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Abstract— A multioutput dc–dc topology based on hybrid1

modulation of pulse frequency modulation and the phase shift is2

proposed in this article. The proposed hybrid modulated multi-3

output converter is derived from the integration of a three-phase4

LLC resonant converter and the full-bridge converter. With the5

hybrid modulation, the multioutput is controlled independently6

free from cross-regulation and isolated from each other. With the7

three-phase interleaving operation, the resonant currents can be8

reduced, and thus, the efficiency will be improved. Furthermore,9

the output current ripple of the main output voltage is reduced;10

as a consequence, the lifetime of the output filter capacitor is11

extended, and the reliability is reinforced. What is more, the12

number of the power switches is reduced, and the zero-voltage13

switching of the power switches can be achieved within the14

entire load range by the proposed integrated topology. All the15

abovementioned features of the proposed converter will lead to16

a compact, efficient, and cost-effective design. Finally, a 1.4-kW17

triple-output laboratory prototype is built and tested to validate18

the feasibility and effectiveness of the proposed converter.19

Index Terms— Full-bridge converter, hybrid modulation, mul-20

tioutput dc–dc converter, three-phase LLC resonant converter.21

I. INTRODUCTION22

MULTIOUTPUT dc–dc converters are found widely used23

in various applications, such as telecommunication24

power supplies, consumer electronics, renewable energy sys-25

tems, battery chargers, and EVs [1]–[5]. The multioutput26

converters are a kind of converters whose output voltages27
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are derived from the single-input converter, which shows 28

higher power density and lower system cost with reduced 29

power switches compared to the several single-output dc– 30

dc converters solutions. The commonly multioutput dc–dc 31

converters are derived from the classical dc–dc converters, 32

such as buck, boost, and cuk. 33

Yang et al. [6], Shafiei et al. [7], and Lee et al. [8] introduce 34

some commonly used high-frequency isolated dc–dc convert- 35

ers; among the various dc–dc converters with high-frequency 36

isolation, full-bridge converter and LLC resonant converter 37

are two types of converters that attract great interests of 38

research for their soft-switching performance, high efficiency, 39

and high power density. The full-bridge converter [9], [10], 40

whose output voltage is controlled by the phase angle between 41

the bridge branches, can achieve zero-voltage switching (ZVS) 42

without an additional auxiliary circuit; as a result, the main 43

features of the full-bridge converter include high efficiency 44

and high power density. However, the full-bridge converter has 45

several drawbacks, including the following: the ZVS operation 46

will lose under light load conditions, which leads to decreased 47

efficiency and high electromagnetic interference (EMI) [11]; 48

the diodes of the secondary side operate in hard switching, 49

and the parasitic oscillation across the rectifier increases the 50

voltage stress of devices and causes output noise [9]; and a 51

large series inductance will be needed to achieve the ZVS 52

operation, which will cause duty cycle loss and high voltage 53

spikes on the secondary side rectifiers [12]. Some counter- 54

measures have been proposed to mitigate the aforementioned 55

constraints [13], [14]. However, these countermeasures need 56

extra clamp circuits, which will decrease the power density. 57

The resonant converters [15], [16], whose output voltage 58

is regulated by the switching frequency. Compared to the 59

full-bridge converters, the resonant converters can achieve 60

soft-switching operation within the entire load range by the 61

resonance of the resonant capacitor and the resonant inductor. 62

The LLC resonant converters are widely used as the dc–dc 63

stage due to their superior performance [17]–[19]. Never- 64

theless, the resonant converters have also some drawbacks, 65

including the following: the resonant current is usually large, 66

which will increase the conduction loss and decrease the 67

efficiency [20]; the large output current ripple is also large, 68

which will shorten the lifetime of the output capacitor and 69

degrade the reliability of the power converters [21]. In order 70
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to decrease the resonant current, the multiphase resonant71

