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Direct Lyapunov Control Technique for the Stable
Operation of Multilevel Converter-Based

Distributed Generation in Power Grid
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Abstract— This paper deals with a control strategy of1

multilevel converter topologies for integration of distributed2

generation (DG) resources into the power grid. The proposed3

control plan is based on the direct Lyapunov control (DLC)4

technique, which is an appropriate tool for the analysis and5

definition of a stable operating condition for DG link in the6

power grid. The compensation of instantaneous variations in7

the reference current components in ac side and dc voltage8

variations of cascaded capacitors in dc side of the interfacing9

system is considered properly, which is the main contribution and10

novelty of this paper in comparison with other control methods.11

By utilization of the proposed control technique, DG can provide12

continuous injection of active power in fundamental frequency13

from the dispersed energy sources to the grid. In addition,14

reactive power and harmonic current components of nonlinear15

loads can be provided with fast dynamic response, by setting a16

multiobjective reference current component in the current loop of17

DLC-based model. Therefore, achieving sinusoidal grid currents18

in phase with load voltages are possible, while the required19

power from the load side is more than the maximum capacity20

of interfaced multilevel converter. Simulation results confirm the21

effectiveness of the proposed control strategy in DG technology22

during dynamic and steady-state operating conditions.23

Index Terms— Direct Lyapunov control (DLC), distributed24

generation (DG), energy management, multilevel converter.
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B. Abbreviations 27

CC Capability curve.
DG Distributed generation.
DLC Direct Lyapunov control.
KVL Kirchhoff’s voltage law.
KCL Kirchhoff’s current law.
LPF Low pass filter.
NPC Neutral point clamped.
PCC Point of common coupling.
PF Power factor.
THD Total harmonic distortion.
VSC Voltage source converter.

C. Variables 28

igi Grid currents.
ili Load currents.
ici DG currents.
id Current components d-axis.
iq Current components q-axis.
idc DC current.
Idc Steady-state value of DC current.
i∗
cd

Reference current of DG in d-axis.
i∗
cq

Reference current of DG in q-axis.
idhn Load current components in harmonic frequencies.
Iavd Average value of instantaneous variation of i∗

cd
.

Iavq Average value of instantaneous variation of i∗
cq

.
egi Grid voltage.
ei Voltage at PCC.
em Reference voltage vector at PCC.
ed Load voltage in d-axis.
eq Load voltage in q-axis.
vc j DC-link voltages on the cascaded capacitors.
ueqi

Switching state function.
vcs Desired voltage value of cascaded capacitors.
Si j Switching of transistors in each phase.

D. Parameters 29

Rc Equivalent resistance of the ac filter, coupling.
transformer, and connection cables.

Lc Equivalent inductance of the ac filter, coupling.
transformer, and connection cables.

Rg Grid resistance up to the PCC.
Lg Grid inductance up to the PCC.
c j Cascaded capacitors.
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PDG Reference active power of DG.
Pmax Maximum active power of DG.
QDG Reference reactive power of DG.
Ql Load reactive power.
ω Grid angular frequency.
α j Constant coefficient of switching function in.

dynamic state operation.
β j Constant coefficient of switching function in.

dynamic state operation.
f Fundamental frequency.
fc Cutoff frequency.

