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ABSTRACT This paper describes a novel single-phase thirteen-level packed E-cell inverter (PEC13)
for grid-tied photovoltaic (PV) systems. PEC13 topology contains six power switches, two four-quadrant
switches and four DC capacitors. The main advantage offered by the proposed PEC13 is the ability to
produce different voltage levels without any modifications in power circuit when open circuit fault occurs
on one or two four-quadrant switches. In faulty condition, PEC13 can continue its operation and behaves
as PEC9 or PUC7 inverter configuration. Furthermore, a reconfigurable finite-control set model predictive
control (R-FCS-MPC) is designed to control the proposed grid-connected PV systems based PEC13 inverter.
The proposed R-FCS-MPC assures the transition between PEC13 to PEC9 or PUC7 configuration through
the adjustment of DC-link capacitor voltages balancing. The effectiveness of the R-FCS-MPC with the
proposed PEC13 topology is evaluated through experimental validations using real-time hardware in the
loop (HIL) setup. Provided experimental results demonstrate that the R-FCS-MPC enables to achieve the
normal operation, multi-functionality, besides the high performance of the novel PEC13 inverter topology
under step change in solar irradiance and faulty operation of four-quadrant switches.
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INDEX TERMS Photovoltaic system, thirteen-level packed E-Cell (PEC13), grid-connected multilevel
inverter, finite-control set model predictive control (FCS-MPC).

I. INTRODUCTION16

The utilization of fossil fuels as a major global energy17

source to meet the increase of world’s electricity demand18

has caused environmental crises such as air pollution and19

greenhouse impact [1], [2], [3], [4]. Therefore, renewable20

energy resources, such as solar, wind, biomass and hydraulic21

energies have given great attention in order to minimize the22

drawbacks caused by the use of fossil fuel [1], [2], [3], [4], [5].23

Solar energy has become an energy resource of most interest24

due to its many special advantages such as wide availability,25

The associate editor coordinating the review of this manuscript and

approving it for publication was Ali Raza .

suitability in various locations, zero carbon emissions, sus- 26

tainability, and low maintenance requirement [5]. 27

To exploit this energy resource, the photovoltaic (PV) sys- 28

tems can be connected to the main grid or operate in islanded 29

mode feeding a local load. These two operating modes have 30

been investigated in several research works during the last 31

years in order to increase the entire system efficiency and 32

reliability under various operation conditions [5]. To achieve 33

high power quality in the grid-connected PV systems, the 34

multilevel inverters (MLIs) are widely investigated [6]. MLIs 35

offer many advantages such as low switching frequency, 36

small grid-side filter, low voltage stress across semiconductor 37

switches and less total harmonic distortion in the output volt- 38

age and current as compared with the two-level inverter [6]. 39
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Many conventional MLIs topologies, such as cascaded40

