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ABSTRACT Owing to their dependency of weather conditions, distributed generation systems are integrated
with utility grid through power converters. This paper proposes an isolated three-phase based flyback-
inverter (TBFBI) that can be used as a central-type inverter for grid-tied PV applications. To alleviate
DC-current ripples at the input side, the proposed inverter utilizes only a single LC-filter with small passive
elements size, which reduces the system footprint and cost. Mathematical modeling of the TBFBI in
addition to its control technique is presented in detail. Compared with other differential based converters,
the proposed control technique is designed considering the least number of control loops and required
sensors by using terminal voltage estimation strategy. Continuous-modulation-scheme (CMS) combined
with static-linearization strategy (SLS) is utilized to diminish the low-order odd harmonics. In addition,
harmonic compensation technique is utilized to eliminate negative-sequence harmonic component (NSHC)
from the grid-injected currents. Also, identical three single-phase high-frequency transformers (HFTs) are
designed based-on ferrite and nanocrystalline cores to compare the inverter operating efficiency. The TBFBI
is experimentally validated via laboratory prototype-based 200 V, 1.6 kW, and switching frequency of
50 kHz. Experimental results of 1.6 kW power flow show that THD of the grid current is 3.95%, peak-to-
peak current ripple at the input DC-side is 2.1% of the average DC input current that matches the IEEE-1547
standards for grid-tied PV applications.

17
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INDEX TERMS DC-AC grid-tied converter, flyback-inverter, high frequency transformer (HFT), harmonic
compensation.

I. INTRODUCTION19

Renewable energy sources, such as photovoltaics, wind and20

fuel-cell energy generation systems, are wide-spreading over21

many countries, which encourage the power electronic con-22

verters evolution. Central-type inverter configurations offer23

a low cost solution for medium/high power grid-integrated24

solar PV systems [1], [2]. Despite the low MPPT efficiency25

of central-type PV architectures, central-type inverter config-26

urations exhibit a lower-cost per kW in compared with the27

The associate editor coordinating the review of this manuscript and

approving it for publication was Derek Abbott .

module, string, and multi-string inverter configurations due 28

to their low manufacturing cost through the mass produc- 29

tion [2], [3]. It worth to mention that central-type PV invert- 30

ers may include non-isolated DC-DC converter for MPPT 31

function [1], [4], [5]. However, the MPPT function can be 32

implemented in the central-type isolated inverter without the 33

need for non-isolated DC-DC converter in order to reduce 34

system footprint and cost [6], [7], [8]. In this case, the 35

MPPT controller decides the grid current reference signal that 36

can be used to control the TBFBI. Many single-stage and 37

multi-stages inverter structures have been presented in litera- 38

ture [9], [10], [11]. Non-isolated single/three-phase inverter 39
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architectures have been widely recommended [12], [13],40