I. INTRODUCTION30

THE concept of distributed generation (DG) consists of31

relatively small generation units that are located at or near32

the point of power consumption. Application of DG technol-33

ogy in the power grid can yield many benefits from both the34

grid and demand sides [1]–[3].35

DG has the capability of being less costly, highly efficient,AQ:2 36

and reliable; it can simplify the generation of energy near37

the load center [4]. Therefore, DG can be considered as38

an efficient preference for the residential, commercial, and39

industrial costumer loads to provide a secure and low-cost40

electricity [5]. Sustainable energy resources are good options41

to empower the interfacing system in DG platforms. These42

sources of energy meet both the reducing energy demand43

from the utility grid and greenhouse gas emissions for the44

environmental regulations [6]. Power injection from DG to45

the grid during the peak of demand can optimize the energy46

consumption and reduce the stress from the grid’s point of47

view, and decrease the cost of energy consumption from the48

customer’s point of view [7]. But, increasing the number of49

DG units in the power grid can make some problems in the50

operation and power management in the whole network [8].51

Generally, voltage source converters (VSC) are used as the52

heart of interfacing system between the DG source and the53

power grid, and multilevel converter topologies are a good54

tradeoff solution between the performance and cost in high-55

power systems. Compared with standard two-level converter56

topology, multilevel converter topologies offer great advan-57

tages such as lower harmonic distortion, lower voltage stress58

on converter connected loads, lower common-mode voltage,59

and less electromagnetic interference. Therefore, by reducing60

filtering requirements, they not only improve the efficiency61

of converters, but also increase the load power and the load62

efficiency by improving the load voltage with a lower har-63

monic content [9]–[11]. Nevertheless, the control complexity64

increases in multilevel converter-based DG, compared with the65

conventional converter-based scheme. Therefore, an efficient66

and cost-effective control technique is highly demanded for67

integration of DG resources into the power grid.68

Several studies have been reported in the literature regarding69

the control of DG interfacing system for integration of renew-70

able and nonrenewable energy sources to the grid [12]–[19].71

Different issues regarding the integration of DG units into72

the distribution grid have been presented in [12], and some73

operational challenges such as voltage control, grid protection,74

and fault levels have been discussed. Some topologies and75

control techniques of converter-based DG are studied in [13], 76

addressing the utilization of DG technology as a power quality 77

enhancement device in the power grid. A control strategy is 78

proposed in [14] to mitigate the impact of DG on the protection 79

coordination. The proposed control technique can limit the 80

injected current from the DG link according to the DG terminal 81

voltage. The control algorithm presented in [15] can control 82

the interfacing system as a voltage-controlled converter. The 83

proposed control plan provides control over frequency and 84

voltage at the point of common coupling (PCC); then, DG unit 85

can work in both the grid connected and autonomous modes. 86

A control plan for the multilevel converter-based DG has 87

been presented in [16] for the integration of sustainable 88

energy sources into the power grid. The application of this 89

control technique is mainly based on the injection of harmonic 90

current components and reactive power compensation from the 91

renewable energy resources (i.e., wind and solar) in medium 92

and high power systems. Different hardware implementations 93

for the DG technology, control structures for the interfacing 94

system, and control strategies under the fault conditions are 95

addressed in [17]. Camacho et al. [18] discussed reference 96

current generation in the control circuit loop of interfaced 97

converter, under grid fault condition. The generated reference 98

current can provide a flexible voltage support during the 99

presence of any faults in the grid voltage. A PLL-less control 100

technique for DG link is presented in [19]. By elimination of 101

PLL from the control loop of DG, synchronization problems 102

between the DG link and power grid can be resolved, and 103

the control loop has a fast dynamic response to variations 104

in the grid parameters. Some other control plans are also 105

proposed for achieving a unity power factor (PF) in the utility 106

grid by the integration of DG link to the network [20], [21]. 107

In [22], a feedback linearization technique has been presented 108

for the control of a three-level neutral-point-clamped (NPC) 109

converter for compensation of harmonic current components 110

of grid-connected loads. By the introduction of this control 111

method, DG technology can be considered as an active power 112

filter (APF) device in a power system. A control technique 113

is developed in [23] for injection of harmonic current com- 114

ponents generated by nonlinear loads. The proposed scheme 115

is basically an energy-based Lyapunov control technique and 116

provides a globally stable system. But, the authors did not 117

consider the impacts of instantaneous variations of reference 118

current components that highly contribute in the concept of 119

global stability. Several other control algorithms have been 120

proposed in the concept of DG technology, which in most of 121

the presented works, a solution for a serious problem in the 122

power grid has been proposed and discussed. 123

In this paper, authors are introducing a control strategy on 124

the basis of the direct Lyapunov control (DLC) technique for 125

defining a stable operating region of DG units and control 126

of multilevel converter as the heart of the interfacing system 127

between the DG sources and power grid. The impacts of 128

instantaneous variations of reference current components in 129

ac side, and dc voltage variations of cascaded capacitors in dc 130

side of interfaced multilevel converter in operation of DG units 131

are considered properly, which is an important section regard- 132

ing the new contribution of this control method in comparison 133
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Fig. 1. Functional diagram of the proposed multilevel converter-based model. (a) Single-line diagram and (b) three-phase scheme.