converters have been presented [22]–[25]. Due to the mul-72

tiphase architecture, the converters have advantages of lower73

resonant current and reduced output current ripple allowing74

small-size filter requirements. Among the various multiphase75

dc–dc converters, the three-phase architecture is one of the76

most popular multiphase architectures that have been studied77

in [26]–[28]. It has been proven in [29] that the three-phase78

interleaved LLC resonant converter can achieve automatic79

current sharing by interconnecting the primary sides into a80

common Y node [30] and the secondary sides into a common81

Y-node [24]. Furthermore, the three inductors and transformers82

can be integrated into one magnetic component [29], which83

can increase the power density.84

A variety of multioutput converters have been reported85

in recent literature. Prieto et al. [31] present a multioutput86

topology derived methodology for single-input–multi-output87

applications based on single-switched nonisolated dc–dc con-88

verters. With the presented topological construction method,89

one can obtain a variety of multioutput converters based90

on the buck, boost, cuk, SEPIC, and so on. However, the91

derived multioutput converters suffer from the hard-switching92

operation and nonisolation. Li et al. [32] present a secondary-93

side modulated dc–dc topology with high-frequency isola-94

tion, which can achieve ZVS over a wide load range. The95

secondary-side modulated structure can be extended to provide96

multioutput, and the multioutput is controlled independently97

and isolated from each other. However, the presented con-98

verter cannot achieve ZVS over the full load range, and99

moreover, the secondary side is changed into an active rec-100

tifier, which will increase the control complexity and system101

cost.102

In order to alleviate the aforementioned constraints and103

limitations, this article proposes a hybrid modulated multiout-104

put dc–dc topology. The proposed converter is derived from105

integrating the three-phase LLC resonant converter and the106

full-bridge converter. Hybrid modulation of pulse frequency107

modulation (PFM) and phase shift control is used in the108

proposed converter. One of the contributions is that the output109

voltages of the proposed topology are controlled by the pulse110

frequency and the phase shift angles. Furthermore, the other111

contribution is that the three-phase LLC resonant converter112

has smaller resonant current and output current ripples, which113

will increase the system efficiency. Moreover, the multioutput114

voltages are isolated from each other by the high-frequency115

transformer, and the soft-switching operation is achieved with-116

out requiring an additional auxiliary circuit within the entire117

load range. Therefore, the proposed converter has a compact,118

efficient, and cost-effective topology with reduced numbers of119

power switches.120

This article is organized as follows. The proposed topology,121

circuit configuration description, and operational principles122

analysis are exhibited in Section II. The characteristics and123

design considerations of the proposed multioutput converter124

are analyzed in Section III, which demonstrates that the mul-125

tioutput is controlled independently without cross-regulation.126

Section VI exhibits the experimental results, which validates127

the feasibility and effectiveness of the proposed topology.128

Finally, the conclusions are made from the investigation in 129

Section V. 130

II. PROPOSED HYBRID MULTIOUTPUT CONVERTER AND 131

OPERATION PRINCIPLES 132

A. Derivation of Proposed Hybrid Modulated Multioutput 133

Converter 134

The resonant converter and the full-bridge converter are two 135

different kinds of commonly used high-frequency isolated dc– 136

dc converters. The output voltage of the resonant converter 137

is modulated by the switching frequency, while the output 138

voltage of the full-bridge converter is modulated by the phase 139

shift between the bridge branches irrelevant to the switching 140

frequency. The three-phase LLC resonant dc–dc converter that 141

is commonly used in the high power level is shown in Fig. 1; 142

the three-phase LLC resonant dc–dc converter can achieve 143

automatic current sharing by interconnecting the primary sides 144

into a common Y-node and the secondary sides into a common 145

Y-node, which has been proven in [29] and [30]. Fig. 1(b) 146

shows the voltages between the midpoints of the bridge 147

branches that are symmetric square waves and can be used 148

as the input voltage in the full-bridge converter. 149

The multioutput converter is derived from the integration 150

of the three-phase LLC resonant dc–dc converter and the full- 151

bridge dc–dc converter, which is shown in Fig. 2. Fig. 2(a) 152

presents a dual-output circuit topology that the main output 153

voltage Vout is derived from the three-phase LLC resonant 154

dc–dc converter, bridge A and B form a full-bridge dc–dc 155

converter, and the additional auxiliary output voltage Vaux is 156

the output voltage of the full-bridge dc–dc converter. Fig. 2(b) 157

presents a triple-output circuit topology that the main output 158

Vout is derived from the three-phase LLC resonant dc–dc 159

converter, bridges A, B, and C form two full-bridge dc–dc 160

converters, and two additional auxiliary output voltages Vaux1 161

and Vaux2 are the output voltages the two full-bridge dc– 162

dc converters. Fig. 2(c) presents a quadruple-output circuit 163

topology that has the main output voltage Vout and three 164

additional auxiliary output voltages Vaux1, Vaux2, and Vaux3. 165

The proposed multioutput converter features attributes of lower 166

cost and higher power density without cross-regulation by the 167

combination of the three-phase LLC resonant dc–dc converter 168

and the full-bridge dc–dc converter. 169

This article takes the topology of triple outputs, as shown in 170

Fig. 2(b), as an example to analyze the proposed multioutput 171

converter, the output voltage Vout is regulated by the switching 172

frequency, and the two additional auxiliary output voltages 173

Vaux1 and Vaux2 will be left unregulated, as the phase shift 174

angles between two bridge branches are 120◦. As shown in 175

Fig. 2(b), MOSFETs S1, S2, S3, S4, S5, and S6 are used to form 176

a two-level three-phase structure. Three resonant capacitors 177

Cr1, Cr2, and Cr3, three resonant inductors Lr1, Lr2, and Lr3, 178

and three magnetizing inductance Lm1, Lm2, and Lm3 form a 179

three-phase LLC resonant tank. Two dc blocking capacitors 180

CB1 and CB2 and transformers Taxu1 and Taux2 with leakage 181

inductance Lk1 and Lk2 consist of two full-bridge converters. 182
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Fig. 1. Circuit diagram of three-phase LLC resonant dc–dc converter.
(a) Three-phase LLC resonant dc–dc converter. (b) Voltages between the
midpoints of bridge branches.