which need an additional input boost converter stage to attain41

the required boosting of the input voltage [14]. Thus, it has42

two operation stages that complicates the converter controller43

and increases its cost. As well, most of these converter struc-44

tures suffer from leakage current in different applications in45

addition to the requirement for isolating and voltage boosting46

transformers for high voltage applications, which increases47

the system losses, footprint, and cost [15], [16]. Conse-48

quently, transformer-based converter structures are presented49

by utilizing the line-frequency isolation transformer, which50

enlarges the system size and diminishes its efficiency. For51

efficiency enhancements and galvanic isolation requirements,52

high-frequency transformer (HFT) based inverter structures53

have been utilized instead of the line-frequency ones to54

reduce inverter footprint and enhance its efficiency [17].55

Also, many modified inverter architectures have been pre-56

sented for decoupling inductor/capacitor elimination [17],57

[18]. However, they mostly suffer from increased number of58

power components and passive elements, which rises imple-59

mentation cost and reduces power density [19]. Motivated by60

multi-stage inverters drawbacks, single-stage inverter struc-61

tures have been recommended in many applications for con-62

tinuous DC input-current [6], [20], [21], [22], [23], [24], [25].63

Differential-based inverter structures have been presented64

for different applications requirements. In [26], a switched65

capacitor differential boost-inverter and its control strategy66

was presented. The presented structure improves the static67

gain of the inverter without increasing the voltage stress over68

the power components, however, it incurs increased num-69

ber of storage elements that implies higher controller order.70

In [27] and [28], a closed loop control technique with an71

optimized PI controller gain for non-ideal differential inverter72

was proposed in order to improve the controller behavior73

disturbance conditions. However, it has a high voltage stress74

over the converter elements that may affect the inverter effi-75

ciency profile. In [29], the theoretical values of the common76

and differential modes current ripples have been derived for77

modular multilevel dual-buck inverter, considering adjustable78

discontinuous modulation. However, it incurs many passive79

elements that increases system footprint and affect the power80

density. In [30], six-switch single-phase differential-based81

Cuk inverter was presented. However, it utilized increased82

switching devices that increases the system footprint and83

cost. In [31], the authors presented three-phase differentially84

flyback inverter considering three separated LC input fil-85

ters at the input side for input current ripples minimization.86

In addition, a conventional PI-based grid-currents control87

loop is used for grid currents regulation [32]. In [33], the88

authors proposed three-phase SEPIC differential inverter for89

PV applications. However, the presented structure requires90

increased number of passive elements that enlarges converter91

size and footprint and increases its cost. In addition, owing92

to its large current ripples at the DC side terminals (about93

90%), the presented structure requires large electrolytic94

capacitors at the DC input side in case of PV applications,95

which diminishes the system reliability and life-time. Elec- 96

trolytic capacitors will also increase system footprint and 97

cost. In addition, SEPIC based differential inverters should 98

include identical three inductors and three HFTs, which is dif- 99

ficult to realize in practice, resulting in mismatch in module 100

parameters. Therefore, the three-phase grid injected current 101

waveforms with SEPIC based differential inverter includes 102

high percentage of DC component resulting in unbalanced 103

three-phase current waveform at the grid side. Therefore, the 104

large DC electrolytic capacitor at the DC side in addition to 105

the DC-components at the three-phase grid injected current 106

diminish feasibility of the differential based SEPIC inverters 107

for PV grid-tied applications. 108

Among the different buck-boost based inverter struc- 109

tures, flyback converters gained much of the researchers 110

attention due to its simplicity and lower cost [1], [34]. 111

In [1], an interleaved-flyback inverter is proposed for 112

single-phase PV applications. However, it uses the transform- 113

ers turn ratios for input-voltage boosting. Moreover, it uses 114

parallel-components to enhance the inverter efficiency that 115

rises the system cost and footprint. In [35], an iterative- 116

learning down-sampled based controller is proposed for 117

single-phase applications. The proposed controller realizes 118

an acceptable overshoot and good steady-state response, 119

however, it requires an unfolding H-bridge circuit. In [36], 120

two-stage micro-inverter is presented for single-phase PV 121

system for transformer utilization enhancement. However, 122

it misses the galvanic isolation as well as the requirement 123

for unfolding-circuit for DC-AC power conversion. In [34], 124

a new hybrid BCM/DCM based control scheme is proposed 125

for single-phase interleaved-flyback inverter to enhance 126

its operating efficiency. However, it considers two-stage 127

operation. 128

FIGURE 1. Three-Phase based flyback-inverter circuit structure.

This paper presents an isolated single-stage grid-tied 129

TBFBI that can be used as a central-type PV inverter. The 130

proposed TBFBI, shown in Fig. 1, comprises three flyback 131

modules sharing the same DC input voltage and input LC 132

filter. The proposed TBFBI introduces many features such 133

as; low cost, high power-density, and simple control scheme. 134

Also, it comprises reduced number of power switches and 135
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FIGURE 2. Proposed TBFBI PWM control strategy.

passive components with galvanic isolation property due136

to the HFT existence. Moreover, the turns ratio of HFT137

offers voltage boosting/bucking capability. Also, the pro-138

posed inverter offers a voltage step-up/step-down capability,139

which make it more attractive for isolated and non-isolated140

applications. In addition, TBFBI draws a ripple-free DC-141

input current that alleviates the capacitance over the PV-panel142

and improve the system reliability [23]. However, the tem-143

porarily operation of the proposed TBFBI results in a dc-bias144

through HFT primary winding, which may increase core145

loss and decrease the inverter efficiency [37]. Therefore,146

HFT-based nanocrystalline Core is designed in this paper to147

minimize the core loss and improve the system efficiency.148

In addition, a new mathematical model for the proposed149

TBFBI is presented in order to confirm the presence of the150

negative sequence low order harmonic components at the151

grid injected current waveforms, which need special control152

loop to be eliminated to meet the grid standard requirements.153

Also, the proposed TBFBI employs only a single LC filter at154

the input DC side providing the least passive elements count155

compared with other three-phase differential-based inverter156

structures that need individual LC filter at input DC side157

of each module. In addition, an improved control scheme 158

for grid-injected current and terminal voltage regulation has 159

been proposed for the single-stage TBFBI. Compared with 160

the recently published control strategies of three-phase grid- 161

tied counterpart topologies, the proposed control method uses 162

the least number of control loops and required sensors, which 163

simplifies the controller computational and execution time. 164

Owing to the accurate estimation of TBFBI terminal voltage 165

based on the mathematical model, the proposed control tech- 166

nique utilized only five sensors (i.e.; two voltage sensors and 167

three current sensors) to detect grid voltages and currents. 168

Also, the CMS combined with SLS is applied to control 169

the TBFBI main and synchronous-switches for low-order 170

harmonics mitigation. Moreover, due to the importance of the 171

HFT in each module of the TBFBI from the efficiency point 172

of view, a comparison between the ferrite and nanocrystalline 173

cores for the TBFBI is presented. In addition, variations of 174

all passive elements have been studied over wide-range of 175

duty cycle for the passive elements selection of the proposed 176

TBFBI based on the value, size, and stability issues, which 177

affects system efficiency and power density. The proposed 178

TBFBI is experimentally validated over system prototype 179

based 200 V, 1.6 kW, 60 Hz, and switching-frequency of 180

50 kHz. The 50 kHz switching frequency is selected for 181

ripples minimization and passive elements size reduction. 182

II. PROPOSED GRID-TIED TBFBI 183

A. CONFIGURATION AND OPERATION PRINCIPALS 184

The proposed TBFBI circuit configuration is depicted in 185

Fig. 1, which consists of three flyback converter modules 186

linked in parallel from the input DC-side and star-connected 187

at the output-side. By considering a single compact LC-input 188

filter, the TBFBI draw a ripple-free input DC current, which 189

is essential for renewable energy applications such as; PV and 190

fuel-cell [38]. For module (x) of the proposed TBFBI, Fig. 2 191

shows themodule duty-cycle (dx), voltage/current waveforms 192

(vpri,x, ipri,x, vsec,x, isec,x) of HFT input and output terminals, 193

output-capacitor current (icx), and grid balanced voltage and 194

current waveforms (exN, isx). Obviously, the proposed TBFBI 195

operates over a wide duty-cycle variation range, which offers 196

wide output AC voltage for different applications. In addition, 197

the duty cycle of the proposed converter is derived consid- 198

ering a DC output voltage on the terminal of each module 199

with a sinusoidal envelope. Therefore, duty cycle of each 200

module shown in Fig. 2 is not a pure sinusoidal waveform 201

to mitigate voltage stress on inverter components [6], [8], 202

[23], [39]. Therefore, the modulation waveform consists of 203

low-order harmonic and DC offset components enveloped 204

with sinusoidal waveform to realize three-phase output volt- 205

age at the inverter output terminals. Derivation of duty cycle 206

of each flyback module will be explained in details in the next 207

section. 208

The operational modes of module-U of the proposed 209

TBFBI are portrayed in Fig. 3, whereas its switching control 210

signals are depicted in Fig. 4. It worth to mention that the 211
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FIGURE 3. Temporarily power transfer in single-module of the TBFBI.
(a) Bidirectional power flow of a single flyback module. (b) Stored Energy
in the magnetizing inductance. (c) Released Energy from the magnetizing
inductance.