H-bridge (CHB), neutral point clamp (NPC) and flying41

capacitor (FC) are widely used in different industrial appli-42

cations including uninterruptible power supply, conveyor43

systems, fans, renewable energy systems, active power fil-44

ters, etc [7], [8]. However, the number of power electronics45

components increases intensely with the number of output46

voltage levels which causes the increase of MLIs cost [6].47

To overcome this drawback, several researchers strived to48

design new MLIs with less power electronic components by49

employing diverse combinations of active switches, isolated50

DC source and other passive components [9].51

The design of new topologies highly depends on the com-52

bination of conventional structures [9]. For example, hybrid53

multilevel inverter (HMLI) with low switching devices and54

capacitors based-on cascad H-bridge features has been pre-55

sented in [8]. Furthermore, NPC and FC inverters have been56

integrated to design the active NPC (ANPC) inverter [10].57

Moreover, asymmetrical cascaded HB has been integrated58

with NPC or conventional two-level inverter as presented59

in [11] and [12] in order to enhance the energy efficiency and60

to decrease the switching frequency operation of high-voltage61

cell. These hybrid topologies produce a higher number of62

voltage levels and provide higher efficiency [8], [12].63

By combining the FC and CHB conveniences, a novel64

family of single DC source inverter namely, Packed U-Cell65

(PUC) inverter was developed and employed as an individual66

cell in [13]. PUC topology was designed to achieve five-level67

output voltage or seven-level by using only six switches68

and one DC capacitor. Because of these benefits, the PUC69

converter has been given significant attention and has been70

employed in many applications [14]. Vahedi et al. have71

worked on modifying the topology of PUC inverter while72

keeping the same number of components to make it suit-73

able for active power filtering application [15]. Furthermore,74

Jagabar Sathik et al. have proposed an improved PUC inverter75

with a voltage boosting capability [16]. The proposed topol-76

ogy in [17] is developed using one DC capacitor and nine77

power switches to produce seven-level voltage at the output78

and to increase the output voltage levels generated by PUC79

inverter. Sharifzadeh et al. have tended to replace the U-Cell80

of packed structure in PUC inverter by E-Cell. Consequently,81

the PEC topology could produce nine-level output voltage82

via one four-quadrant switch, six active switches and two83

DC capacitors [18]. PEC topology with a suitable designed84

controller has the ability to generate different numbers of85

voltage levels without any changes in power circuit when an86

open-circuit fault occurs in the four-quadrant switch. How-87

ever, the unbalance of DC-link capacitor voltages is con-88

sidered as the major weaknesses of PUC structure likewise89

the other MLIs structures [19]. For this reason, the control90

scheme design becomes more challenging as long as the91

output voltage levels is increased. Thus, a comprehensive92

comparison was conducted with several recently developed93

inverters. The outcome of this comparison is summarized in94

Table. 1.95

TABLE 1. Comparison of several recently developed inverters.

Voltage-oriented control (VOC) has been commonly 96

explored in the literature for grid-tied MLIs [19], [20]. 97

To apply this technique, PI regulators are necessary in the 98

inner current loops in addition to a modulation stage based-on 99

pulse width modulation (PWM) or space vector modulation 100

(SVM) in the outer loop [19], [20]. To design the modulation 101

stage for MLIs, the DC-link capacitor voltages balancing is 102

required, which increase the complexity of the control algo- 103

rithm [21]. Furthermore, PI controller drawbacks including 104

sluggish response and high overshoot/undershoot under sud- 105

den change of operating conditions, reduces the performance 106

of the power converter. Due to rapid expansion of signal 107

processor capabilities and digital control platforms, the VOC 108

is modified using an advanced control strategies such as slid- 109

ing mode control (SMC) [22], and model predictive control 110

(MPC) [23]. These methods eliminate the drawbacks caused 111

by the inner PI regulators. However, the design of modulation 112

stage including DC-link capacitors voltage balancing is of 113

need. 114

Recently, finite-control set model predictive control 115

(FCS-MPC) has been intensively used for power converters 116

control [24], [25]. FCS-MPC gets rid of the PI regulators 117

and modulation stage; meanwhile it has the capability to 118

include system nonlinearities and constraints in the control 119

objective [26]. Due to its simplicity, FCS-MPC has been 120

employed to control MLIs for numerous applications such 121

as AC motor drives, high-voltage direct current (HVDC), 122

flexible AC transmission systems (FACTS),medium and high 123

voltage power applications [8], [9]. Furthermore, FCS-MPC 124

includes DC-link capacitor voltages unbalancing issue in 125

the control objective, while providing higher control perfor- 126

mance in comparison with the conventional controllers [27], 127

[28], [29]. 128

Taking the advantage of replacing the U-Cell in PUC 129

structure by E-Cell that was proposed firstly in [18] for 130

nine level, a new single-phase thirteen-level packed E-cell 131

inverter (PEC13) for grid-connected PV systems is proposed 132

in this paper. PEC13 topology is composed of six power 133

switches, two four-quadrant switches and four DC capacitors. 134

The interesting advantage of the suggested topology lies in 135

its capability to generate different numbers of voltage levels 136

without any changes in power circuit when an open-circuit 137

fault occurs on one or two four-quadrant switches. In such 138

case, the PEC13 inverter can continue its operation by switch- 139

ing to either PEC9 or PUC7. To assure the switching between 140

these structures, the adjustment of DC-link capacitor voltages 141
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balancing should be performed which increases the complex-142