B. Operational Principles of the Proposed Hybrid Modulated183

Multioutput Converter184

The proposed hybrid multioutput converter is derived from185

integrating the three-phase LLC resonant converter and the186

full-bridge converter, and the operational principles are sim-187

ilar to the resonant converter and the full-bridge converter.188

The proposed converter is modulated by the pulse frequency189

with a pulsewidth of 0.5. Figs. 3 and 4, respectively, show190

the operational modes and the principal waveforms of the191

proposed converter. In Fig. 4, vgs1, vgs2, vgs3, vgs4, vgs5, and192

vgs6 are the gate-driving signals for the power switches S1,193

S2, S3, S4, S5, and S6, respectively. iLr1, iLr2, and iLr3 are194

the resonant currents, and iLk1 and iLk2 are the currents of the195

full-bridge converters. iD is the output current ripple of the196

three-phase resonant converter. The output voltage Vout is197

regulated by the switching frequency, while, in order to get198

Fig. 2. Topology derivation based on modulated three-phase LLC resonant
dc–dc converter and full-bridge converter. (a) Topology of dual outputs.
(b) Topology of triple outputs. (c) Topology of quadruple outputs.

better current sharing performance of the three-phase LLC 199

resonant converter, the phase shift angles between the two 200

bridge branches ϕ1 and ϕ2 are designed to be 120◦. 201
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Fig. 3. Operational modes of the proposed converter. (a) Interval 1 (t0 ≤ t < t1). (b) Interval 2 (t1 ≤ t < t2). (c) Interval 3 (t2 ≤ t < t3). (d) Interval 4
(t3 ≤ t < t4). (e) Interval 5 (t4 ≤ t < t5). (f) Interval 6 (t5 ≤ t ≤ t6).
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Fig. 4. Principal waveforms of the proposed converter.

For sake of simplicity, some assumptions are made, which202

as listed as follows.203

1) The deadband intervals of MOSFETs are ignored.204

2) The two full-bridge converters are designed to be oper-205

ated at the continuous conduction mode.206

4) The values of the three-phase resonant tank are assumed207

to be equal: the resonant capacitors Cr1, Cr2, and Cr3 are208

assumed to be the same, Cr1 = Cr2 = Cr3 = Cr ; the209

resonant inductors Lr1, Lr2, and Lr3 are assumed to be210

the same, Lr1 = Lr2 = Lr3 = Lr ; and the magnetizing211

inductance Lm1, Lm2, and Lm3 are assumed to be the same,212

Lm1 = Lm2 = Lm3 = Lm .213

5) The transformers T1, T2, and T3 have a turn ratio of214

n = n1 = n2 = n3 = Np1/Ns1; the transformer Taux1 has215

a turn ratio of naux1 = Np_aux1/Ns_aux1; and the transformer216

Taux2 has a turn ratio of naux2 = Np_aux2/Ns_aux2.217

6) The conducting voltage drop and equivalent resistance of218

output-rectified diodes are ignored.219

7) The phase shifts ϕ1 and ϕ2 between the bridge branches220

are designed to be 120◦.221

Interval 1 [t0 ≤ t < t1; see Fig. 3(a)]: This interval222

starts when switch S1 turns on and switch S2 turns off at t0.223

Before t0, switches S4 and S5 have been already conducted.224

The resonant inductors resonate with the resonant capacitors;225

therefore, the resonant currents iLr1, iLr2, and iLr3 vary in226

the sinusoidal waveform by resonance. The input voltages of227

the resonant tanks’ A phase and C phase are +Vin, while the228

input voltage of the resonant tank B phase is 0. The rectifier229

diodes Do1, Do4, and Do5 conduct during this mode. The 230

magnetizing currents iLm1 and iLm3 increase linearly by the 231

clamped voltage, while iLm2 decreases linearly. In the full- 232

bridge converters, the voltage vAB between points A and B 233

is +Vin, and the current iLk1 increases linearly. The voltage 234

vBC between point B and C vBC is −Vin, and the current iLk2 235

decreases linearly. The currents of the full-bridge converter are 236

expressed as follows: 237

⎧⎪⎪⎨
⎪⎪⎩

iLk1(t) = iLk1(t0) + Vin − naux1Vaux1

Lk1 + n2
aux1 L f 1

(t − t0)