FIGURE 4. Gating signals generation of module-U of the TBFBI.

two switches of each flyback module are operating com-212

plementary considering CMS control strategy, as cleared213

in Fig. 3 and Fig. 4. The power streams from DC-side to214

grid during forward operational period, whereas it reverses215

during reversal operational period as depicted in Fig. 3(a).216

During forward operation, the main-switch and body-diode217

of synchronous-switch are sequentially ON and the power218

is injected to grid, where the switching waveforms are illus-219

trated in time interval form zero to T/2 of Fig. 2. During rever-220

sal period, power flows into TBFBI module, which results221

in circulating power between the modules, as portrayed in222

time interval from T/2 to T of Fig. 2. The generation of223

PWM control signals of module-U is illustrated in Fig. 4.224

It worth to mention that the TBFBI is operating temporarily225

and power transfer occurs over storage element as shown in226

Fig. 3(b) and Fig. 3(c). Therefore, the HFT is utilized for227

two functions; 1) storage inductance, 2) galvanic isolation.228

Accordingly, during the ON-period of the main-switch, the229

input power is stored in the HFTmagnetizing inductance LMx230

and grid current is supplied by the output capacitor of each231

module, see Fig. 3(b) and region (R1) of Fig. 4. During the232

OFF-period of the main-switch, the stored energy in LMx is 233

released through secondary side to supply grid current and 234

charging the output capacitor as shown in Fig. 3(c). Simi- 235

larly, during the ON-period of the synchronous-switch, the 236

reverse power is stored in the HFT magnetizing inductance 237

as cleared in region (R2) of Fig. 4. During the OFF-period 238

of the synchronous-switch, the stored energy is release in the 239

reverse direction to the input DC supply. However, the duty 240

cycle (i.e.; modulation waveform) of each flyback module 241

is synthesized considering minimized voltage stress and low 242

order harmonic mitigation. 243

B. MODULATION SCHEME AND MATHEMATICAL 244

MODELING OF THE PROPOSED TBFBI 245

Although sharing the same DC source, each module of the 246

TBFBI is controlled by wide-range of variable duty-cycle 247

shifted by 120◦. The voltage conversion ratio of each flyback 248

module of the proposed inverter, considering CMS technique, 249

can be expressed as follows [39], [40]; 250

Mx =
vox
vdc
=

dx
1− dx

(1) 251

where; vox is flyback module output-voltage, vdc is input 252

DC-voltage, and dx is Module-x duty-cycle. 253

Also, the resistances of inductor, diode, and switch of 254

each module limit the inverter voltage-gain. Table 1 lists the 255

voltage/current stress over each component of the proposed 256

TBFBI. Generally, the TBFBI operation is based on mod- 257

ulating each module by 120◦ phase shifted duty cycles (du, 258

dv, and dw) to synthesize a time-varying output voltage (vou, 259

vov, and vow). Therefore, the three output voltages comprise 260

two voltage components; the line frequency sinusoidal volt- 261

ages shifted by 120◦ superimposed with a DC offset voltage. 262

However, elimination of the DC components at the output 263

terminals of each flyback module can be optimally realized if 264

the grid side voltages are balanced. 265

The grid three-phase balanced voltages can be expressed 266

as follows; 267euNevN
ewN

 = √
2
3
E

 sin(ωt + α)
sin(ωt + α − 2π/3)
sin(ωt + α + 2π/3)

 (2) 268

where; E is the RMS line voltage, ω is the grid angular 269

frequency, α is an arbitrary angle. The three-phase balanced 270

grid currents can be expressed as follows; 271isuisv
isw

 = I ·

 sin(ωt + α)
sin(ωt + α − 2π/3)
sin(ωt + α + 2π/3)

 (3) 272

where; I is the peak value of grid injected current. 273

The output voltage and current waveforms of three-phase 274

grid-tied inverters utilizing dc-dc converter modules gen- 275

erate low-order odd and even harmonic components. The 276

odd harmonics are generated by input-output nonlinearity, 277

whereas even harmonics are generated by mismatch between 278

inverter modules [22]. Therefore, SLS is applied at the 279
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TABLE 1. Voltage and current stresses.

fundamental-frequency to mitigate low-order odd harmon-280

ics [22]. On the other hand, low order even harmonics can281

be compensated by using an external compensation strategy.282

Continuous-modulation-scheme (CMS) combined with SLS283

is used to generate the switches duty cycles. Hence, each284

module generates a time-varying output voltage as sinu-285

soidal waveform superimposed with a common-mode DC286

offset. The common-mode DC offset is decoupled due to the287

star-connection at the grid-side. Therefore, output voltage of288

each module can be formulated as follows;289

vox(t) = Mx · vdc (4)290

where; x=u, v, or w,Mx is the converter conversion ratio, and291

vdc is the input DC-voltage.292

Also, all modules output voltages can be formulated as;293 vou(t)vov(t)
vow(t)

 =
Mu
Mv
Mw

 · vdc (5)294

Based-on the sinusoidal envelope of the output-voltage, the295

conversion ratio can be formulated as follows;296

Mx = Mx,dc +Mx,ac ·

 sin(ωt + α)
sin(ωt + α − 2π/3)
sin(ωt + α + 2π/3)