ity of control design. For this reason, FCS-MPC is adopted143

to design reconfigurable FCS-MPC (R-FCS-MPC) algorithm144

for the suggested topology.145

To assess the effectiveness of the proposed control with146

the proposed PEC13 topology, a series of experimental tests147

are conducted via HIL testing platform. The suggested con-148

trol scheme is tested under irradiance changes and under149

four-quadrant switch faulty operations to show the nor-150

mal and multi-functional operation of the suggested PEC13151

inverter.152

The reminder of the paper is arranged as follows: the153

thirteen-level PEC inverter-based grid-tied PV system is dis-154

cussed in section 2. Section 3 is devoted to the PEC13155

inverter topology and its switching sequences. The reconfig-156

urable finite-control-set model predictive control for grid-tied157

PEC13 inverter is described in section 4. While, section 5158

discusses the proposed reconfigurable MPC for grid-tied159

PEC13 inverter. HIL implementation results are presented160

and discussed in section 6. Finally, section 7 summarizes the161

results of this work and draws conclusions.162

FIGURE 1. Proposed system: (a) power circuit configuration, (b) control
scheme.

II. THIRTEEN LEVEL PEC INVERTER BASED163

GRID-CONNECTED PV SYSTEM164

The proposed structure of thirteen-level PEC inverter-based165

grid-connected PV system and its control structure, are pre-166

sented in Fig. 1. The investigated system involves PV array,167

DC/DC boost converter and thirteen-level PEC inverter tied168

to a single AC source through R, L filter. The main goal of169

this structure is to inject the produced PV power into the AC170

network with high quality of grid current even under solar171

irradiance variation. As exhibited in Fig. 1, the control system172

is composed of the following:173

1) A voltage oriented MPPT based on PI controller pre-174

sented in [30] is used to track the maximum power175

point produced by the PV array during solar irradiance 176

variations. 177

2) A conventional PI regulator is used to regulate the 178

DC-link voltage and to generate the peak of grid 179

current reference, where the PI controller parameters 180

(Kp = −0.19 and Ki = −2.1 ) are estimated using the 181

method presented in [31]. 182

3) Proposed R-FCS-MPC control strategy, which is 183

designed for thirteen-level PEC inverter operating in 184

grid-connection mode. 185

III. THIRTEEN LEVEL PEC INVERTER TOPOLOGY 186

Recently, few research works have been introduced E-Cell 187

topology to replace the U-Cells in order to set up new multi- 188

level inverters with less components [18], [32], [33]. In this 189

regard, a PEC13 topology is developed in this paper for 190

grid connected PV system with less electronic devices. The 191

suggested PEC13 topology contains six active bidirectional 192

current devices S1, S2, S3, S4, S5 and S6; two four-quadrant 193

switches S7, S8, four capacitors C1, C2, C3, and C4 to design 194

thirteen-level single-phase inverter topology, as illustrated in 195

Fig. 1. In PEC13 configuration, each four-quadrant switch is 196

tied between the inverter AC terminal and themidpoint of two 197

capacitors. 198

To generate thirteen-voltage level Vin at the AC terminal by 199

PEC13 inverter, the capacitor voltages Vc1 and Vc2 must be 200

balanced to half of the input DC voltage magnitude E , while 201

Vc3 and Vc4 have to be balanced at one sixth using the redun- 202

dant switching states. Table. 2 clarifies the eighteen possible 203

switching states of the proposed PEC13 inverter while, Fig. 2 204

shows the switching configurations for generating the thirteen 205

voltage levels. 206

The proposed PEC13 topology is considered as a reliable 207

configuration, where, it has the ability to generate different 208

number of voltage levels without any further adaptation to 209

the power circuit. When an open-circuit fault occurs on one 210

or two four-quadrant switches, PEC13 can continue its oper- 211

ation by generating nine or seven output voltage levels. Con- 212

sequently, the capacitors C1, C2 and C3, C4 are considered as 213

one equivalent capacitor Ceq with half the value of C1 and C2 214

or C3 and C4 since they are connected in series. 215

In case of open-circuit fault on four-quadrant device S8, 216

the PEC13 can continue its operation as PEC9 topology by 217

generating nine-level voltage at the AC terminal. Where, 218

the capacitors C3 and C4 are considered as one equivalent 219

capacitor Ceq2 with half the value of C3 and C4 because they 220

are coupled in series. In this case, the capacitor voltages Vc1 221

and Vc2 should be balanced to half of the input DC voltage 222

magnitude E , while the sum of Vc3 and Vc4 is balanced 223

to one quarter of E using the redundant switching states. 224

The proposed PEC13 topology generates twelve switching 225

states in order to produce the preferred nine-level voltage as 226

presented in Table. 3. 227

In addition, the proposed PEC13 configuration can operate 228

as another PEC9 structure during an open-circuit fault arises 229

on four-quadrant switch S7. Meanwhile, the capacitors C1 230
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FIGURE 2. Switching states of the proposed PEC 13 inverter.