iLk2(t) = iLk2(t0) + Vin − naux2Vaux2

Lk2 + n2
aux2 L f 2

(t − t0).
(1) 238

Interval 2 [t1 ≤ t < t2; see Fig. 3(b)]: This interval 239

starts when switch S5 turns off and switch S6 turns on at 240

t1. Switches S1 and S4 have been already conducted before 241

t1. The resonant inductors go on resonating with the resonant 242

capacitors, and the resonant currents iLr1, iLr2, and iLr3 vary in 243

the sinusoidal waveform. The input voltage of resonant tank 244

A is +Vin, and the input voltages of resonant tanks B and 245

C are +Vin. The rectifier diodes Do1, Do4, and Do5 conduct 246

during this mode. The magnetizing currents iLm1 and iLm3 247

increase linearly by the clamped voltage, and the magnetizing 248

current iLm2 decreases linearly. In the full-bridge converters, 249

the voltage vAB between points A and B vAB is +Vin, and the 250

current iLk1 goes on increasing, while the voltage vBC between 251

points B and C vBC is 0, and the rectifier diodes Daux3 and 252

Daux4 are conducting simultaneously. The capacitor CB2 and 253

the inductor Lk2 begin to resonate. The currents are expressed 254

as follows: 255

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

iLk1(t) = iLk1(t1) + Vin − naux1Vaux1

Lk1 + n2
aux1 L f 1

(t − t1)

iLk2(t) = −Vin − vCB2(t1)

Z B2
sin(ωB2(t − t1)) + iLk2(t1)

cos(ωB2(t − t1)).

256

(2) 257

Interval 3 [t2 ≤ t < t3; see Fig. 3(c)]: This interval 258

starts when switch S4 turns off and switch S3 turns on at 259

t2. The switches S1 and S6 have been already conducted 260

before t2. The resonant currents iLr1, iLr2, and iLr3 vary in the 261

sinusoidal waveform by resonance. The input voltages of the 262

resonant tank phase A are +Vin, while the input voltages of 263

the resonant tank phase B and phase C are 0. The rectifier 264

diodes Do2, Do3, and Do6 conduct during this mode. The 265

magnetizing currents iLm1 and iLm2 increase linearly by the 266

clamped voltage, while the magnetizing current iLm3 decreases 267

linearly. In the full-bridge converters, the voltage vAB between 268

points A and B is 0, and the diodes Daux1 and Daux2 are 269

conducting simultaneously. The capacitor CB1 and inductor 270

Lk1 begin to resonate. While the voltage vBC between points 271

B and C is +Vin, the current iLk2 begins to increase linearly. 272
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The currents are expressed as follows:273 ⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

iLk1(t) = −Vin − vCB1(t2)

Z B1
sin(ωB1(t − t2)) + iLk1(t2)

cos(ωB1(t − t2))

iLk2(t) = iLk2(t2) + Vin − naux2Vaux2

Lk2 + n2
aux2 L f 2

(t − t2).

274

(3)275

Interval 4 [t3 ≤ t < t4; see Fig. 3(d)]: This interval starts276

when switch S1 turns off and switch S2 turns on at t3. The277

switches S3 and S6 have been already conducted before t3.278

The resonant currents iLr1, iLr2, and iLr3 vary in the sinusoidal279

waveform by resonance. The input voltages of resonant tank280

phases A and C are 0, while the input voltage of resonant281

tank phase B is +Vin. The rectifier diodes Do2, Do3, and282

Do6 conduct during this mode. The magnetizing currents iLm1283

and iLm3 decrease linearly by the clamped voltage, while the284

magnetizing current iLm2 increases linearly. In the full-bridge285

converters, the voltage vAB between points A and B is −Vin,286

and the current iLk1 begins to decrease linearly. The voltage287

vBC between points B and C is +Vin, and the current iLk2 goes288

on increasing linearly. The currents are expressed as follows:289

⎧⎪⎪⎨
⎪⎪⎩

iLk1(t) = iLk1(t3) + Vin − naux1Vaux1

Lk1 + n2
aux1 L f 1

(t − t3)

iLk2(t) = iLk2(t3) + Vin − naux2Vaux2

Lk2 + n2
aux2 L f 2

(t − t3).
(4)290

Interval 5 [t4 ≤ t < t5; see Fig. 3(e)]: This interval starts291

when switch S6 turns off and switch S5 turns on at t4. The292

switches S2 and S3 have been already conducted before t4.293

The resonant currents iLr1, iLr2, and iLr3 vary in the sinusoidal294

waveform by resonance. The input voltage of the resonant295

tank phase A is 0, and the input voltages of the resonant296

tank phase B and phase C are +Vin. The rectifier diodes297

Do2, Do3, and Do5 are conducting. The magnetizing current298

iLm1 decreases linearly by the clamped voltage, while the299

magnetizing currents iLm2 and iLm3 increase linearly. In the300

full-bridge converters, the voltage vAB between points A and301

B vAB is −Vin; as a result, the current iLk1 decreases linearly.302

The voltage vBC between points B and C vBC is 0, and the303

rectifier diodes Daux3 and Daux4 are conducting simultaneously.304

The capacitor CB2 and inductor Lk2 begin to resonate. The305

currents are expressed as follows:306 ⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

iLk1(t) = iLk1(t4) + Vin − naux1Vaux1

Lk1 + n2
aux1 L f 1

(t − t4)

iLk2(t) = −Vin − vCB2(t4)

Z B2
sin(ωB2(t − t4)) + iLk2(t4)

cos(ωB2(t − t4)).

