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ABSTRACT In a grid-connected power generation system using a fuel cell, the low-frequency ripple
component must be maintained within an allowable range to improve the lifespan and efficiency of the
fuel cell. We propose a grid connection method using a structure that can reduce the low-frequency
ripple component of the fuel cell output current by combining a buck converter and a push-pull converter.
The proposed converter has a structure in which the inductor of the non-isolated dc-to-dc converter and
the current source inductor are shared. Although it is a two-stage structure, it has the same number of
inductors as the single-stage method, and the capacitor, an intermediate voltage source, can be removed.
The high-frequency transformer is designed so that the rated output is possible even at the lowest output
value of the fuel cell. The current peak value of the push-pull converter is reduced by operating the buck
converter’s switching frequency at twice the push-pull converter’s switching frequency. The operation mode
of the proposed converter and the controller design method will be described in detail. A grid-connected
inverter is constructed using the proposed converter, and the feasibility of the proposed approach is verified
through simulations and experiments on a 1kW prototype.
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INDEX TERMS Converter, fuel-cell, grid-connected, inverters, push-pull, total harmonic distortion (THD),
zero voltage switching (ZVS).

I. INTRODUCTION16

Power generated in the unit cell of a fuel cell is usually in17

the form of a low voltage and a large current. Many cells18

are stacked in series in a fuel cell to increase the output19

voltage, but a dc voltage suitable for grid connection requires20

a step-up using a dc-dc converter. To efficiently connect21

the power generated from the fuel cell system to the grid,22

the power converter for fuel cells requires the following23

conditions [1], [2], [3], [4], [5], [6], [7], [8], [9], [10].24

1) Controllable the input power of the fuel cell according25

to the command value26

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhilei Yao .

2) high-power factor and low THD for the grid current 27

when connecting to the grid 28

3) high efficiency for a high boosting ratio and voltage 29

fluctuation rate 30

4) allowable low-frequency ripple component of the fuel 31

cell current. 32

In a grid-connected power generation system using a fuel 33

cell, the grid voltage ripple can cause a low-frequency ripple 34

component in the fuel cell output current [4], [11], [12]. 35

To increase the fuel cell’s efficiency and lifespan, the low- 36

frequency ripple (100∼120Hz) is limited to 15% of the output 37

of the fuel cell, and the 50∼60Hz ripple component is limited 38

to within 10% at 10∼100% load [8]. A significant out- 39

put filter capacitor can reduce low-frequency current ripple, 40
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FIGURE 1. Grid connection method of fuel cell system, (a) method using a
low-frequency transformer, (b) method using converter having
high-frequency transformer, (c) method using single-stage converter
having high-frequency transformer.

but it increases the volume and weight of the power gener-41

ation system [5], [13]. In order to reduce the low-frequency42

ripple component to an acceptable level, a method to improve43

the control strategy [5], [6], [14] and a method to add a44

hardware circuit are introduced [7], [15], [16].45

Power conversion systems for fuel cells for grid46

connection can be classified according to galvanic iso-47

lation and boosting methods between fuel cells and the48

grid [9], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26],49

[27]. There is a method of isolating and boosting the 25-45V50

of the fuel cell and grid voltage using a low-frequency trans-51

former and a way of insulating and boosting the grid and fuel52

cell voltage using an isolated dc-to-dc converter employing a53

high-frequency transformer.54

Fig. 1(a) shows a block diagram of a grid-connected55

inverter for fuel cells using a low-frequency trans-56

former [28], [29]. In general, the output voltage of a 1kw fuel57

cell is DC 29∼60V and boosted to DC 350∼400V using a58

boost converter. The output voltage of the boosted converter59

is converted to AC 110V or 220V using a single-phase full-60

bridge dc-to-ac PWM (Pulse width modulation) inverter. The61

converted AC voltage is connected to the grid using a low-62

frequency transformer. Here, the battery supplies power to63

the fuel cell system during the initial start-up. When the64

fuel cell system starts and generates power, the battery is65

charged using the generated voltage for the following initial66

start-up. In Fig. 1(a), the overall system efficiency is the67

product of the efficiency of each power converter, so it is68

not easy to increase the overall efficiency. In addition, the69

grid-connected inverter for fuel cells has a large current and70

low-efficiency characteristics because the power generation71

voltage of the fuel cell is lower than the grid-connected72

voltage. In particular, since a low-frequency transformer is73

used, the overall weight and size of the inverter increase, and74

the manufacturing cost increases.75

Fig. 1(b) shows a block diagram of a grid-connected76

inverter for fuel cells using a high-frequency transformer.77

In the case of a grid-connected inverter for fuel cells using 78

a high-frequency transformer, compared to the existing grid- 79

connected inverters for fuel cells using a low-frequency 80

transformer, the weight and size can be reduced, and the 81

manufacturing cost is lowered. However, the high-frequency 82

transformer has a problem of poor stability because it 83

is possible to induce dc offset voltage as a grid power 84

source. Moreover, the control is complicated, and the effi- 85

ciency is lowered by adding an isolated dc-to-dc converter 86

[17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27]. 87

Fig. 1(c) shows the block diagram of the improved 88

fuel cell grid-connected inverter using the existing high- 89

frequency transformer. It is a single-stage method that 90

increases the high-frequency transformer’s step-up ratio 91

instead of eliminating the dc-to-dc converter for step-up 92

[28], [29], [30], [31], [32], [33], [34], [35], [36]. 93

The fuel cell has a characteristic of a low voltage and high 94

current due to a low cell voltage. To use the low voltage gener- 95

ated by the fuel cell as commercial power, a power converter 96

in which a boost converter and an inverter are combined is 97

essential [3], [4], [5], [6], [7], [8], [9], [10]. In particular, it is 98

difficult to satisfy the efficiency and performance required 99

by the overall system with the general dc-to-dc converter 100

technology due to the fuel cell’s low voltage and high cur- 101

rent characteristics, the significant voltage fluctuation char- 102

acteristics according to the load, and the high step-up ratio. 103

A general push-pull converter has a limited range of use 104

due to the voltage stress of the switching device. However, 105

the push-pull converter has a structure suitable for power 106

converters that require variable low-voltage to high-voltage 107

output, such as fuel cells [44], [46], [47]. 108

This paper proposes a power converter structure capable 109

of ZVS (Zero voltage switching) and ZCS (Zero current 110

switching) in a fuel cell. The proposed push-pull converter 111

realizes ZVS or ZCS by a passive clamp circuit and solves 112

the immediate overvoltage problem of the push-pull con- 113

verter. In addition, by synchronizing the switching signal 114

of the buck converter with the double frequency to the 115

switching signal of the push-pull converter, the peak cur- 116

rent of the inductor and the transformer winding is reduced. 117

The proposed converter is a two-stage converter, but unlike 118

the existing two-stage method, there is no voltage filtering 119

capacitor between the power conversion stages. Compared 120

to the single-stage technique, only one switching device is 121

added. 122

A fuel cell uses a battery as initial starting power and 123

a separate dc-to-dc converter as control power. Therefore, 124

it needs to replace the battery after a specific period is 125

necessary or configure the charger using another sepa- 126

rate dc-to-dc converter. To solve the problem, a method 127

of directly charging a battery in a fuel cell is proposed 128

using the relationship between the fuel cell voltage and the 129

amount of oxygen in the fuel cell system. This method 130

uses the fuel cell’s low voltage and high current charac- 131

teristics for battery charging to improve performance and 132

efficiency. 133
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II. PROPOSED FUEL-CELL-POWERED CONVERTER134