and C2 are considered as one equivalent capacitor Ceq1 with231

half the value of C1 and C2 because they are connected in232

series. To generate nine-level voltage at the inverter output,233

the Vc3 and Vc4 should be balanced to one quarter of the input234

DC voltage magnitude E via the redundant switching states.235

Whilst, the sum of capacitor voltages Vc1 and Vc2 is regulated236

to the magnitude of input DC voltage E . As presented in237

Table. 4, twelve possible switching states can be produced238

by the PEC13 inverter to generate the preferred nine-level239

voltage.240

When a fault occurs on the two four-quadrant devices S7241

and S8, the PEC13 inverter will be operating as PUC7 topol-242

ogy. Consequently, the capacitors C1 and C2 are considered243

as one equivalent capacitor Ceq1 with half the value of C1 and244

C2. Furthermore, the capacitorsC3 andC4 are also considered245

as one equivalent capacitor Ceq2 with half the value of C3246

and C4. The sum of DC capacitor voltages Vc1 and Vc2 is247

regulated to the magnitude of the input DC voltage E while248

the sum of Vc3 and Vc4 is balanced to one third. The eight249

possible switching states of PEC13 inverter topology during250

PUC7 structure operation are illustrated in Table. 5.251

IV. MODEL PREDICTIVE CONTROL FOR GRID-TIED252

PEC13 INVERTER253

Recently, the FCS-MPC is widely introduced to design effec-254

tive control schemes for the complicated multilevel inverters.255

TABLE 2. Switching states of PEC13 inverter topology during normal
operation.

Thus, FCS-MPC easily allows including the balance of the 256

DC-link capacitors voltages in the control objective unlike 257
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TABLE 3. Switching states of PEC13 inverter topology during first PEC9
structure operation.

TABLE 4. Switching states of PEC13 inverter topology during second PEC9
structure operation.

TABLE 5. Switching states of PEC13 inverter topology during PUC7
structure operation.

classical control schemes [6]. In this section, FCS-MPC for258

the proposed PEC13 inverter is designed according to the259

conventional MPC presented in [26] in order to achieve the260

following objectives:261

1) Control the grid current under sudden irradiation262

change.263

2) Ensure the balancing of the DC-link capacitor voltages.264

The dynamic model of the grid tied PEC13 inverter is nec- 265

essary to design the FCS-MPC. According to Fig. 1, the 266

mathematical modelling of the grid current is expressed 267

as [26] 268

L
dig(t)
dt
= Vin − vg − Rig (1) 269

where ig and vg are the grid current and voltage respectively, 270

while Vin is the PEC13 inverter output voltage which can be 271

written as 272

Vin = F1Vc1 + F2Vc2 + F3Vc3 + F4Vc4 (2) 273

where F1, F2, F3 and F4 can be calculated based on switching 274

states of PEC13 as follows 275
F1 = (S1S̄2S̄4S5S̄7)− (S̄1S2S̄5)
F2 = (S̄2S̄4S5)− (S̄1S2S4S̄5S̄7)
F3 = (S2S̄3S̄5)− (S̄2S3S5S̄6S̄8)
F4 = (S2S3S̄5S6S̄8)− (S̄2S5S̄6)

(3) 276

By using Euler forward method to discretize the continuous 277

model presented in (1), the discrete model of grid current in 278

terms of the sampling time Ts, is described as [26] 279

ig(k + 1) = (1−
RTs
L

)ig(k)+
Ts
L
(Vin(k)− vg(k)) (4) 280

The mathematical model of the DC-link capacitor voltages 281

is expressed in terms of the DC-link capacitor currents icx and 282

grid current ig as follows 283

i1 = C1
dvc1
dt
= −F1ig

i2 = C2
dvc2
dt
= −F2ig

i3 = C3
dvc3
dt
= −F3ig

i4 = C4
dvc4
dt
= −F4ig

(5) 284

The discretization of (5) can be given as [26] 285

Vc1 (k + 1) = Vc1 (k)− F1
Ts
C1
ig(k)