(5)307

Interval 6 [t5 ≤ t ≤ t6; see Fig. 3(f)]: This interval308

starts when switch S3 turns off and S4 turns on at t5. The309

switches S2 and S5 have been already conducted. The resonant310

currents iLr1, iLr2, and iLr3 vary in the sinusoidal waveform by311

resonance. The input voltages of the resonant tank phase A and312

phase B are 0; the input voltage of the resonant tank phase C313

is +Vin. The rectifier diodes Do2, Do4, and Do5 are conducting.314

The magnetizing current iLm1 goes on decreasing linearly,315

Fig. 5. Equivalent single-phase circuit by FHA. (a) Equivalent circuit of one
phase. (b) Per-phase phasor equivalent circuit.

while the magnetizing current iLm2 begins to decrease linearly, 316

and the magnetizing current iLm3 goes on increasing linearly. 317

In the full-bridge converters, the voltage vAB between points 318

A and B vAB is 0, and the rectifier diodes Daux1 and Daux2 are 319

conducting simultaneously. The capacitor CB1 and inductor 320

Lk1 begin to resonate. The voltage vBC between points B and 321

C vBC is −Vin, and the current begins to decrease. The currents 322

are expressed as follows: 323

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

iLk1(t) = −Vin − vCB1(t5)

Z B1
sin(ωB1(t − t5)) + iLk1(t5)

cos(ωB1(t − t5))

iLk2(t) = iLk2(t5) + Vin − naux2Vaux2

Lk2 + n2
aux2 L f 2

(t − t5).

(6) 324

III. CHARACTERISTICS AND ANALYSIS 325

The proposed topology is derived from the integration of 326

the three-phase LLC resonant converter and the full-bridge 327

converters. The multioutput is regulated by the hybrid modula- 328

tion of PFM and PWM without cross-regulation. This section 329

analyzes the characteristics of the three-phase LLC resonant 330

converter first and then analyzes the characteristics of the full- 331

bridge converter. Finally, a design example is presented to 332

illustrate the design procedure. 333

A. Characteristics Analysis of the Three-Phase Resonant 334

Converter 335

The converter is analyzed using the fundamental harmonic 336

analysis (FHA). All the components are reflected on the pri- 337

mary side, and the circuit can be simplified into the one-phase 338

circuit, as shown in Fig. 5(a); the per-phase phasor equivalent 339

circuit can be depicted in Fig. 5(b). The input voltage in 340

Fig. 5(b) is represented by the fundamental component of 341

the square-wave voltage across AN; the equivalent output 342
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resistance can be derived as [33]343