 (6)297

Based-on (1) and (6), the duty cycle can be formulated as298

follows;299

dx =
Mx,dc +Mx,acKx

1+Mx,dc +Mx,acKx
(7)300

where;301

Kx =

 sin(ωt + α)
sin(ωt + α − 2π/3)
sin(ωt + α + 2π/3)

302

By applying SLS for low-order harmonic mitigation, the303

DC output component (Mx,dc) is equal to the peak value of304

sinusoidal component (Mx,ac). Consequently, the duty cycle305

can be modified as follows;306

dx =
M +M · Kx

1+M +M · Kx
(8)307

where; x = a, b or c andM = Mx,dc = Mx,ac.308

Therefore, all modules output voltages can be formulated,309

by substituting (6) and (8) into (5), as follows;310 vou(t)vov(t)
vow(t)

 = M · vdc ·

 1+

 sin(ωt + α)
sin(ωt + α − 2π

3 )
sin(ωt + α + 2π

3 )

 (9)311

C. TBFBI HARMONIC MODELING AND ANALYSIS 312

Based-on large signal model of flyback module, the input 313

primary current (ipri,u) can be expressed as follows; 314

ipri,u =
isu

1− du
= isu · (1+M +MKx) (10) 315

Therefore, from (10); 316
1

1−du
1

1−dv
1

1−dw

 = 1+M +M ·

 sin(ωt + α)
sin(ωt + α − 2π/3)
sin(ωt + α + 2π/3)

 (11) 317

To analyze its superimposed harmonics orders, the bal- 318

anced grid-injected current can be expressed as; 319isuisv
isw

 = Im

 sin(ωt + α)
sin(ωt + α − 2π/3)
sin(ωt + α − 4π/3)

 320

+ IH

 sin n(ωt + α)
sin n(ωt + α − 2π/3)
sin n(ωt + α − 4π/3)

 (12) 321

where; (IH ) is the current harmonic component of order (n). 322

Based-on (11 and 12), the transformer primary current can 323

be formulated as follows; 324 ipri,u(t)ipri,v(t)
ipri,w(t)

 325

= (1+M )Im

 sin(ωt + α)
sin(ωt + α − 2π/3)
sin(ωt + α − 4π/3)

 326

+ (1+M )IH

 sin n(ωt + α)
sin n(ωt + α − 2π/3)
sin n(ωt + α − 4π/3)

 327

+
MIm
2

 1− cos(2ωt + α)
−1
2 − cos(2ωt + α − 2π/3)
−1
2 − cos(2ωt + α − 4π/3)

 328

+
MIH
2

 cos((1−n)ωt+α)−cos((1+n)ωt+α)
cos((1−n)ωt+α−2π/3))−cos((1+n)ωt+α−2π/3))
cos((1−n)ωt+α−4π/3))−cos((1+n)ωt+α−4π/3))

 329

(13) 330

Assuming lossless TBFBI and α = 0, the power at input and 331

output terminals are equal, as follows; 332

Pin = vdcipri = Vin(ipri,u + ipri,v + ipri,w) 333

= vdcIH (1+M ){sin n(ωt)+ sin n(ωt − 2π/3) 334

+ sin n(ωt − 4π/3)} +
vdcIHM

2
{cos((1− n)ωt) 335

+ cos((1− n)ωt − 2π/3)+ cos((1− n)ωt − 4π/3)} 336

−
vdcIHM

2
{cos((1+ n)ωt)+ cos((1+ n)ωt − 2π/3) 337

+ cos((1+ n)ωt − 4π/3)} (14) 338
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The output power can be formulated as follows;339

Pout = −

√
2EIm
2
{cos(2ωt)+ cos(2ωt − 2π/3)340

+ cos(2ωt − 4π/3)} +

√
2EIH
2
{cos((1− n)ωt)341

+ cos((1− n)ωt − 2π/3)+ cos((1− n)ωt − 4π/3)}342

−

√
2EIH
2
{cos((1+ n)ωt)+ cos((1+ n)ωt − 2π/3)343

+ cos((1+ n)ωt − 4π/3)} (15)344

Therefore, the three-phase currents, given in (13), can be345

modified as follows;346  ipri,u(t)ipri,v(t)
ipri,w(t)

 = (1+M )Im

 sin(ωt)
sin(ωt − 2π/3)
sin(ωt − 4π/3)

347

+(1+M )IH

 sin(2ωt)
sin(2ωt − 4π/3)
sin(2ωt − 2π/3)

348

+
MIm
2

 1
−1
2
−1
2

349

−
MIm
2

 cos(2ωt)
cos(2ωt − 2π/3)
cos(2ωt − 4π/3)

350

+
MIH
2

 cos(−ωt)
cos(−ωt − 2π/3)
cos(−ωt − 4π/3)

351

−
MIH
2

 cos(3ωt)
cos(3ωt − 2π/3)
cos(3ωt − 4π/3)

 (16)352

III. PROPOSED TBFBI CONTROL STRATEGY353

As mentioned previously, the TBFBI operates with a variable354

duty-cycle, which affects the system stability. Therefore, it is355

very important to check the system stability with all duty356

cycle range. Consequently, developing an adequate dynamic357

modeling of the TBFBI is important for stability issue. The358

TBFBI control-to-output dynamic model, with a single LC359

input filter, is expressed as follows [37], [41];360

Gvdx(S) =
vox(S)
dx(S)

= G0
b0 + b1S + b2S2 + b3S3

a0 + a1S + a2S2 + a3S3
(17)361

where; G0 is the DC-gain, (b0-b3) are constants decides362

the zeros locations, and (a1-a3) are the constants of poles363

locations.364

A. TBFBI DYNAMICS AND PARAMETERS SELECTION365

Considering 1.6 kW power flow, the system parameters can366

be designed according to [40] as 133 µH for the HFT magne-367

tizing inductance, 12.8 µF for the output capacitor, 500 µH368

TABLE 2. Inverter parameters.