Vc2 (k + 1) = Vc2 (k)− F2
Ts
C2
ig(k)

Vc3 (k + 1) = Vc3 (k)− F3
Ts
C3
ig(k)

Vc4 (k + 1) = Vc4 (k)− F4
Ts
C4
ig(k)

(6) 286

The objectives of FCS-MPC are comprised in the cost 287

function g as 288

g = |i∗g − ig(k + 1)| + λ[|Vc1 (k + 1)− Vc2 (k + 1)| 289

+|Vc1 (k + 1)− 3Vc3 (k + 1)| 290

+|Vc1 (k + 1)− 3Vc4 (k + 1)| 291

+|Vc2 (k + 1)− 3Vc3 (k + 1)| 292

+|Vc2 (k + 1)− 3Vc4 (k + 1)| 293

+|Vc3 (k + 1)− Vc4 (k + 1)|] (7) 294
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where ig is the grid current reference estimated by theDC-link295

voltage PI regulator, while λ is the weighting factor for the296

DC-link capacitor voltages balancing.297

Where λ is identified to achieve a good balancing of the298

DC-link capacitor voltages based on the guidelines presented299

in [34]. However, selecting a large value for λ provides a good300

DC-link capacitor voltages balancing, but with undesirable301

tracking errors. On the other hand, a low value for λ leads302

to a drift in the DC-link capacitor voltages. An appropriate303

arrangement is to estimate the λ value such that the drift304

in DC-link capacitor voltages does not exceed 5% of the305

nominal DC-link capacitor voltages.306

FIGURE 3. Model predictive control for PEC13 during normal
operation.

The flowchart presented in Fig. 3 demonstrates the basic307

operation of the suggested FCS-MPC for the grid-tied PEC13308

inverter. From the measured grid current and voltage, the309

future behaviors of grid current and DC-link capacitor volt-310

ages are calculated using (4) and (6) respectively. Then, a cost311

function g is assessed for the eighteen switching states of312

PEC13 topology. The switching state that minimizes the cost313

function is selected and applied during the next sampling314

time.315

V. RECONFIGURABLE FCS-MPC FOR GRID-TIED316

PEC13 INVERTER317

As detailed in section 3, the proposed PEC13 topology has the318

ability to generate nine or seven-level voltage without mod-319

ifying the power circuit when an open-circuit fault arises on320

one or two four-quadrant switches. This feature is achievable321

only if the control scheme is adjusted to generate the cor- 322

responding switching states of the desired voltage levels. 323

For this reason, the FCS-MPC algorithm is designed in a 324

way to enable multiple operation of the PEC13 including 325

thirteen, nine or seven voltages level generation. To achieve 326

these operation modes using FCS-MPC, a proper calculation 327

of the inverter output voltage, the future DC-link capacitor 328

voltage behavior and a cost function are required. Besides, 329

the thirteen-level operating mode presented in section 4, the 330

other three operating modes are discussed bellow. 331

1) FIRST CONFIGURATION OF PEC9 INVERTER 332

When a four-quadrant switch S8 experiences open-circuit 333

fault, PEC13 is able to produce nine voltage levels. The 334

inverter output voltage can be rewritten as follows 335

Vin = F1Vc1 + F2Vc3 + F3Vceq2 (8) 336

where Vceq2 = Vc3+Vc4 while F1, F2 and F3 are given based 337

on switching states illustrated in Table. 2 as follows 338
F1 = (S1S̄2S̄4S5S̄7)− (S̄1S2S̄5)
F2 = (S̄2S̄4S5)− (S̄1S2S4S̄5S̄7)
F3 = (S2S̄3S̄5S6)− (S̄2S3S5S̄6)

(9) 339

The future behavior of DC-link capacitor voltages is given by 340
Vc1 (k + 1) = Vc1 (k)− F1

Ts
C1
ig(k)

Vc2 (k + 1) = Vc2 (k)− F2
Ts
C2
ig(k)

Vceq2 (k + 1) = Vceq2 (k)− F3
Ts
Ceq2

ig(k)