Rac = 8n2

π2
RL . (7)344

Based on the FHA, the voltage gain of the per-phase LLC345

resonant circuit can be expressed as follows:346

MH = 1

n

1√(
1 + k − k

f 2
n

)2 + Q2
(

fn − 1
fn

)2
(8)347

where k is the inductance ratio, fn is the normalized frequency,348

and Q is the quality factor, which are defined as follows:349

k = Lr

Lm
, fn = fs

fr
, Q =

√
Lr/Cr

Rac
(9)350

where fs is the switching frequency and fr is the resonant351

frequency of resonant inductor Lr and resonant capacitor Cr .352

B. Characteristic Analysis of the Full-Bridge Converter353

The two auxiliary output voltages Vaux1 and Vaux2 are354

the output voltage of two full-bridge converters that share355

one bridge branch. In the conventional design of the full-356

bridge converter, the auxiliary inductor needs to be specially357

designed to help achieving soft-switching operation. However,358

the auxiliary inductor will cause the duty cycle loss, and359

the bigger the more serious. Therefore, there is a balance360

between the soft-switching operation and the duty cycle loss361

in the conventional full-bridge converter. What is worse, the362

soft-switching operation will lose under light load conditions,363

which will decrease the reliability and efficiency.364

In the proposed multioutput converter, the power switches365

can keep the soft-switching operation within the entire load366

range by the existence of the LLC resonant tank in the pro-367

posed converter. As a consequence, the auxiliary inductor in368

the proposed converter does not need to be specially designed.369

As a consequence, the duty cycle loss caused by the auxiliary370

inductor can be ignored. In this article, the auxiliary inductors371

Lk1 and Lk2 are the leakage inductance of the transformers372

Taux1 and Taux2. The voltage gain of the full-bridge phase shift373

converter can be expressed as follows without considering the374

duty cycle loss:375

ML = ϕ

πnaux
(10)376

where naux is the turns ratio of the transformer and the phase377

shift angle ϕ in (10) is 120◦ in the three-phase LLC resonant378

converter.379

From the above analysis, the PFM is adopted in the LLC380

resonant converter, and the PWM is adopted in the full-bridge381

converter. The multioutput voltages of the LLC resonant con-382

verter and the full-bridge converter are regulated by different383

categories of variables, which will not affect each other.384

C. Design Considerations385

A design example is presented to illustrate the design proce-386

dure. The proposed converter is designed and built according387

to the following key specifications.388

1) Input voltage Vin: 400 VDC. 389

2) Main Output Voltage Vout: 200 V–400 VDC. 390

3) Auxiliary Output Voltage Vaux1: 36 VDC. 391

4) Auxiliary Output Voltage Vaux2: 48 VDC. 392

5) Maximum Output Power of Main Output Voltage Pout: 1 393

kW. 394

6) Maximum Output Power of Auxiliary Output Powers 395

Paux1 and Paux2: Paux1 = 200 W and Paux2 = 200 W. 396

1) Selection of the Resonant Tank Components: To deter- 397

mine the values of the resonant tank components, it is nec- 398

essary to select the turns ratio of the transformer first. The 399

turns ratio is determined that the efficiency of the converter in 400

the mid-voltage (300 V) is maximized since the converter is 401

expected to work at the mid-voltage most of the time. The 402

voltage gain of the three-phase LLC resonant is expressed 403

in (10); for the prototype circuit, the turns ratio is determined 404

by assuming that the converter operates with voltage gain 405

MH = 1 so that the turns ratio can be calculated as follows: 406

n = Vin

Vout
= 1 × 400

300
≈ 1.5. (11) 407

The turns ratio n is determined to be 1.5. The maximum 408

voltage gain is MH _max = Vout_max/Vin = 1, and the minimum 409

voltage gain is MH _min = Vout_min/Vin = 0.5. 410

The resonant frequency fr is determined to be 100 kHz in 411

the prototype circuit, and the resonant circuit’s parameters can 412

be calculated at full load 413

Cr = 1

2π × Q × fr × Rac
414

= 1

2π × 0.45 × 100 × 103 × 73
= 48.4 nF ⇒ 47 nF 415

(12) 416

where Q is the load factor, whose value is usually selected 417

ranging from 0.3 to 0.5 when determining the circuit parame- 418

ters. Rac is equivalent load resistance that can be calculated as 419

follows: 420

Rac = 8 × n2

π2
× Vout

Iout
= 8 × 1.52

π2
× 200

5
= 73 �. (13) 421

The resonant capacitor Cr is determined to be 47 nF. The 422

resonant inductor Lr can be determined as follows: 423

Lr = 1

(2π × fr )
2Cr

= 1(
2π × 100 × 103

)2 × 47 × 10−9
424

= 53 μH. (14) 425

The resonant inductor Lr is determined to be 53 μH. 426

2) Selection of Components of Full-Bridge Converter: The 427

power switches in the proposed converter can keep ZVS within 428

the entire load range by the existence of the three-phase LLC 429

resonant tank. The inductor in the full-bridge converter does 430

not need to be specially designed, and the only component that 431

needs to be determined is the turns ratio of the transformer. 432

The voltage gain of the full-bridge converter is expressed 433

in (10), the phase shift angle ϕ is 120◦, and the turns ratio 434

of the transformer is determined as follows: 435

naux = Vin

Vaux
× 120

180
. (15) 436
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Fig. 6. Simulated waveforms of the proposed multioutput converter at Vout =
300 V, Vaux1 = 36 V, and Vaux2 = 48 V with a full load. (a) Resonant currents
of the three-phase resonant tank. (b) Currents of the full-bridge converter.
(c) Switching current of the power switch S1.

The turns ratio naux1 of transformer Taux1 is determined to be437

7.4, and the turns ratio naux2 of transformer Taux2 is determined438

to be 5.6. The key parameters used in the prototype circuit are439

summarized in Table I.440

IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS441

A. Simulation Results442

1) Steady-State Waveforms: A MATLA/Simulink simula-443

tion model used to verify the analysis of the proposed multi-444

output topology is built and simulated. The key parameters445

used in the simulation model are listed in Table I. Fig. 6446

shows the simulated waveforms of the proposed converter447

under Vout = 300 V, Vaux1 = 36 V, and Vaux2 = 48 V with448

a full load. Fig. 6(a) shows the simulated resonant currents449

of the three-phase resonant tank that varies in the sinusoidal450

shape. Fig. 6(b) shows the primary side currents of the full-451

bridge converter. Fig. 6(c) shows the switching current flowing452

through the power switch, and it is demonstrated that zero453

voltage turn-on can be achieved on the power switches.454

TABLE I

KEY CIRCUIT PARAMETERS UTILIZED IN THE EXPERIMENTAL PROTOTYPE

2) Transient Waveforms: Fig. 7 presents transient wave- 455

forms with load changes. Fig. 7(a)–(c) shows the transient 456

waveforms with one of the output powers of switches from 457
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Fig. 7. Transient waveforms (Vout = 300 V, Vaux1 = 36 V, and Vaux2 =
48 V). (a) Pout switches from half power to full power with Paux1 and Paux2
remain unchanged. (b) Paux1 switches from half power to full power with
Pout and Paux2 remain unchanged. (c) Paux2 switches from half power to full
power with Pout and Paux1 remain unchanged.