INTEGRATING BUCK CONVERTER AND135

PUSH-PULL CONVERTER136

A. COMPARISON OF DC-TO-DC CONVERTER TOPOLOGIES137

USED FOR FUEL CELL POWER GENERATION138

The output voltage fluctuation range in fuel cells is more139

than doubled according to the output current. In addition, fuel140

cells have low voltage and significant current characteristics,141

so a high step-up ratio and galvanic isolation are essential142

for the grid connection. Fig. 2 shows various power convert-143

ers applied as dc-to-dc converters for fuel cells. Fig. 2(a)144

is a commonly used full-bridge converter, and AC power145

having the same peak value as the amplitude of DC power146

is applied to the transformer, which has the advantage of147

the low turns ratio of the transformer. However, since the148

number of switching devices of the inverter for applying AC149

power is four, there is a disadvantage: the number of switch-150

ing devices is more significant than that of other topologies151

[1], [55], [56], [57]. In addition, to form an AC magnetic152

flux in a transformer, two switches are always turned on,153

occurring conduction losses. In particular, the loss must be154

considered in inverters for low voltage and large currents such155

as fuel cells. Fig. 2(b) is a half-bridge converter, which has156

the advantage that the number of switching devices is half157

that of a full-bridge converter. There is a disadvantage in that158

the current flowing through the switching devices is doubled159

[58], [59], [60], [61]. Fig. 2(c) is a push-pull converter, and160

the voltage stress of the switching devices is mainly due to161

the leakage inductance of the transformer. There are disad-162

vantages in that two sets of primary windings are required.163

On the other hand, since the number of switching devices164

becomes half that of a full-bridge converter, the half-bridge165

reduces the total switching conduction loss, and the number166

of the turns ratio of the transformer is reduced. In a switching167

method for reducing switching loss, a push-pull converter is168

generally used, but the voltage stress of the switching devices169

is twice the input voltage. In particular, in a fuel cell system170

where the input voltage fluctuates, the transformer design of171

the push-pull converter is designed to be rated at theminimum172

input voltage. It must operate at the maximum input voltage.173

Therefore, the voltage stress of the switching devices has174

a disadvantage in that twice the maximum input voltage is175

applied [62], [63], [64], [65]. That is, it cannot be concluded176

that a specific method is superior, and a converter suitable for177

external conditions such as output voltage, current, and power178

of the fuel cell must be selected. Therefore, in this paper,179

by doubling the switching frequency of the buck converter,180

we propose a circuit structure that maximizes the advantages181

of the push-pull converter suitable for low-voltage, large-182

current applications through synchronizing control with the183

push-pull converter.184

B. CIRCUIT CONFIGURATION OF THE PROPOSED185

CONVERTER186

Fig. 3 shows the circuit configuration of the proposed187

dc-to-dc converter for the fuel cell. The power converter188

FIGURE 2. Three representative circuit topologies used as fuel cell
dc-to-dc converters. (a) Full-bridge converter, (b) Half-bridge converter,
(c) Push-pull converter.

FIGURE 3. Fuel-cell powered converter integrating buck converter and
push-pull converter.

comprises a buck converter for ZVS and a push-pull con- 189

verter for ZVS and ZCS. The circuit structure is simple 190

and economical if the converter is configured in a single- 191

stage method. The two-stage way has disadvantages in that 192

the number of switching elements and power loss increase, 193

but it can cope with a wide range of input-output volt- 194

ages [37], [38], [39], [40], [41], [42], [43]. The proposed 195

converter has a structure in which the inductor of the non- 196

isolated dc-to-dc converter and the current source inductor 197

are shared. The circuit is composed of the same number 198

of inductors as in the single-stage method, and the capac- 199

itor, the intermediate voltage source, is removed. In addi- 200

tion, it enables ZVS and ZCS by using the auxiliary circuit. 201

In Fig. 3, the transformer is designed to make the rated 202

output possible at the lowest value of the fluctuating input 203

voltage. Therefore, the voltage applied to the switch at the 204

lowest input voltage is the same between the conventional 205

push-pull converter and the proposed converter. In a typical 206

fuel cell system where the maximum input voltage is about 207

2.5 times the minimum input voltage, the voltage applied 208

to the switching device becomes twice the maximum input 209

voltage. However, as shown in Fig. 3, a push-pull converter 210
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FIGURE 4. Operational mode of a buck converter with ZVS function,
(a) mode A, (b) mode B, (c) mode C, (d) mode D.

combined with a buck converter is twice the minimum input211

voltage, so the voltage applied to the switch can be reduced212

by about 2.5 times. The conventional step-up push-pull con-213

verter forms a pulsed output current due to a low rate at214

a high input voltage. However, the converter in Fig. 3 can215

make a duty ratio of 0.5 to form a continuous output current216

regardless of the input voltage. In addition, the current peak217

of the push-pull converter can be reduced by operating the218

buck converter’s switching frequency at twice the push-pull219

converter’s switching frequency.220

C. OPERATIONAL MODE OF THE BUCK CONVERTER WITH221

AUXILIARY CIRCUIT222

Fig. 4 shows the operational mode of a buck converter with223

the ZVS function. The inductor of the output stage of the buck224

converter is used as the inductor of the current source push-225

pull converter, so the capacitor for voltage smoothing has226

been removed. Mode A and C are the same as the operation227

mode of the existing buck converter, and the auxiliary circuit228

adds modes B and D for ZVS.When switched off by mode B,229

it becomes ZVS, and bymodeD, the capacitor of the auxiliary230

circuit is charged in LC resonance mode [37].231

Mode A starts when C1 and C2 are fully charged. If the232

current flowing through the inductor is IL2(0), the current233

flowing through the switch Q1 is expressed as follows.234

iQ1 (t − t1) = iL2 =
Vf − Vb
L2

(t − t1)+ IL2 (t0) (1)235

Vf = L2
diL2 (t − t1)