(10) 341

whereCeq2 is the equivalent capacitor ofC3 andC4 connected 342

in series. In order to produce nine output voltage levels 343

during a faulty four-quadrant switch S8, the cost function g 344

is rewriting as follow 345

g = |i∗g − ig(k + 1)| + λ[|Vc1 (k + 1)− Vc2 (k + 1)| 346

+|Vc1 (k + 1)− 2Vceq2 (k + 1)| 347

+|Vc2(k + 1)− 2Vceq2 (k + 1)|] (11) 348

2) SECOND CONFIGURATION OF PEC9 INVERTER 349

The PEC13 can also generate nine voltage levels in case of 350

faulty four-quadrant switch S7. The inverter output voltage 351

will be expressed as follows 352

Vin = F1Vceq1 + F2Vc3 + F3Vc4 (12) 353

where Vceq1 is the sum of Vc1 and Vc2 while F1, F2 and F3 are 354

given based on switching states demonstrated in Table. 4 as 355
F1 = (S1S̄2S̄4S5)− (S̄1S2S4S̄5)
F2 = (S̄2S̄3S̄5)− (S̄2S3S5S̄6S̄8)
F3 = (S2S̄3S̄5S6S̄8)− (S̄2S5S̄6)

(13) 356
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FIGURE 4. Flowchart of reconfigurable model predictive control for the proposed PEC13 topology.

Moreover, the future behavior of DC-link capacitor voltages357

is given by358 
Vceq1 (k + 1) = Vceq1 (k)− F1

Ts
Ceq1

ig(k)

Vc3 (k + 1) = Vc3 (k)− F2
Ts
C3
ig(k)

Vc4 (k + 1) = Vc4 (k)− F3
Ts
C4
ig(k)

(14)359

whereCeq1 is the equivalent capacitor ofC1 andC2 connected360

in series. In this case, the cost function g is rewriting to361

achieve nine output voltage levels as362

g = |i∗g − ig(k + 1)| + λ[|Vceq1 (k + 1)− 4Vc3 (k + 1)|363

+|Vceq1 (k + 1)− 4Vc4 (k + 1)|364

+|Vc3 (k + 1)− Vc4 (k + 1)|] (15)365

3) PUC7 INVERTER CONFIGURATION366

In case of faulty four-quadrant switches S7 and S8, the PEC13367

can operate as PUC7 inverter. Therefore, the output voltage368

of PUC7 inverter can be described as follows369

Vin = F1Vceq1 + F2Vceq2 (16)370

where, F1 and F2 are given in terms of the switching states371

illustrated in Table. 5 as372 {
F1 = (S1S̄2S̄4S5)− (S̄1S2S4S̄5)
F2 = (S2S̄3S̄5S6)− (S̄2S3S5S̄6)

(17)373

The future behavior of Vceq1 and Vceq2 are written as 374
Vceq1 (k + 1) = Vceq1 (k)− F1

Ts
Ceq1

ig(k)

Vceq2 (k + 1) = Vceq2 (k)− F2
Ts
Ceq2

ig(k)
(18) 375

The cost function g that assure the PUC7 operation mode 376

is derived as 377

g = |i∗g − ig(k + 1)| + λ[|Vceq1 (k + 1)− 3Vceq2 (k + 1)|] 378

(19) 379

Fig. 4 presents the flowchart of the proposed reconfig- 380

urable FCS-MPC. In the normal operation when S7 and S8 381

are operating properly, the R-FCS-MPC takes into consid- 382

eration the normal PEC13 operation as presented in Fig. 4. 383

Nevertheless, the R-FCS-MPC turns to operate as FCS-MPC 384

for the first configuration of PEC9 if a fault in four-quadrant 385

switches S8 is occurred. In this case, the future behaviors of 386

grid current and DC-link capacitor voltages are calculated 387

using (4) and (8-10). Then, a cost function g is evaluated 388

using (11) for all 12 switching states of the first configuration 389

of PEC9 topology.While a fault is occurred on S7, the R-FCS- 390

MPC turns to work as FCS-MPC for the second configuration 391

of PEC9. The future behaviors of grid current and DC-link 392

capacitor voltages are calculated using (4) and (12-14). Then, 393

a cost function g is evaluated using (11) for all 12 switch- 394

ing states of the second configuration of PEC9 topology. 395
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The R-FCS-MPC turns to work as FCS-MPC for the PUC7396

configuration while a fault is occurred on S7 and S8.397

By using (4) and (16-18), the future behavior of grid current398

and DC-link capacitor voltages are calculated. Then, a cost399

function g is evaluated using (19) for the 8 switching states400

of PUC7 topology.401

VI. HIL RESULTS402

In this section, a laboratory testbed of the entire system based403

on hardware in the loop (HIL) testing methodology is built404

around dSPACE 1103 and OPAL-RT 5600 units in order to405

evaluate the effectiveness of the grid-connected PV system406

with the proposed PEC13 inverter controlled by the sug-407

gested R-FCS-MPC. The HIL testbed components are shown408

in Fig. 5.409

FIGURE 5. HIL setup based on OPAL-RT and dSPACE 1103.