half power to full power, while the other two output power458

remains unchanged. It can be seen that the variation of one of459

the outputs will not affect the other two outputs.460

B. Experimental Results and Analysis461

A 1.4-kW MOSFET-based prototype is built to verify the462

feasibility and effectiveness of the proposed converter, and463

the experimental prototype is DSP controlled with key circuit464

parameters listed in Table I. The inductors Lk1 and Lk2 are465

the leakage inductance of transformers of Taux1 and Taux2,466

respectively. The full-bridge converters are designed to be467

operated at continuous conduction mode, and the phase shift468

angles ϕ1 and ϕ2 between the two half-bridge branches are469

120◦. Fig. 8 shows the key circuit parameters utilized in the470

experimental prototypes. TMS320F28335 is used as the micro-471

controller to control the power circuit, and the parameters of472

the power circuits utilized in the experimental prototype are473

listed in Table I. The experimental platform is shown in Fig. 8,474

Fig. 8. Experimental platform of the proposed converter.

Fig. 9. Experimental waveforms at Vout = 300 V, Vaux1 = 36 V, and Vaux2 =
48 V with a full load. (a) Measured current waveforms of the full-bridge
converter Vaux1. (b) Measured current waveforms of the full-bridge converter
Vaux2. (c) Resonant currents of the three-phase resonant tank iLr1 , iLr2 , and
iLr3. (d) Measured output voltages Vout, Vaux1, and Vaux2.

a programmable dc voltage source (from Chroma) is used as 475

the input voltage, and two dc electric loads are used as the 476

load for the multioutput. One dc electric load (from ITECH) is 477

used as the load for the main output Vout; the other dc electric 478

load (from Chroma) that has four isolated channels and two 479

channels are used as the loads for the auxiliary outputs Vaux1 480

and Vaux2. Oscilloscopes are used to observe the experimental 481

waveforms. 482

The maximum output power of the experimental prototype 483

is 1.4 kW, and the output power of Vout is 1 kW, while 484

the output power of Vaux1 and Vaux2 is 200 W. The output 485

voltage Vout is modulated by the switching frequency, which 486

is ranged from 200 to 400 V. The output voltages Vaux1 487

and Vaux2 are related to the phase shift angles between the 488

three-phase interleaved bridge branches and the turns ratio of 489

the transformers, and Vaux1 and Vaux2 are designed to be 36 and 490

48 V. 491

1) Steady-State Waveforms: The experimental results of 492

the proposed multioutput converter are shown as follows. 493

Fig. 9 shows the measured waveforms under Vout = 300 V, 494

Vaux1 = 36 V, and Vaux2 = 48 V with a full load. The 495

switching frequency of the power switches is near the resonant 496
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Fig. 10. Experimental waveforms at Vout = 400 V, Vaux1 = 36 V, and
Vaux2 = 48 V with a full load. (a) Measured current waveforms of the full-
bridge converter Vaux1. (b) Measured current waveforms of the full-bridge
converter Vaux2. (c) Resonant currents of the three-phase resonant tank iLr1 ,
iLr2, and iLr3 . (d) Measured output voltages Vout, Vaux1, and Vaux2.

Fig. 11. Switching voltage and gate-driving signal; time scale: 2 μs/div.

frequency. The measured currents of the full-bridge converters497

are presented in Fig. 9(a) and (b), the resonant currents of498

the three-phase resonant tank are shown in Fig. 9(c), and the499

triple output voltages Vout, Vaux1, and Vaux2 are demonstrated500

in Fig. 9(d). Fig. 10 shows the measured waveforms under501

Vout = 400 V, Vaux1 = 36 V, and Vaux2 = 48 V with a full load.502

The switching frequency is below the resonant frequency. The503

measured currents of the full-bridge converters are presented504

in Fig. 10(a) and (b). The measured resonant currents of the505

three-phase resonant tank are presented in Fig. 10(c), and the506

triple output voltages Vout, Vaux1, and Vaux2 are demonstrated507

in Fig. 10(d). It can be proved from the experimental results508

that the resonant currents vary in the sinusoidal waveform just509

as in the theoretical analysis. The currents of the full-bridge510

converters increase/decrease linearly as the input voltage is511

+Vin/ − Vin, while, during the input voltage is 0, the leakage512

inductance of the transformer T4/T5 begins to resonate with513

the dc-blocking capacitor CB1/CB2.514

Fig. 11 shows the switching voltage and gate-driving signal515

of one of the power switches (S1) under full power; it can be516

Fig. 12. Measured load transient waveforms: Paux1 switches from half power
to full power with Pout and Paux2 remain unchanged; time scale: 200 ms/div.

Fig. 13. Efficiency versus output power (Paux1 = 200 W and Paux2 = 200 W).