and 10 µF for the input filter inductance and capacitance, 369

respectively. Also, stability of TBFBI depends mainly on 370

the parameters of the input filter, magnetizing inductance of 371

HFT, and output capacitor at the grid-side. Therefore, system 372

stability is investigated considering wide-range variation of 373

designed values based-on the size of passive elements, volt- 374

age and current ripples, phase margin, bandwidth, and stabil- 375

ity over the wide-range of duty-cycle variations. Fig. 5 shows 376

the variation effect of duty cycle (d=0.1∼0.8), input filter 377

inductance (Lin=150∼1000 µH), transformer magnetizing 378

inductance (LM=100∼500 µH), and output capacitor (Cox = 379

5 ∼15 µF). Increasing output capacitance, Cox, moves the 380

complex poles towards the origin point, which enhances the 381

system resonance. However, it may increase system size and 382

cost. In contrast; decreasing the output capacitance increases 383

imaginary parts of complex poles, which increases output 384

voltage oscillations. On the other hand, increasing themagne- 385

tizing inductance moves complex poles towards the real axis 386

that enhances the system resonance, however, it moves the 387

RHP zero towards the origin point that decreases the inverter 388

bandwidth. Owing to the inverter compactness, cost, and 389

stability issues, optimal parameters of the proposed TBFBI 390

are listed in Table 2. 391

B. CLOSED-LOOP COMPENSATOR DESIGN 392

Rigid compensator design of TBFBI is a critical issue to 393

improve system stability and bandwidth (BW). The TBFBI 394

closed loop transfer function, according to the inverter gen- 395

eral control loop transfer function presented in [40], is formu- 396

lated as follows; 397

T (S)=Gvd(S)Glg(S)Gc(S)GPWM(S)Hs(S)GSLB(S) (18) 398

where; T(s) is open-loop transfer function, Gvd(s) is control- 399

to-output transfer function, Glg(s) is grid filter transfer 400

function, Gc(s) is proposed compensator transfer function, 401

GPWM(s) is modulator transfer function,Hs(s) is sensor trans- 402

fer function, GSLB(s) is Static Linearization Block transfer 403

function, 404

Based-on the inverter transfer function in (17) and (18), 405

Type-II compensator is required to stabilize the system with 406

an improved phase-margin and response [42], [43]. There- 407

fore, the compensator transfer function can be formulated as 408

follows [42]; 409

Gc(S)=Gc,0
(1+ S

ωz,1
)

(1+ S
ωp,1

)(1+ S
ωp,2

)
(19) 410
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FIGURE 5. Effect of converter parameters variation on the location of
dynamic poles and zero including the input filter.

where; Gc,0 is open-loop compensator gain, ωz,1,ωp,1 and411

ωp,2 are zeros and poles frequencies, respectively. In addition,412

the input LC filter has been designed at resonating frequency413

of fo, which can be expressed as [40];414

Fo =
1

2π
√
LinCin

(20)415

where the inverter resonating frequency must follow the416

expression;417

10fg ≤ fo ≤
fSW
10

(21)418

Hence, fo is selected as 4 kHz. Hence, the input filter induc-419

tance and capacitance are designed as 150 µH and 10 µF,420

respectively. In addition, the grid inductance is selected as421

4 mH [40].422

The control scheme of the proposed inverter is portrayed423

in Fig. 6, which comprises of two control-loops:424

• The main control-loop (Loop1), which regulates the425

grid-injected currents and output voltages of each con-426

verter module.427

• The secondary control-loop (Loop2); which compen-428

sates negative sequence harmonics that distorts the grid429

current due to the inverter nonlinearities.430

Based-on the harmonic modeling and analysis discussed431

in Section II-C, a Negative Sequence Harmonic Components432

(NSHC) are included in the grid currents. NSHC rotates in433

reverse direction with double frequency (2ω) of the fun-434

damental components, which is noticeable in the primary435

current envelope of each module. Therefore, a simple single-436

pole integrator is applied as a Selective Harmonic Elimina-437

tion (SHE) strategy for NSHC compensation. In addition,438

the integrator in the second control-loop enrich the control439

system with an extra origin-pole. Therefore, the required440

compensator order is reduced from Type-II to conventional441

PI compensator, which simplifies the controller design and442

FIGURE 6. TBFBI closed-loop control-scheme.

FIGURE 7. Closed-loop control-scheme bode plot of the proposed TBFBI
using Type-II compensator.

reduces the computational time. The integrator extracts the 443

second-order harmonics, which is compensated for sinusoidal 444

grid-injected currents. 445

Also, Fig. 7 shows the bode plot of the TBFBI based-on the 446

dynamic model and the compensator in (19). The compen- 447

sator origin-pole increases closed-loop DC-gain of TBFBI 448

inverter, which diminishes the mismatches among flyback 449

converter modules to minimize circulating power between 450

the modules. Also, it improves accuracy of the controller 451

over wide-range variations of converter duty-cycle. Accord- 452

ing to Fig. 7, the DC-gain of the proposed inverter control 453

system is 140 dB and the PM is 30.5◦, which ensures sys- 454

tem stability. Moreover, the inverter bandwidth is 510 Hz, 455

which improves the inverter dynamics over a wide-range 456

of duty cycle and frequency variations. In addition, the 457

bode plot of the closed-loop controller including the second 458

control-loop is shown in Fig. 8. Obviously, the integrator 459

improved the PM to 39◦ and maintains high DC-gain due 460

to its enriched origin pole. In addition, the system BW is 461

increased to 700 Hz, which confirms the inverter stability 462

over wide-range of frequency variations. Therefore, the pro- 463

posed control system poses a major challenge by considering 464

only two control loops without the need to incur complex 465

control systems that needs long computational time and high 466

controller specifications. 467
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FIGURE 8. Closed-loop control-scheme bode plot of the proposed TBFBI
with the two control-loops using PI controller.