The proposed R-FCS-MPC, P&O MPPT and DC-link PI410

controller are implemented in dSPACE 1103 real-time con-411

troller. On the other hand, the OPAL-RT is used as a real412

time simulator to simulate the entire power plant including413

the grid, PV system and the proposed PEC13 power circuit.414

The real-time simulator based on OPAL-RT offers the ability415

to simulate the comportment of the power system as fast as416

would be carried out in the real world with high accuracy.417

In HIL testbed, the dSPACE receives from the OPAL-RT the418

actual PV current, PV voltage, DC-link capacitor voltages,419

grid current and voltage signals through analog-to-digital420

converter (DAC) channels. Those measurements are used to421

calculate the optimal control signals via the proposed control422

scheme and then send them to the OPAL-RT via digital to423

analog channels as illustrated in Fig. 6.424

The OPAL-RT is configured with MATLAB, which com-425

municates with RT-LAB software to generate real-time code.426

The real-time code is generated by MATLAB in combination427

with dSPACE real-time blocks and downloaded in dSPACE428

hardware in order to be executed in real time. The real-time429

data (PV current, PV voltage, DC-link capacitor voltages,430

grid current and voltage signals) can be displayed on an431

oscilloscope by using the DAC channels that are available432

on the connector panel of the OPAL-RT. The overall system433

parameters used in real-time HIL testing are listed in Table. 6.434

The overall system is first tested under step changes in solar435

irradiance (from 700 m2/W to 1000 m2/W and 1000 m2/W436

FIGURE 6. HIL diagram for the grid-connected PV system using PEC13
inverter.

FIGURE 7. Waveforms of solar irradiance and PV power output.

FIGURE 8. Waveforms of DC-link voltage and four DC-link capacitor
voltages under solar irradiance changes.

to 400 m2/W ) in order to present the normal operation per- 437

formance of the proposed topology. The PV system reaches 438

quickly the new MPP in both cases as shown in Fig. 7. 439
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TABLE 6. Overall system parameters.

Moreover, these changes lead to undershoot and overshoot440

with a small rise time in the Vdc over the reference value as441

displayed in Fig 8. Despite that, the proposed R-FCS-MPC442

algorithm guarantees a perfect DC-link capacitor voltages443

balancing as depicted in Fig. 8. Meanwhile, the measured444

grid current track its reference very well as presented in445

Figs. 9 and 10.446

Fig. 11 shows the waveforms of grid voltage/current under447

sudden irradiance changes. The grid voltage and current448

waveforms are in phase, which confirms the unity power449

factor operation. Fig. 12 depicts the waveforms of grid volt-450

age/current and PEC13 inverter output voltage, which con-451

firms the normal operation of the proposed topology.452

FIGURE 9. Waveform of grid current under solar irradiance changes.

FIGURE 10. Waveform of grid current in several steady state levels.

Next, the proposed system is tested under faulty four- 453

quadrant switches. The algorithm documented in [35] is 454

employed to detect the open circuit fault occurred in any of 455

the four-quadrant switches. As presented in Fig. 13, the pro- 456

posed topology is operating in the normal PEC13 mode until 457

a fault in four-quadrant switch S8 is occurred. At this instant, 458

the proposed inverter switches to operate as PEC9 configu- 459

ration. The DC-link voltage is maintained at its reference, 460

while the DC-link capacitor voltages change the voltage level 461

balancing to assure nine-level voltage in the inverter output as 462

illustrated in Fig. 13. In addition, the grid current maintains 463

a sinusoidal form and the inverter is well synchronized with 464

the grid voltage as depicted in Figs. 14 and 15. The waveform 465
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FIGURE 11. Zoom of grid current and voltage waveforms under suden
irradiance changes.