Fig. 14. Efficiency versus output power (Pout = 1 kW and Paux2 = 200 W).

found that the switching voltage Vds falls down to zero before 517

the gate-driving signal Vgs turns on the power switch, which 518

demonstrates that the ZVS operation can be ensured. 519

2) Transient Waveforms: In order to prove that the pro- 520

posed multioutput are free from cross-regulation, a transient 521

experiment with load change is carried out. The load tran- 522

sient response waveforms are presented in Fig. 12. In order 523

to present the variations of the output voltages during the 524

transient response clearly, ac coupling of the output voltages 525

is used. In Fig. 12(a), Paux1 and Paux2 remain at full power 526

unchanged, while Pout switches from half power to full power. 527

In Fig. 12(b), Pout and Paux2 remain at full power unchanged, 528

while Paux1 switches from full power to half power. It can 529

be found that the variation of one voltage will not affect the 530

other two voltages. It can be demonstrated that the triple output 531

voltages do not affect each other, and the triple outputs are free 532

from cross-regulation. 533
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Fig. 15. Efficiency versus output power (Pout = 1 kW and Pau1 = 200 W).

Fig. 16. Estimated loss distribution under Vout = 300 V, Vaux1 = 36 V, and
Vaux2 = 48 V with full load (total loss = 70.74 W).

3) Measured Efficiency: Figs. 13–15 show the measured534

efficiency curve. In Fig. 13, Paux1 and Paux2 keep at full power535

unchanged, while the efficiency of the experimental prototype536

is measured as Pout varies from 10% power to full power under537

different output voltages. The measured minimum efficiency538

of the prototype is 88.1% at 400-V 10% power, and the539

measured maximum efficiency is 95.6% at 200-V 70% power.540

In Fig. 14, Pout and Paux2 keep at full power unchanged, while541

the efficiency is measured as Paux1 varies from 10% power to542

full power under different Vout’s. In Fig. 15, Pout and Paux1 keep543

at full power unchanged, while the efficiency is measured as544

Paux2 varies from 10% load to full power under different Vout.545

As shown in Figs. 14 and 15, it is depicted that the efficiencies546

change a little, while the power of Pout keeps unchanged. This547

is mainly because most of the power losses come from the548

three-phase resonant converter.549

C. Power Loss Analysis550

A breakdown of the power loss incurred at 1.4 kW with551

Vout = 300 V, Vaux1 = 36 V, and Vaux2 = 48 V is shown in552

Fig. 16. The power loss calculation is based on a combination553

of experimental results (such as rms currents of the resonant554

current) and theoretical data from the datasheet (such as555

Rds(ON) of the MOSFETs and forward voltage drop VF of556

the diodes), and the calculation method is based on the loss557

calculation method in [34] and [35]. The power loss includes558

the switching and conduction loss of the MOSFETs, the559

conduction loss of diodes, the loss of inductors, and the560

loss of transformers. In Fig. 16, the subscripts “sw” and 561

“con” represent the switching loss and the conduction loss, 562

respectively. The MOSFETs can achieve ZVS, so there is 563

only a turn-off loss. The diodes can achieve ZCS, so there 564

is no switching loss of diodes. The subscripts “Cu” and “Fe” 565

represent the winding loss and core loss of the magnetic 566

components. Since the series resistance of the output capacitor 567

is very small, the power loss of the output capacitor is ignored. 568

From the results, it can be found that almost 54.7% of the 569

total loss can be attributed to magnetic loss by transformers 570

and inductors. 4.24% is switching loss as the soft-switching 571

operation can be achieved on the power switches. By further 572

investigating the power loss chart, the efficiency can be 573

improved by increasing the switching frequency. By increasing 574

the switching frequency, fewer winding turns and lower core 575

loss are expected. Therefore, the efficiency of the converter 576

can be improved furtherly. 577

V. CONCLUSION 578

The proposed multioutput dc–dc topology is derived from 579

the hybrid modulated three-phase LLC resonant converter 580

and the full-bridge converter. With the hybrid modulation of 581

PWM and PFM, the multioutput of the proposed converter 582

is controlled and free from cross-regulation. In addition, the 583

multioutput is isolated from each other by the high-frequency 584

transformer. The power level of the auxiliary output voltages 585

could be high. In the designed prototype circuit, the output 586

power of the auxiliary output voltages is about two-thirds of 587

the per-phase resonant tank of the main output voltage, while 588

the power switches still can keep zero voltage turned on. The 589

three-phase LLC resonant tank can reduce the resonant current 590

and, thus, increase the system efficiency. Moreover, the power 591

switches on the primary side can keep ZVS within the full 592

load range. The proposed topology shows features of the 593

reduced number of power switches and higher power density. 594

In consequence, all the advantages of the proposed converter 595

will lead to a compact, efficient, and cost-effective design. 596

Finally, experimental results have validated the feasibility and 597

effectiveness of the proposed converter. 598
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