dt
+ Vb (2)236

Mode B starts when switchQ1 turns off, and the energy stored237

in C1 and C2 is discharged through L2. At this time, the238

current flowing through the diode and the capacitor voltage239

is expressed as follows.240

iD2 (t − t2) = IL2 (t1) cosω2(t − t2)−
Vf
Z2

sinω2(t − t2) (3)241

vC1 (t − t2) = IL2 (t1)Z2 sinω2(t − t2)+ Vf cosω2(t − t2)242

(4)243

where ω2 =
1

√
L2C12

, Z2 =
√

L2
C12

, C12 = C1 + C2 .244

Mode C starts when both C1 and C2 are discharged. The 245

freewheeling by the diode D1 starts. At this time, the current 246

flowing through the diode is as follows. 247

iD1 (t − t3) = iL2 =
−Vb
L2

(t − t3)+ IL2 (t2) (5) 248

Mode D starts when switch Q1 is turned on. At this time, 249

energy is charged to C1 and C2 through resonance with L1, 250

and ZVS becomes possible. The current flowing through the 251

inductor and the capacitor voltage is expressed as 252

iL1 (t − t4) =
Vf
Z4

sinω4(t − t4) (6) 253

vC1 (t − t4) =
C12

C1

[
−Vf cosω4(t − t4)+ Vf

]
(7) 254

vC2 (t − t4) =
C12

C2

[
−Vf cosω4(t − t4)+ Vf

]
(8) 255

where ω4 =
1

√
L1C12

, Z4 =
√

L1
C12

, C12 =
C1·C2
C1+C2

. 256

D. OPERATIONAL MODE OF THE PUSH-PULL CONVERTER 257

WITH AUXILIARY CIRCUIT 258

In Fig. 3, the filter capacitor voltage vc5 is determined by the 259

voltage connecting the inductor L5. Inductor L5 is connected 260

to the neutral tap terminal of the push-pull converter. vb 261

is determined by the output of the buck converter in the 262

front-end stage and is controlled by the buck converter as 263

the minimum fuel cell voltage. Therefore, vb is always a 264

constant voltage, so the capacitor VC5 can be considered a 265

constant voltage source. The push-pull converter is described 266

by dividing it into six operation modes. 267

Mode A [t0 ∼ t1]: It starts when Q3 is turned on when 268

Q2 of the push-pull converter maintains on state and forms 269

a current loop, as shown in Fig. 5(a). Both windings of the 270

transformer’s primary are short-circuited, and the secondary 271

current of the push-pull converter becomes zero. In addi- 272

tion, the auxiliary circuit’s capacitor voltage (vc4), which was 273

charged in positive polarity, forms a resonance circuit through 274

the C4-Q3-L4-D8 loop. When the switch is turned off, the 275

negative voltage is caused by the current as in (10) for ZVS. 276

iQ2 (t − t0) =
Vs

L2 + LP1
+ I (t0) (9) 277

iQ3 = iLP2 + iC4=
VC4 (t0)
Z0

sinω0t+
Vs

L2 + LP2
+I (t0) 278

(10) 279

where Z0 =
√

L4
C4
, ω0 =

1
√
L4C4

. 280

Suppose the inductance of the inductor of the output stage 281

of the buck converter is sufficiently more prominent than 282

the leakage inductance of the transformer. In that case, the 283

current flowing through the inductor of the buck converter 284

can be regarded as a constant current source. Therefore, since 285

the primary current of the transformer flows by half of the 286

inductance current of the buck converter, the switch transient 287

loss is reduced when the switch is turned off. The leakage 288
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FIGURE 5. The operational mode of the push-pull converter with ZVS and
ZCS function, (a) mode A, (b) mode B, (c) mode C, (d) mode D, (e) mode E,
(f) mode F.

inductance determines the rate of increase of the switch cur-289

rent, and ZCS is formed when the leakage inductance of the290

transformer turns the switch on.291

Mode B [t1 ∼ t2]: It starts whenQ2 is turned off and forms 292

a current loop, as shown in Fig. 5(b). When Q2 is turned 293

off, the primary current of the transformer forms a current 294

loop through C3-D6-C5. As shown in (13), as the polarity of 295

the capacitor voltage vC3 is changed by the iC3 current, the 296

voltage applied to the switching device becomes zero, so ZVS 297

is possible when the switch is off. 298

iQ3 = iLP2 + iC4 =
VC4 (t1)
Z0

sinω0(t − t2) 299

+
Vs

L2 + LP2
+ I (t1) (11) 300

where Z0 =
√

L4
C4
, ω0 =

1
√
L4C4

. 301

iC3 =
Vs
Z1

sinω1(t − t2)+ I (t1) (12) 302

vC3 (t − t2) =
C35

C3
[−Vs cosω1(t − t2)+ Vs] (13) 303

vC5 (t − t2) =
C35

C5
[−Vs cosω1(t − t2)+ Vs] (14) 304

where Z1 =
√

L2p1
C35
, ω1 =

1
√
L2P1C35

,C35 =
C3·C5
C3+C5

,L2P1 = 305

L2 + LP1. 306

Mode C [t2 ∼ t3]: It starts when the capacitor (C3) current 307

becomes zero and forms a current loop, as shown in Fig. 5(c). 308

At this time, current flows only in the lower winding of the 309

transformer’s primary. The primary energy is transferred to 310

the secondary, and this mode occurs for a brief period. 311

io(t − t3) 312

=
N12

N2

[
VC4 (t2)
Z3

sinω3(t − t3)+
Vs

L2 + LP2
+ I (t2)

]
313

(15) 314

where Z3 =
√

L4
C4
, ω3 =

1
√
L4C4

. 315

Mode D [t3 ∼ t4]: It starts when the switch Q1 of the 316

buck converter turns on, forming the current loop in Fig. 5(d). 317

At this time, the input power is transferred to the output 318

stage. The current slope flowing in the primary winding of 319

the transformer is determined by the inductor L2 connected 320

to the output side of the buck converter. 321

iQ3 (t − t4) =
VC4 (t3)
Z0

sinω0(t − t4)+
Vs

L2 + LP2
+ I (t3) 322

(16) 323

where Z0 =
√

L4
C4
, ω0 =

1
√
L4C4

. 324

Mode E [t4 ∼ t5]: It starts when the resonance by the 325

C4-Q3-L4-D8 loop is completed and forms a current loop, 326

as shown in Fig. 5(e). If Q3 is turned off before this mode 327

starts, ZVSwill fail. Therefore, the starting point of this mode 328

is a factor that determines the minimum duty ratio for ZVS. 329

iQ3 (t − t5) =
Vs

L2 + LP2
+ I (t4) (17) 330

io(t − t5) =
N12

N2

[
Vs

L2 + LP2
+ I (t4)

]
(18) 331
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FIGURE 6. Fundamental waveforms of the fuel-cell-powered push-pull
converter with ZVS and ZCS function.