FIGURE 12. Waveforms of grid current, grid voltage and PEC13 output
voltage in steady state.

of PEC13 output voltage presented in Fig. 15 demonstrates466

the both operation modes (PEC13 and first PEC9 structure).467

In this case, the transition time includes the fault detection468

and control model shift is about 21 ms.469

Then, the suggested inverter topology is operating in470

the second PEC9 configuration due to the fault occurred471

in four-quadrant switch S7. After that, another fault in472

four-quadrant switch S8 is occurred as depicted in Fig. 16.473

The proposed R-FCS-MPC offers the ability to change the474

operation of the proposed configuration from the second475

PEC9 configuration to PUC7 configuration. Nine and seven476

level voltages at the inverter output are assured by achiev-477

ing a suitable DC-link capacitor voltages balancing while478

the DC-link voltage is well regulated over its reference as479

presented in Fig. 16. Moreover, the grid current remained480

FIGURE 13. Waveforms of DC-link voltage, four DC-link capacitor voltages
during a faulty four-quadrant switch S8.

FIGURE 14. Waveforms of grid current, grid voltage, and PEC13 output
voltage under a faulty four-quadrant switch S8.

FIGURE 15. Zoom of grid current, grid voltage and PEC13 output voltage
under a fault in four-quadrant switch S8.

sinusoidal and kept in phase with the grid voltage as depicted 481

in Figs. 17 and 18. The operation modes (second PEC9 482

and PUC7) are demonstrated according to the waveform of 483

PEC13 output voltage presented in Fig. 18. The transition 484
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FIGURE 16. Waveforms of DC-link voltage and four DC-link capacitor
voltages during a fault in four-quadrant switches S7 and S8.

FIGURE 17. Waveforms of grid current, grid voltage and PEC13 output
voltage under a fault in four-quadrant switches S7 and S8.

FIGURE 18. Zoom of grid current, grid voltage and PEC13 output voltage
under a fault in four-quadrant switches S7 and S8.

time from the fault detection and the change between the485

PEC9 mode to PUC7 mode is about 18 ms.486

TABLE 7. Analysis of grid current quality (THD%) under solar irradiance
changes and four-quadrant switch faulty operations.

According to Table. 7, the PEC13 provides high grid cur- 487

rent quality in normal operation under full solar irradiance. 488

However, the grid current quality is slightly decreased when 489

a fault in four-quadrant switches is occurred. 490

Despite that fault, the grid current quality still aligns with 491

the international standards (IEEE-519, THD < 5%) during 492

all operating conditions which confirms the efficiency of 493

the suggested PEC13 structure and R-FCS-MPC controller. 494

On the other hand, the computational time measured while 495

running the R-FCS-MPC controller of the PEC13 including 496

the configurable feature in the OPA-RT was around 6.8 µs, 497

which can be implemented easily in the most of the real-time 498

controllers available in the market. 499

VII. CONCLUSION 500

A novel single-phase thirteen-level packed E-cell inverter 501

(PEC13) was proposed and investigated in this paper for 502

grid-connected photovoltaic systems. The proposed topol- 503

ogy is composed of six power switches, two four-quadrant 504

switches, and four DC capacitors. Compared with the exist- 505

ing MLI topologies, PEC13 topology offers the ability to 506

generate different numbers of voltage levels without any 507

power circuit modification. This advantage allows the PEC13 508

topology to operate as two PEC9 operationmodes or PUC7 in 509

order to ensure reliable operation during faulty condition that 510

may happen on one or two of four-quadrant switches. To guar- 511

antee the direct transition between PEC13 to either PEC9 or 512

PUC7, a reconfigurable finite control set model predictive 513

control (R-FCS-MPC) was properly designed to accomplish 514

this multifunction operation. A series of experimental tests 515

using a hardware in the loop (HIL) testing methodology 516

have been carried out to evaluate the performance of the 517

PEC13 topology with the proposed control scheme based 518

on the reconfigurable finite-control-set model predictive con- 519

trol. The obtained results show that the R-FCS-MPC is 520

enabled to achieve the normal operation, multi-functionality, 521

as well as the high performance of the novel PEC13 inverter 522

topology under step changes in the solar irradiance and 523

four-quadrant switch faulty operations. Moreover, the grid 524

current quality under different solar irradiances and faulty 525

four-quadrant switches meets the international standards 526

(IEEE-519, THD < 5%) which confirms the effectiveness 527

of the proposed inverter structure and control methodology. 528
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