TABLE 3. Simulation and experimental parameters.

IV. SYSTEM RESULTS468

A. SIMULATION RESULTS469

The simulation findings of the proposed single-stage TBFBI470

are confirmed at rated converter power of 1.6 kW and under471

two operating conditions; without and with harmonic com-472

pensation technique. Fig. 9(a) and Fig. 9(b) show the system473

simulation results without and with NSHC compensation,474

respectively. In both cases, the three-phase grid voltages, grid475

currents, inverter output-voltages, DC input voltage, and DC476

input current are portrayed, respectively. Without compensa-477

tion, the three-phase grid-currents are distorted with a high478

second-order harmonic component and the input DC current479

contains third-order harmonic. On the other side; the NSHC480

compensation strategy eliminates the low-order harmonic481

component and supply the grid with almost pure sinusoidal482

current waveforms. In addition, it minimizes the input DC483

current ripples to 2.1% that matches the IEEE-1547 harmonic484

standard for DER.485

B. EXPERIMENTAL SYSTEM CONFIGURATION486

A laboratory prototype-based 200 V, 1.6 kW, 60 Hz grid487

frequency, and 50 kHz switching-frequency of the TBFBI488

is carried out to investigate the validity of the three-phase489

single-stage isolated TBFBI for grid-tied operation. It worth490

to mention that the dc side can be supplied by either PV491

modules or batteries due to the continuously smooth current492

FIGURE 9. DBFI simulation results.

at the dc side with small ripples. In this paper, a conventional 493

dc source is considered at the dc side in order to confirm 494

the system performance with the proposed control technique. 495

However, future publication will consider PV module and 496

its MPPT technique at the dc side by controlling only the 497

two switches of each flyback module without any additional 498

stages. Fig. 10 shows the system configuration and its con- 499

trol scheme. Also, experimental setup photograph is por- 500

trayed in Fig. 11, whereas all system parameters are listed 501

in Table 3. The three-phase grid-currents and line-voltages 502

are detected using LA55-P and LV25-P transducers, respec- 503

tively. The phase-angle of the grid voltages is calculated 504

from the grid line-voltages using phased-looked loop (PLL). 505

Hence, the actual three-phase grid voltages and currents are 506

converted to the dq-axis using abc/dq park transformation. 507
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The error signal, obtained by comparing the reference and508

actual dq-axis grid currents, is fed to the PI controller for509

grid-current regulation, as illustrated in main control-loop510

of Fig. 6, and Fig. 10. Then, the output signals of the main511

control loop are summed with the output signals of the sec-512

ond loop, (i.e.; NSHC elimination loop) to obtain reference513

signals that can regulate the grid injected power at unity514

power factor and to realize three-phase sinusoidal grid cur-515

rent waveforms. The converter duty cycle can be calculated516

according to (8), which is compared with the high-frequency517

carrier signal to generate switching signals of the main and518

synchronous switches of each flyback module, as depicted519

in Fig. 4. The PCB dimension of each flyback module is520

18*10 cm2. The TBFBI is investigated for grid-tied operation521

at two modes; without NSHC-compensation (Mode-1), and522

with NSHC- compensation (Mode-2) and the grid current523

distortion is compared with standard permissible limits. The524

proportional and integral gains of the PI controller have been525

designed according to detailed analysis and explanation given526

in [21] and [22]. Based on the detailed mathematical model527

in section II, output voltage estimation of each module is528

used to reduce the required sensors, as shown in Fig. 6 and529

Fig. 10. Therefore, the proposed TBFBI uses only two voltage530

sensors and three current sensors at the grid-side, which is less531

than that used in other counterpart topologies. In addition, the532

system experimental waveforms are captured by 16-channel533

DL-850 Yokogawa digital oscilloscope. Moreover, system534

efficiency and THD have been measured and analyzed by535

WT1800 Yokogawa power analyzer. The digital controller536

PE-Expert 3, employing DSP TMS320C6713 board linked537

with MWPE3 Xilinx FPGA board (XC3S500E), is used to538

control the proposed system. The control algorithm is real-539

ized in the DSP board to calculate all switches duty cycles,540

transferred to the FPGA board to be compared with 50 kHz541

saw-tooth carrier signals to obtain gate signals of all switches.542

C. SINGLE-PHASE HFT DESIGN543

Practically, commercial flyback-converters are available at544

low power ratings; (i.e; about 200W). However, the proposed545

three-phase TBFBI is designed so that each flyback module546

transfers about 550 W to the grid-side. Performance of the547

proposed TBFBI depends mainly on the proper design of548

HFT in addition to passive elements. The design strategy can549

be summarized as follows [25];550

• Considering low HFT leakage inductance for efficient551

operation.552

• Using less turns number of high frequency windings.553

HFT windings are designed with 175(7× 25)/0.20 Litz554

wire manufactured by USTC and its strand-diameter is555

less than 1/3 of strand skin-depth.556

• Sandwiching of primary and secondary windings on one557

leg of the C-Core for better flux linkage as well as low558

fringing flux possibility.559

According to the former study, the magnetizing inductance560

LM is designed to be 115 µH. HFT core is designed with561

FIGURE 10. Experimental configuration of the proposed TBFBI with its
control technique.

FIGURE 11. Proposed TBFBI photograph.

small-sized nanocrystalline C-Core considering 12 turns for 562

primary and secondary windings (N), as shown in Fig. 12. 563

Therefore, the air gap length is set to 1.45 mm based on the 564

following formula; 565

le =
N 2µ0Acore

LM
(22) 566

where; µo is permeability of the free space and le is the air 567

gap length. 568

FIGURE 12. Nano-crystalline core-based HFT.
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FIGURE 13. Experimental results of the proposed TBFBI at 0.8 kW.

FIGURE 14. Experimental results of the proposed TBFBI at 1.6 kW.