Mode F [t5 ∼ t6]: It starts whenQ1 of the buck converter is332

turned off and forms the current loop in Fig. 5(f). In thismode,333

the switching frequency of the buck converter is double that334

of the push-pull converter, and the switching between the two335

power converters is synchronized. Under this condition, the336

primary current ripple of the transformer is reduced by half,337

thereby reducing the power capacity of the transformer and338

the conduction loss of the switching device.339

Fig. 6 shows the proposed converter’s switching signal and340

critical operation waveform with the auxiliary circuit.341

Fig. 7 compares the output current of the conventional342

push-pull converter with the output current of the proposed343

converter. In the conventional push-pull converter, if both344

push-pull converter switches are turned on simultaneously for345

step-up, the step-up inductor accumulates energy. Therefore,346

no current flows to the transformer’s secondary, and the347

output current becomes discontinuous, as shown in Fig. 7(a).348

On the other hand, in the proposed converter, since the349

period where both push-pull converter switches are turned350

on simultaneously is very short, the transformer secondary351

FIGURE 7. Comparison of output current between the existing push-pull
converter and the proposed converter, (a) the existing push-pull
converter, (b) the proposed push-pull converter.

current flows in the form shown in Fig. 7(b). When the 352

output voltage and output power are constant, the peak cur- 353

rent of the proposed converter is reduced compared to the 354

output current of the conventional push-pull converter, and 355

the value is determined by the inductor and duty ratio of the 356

converter [37], [44], [45], [46], [47], [48], [49], [50]. 357

E. CONTROLLER DESIGN 358

Unlike general dc power, the output voltage of a fuel 359

cell system has a drooping characteristic in which the 360

output voltage decreases as the output current increases. 361

Therefore, the controller for a fuel-cell-powered converter 362

can have excellent operating characteristics only when a 363

controller design is made considering the features of the fuel 364

cell. 365

Fig. 8 shows the fuel cell equivalent circuit and the pro- 366

posed converter. R1 and R2 are the fuel cell losses deter- 367

mined by fuel cell temperature and output current, and C1 368

is the capacitive component of the fuel cell stack. If the 369

time constant of the converter controller is configured to be 370

ten times larger than the time constant of the fuel cell, the 371

time constant of the fuel cell can be ignored. In particular, 372

in the case of grid-connected converters, since the difference 373

in time constant is not an essential factor in the controller’s 374

configuration, the converter is designed on the assumption 375

that the time constant of the controller is ten times greater 376

than the time constant of the fuel cell. 377

If the duty ratio of the push-pull converter switch is kept 378

constant at 0.5, it simply operates as a voltage amplifier. The 379

buck converter switch controls the output voltage by the δ(t) 380

generated through PWM by the control signal vc(t). At this 381

time, the output voltage of the converter is determined by 382

the duty ratio (d), the input voltage (Vg(t)), and the output 383

current (iload (t)). The controller can control the duty ratio, 384

but the controller cannot govern the input and output voltage. 385
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FIGURE 8. Fuel cell equivalent circuit and proposed converter
configuration.

Therefore, input and output voltage are disturbances when386

designing the controller.387

Fig. 9 shows the conceptual control diagram of the fuel-388

cell-powered converter. The converter’s output V(t) is deter-389

mined by the duty ratio, input voltage, and output current.390

However, the factor that can control the output is only the391

duty ratio. Therefore, it should be possible to obtain desired392

control characteristics through duty ratio controller design.393

The output voltage for applying the small-signal model in the394

converter system in Fig. 9 follows.395

v(s) = V +
∧
v(s)396

d(s) = D+
∧

d(s)397

iload (s) = Iload +
∧

iload (s) (19)398

∧
v(s) = Gvd (s)

∧

d(s)+ Gvg(s)
∧
vg(s)− Zout (s)

∧

iload (s)399

(20)400

Gvd (s) =
∧
v(s)
∧

d(s)

∣∣∣∣∣
∧
vg = 0,

∧

iload = 0

401

Gvg(s) =
∧
v(s)
∧
vg(s)

∣∣∣∣∣
∧

d = 0,
∧

iload = 0

402

Zout (s) =
∧
v(s)
∧

iload (s)

∣∣∣∣∣∣ ∧
d = 0,

∧
vg = 0

(21)403

Fig. 10 shows a small-signal block diagram of a fuel-cell-404

powered converter. Since the value of gain error or distur-405

bance cannot be known in advance, it cannot be reflected406

when determining the gain of the open-loop controller. With407

the structure of the open-loop controller, there is no way408

to eliminate or reduce the gain error or output error due to409

disturbance. As shown in Fig. 10, the output voltage error410

according to the input voltage change is determined by the411

Gvg(s) transfer function.412

Moreover, Gvg(s) cannot be compensated by the output413

voltage control factor, and the power circuit must be config-414

ured to minimize Gvg(s). Also, the output current fluctuation415

has the same characteristics as the input voltage fluctuation.416

To improve this problem, feedback control is generally used,417

and the composition of the duty ratio controller to control the418

FIGURE 9. Control concept diagram for the fuel-cell-powered converter.

FIGURE 10. Small signal block diagram of the fuel-cell-powered
converter.

output voltage is shown in Fig. 11. The purpose of the feed- 419

back controller is to maintain a constant output voltage even 420

when the input voltage or load current changes. However, the 421

duty ratio is impossible to obtain a constant output voltage for 422

all conditions with one control variable. Therefore, it is nec- 423

essary to design the power circuit and the controller according 424

to the fluctuation range of the input voltage. The output 425

voltage of the converter operates as a compensator. It controls 426

the switching signal of the buck converter using the error 427

signal ve, which is the difference between the output voltage 428

detection signal Sv through the voltage sensor and the filter 429

circuit and the output voltage command value. At this time, 430

the compensator’s design determines the dc-to-dc converter’s 431

operating characteristics. 432

Fig. 12 shows a voltage control block diagram of fuel- 433

cell-powered converters. The small-signal model of the 434

converter and the voltage regulator shown in Fig. 10 are 435

needed to analyze the output voltage feedback control 436

operation. 437

From Fig. 13, the output voltage variation is as follows. 438

∧
v(s) =

Gc(s)Gvd (s)/VM
1+ S(s)Gc(s)Gvd (s)/VM

∧
vref (s) 439

+
Gvg(s)

1+ S(s)Gc(s)Gvd (s)/VM

∧
vg(s) 440

−
Zout (s)

1+ S(s)Gc(s)Gvd (s)/VM

∧

iload (s) (22) 441

If (22) is rearranged using the loop gain T(s), 442

∧
v(s) =

1
S(s)

T (s)
1+ T (s)

∧
vref (s) 443
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FIGURE 11. Voltage control of fuel-cell-powered converters.

FIGURE 12. Voltage control block diagram of fuel-cell-powered
converters.

