundary. This explains the low efficiency 876

obtained when comparing to point 4. Therefore, when moving to 877

point 4, as the inductance value is decreased from 80 to 73 μH, 878

the PS is required to decrease as well, from 85° at point 3 to 879

50° at point 4, to achieve the same power level. The lower PS 880

angle implies a lower angle between the voltage and current 881

applied to the transformer, thereby lower circulating currents, 882

which brings the converter operation again within the boundaries 883

of the reactive currents. 884

Fig. 36 further clarifies the idea by illustrating that the mea- 885

sured ac waveforms are similar to the previous case. The reactive 886

current is marked by the red shaded areas on the plots. It can be 887

observed that during the operation at point 3, the reactive current 888

is higher than that occurring during the operation point 4. 889
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To conclude this discussion, it can be conceived that combin-890

ing the PS angle with the inductance as two control parameters891

of the power flow in the DAB converter results in boosting the892

efficiency along the entire operation range.893

VI. CONCLUSION894

A DAB converter using VI has been proposed. An electromag-895

netic model has been developed which describes the behavior896

of a VI using the reluctance equivalent circuit and including897

the device losses. Also, the VI was simulated within a DAB898

converter in a circuit-based time-domain simulation. Using these899

models, a new degree of freedom was explored for the control900

of power transfer in the DAB converter using VI, as well as901

studying the operational margins for combining both PS control902

with the variable inductance one. Moreover, the analysis opened903

several aspects for the improvement of DAB converter operation904

using the VI solution, such as extending the limits of the power905

transfer in the converter, linearization of the control function, and906

boosting the converter efficiency over a wider load range. The907

experimental results clarified the effect of the inductance varia-908

tion on the power transfer in a DAB converter under maximum909

PS, and the overall efficiency of the proposed DAB exceeded the910

conventional converter by around 5% at light and heavy loading911

conditions.912

While it is true that the controlled saturation of the magnetic913

core allows handling a higher power with the same core size914

[18], however, at this point in the investigation it cannot be pos-915

tulated, on an undisputed technical basis, that this also implies916

a reduction in the final size of the entire converter. To arrive at917

such a conclusion, the study herein can be extended to consider918

the extra size of the electronic components added for controlling919

the VI. Given the fact that these components should be rated for920

very small power, i.e., <10 W, therefore, it is quite feasible to921

optimize the size of the extra control converter [39]–[41]. It is922

also worth to note that scaling up the converter to higher power923

levels is not limited by the VI. The device can be designed for924

a higher power level by utilizing a core material which presents925

higher values of magnetic flux saturation, such as iron powder926

[14], [42]. Additionally, the VI design can be modified to allow927

higher inductance variation ranges.928

As a future development, the shares of the losses among the929

different converter components can be studied and demonstrated930

for the full operation range.931
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