D. EXPERIMENTAL RESULTS569

The experimental system has been carried out consider-570

ing reference grid injected power of 0.8 kW and 1.6 kW571

considering Mode-1 and Mode-2. Fig. 13(a) and Fig. 13(b) 572

shows the experimental results of the grid-tied TBFBI 573

under Mode-1 and Mode-2, respectively at power flow 574
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FIGURE 15. Grid current FFT harmonic spectrum at 1.6 kW.

FIGURE 16. TBFBI Control system signals under Mode-1 and Mode-2 at 1.6 kW.

of 0.8 kW. Both figures show the three-phase grid volt-575

age and current waveforms, output voltages across capac-576

itors, battery input voltage and its current, voltage across577

main-switch, main-switch and HFT currents, and volt-578

age across synchronous-switch. At rated power flow of579

1.6 kW, Fig. 14(a) and Fig. 14(b) depicts the exper-580

imental results of the TBFBI at Mode-1 and Mode-2,581

respectively. Additionally, all oscilloscope images shown582

in Fig. 13 and Fig. 14 have two zoomed regions;583

(i.e.; A andB), for high-frequency switchedwaveforms at low584

and high duty-cycles, respectively. It worth to mention that585

in each power flow, the synchronous-switch voltage stress at586

Mode-1 and Mode-2 is similar due to the RC snubber-circuit587

design rigidity and the HFT leakage inductance [40]. It, 588

also, reflects the reasonable design of the flyback HFTs for 589

high power operation; (i.e; 550 W). Obviously, experimen- 590

tal results at 0.8 kW and 1.6 kW power flow show that 591

the proposed control technique successfully controlled the 592

TBFBI to inject the reference power to the grid at unity power 593

factor. 594

At rated power flow of 1.6 kW considering Mode-1, 595

the three-phase grid currents include high NSHC of 43%, 596

as depicted in the grid current FFT harmonic spectrum in 597

Fig. 15(a). This distortion causes high third-order harmonic 598

in DC input current; (i.e.; peak-to-peak DC ripple current of 599

5.2 A). Moreover, the NSHC increases the circulating power 600
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TABLE 4. Comparative study of the proposed three-phase single-stage TBFBI.

between the inverter modules, which increases reactive power601

component and diminishes the system power factor (0.918).602

On the other hand after considering NSHC compensation, the603

injected three-phase grid current is almost pure sinusoidal604

waveforms with low second-order harmonic component of605

0.87%, which reduces the input DC peak-to-peak current606

ripple to 0.35 A, as shown in Fig. 15(b). The peak-to-peak607

current-ripple at the input DC-side is 0.35 A, which is 2.1%608

of the DC input current that matches the IEEE-1547 stan-609

dards for DER applications. The control parameters of the610

proposed TBFBI at Mode-1 and Mode-2 are depicted in611

Fig. 16. For Mode-1, the grid-injected currents include high612

second-order harmonic, which causes third-order harmonic613

in the d-q axis currents as well as modulation index signals614

as shown in Fig. 16(a). For Mode-2, the d-q axis currents615

and modulation index signals follows the reference values616

with low ripples as depicted in Fig. 16(b). Fig. 17 shows617

WT1800 power analyzer measurements of the TBFBI sys-618

tem at Mode-1 considering nanocrystalline HF core, how-619

ever, Fig. 18(a) and Fig. 18(b) shows the system results at620

Mode-2 considering nanocrystalline and soft ferrite cores,621

respectively. It is clear that in Mode-2, THD of the grid622

injected current reduced from 39.29% to 3.95% due to623

the elimination of the second-order harmonic-components,624

which matches IEEE and ICE harmonic standard limit. The625

analyzer images show the system overall efficiency which is626

89.9% for Mode-1 and 88.09% for Mode-2. The reduction in627

system efficiency is due to the modification of the modulation628

FIGURE 17. Power analyzer measurements of the proposed TBFBI at
1.6 kW at Mode-1 considering nanocrystalline core.

index that required more dc power to compensate the second 629

order harmonic. Moreover, elimination of the second order 630

harmonic increases the power factor at grid-side from 0.918 to 631

0.998 due to the reduction in reactive power. Also according 632

to Fig. 18(a) and Fig. 18(b), THD of the grid injected current 633

is 3.95% in case of using nanocrystalline core for the HFT of 634

the TBFBI system which is less than the permissible limits 635

of the IEEE standard. On the other hand, THD of the grid 636

injected current in case of using ferrite core is 5.9%, which 637
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FIGURE 18. Power analyzer measurements of the proposed TBFBI at 1.6 kW.

exceeds the permissible limits of the IEEE standard. It worth638

to mention that at 1 kW power flow the TBFBI efficiency639

is 90.88% and 90% before and after NSHC compensation,640

respectively.641

In addition, efficiency profile of the proposed TBFBI is642

shown in Fig. 19 considering two magnetic cores (i.e.; nano-643

crystalline and EER soft-ferrite cores) for the HFT. For fair644

efficiency profile comparison between nano-crystalline and645

soft-ferrite cores. Obviously, the power loss of the TBFBI646

with nano-crystalline cores is less than that with soft ferrite647

materials. At 1.6 kW power flow, the system efficiency is648

88.09% in case of nanocrystalline cores and 79.2% with soft649

ferrite cores. In addition, the power loss distributions over all650

components of the proposed TBFBI have been experimen-651

tally measured using Yokogawa WT1800 power analyser as652

depicted in Fig. 20.653

In order to investigate the effectiveness of the control654

algorithm and its rigidity, the system performance has been655

tested considering a step change of the reference power flow.656

Fig. 21(a) and Fig. 21(b) show the TBFBI experimental657

results at mode-1 and Mode-2 during step changed from658

0.4 kW to 1.6 kW in the reference power flow. In both cases,659

the actual and reference power agree well. The DC-input660

current and the injected grid current waveforms step from661

their related values at 0.4 kW to 1.6 kW without any over-662

shoot considering very small settling time; (i.e.; 5 ms). It is663

clear that the input DC current includes a high third-order664

harmonic at Mode-1, whereas the controller eliminates this665

component from the DC current after considering the NSHC666

compensation at Mode-2.667

In addition, the proposed three-phase TBFBI is compared668

with the recent topologies of single-stage inverters to illus-669

trate its merits for industrial applications, as illustrated in670

Table 4. Clearly, the TBFBI utilized a reduced number of671

power switches, driver circuits, inductors, and capacitors672

compared with the other topologies for same rating and673

FIGURE 19. Experimental efficiency profile of the TBFBI considering
nano-crystalline and soft ferrite cores.