+
Gvg(s)
1+ T (s)

∧
vg(s)444

−
Zout (s)
1+ T (s)

∧

iload (s) (23)445

The loop gain T(s) is defined by446

T (s) =
S(s)Gc(s)Gvd (s)

VM
(24)447

According to the high gain theorem, the larger the loop gain448

T(s), the less the influence of disturbance and the better the449

command follows. It is effective when the control target is450

command-following and there is no measurement noise in451

the target system. If the loop gain is considerable and the452

following condition is satisfied, (23) can be expressed as (25).453

∧
v(s) =

1
S(s)

∧
vref (s) @ |T (s)� 1| (25)454

As seen in (25), the output is determined by the transfer455

function of the measuring sensor. Therefore, an output volt-456

age error will naturally occur if a disturbance occurs in the457

transfer function S(s) of the measuring sensor and the filter458

circuit. After all, since the accuracy of the sensor and filter459

circuit is critical, the filter part is digitized in this paper so that460

it is not affected by temperature or other surrounding factors.461

(25) equally applies to the steady-state and is the same as (26).462

V
Vref
=

1
S(0)

T (0)
1+ T (0)

≈
1

S(0)
(26)463

For the output voltage to follow the reference voltage, S(0)464

must be accurately set, and the loop gain T (0) must be signif-465

icant. The sensor of S(s) must be precise, and the precision of466

the PWM power stage, which is the compensator gain, may467

FIGURE 13. Overall small-signal block diagram of the fuel-cell-powered
converter.

be small. By performing the feedback control in this way, the 468

sensitivity to the forward path gain is reduced, and at the same 469

time, the sensitivity to the feedback path gain is increased. 470

The stability of the system can be determined directly by 471

the magnitude and phase of T (s). That is, to obtain good 472

performance in a transfer function including 1/(1+T (s)), the 473

shape of T (s) must be determined. The corner frequency (fc) 474

of T (s) can be obtained by (27). 475

‖T (j2π fc)‖ = 1 (27) 476

The phase margin ϕm is the value obtained by adding 180 to 477

the phase at the corner frequency. 478

8m = 180o + 6 T (j2π fc) (28) 479

The necessary and sufficient conditions for the system’s sta- 480

ble operation are that the corner frequency is one and the 481

positive phase margin. 482

F. BATTERY CHARGING METHOD USING OXYGEN 483

AMOUNT CONTROL 484

A fuel cell generally uses a battery or an ac-to-dc converter for 485

initial start-up. However, replacing the battery periodically 486

or configuring a separate charger is necessary. This paper 487

proposes a new method for charging a battery by controlling 488

the amount of oxygen in the fuel cell system without using 489

a charger. This method is considered to have significant 490

advantages in performance and efficiency improvement when 491

used for battery charging by using the inherent characteristics 492

of low voltage and high current, which are the character- 493

istics of fuel cells. Since the fuel cell stack uses hydrogen 494

gas and oxygen as fuel, the activity increases in proportion 495

to the partial pressure. The electromotive force (emf) also 496

increases proportionally to the hydrogen gas and oxygen 497

pressure. To construct a direct fuel cell charger without a 498

power converter using these characteristics, the relationship 499

between the electromotive force according to hydrogen gas 500

and oxygen pressure is as follows. 501

E = Eo +
RT
2F

[
lnPH2 + lnP

1
2
O2
− lnPH2O

]
(29) 502

VOLUME 10, 2022 95811



G.-J. Son et al.: Grid Connection Using a Structure That Combines a Buck Converter and a Push-Pull Converter

Eo is the standard emf (Electromotive force). PH2 is the emf503

change term according to the pressure of hydrogen gas.PO2 is504

the emf term that changes according to oxygen gas pressure.505

Since the back electromotive force is proportional to the506

pressures of hydrogen gas and oxygen, the power generation507

voltage of the fuel cell can be controlled by controlling the508

hydrogen gas or oxygen pressure. In general, the pressure of509

hydrogen gas in the fuel cell system is fixed at 5bar, but the510

oxygen pressure has a structure that can be varied according511

to the amount of surrounding oxygen. Therefore, a method of512

controlling the fuel cell voltage by controlling the pressure of513

oxygen is adopted in this paper.514

Fig. 14 shows the configuration diagram of the proposed515

direct charging method for fuel cells and a flowchart for the516

battery charging operation. At the initial start-up of the fuel517

cell, power is supplied from the battery to start the fuel cell.518

When the fuel cell output power is greater than the self-519

consumption power, the battery is removed, and the power520

obtained from the dc-to-dc converter using the self-generated521

power is used. The proposed fuel cell direct charging mode522

starts, and the charging switch SW2 is turned on to charge the523

battery with power generated from the fuel cell. The battery524

used in this study is a 12V lead-acid battery. The charging pat-525

tern of the constant current mode or constant voltage mode is526

determined by detecting the battery’s state of charge from the527

current and voltage flowing through the battery at the initial528

charging stage. In Fig. 14(a), theAir Compressor is controlled529

through the proportional-integral controller based on the dif-530

ference between the charging current command value and the531

actual charging current. Moreover, the fully charged voltage532

is determined by detecting the battery temperature based on533

the lead-acid battery’s temperature characteristic table. When534

the battery voltage matches the charge completion voltage535

command value, the control right of the Air Compressor is536

transferred to the stack control unit to generate the output537

voltage in normal mode, and the output relay is turned on to538

create external power.539

Fig. 15 shows the transient response characteristics when540

the load of the fuel cell stack is varied. The load current541

increases instantaneously, and the terminal voltage decreases542

accordingly. The air compressor determines the chemical543

reaction between hydrogen and oxygen. Still, it takes about544

500ms for the output voltage to normalize because the545

response characteristic of the compressor is slow. There-546

fore, the power generation time constant of the fuel cell547

stack is about 500ms. If the time constant of the power548

converter using this is 10% or less compared to the time549

constant of the stack, the time constant of the power con-550

verter can be ignored. Therefore, the time constant of the551

power converter used in this paper is designed to be less552

than 50ms.553

III. SIMULATION AND EXPERIMENTAL RESULTS554

Fig. 16 shows the configuration for fuel cell connection555

using the proposed converter system. The TMS302F2812556

controls the dc-to-dc converter and grid-connected inverter.557

FIGURE 14. Structure and operation flow chart of the proposed direct
charging method for fuel cell, (a) Direct charging method structure,
(b) Battery charging operation flowchart.

A microprocessor is used to configure the host controller 558

to control the state of the fuel cell and the output of the 559

power conversion system. Based on the generated power of 560

the fuel cell and the state of the fuel cell measured by the 561

oxygen sensor and the temperature sensor, the actual fuel 562

cell output characteristics and the output during the operation 563

were taken into consideration. The amount of power that 564

could be generated efficiently was controlled to be connected 565

to the grid. In a fuel cell system, a new method of directly 566

charging a battery in a fuel cell is applied by using the 567

correlation characteristics between the amount of oxygen 568

and the fuel cell voltage. By introducing a buck converter 569

instead of a boost converter, it is possible to design a current 570

source by not using a capacitor at the output stage of the 571

converter. The grid-connected inverter includes over-under- 572

voltage protection, over-under-current protection, protection 573

according to frequency fluctuations, and islanding opera- 574

tion prevention functions that a grid-connected inverter must 575

have [10], [51], [2], [3], [52], [53], [54]. 576
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FIGURE 15. Transient response characteristics of fuel cell stack according
to output.

Fig. 17 is a simulated waveform showing ZVS when buck577

converter Q1 is turned off. These are the switching signal, Q1578

voltage,Q1 current, L2 current,C1 current,C1 voltage, and L1579

current from top to bottom.WhenQ1 is turned off, the voltage580

applied to the switching device has a rise time of about 1µs.581

When the Q1 switch is turned off, the output current of the582

buck converter shares the output current with the energy583

charged in the auxiliary circuit’s two capacitors (C1 and C2),584

so ZVS of the Q1 switch is possible. The auxiliary circuit585

capacitors (C1 and C2) charge starts with the LC resonance586

when the switching device is turned on.587

Fig. 18(a) is a simulation waveform for voltage and current588

of the proposed push-pull converter switch. ZVS is enabled589

when the switch is turned off, and ZCS is enabled when590

the switch is turned on. When the switch is turned off, the591

switch voltage doubles overshoot; to reduce this voltage, the592

capacitor capacity of the auxiliary circuit can be increased to593

minimize it. Still, reactive power by the push-pull converter is594

increased. Fig. 18(b) shows the capacitor and inverter current595

and voltage of the auxiliary circuit of the push-pull converter.596

Fig. 18(c) shows the push-pull converter’s regenerative power597

and output waveform. Since the C5 capacitor voltage and L5598

inductor current are kept constant, the output voltage appears599

as good dc.600

Fig. 19(a) shows the inverter’s output voltage, grid current,601

and grid voltage when the fuel cell system is connected602

to the grid voltage, including the 3rd and 5th harmonics.603

The grid current also contains many harmonics as harmonic604

components of the grid voltage. If the inverter operates under605

the condition that the grid voltage is sinusoidal, the har-606

monic component of the grid current cannot be removed.607

To solve this, there is a way to increase the size of the608

inductor, but the weight and cost increase. Fig. 19(b) shows609

the inverter output voltage, grid current, and grid voltage610

when the harmonic component of grid voltage is compen-611

sated. It was confirmed that a good grid current could be612

obtained by compensating the harmonic component of the613

output voltage obtained through FFT with the feedforward614

term.615

FIGURE 16. System configuration for grid connection of fuel cells using
the proposed converter.

FIGURE 17. Fundamental operating waveforms of buck converter stage,
switching signal, Q1 voltage, Q1 current, L2 current, C1 current, C1
voltage, and L1 current from top to bottom.

Fig. 20 shows a prototype of the proposed converter for the 616

fuel cell. The controller is designed based on TMS302F2812. 617

Detailed specifications are shown in Table 1. It is designed 618

with a power capacity of 1kW, and the operating voltage 619

of the fuel cell is 66∼150V. The buck converter operates 620

at 36kHz, and the push-pull converter operates at 18kHz 621

switching frequency. 622

Fig. 21(a) shows the drain-source voltage, drain current, 623

switching loss of the buck converter switchQ1, and the induc- 624

tor current of the auxiliary circuit. Fig. 21(b) is an enlarged 625

waveform of Fig. 21(a) to confirm ZVS operation. It can be 626

seen that the switching loss does not occur when off because 627

the switch voltage rises after the switching current becomes 628

zero. 629
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FIGURE 18. Fundamental operating waveforms of the push-pull
converter, (a) switch voltage and switch current, (b) capacitor voltage,
capacitor current, inductor current in ZVS circuit, (c) Capacitor C5 voltage,
inductor L5 current, output voltage, and output current.

Fig. 22 shows the primary waveforms of the push-pull630

converter. Fig. 22(a) shows the voltage across the push-631

pull converter switch Q2, the switching power loss, the Q2632

switch current, and the current flowing through the capacitor633

C3 of the auxiliary circuit. Fig. 22(b) is an enlarged waveform634

of the turn-on part of switchQ2 in Fig. 22(a) to check whether635

the ZCS operates. It shows the ZCS operation in which the636

current starts flowing after the voltage across the Q2 switch637

becomes zero. It can be seen that there is no switching loss638

FIGURE 19. When connected to the grid containing 5% of the 3rd and 5th

harmonics, the inverter output voltage, grid-connected current, grid
voltage, (a) before harmonic component compensation, (b) harmonic
component in the inverter voltage command is compensated with a
feedforward term.

caused by the product of the voltage across the switch and 639

the switch current. Fig. 22(c) is an enlarged waveform of the 640

turn-off part of the switch in Fig. 22(a) to check whether ZVS 641

operates. It shows that the voltage across the switch starts to 642

rise after the switch current becomes almost zero. 643

Fig. 23 shows the voltage and current ripple for each power 644

conversion stage according to the ripple control method. Cur- 645

rent ripple control can reduce the voltage ripple of the dc-link 646

capacitor on the transformer’s secondary but has a problem 647

of increasing the current ripple on the fuel cell side. On the 648

other hand, in the voltage ripple control, the current ripple 649

on the fuel cell can be reduced, but there is a problem that 650

the voltage ripple of the dc-link capacitor increases. In this 651

paper, voltage ripple control is applied to control the current 652

ripple to 5% or less because it is more important to reduce 653

the current ripple on the fuel cell to ensure the lifespan of 654

the fuel cell. For the grid connection, the inverter needs a 655

current controller, and the converter in the front stage needs 656

a voltage controller, including a current controller. Since the 657

DC current of a single-phase inverter is in the form of an 658

absolute sine wave, the voltage ripple of the dc-link stage is 659

considerable. Therefore, there is a problem that the lifecycle 660

of the capacitor is shortened. To solve this, a method of 661

compensating with the converter current in the front stage 662

can be applied, but a problem arises that the converter current 663
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TABLE 1. Specification of the proposed fuel-cell-powered converter.

FIGURE 20. Photograph of 1kW prototype, (a) proposed
fuel-cell-powered converter, (b) controller using TMS320F2812.

ripple becomes large. In this paper, the lifespan of the fuel664

cell is considered more important than the dc-link capacitor.665

Therefore, the voltage ripple of the dc-link stage is tolerated.666

FIGURE 21. The experimental waveform of buck converter,
(a) Drain-source voltage of Q1 switch, switching loss, Q1 switch current,
auxiliary circuit L1 inductor current, (b) Time-division enlargement of (a).

It is possible to reduce the converter current ripple by chang- 667

ing the control gain of the converter. Setting the controller 668

gain value according to the fuel cell input current ripple is 669

necessary. 670

Table 2 shows the voltage and current gain values of 671

Fig. 24. In a state where Ki of voltage gain and Kp of current 672

gain are the same, if Kp of voltage gain and Kp of current 673

gain are adjusted, ripple current can be controlled. 674

Table 3 compares the characteristics of three typical con- 675

verter circuits for fuel cells and the proposed converter. 676

Compare the voltage and current stress on the primary switch 677

of the transformer, the fuel cell input current ripple, the 678

transformer window utilization, the equivalent switching fre- 679

quency, and angular frequency (ω) that changes the size of 680

the inductor and capacitor. 681

Table 3 shows that the proposed converter’s switch voltage 682

and current stress are the same as those of the full-bridge and 683

push-pull converter switches. However, the transformer of the 684

proposed converter is designed so that the rated output is pos- 685

sible at the lowest value of the fluctuating fuel cell input volt- 686

age. A typical fuel cell system’s maximum voltage is about 687

2.5 times the minimum. Therefore, in a general push-pull 688

circuit structure, the voltage applied to the switch is twice the 689

maximum input voltage. However, in the proposed design, 690

a buck converter and a push-pull converter are combined to 691
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FIGURE 22. The experimental waveform of the push-pull converter,
(a) Voltage across Q2 switch, switching loss, Q2 switch current, auxiliary
circuit C3 capacitor current, (b) ZCS operation when turning on Q2, (c) ZVS
operation when turning off of Q2.

respond to a wide voltage range up to twice the minimum692

input voltage, so the voltage applied to the switch can be693

reduced by about 2.5 times. In addition, the current peak of694

the push-pull converter can be reduced because the switching695

frequency of the buck converter in the front stage is operated696

at twice the switching frequency of the push-pull converter in697

the rear stage.698

TABLE 2. Voltage and current gains according to the ripple control
method.