FIGURE 20. Power loss distribution of the proposed TBFBI.

application. In order to eliminate the common-mode leakage 674

currents between the PV panel neutral-point and the ground 675

of the AC network that causes many hazards and affect 676

the system lifetime, small-size HFT based flyback converter 677

modules are utilized [46], [47]. HFT provides galvanic isola- 678

tion between the AC and DC sides that prevents leakage cur- 679

rent injection and enhances system reliability in PV grid-tied 680

applications. Moreover, it offers modularity operation feature 681

with high-frequency isolation, which make it more flexi- 682

ble in PV applications. Also, differential based three-phase 683
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FIGURE 21. Experimental results of the TBFBI during step-changed grid injected power from 0.4 kW to 1.6 kW.

FIGURE 22. Grid-current harmonic orders in compared with IEC61000-3-2 and IEEE-1547 harmonic standards. (a) Bar chart of grid current
harmonic orders. (b) Current harmonics vs IEC standards and regulation limits.

inverters usually offer a low operating efficiency compared684

with Dual-Active-Bridge based systems due to the existence685

of low-order harmonics and the voltage stress, which results686

from the voltage boosting property in a single-stage oper-687

ation. According to previous literatures, average efficiency688

of differential-based three-phase inverters based on (Cuk,689

SEPIC,. . . .) is between (86-91%) [6], [33], [37]. On the other690

hand, grid-connected three-phase DC-AC inverters based on691

matrix or dual-active-bridge converters usually exhibit effi-692

ciency in the range of (94% to 97%) depending on the utilized693

switch type (i.e.; MOSFET, Sic or Gan) [48]. However,694

Matrix-based or DAB-based systems do not include voltage695

boosting property. Also, the necessary bulk electrolytic dc696

link capacitor in the DAB-based structures affects system697

reliability. In addition, both structures employs large num-698

ber of power devices that increase system cost and foot-699

print. It worth to mention that the proposed configuration is700

controlled via a two-loop control strategy considering only701

three current sensors and two voltage sensors to detect the702

grid current and voltage waveforms, which is less than the703

required sensors for similar inverter topologies presented 704

in [37]. Also, comparison of the proposed inverter control 705

techniquewith the recently published topologies based-on the 706

number of control loops and required number of sensors are 707

listed in Table 5. 708

Also, the grid-current harmonic orders of the TBFBI are 709

compared with the IEC61000-3-2 (Class-A) and IEEE-1547 710

harmonic standards at rated power as depicted in Fig. 22. 711

Fig. 22(a) shows comparison between low order harmonic 712

components of the proposed system and permissible har- 713

monic limits provided by IEC61000-3-2 (Class-A) and IEEE- 714

1547 standards. On the other hand, Fig. 22(b) shows the 715

harmonic regulation factor of the low order harmonic com- 716

ponents, (i.e.; the percentage of TBFBI harmonic component 717

over percentage of permissible limits provided by both stan- 718

dards). Obviously, the grid current DC component is 0.2%, 719

which is less than the IEEE-1547 permissible limit (0.5%) 720

as cleared in Fig. 22(a). In addition, all low order harmonic 721

components (up to 2.4 kHz) of the TBFBI system is lower 722

than the permissible limits provided by both standards as 723
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TABLE 5. Comparative study of the proposed single-stage TBFBI.

shown in Fig. 22(a) and Fig. 22(b). Obviously, all values of724

regulation limits of the proposed TBFBI are less than 100%725

that match the grid standard requirements for grid-tied PV726

inverter applications.727

V. CONCLUSION728

This paper has presented an isolated grid-tied TBFBI consid-729

ering HFT for galvanic isolation and small passive elements730

compared with conventional three-phase inverters, which731

comparatively enhances the inverter power density and foot-732

print. A new mathematical model of the proposed TBFBI733

has been presented, which confirms the existence of NSHC734

in the grid current waveforms. In addition, terminal voltage735

estimation strategy has been used to control the output voltage736

of each flyback module, which reduces the required number737

of sensors. Hence, the proposed control method uses the least738

number of control loops and required sensors compared with739

other three-phase differential converters topologies. More-740

over, a simple compensation strategy for the NSHC via741

single-pole integrator has been utilized to improve THD of742

the grid-injected current waveforms. The second control-loop743

integrator enrich the main control-loop with the origin-pole,744

which boosts DC-gain of the proposed inverter that enhances745

the system accuracy and stability. Furthermore, the proposed746

second loop decreases the first control-loop order, which747

simplifies the computational algorithm and enhances the DSP748

execution time. HFTwith nanocrystalline core is designed for749

compactness and loss aspects of the TBFBI. The proposed750

TBFBI is experimentally validated using a laboratory proto-751

type based 200V and 1.6kW power flow for grid-tied appli-752

cation. Experimental results prove the accuracy of the control753

technique in injecting sinusoidal current waveforms to the754

grid at unity power factor in addition to the NSHC elimination755

providing grid-current THD of 3.95% and input DC current756

ripple of 2.1%, which follows the permissible limits of the757

IEEE-1547 and IEC61000-3-2 (Class-A) standards.758
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