TABLE 3. Comparison of characteristics between the proposed converter
and the existing three representative circuit methods.

The selection of the DC smoothing capacitor’s capacitance 699

is vital in determining the system time constant that deter- 700

mines the characteristics of the converter and reducing the 701

ripple of the DC voltage. 702

In Fig. 25, idc−out is the current flowing from the DC 703

power source to the grid through the inverter, and idc−in is the 704

current flowing into the capacitor from the dc-to-dc converter. 705

Therefore, the integral difference between the two currents 706

generates the DC voltage ripple. As given in (30), the grid 707

voltage (vGrid ) and the inverter rating (Pinv) determine the 708

current (iinv) flowing into the power source. 709

iinv =
Pinv
vGrid

(30) 710

At this time, the current flowing into the capacitor is deter- 711

mined by the current flowing into the grid. In Fig. 25, area A 712

and area B become the same operating parallel point, and the 713

value is the same as (31). 714

idc−in =
2
√
2

π
Iinv (31) 715

As shown in Fig. 25, the current flowing into the capacitor is a 716

constant DC current, but the current flowing into the grid has 717

a pulsating component. 1Q, the integral difference between 718

the two currents generated by the pulsation, can be obtained 719

by (32). 720

1Q =
∫ θ2

θ1

[
Imax sin(2π t)−

2
π
Imax

]
· dt (32) 721

The voltage fluctuation of the capacitor due to 1Q obtained 722

in (32) is as shown in (33). 723

1V =
1Q
Cdc

(33) 724
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FIGURE 23. Voltage and current ripple for each power conversion stage according to the ripple control method.

FIGURE 24. Fuel cell output current, DC-link voltage, grid voltage, and grid current according to the ripple control method, (a) current
ripple controller, (b) voltage ripple controller.

If the ripple rate of the DC voltage is set to 5% or less, the725

capacitance of the capacitor may be set to a value that satisfies726

the conditional (34).727

Cdc =
1Q

0.05Vdc
(34)728

The capacitance between the fuel cell and the Buck converter 729

can also be calculated using (34). In the case of the input 730

side, line inductance exists due to the distance between the 731

fuel cell and the buck converter, and the ripple of the fuel cell 732

current is controlled by voltage ripple control. In this paper, 733

a capacitance of 480µF is used. 734
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FIGURE 25. Calculation of capacitance for DC power smoothing of the
1grid-connected inverter.

Fig. 26(a) shows the inverter voltage, inverter current, and735

fuel cell output current under the condition that the fuel cell736

output is 55V and 1kW grid-connected operating conditions.737

It can be seen that the current ripple control method for738

reducing the ripple of the dc-link capacitor on the output739

side is applied so that the current ripple on the fuel cell side740

is significantly increased to about 25%. Fig. 26(b) shows741

the characteristics of the proposed power converter under742

the condition that the input voltage of the fuel cell is 55V743

and 1kW. The converter output dc voltage is controlled at 744

420V, and the fuel cell output current waveform is controlled 745

with a constant current. The inverter output voltage and 746

current waveform confirm a suitable grid connection status. 747

The power factor is 99.98%, and THD (Total harmonics 748

distortion) is 3.8% up to the 50th order. Fig. 26(c) shows 749

the fuel cell output current ripple under the 1kW output 750

condition. If is the output current of the fuel cell is about 751

20A. if is the ripple waveform measured using the AC 752

mode of the oscilloscope. The peak value of the fuel cell 753

output current source is about 1A, and there is a current 754

ripple of 120Hz. This value corresponds to a current ripple 755

of 5%. 756

Fig. 27 is the result of testing the starting and stopping 757

characteristics of the system in an independent operation 758

state to verify the dynamic features of the proposed fuel cell 759

power generation system. At this time, the fuel cell current 760

ripple is controlled by 5%. Fig. 27(a) represents the starting 761

characteristics of the system under the rated load condition. 762

It can be seen that the soft start operation of about 0.18s before 763

turning on the MC quickly makes it to a steady state without 764

overshooting even under the rated load condition. Fig. 27(b) 765

shows the stopping characteristics of the system under the 766

rated load condition. When the MC is turned off, it can be 767

FIGURE 26. Fuel cell current ripple, inverter voltage, and inverter current according to the ripple control method, (a) current ripple control,
25% current ripple, (b) voltage ripple control, current ripple 5% below, (c) fuel cell current ripple using the AC mode of the oscilloscope.
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FIGURE 27. Dynamic characteristics of the proposed system at rated load conditions, (a) at starting, (b) at stopping.

FIGURE 28. 3rd and 5th harmonics and THD analysis up to 50th order
according to fuel cell output when the grid is connected.

seen that the output voltage is stably reduced along with the768

reduction of the fuel cell power generation.769

Fig. 28 results from analyzing the 3rd harmonic, 5th770

harmonic, and THD when the current harmonics were mea-771

sured up to 50th order according to the fuel cell output when772

the grid is connected.773

The 3rd harmonic, 5th harmonic, and THD become more774

significant as the load is lower and smaller as the output775

increases. At 200W, the 3rd harmonic component was about776

3.8%, the 5th harmonic component was about 12.3%, and777

the THD was about 18%. At the rated load of 1kW, the778

3rd harmonic component was about 0.4%, the 5th harmonic779

component was about 2.4%, and the THD was about 3.65%,780

which is good. In the grid-connected inverter, the 3rd and781

5th harmonic components are 3% or less, and the THD is782

regulated as 5% or less, which is satisfactory.783

Fig. 29 shows the results of comparing the efficiency of784

the proposed method with the fuel cell system using the con-785

ventional hard-switching current-type push-pull converter.786

At the fuel cell output voltage of 55V, the traditional way787

showed a minimum efficiency of about 85.1% at 1,000W,788

and the maximum efficiency was approximately 86.7% at789

600W. The proposed method showed about 88.4% when790

FIGURE 29. Efficiency comparison between the case of applying the
conventional push-pull converter and the case of applying the proposed
converter at the fuel cell output voltages 35V, 45V, and 55V.

outputting 1,000W and about 90.95%when outputting 500W 791

was excellent. At 500W, which is half of the rating, the 792

maximum efficiency of the fuel cell power conversion system 793

is shown, the efficiency of the grid-connected inverter is about 794

97%, and the efficiency of the proposed converter is about 795

91%, so the total efficiency of the system is measured to be 796

about 94%. 797

Factors affecting power loss in the proposed converter 798

system can be roughly divided into four categories. First, 799

switch loss (Ps) is subdivided into switching loss that occurs 800

during turn-on and turn-off of the switch (PT ), conduction 801

loss due to Ron resistance of the switch (Pon), and gate driving 802

loss (PD). 803

Ps = Pon + PT + PD (35) 804

Here, conduction loss is defined as 805

Pon = I2Qx,rmsRDS,on (36) 806

where IQx,rms is the RMS current flowing through the switch, 807

and RDS,on is the switch on resistance. 808
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FIGURE 30. Power loss breakdown for the traditional push-pull converter and the proposed approach with the fuel cell voltage of 35V, 45V, and
55V at 200W and 1kW, (a) conventional @ fuel cell voltage 35V, 200W, (b) conventional @ fuel cell voltage 45V, 200W, (c) conventional @ fuel cell
voltage 55V, 200W, (d) conventional @ fuel cell voltage 35V, 1kW, (e) conventional @ fuel cell voltage 45V, 1kW, (f) conventional @ fuel cell
voltage 55V, 1kW, (g) proposed @ fuel cell voltage 35V, 200W, (h) proposed @ fuel cell voltage 45V, 200W, (i) proposed @ fuel cell voltage 55V,
200W, (j) proposed @ fuel cell voltage 35V, 1kW, (k) proposed @ fuel cell voltage 45V, 1kW, (l) proposed @ fuel cell voltage 55V, 1kW.

The switching losses that occur during switch turn-on809

(PSW ,on), and turn-off (PSW ,off ), are expressed as follows.810

PT = PSW ,on + PSW ,off811

=
1
Tsw

(∫ tr

0
vDS iDdt +

∫ tr+tw

tr
vDS iDdt

)
(37)812

The integration period tr is a period in which the current813

completely falls from the peak to zero when the switch is814

turned off. tw is the period in which the current flows through815

the switch. In the proposed converter, the push-pull switch816

can perform soft switching at any switch on-off moment, but817

in the buck converter switch, ZVS occurs only during switch818

turn-off, so switching loss occurs at the turn-on moment.819

The gate driving loss (PD) is expressed as 820

PD,on = PD,off =
1
2

(
QGS · fs · Vgs

)
(38) 821

where QGS is the gate-source charge, fs is the switching 822

frequency, and Vgs is the gate-source voltage. 823

Second, core loss and copper loss occur due to the 824

transformer and inductor. The transformer and inductor use 825

EPCOS PM87/70(N27) core in the prototype. The EPCOS 826

core has a very high magnetic permeability compared to a 827

general core and has excellent frequency characteristics. It is 828

possible to design a transformer with a low number of turns 829

for high output due to high permeability, thereby minimizing 830

copper loss, and designing a transformer with low leakage 831
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inductance and parasitic capacitance.832

Pm = Pfe + Pcu (39)833

Pcu =

(
ρλ21I

2
tot

4Ku

)(
MLT
WAA2c

)(
1

Bmax

)2

(40)834

Pfe = Kfe (Bmax)
β Aclm (41)835

where Bmax =

(
ρλ21I

2
tot

2Ku
·

MLT
WAA3c lm

·
1

βKfe

) 1
β+2

.836

Here, Pcu is total copper loss. Pfe is total core loss. ρ is the837

effective resistivity of a wire. λ1 is the primary flux linkage.838

Itot is total RMS winding current referred to primary of the839

transformer. Ku is the Winding fill factor. MLT is the mean840

length per turn. WA is the core window area. Ac is the core841

cross-sectional area. Bmax is peak AC flux density. lm is the842

magnetic path length. Kfe is the core loss coefficient. β is the843

core loss exponent.844

Third, it is a copper loss due to awire loss of about 1.5m for845

the connection between the fuel cell and the converter system.846

Pw = RWireI2o (42)847

where Rwire is the total resistance of wires between the fuel848

cell and the proposed system, and Io is the dc-output current.849

Fourth, the loss that cannot be accurately distinguished is850

ohmic loss due to low parasitic inductance of PCB, internal851

loss of capacitor, Litz-wire cooper loss of magnetic com-852

ponents due to skin effect or proximity effect, and ohmic853

loss due to switch and magnetic material due to increase854

in operating temperature [66], [67], [68], [69], [70]. Po is855

obtained by subtracting (Ps + Pm + Pw) from the efficiency856

value obtained from the actual measurement (Pmeasured )857

in Fig. 29.858

Po = Pmeasured − (Ps + Pm + Pw) (43)859

Fig. 30 shows the power loss analysis results of the conven-860

tional push-pull converter and the proposed method. Among861

the measured efficiency data in Fig. 29, we analyze the loss862

when the fuel cell voltage is 35V, 45V, and 55V at 200W863

and 1kW. In both the proposed and existing methods, the864

loss due to the magnetic material (Pm) and the loss com-865

ponent due to the switch (Ps) appear the largest. Existing866

push-pull converters have significant switching losses due867

to hard switching. On the other hand, the proposed method868

has a relatively small switching loss due to the ZVS opera-869

tion. However, it shows that the power loss component due870

to the magnetic material is significant. When designing a871

transformer, which is a factor that significantly affects the872

efficiency of this converter system, it is necessary to consider873

the total handling power, which is the product of the operating874

voltage and the maximum current, and the minimum opera-875

tional efficiency and maximum allowable temperature due to876

the maximum loss. In addition, it is necessary to design a core877

considering trade-offs such as weight, economy, and volume,878

such as selecting appropriate material and a size suitable for879

the operating frequency. However, in the case of laboratory-880

level prototypes, the optimal efficiency was not achieved by881

selecting a core with a similar value that was easily obtained 882

rather than the calculated optimal core. 883

IV. CONCLUSION 884

We proposed a grid connection method using a structure that 885

can reduce the low-frequency ripple component of the fuel 886

cell output current by combining a buck converter and a push- 887

pull converter. Although the proposed dc-to-dc converter has 888

a two-stage structure, it has the same number of inductors as 889

the single-stage method, and the capacitor, an intermediate 890

voltage source, can be removed. The peak current of the push- 891

pull converter was reduced by designing a high-frequency 892

transformer to enable rated output even at the lowest output 893

value of the fuel cell and operating the buck converter at twice 894

the switching frequency of the push-pull converter. In addi- 895

tion, a new method of charging the battery by controlling 896

the amount of oxygen in the fuel cell system without using 897

a charger was proposed. 898

The ZVS and ZCS operations were verified through sim- 899

ulations and experiments, and it was confirmed that the low- 900

frequency current ripple of the fuel cell was maintained 901

within 5%. The THD of the grid current at 800W or higher 902

was maintained at 5% or less when connecting to the grid. 903

At 500W, the fuel cell power conversion system shows the 904

maximum efficiency, the efficiency of the grid-connected 905

inverter is about 97%, and the efficiency of the proposed 906

converter is about 91%. Therefore, the overall efficiency of 907

the grid-connected system was measured to be about 94%. 908
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