with other potential control strategies. The contribution of this134

strategy in DG technology can be introduced as a solution in135

distribution grid, and the compensation for the different issues136

is needed concurrently during the connection of nonlinear137

loads.138

The rest of paper is organized into five sections. Following139

Section I, the general schematic diagram of the proposed140

DG model is introduced in Section III, and the dynamic and141

state-space analysis of this scheme are elaborated properly.142

Application of the DLC technique for the control and stable143

operation of DG interface system in transient and steady-state144

operating condition is presented in Section IV. Moreover, sim-145

ulation results are performed to demonstrate the efficiency and146

applicability of the developed control strategy in Section V.147

Finally, conclusions are drawn in Section V.148

II. PROPOSED MODEL SCHEME149

Fig. 1 shows the single-line and three-phase schematic dia-150

grams of the proposed multilevel converter-based DG model,151

which is composed of three main parts, such as, grid, load, 152

and DG link. As shown in Fig. 1(a), the proposed DG model 153

is integrated to the grid in shunt connection type, which 154

injects current components from the DG source into PCC. 155

Conventional signs of voltage and current components are 156

shown in detail in Fig. 1(b). In addition, the DG source 157

and additional components are represented as a dccurrent 158

source, which is connected to the dc side of the interfaced 159

converter. 160

A. Dynamic Model in a-b-c Reference Frame 161

Dynamic analytical model of the proposed multilevel 162

converter-based schema shown in Fig. 1 should be devel- 163

oped, to draw an appropriate control plan for controlling the 164

integrated DG resources to the power grid. These equations 165

can be obtained by applying the KVL law for the voltage at 166

PCC and KCL law for the current in dc side of the interfaced 167
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converter as168

Lc
dica

dt
+ Rcica−

⎛
⎝Sa1 − 1

3

b,c∑
j=a

S j1

⎞
⎠ vc1 −

⎛
⎝Sa2 − 1

3

b,c∑
j=a

S j2

⎞
⎠ vc2169

− · · · · · −
⎛
⎝Sa(n−1)− 1

3

b,c∑
j=a

S(n−1)

⎞
⎠ vc(n−1) +ea = 0170

Lc
dicb

dt
+ Rcicb−

⎛
⎝Sb1 − 1

3

b,c∑
j=a

S j1

⎞
⎠ vc1 −

⎛
⎝Sb2 − 1

3

b,c∑
j=a

S j2

⎞
⎠ vc2171

− · · · · · −
⎛
⎝Sb(n−1) − 1

3

b,c∑
j=a

S j (n−1)

⎞
⎠ vc(n−1) +eb = 0172

Lc
dicb

dt
+ Rcicb−

⎛
⎝Sc1 − 1

3

b,c∑
j=a

S j1

⎞
⎠ vc1 −

⎛
⎝Sc2 − 1

3

b,c∑
j=a

S j2

⎞
⎠ vc2173

− · · · · · −
⎛
⎝Sc(n−1) − 1

3

b,c∑
j=a

S j (n−1)

⎞
⎠ vc(n−1) +ec = 0174

c1
dvc1

dt
+ (

Sa1ica + Sb1icb + Sc1icc

) − idc = 0175

c2
dvc2

dt
+ (

Sa2ica + Sb2icb + Sc2icc

) − idc = 0176

...
...

...177

cn−2
dvc(n−2)

dt
+ (Sa(n−2)ica + Sb(n−2)icb + Sc(n−2)icc)178

− idc = 0179

cn−1
dvc(n−1)

dt
− ((1 − Sa(n−1))ica − (1 − Sb(n−1))icb180

−(1 − Sc(n−1))icc) − idc = 0. (1)181

By substituting the relation between the load voltages and182

switching state functions of multilevel converter in (1), voltage183

relation between the ac and dc sides of the interfacing system184

can be obtained as185

vi =
(

Si1 − 1

3

b,c∑
k=a

Sk1

)
vc1 +

(
Si2 − 1

3

b,c∑
k=a

Sk2

)
vc2186

+ · · · +
(

Si(n−1) − 1

3

b,c∑
k=a

Sk(n−1)

)
vc(n−1) . (2)187

By referring to (2), equivalent switching function for an188

n-level converter-based interfacing system can be expressed as189

ueqi1
= −

(
Si1 − 1

3

b,c∑
k=a

Sk1

)
190

ueqi2
= −

(
Si2 − 1

3

b,c∑
k=a

Sk2

)
191

...
...

...192

ueqi(n−1)
= −

(
Si(n−1) − 1

3

b,c∑
k=a

Sk(n−1)

)
. (3)193

Fig. 2. Voltage and current components in special reference frames.

Equation (3) demonstrates that the equivalent switching 194

functions of multilevel converter are depended on the switch- 195

ing of Si j , completely describing the behavior of each leg 196

in interfacing system. By substituting (3) in (1), the complete 197

dynamic model of the propose scheme can be expressed based 198

on the switching state function of interfaced converter as 199

Lc
dica

dt
= −Rcica − ueqa1

vc1 − ueqa2
vc2 200

− · · · · · − ueqa(n−1)
vc(n−1) − ea 201

Lc
dicb

dt
= −Rcicb − ueqb1

vc1 − ueqb2
vc2 202

− · · · · · − ueqb(n−1)
vc(n−1) − eb 203

Lc
dicb

dt
= −Rcicb − ueqc1

vc1 − ueqc2
vc2 204

− · · · · · − ueqc(n−1)
vc(n−1) − ec 205

c1
dvc1

dt
= ueqa1

ica + ueqb1
icb + ueqc1

icc + idc 206

c2
dvc2

dt
= ueqa2

ica + ueqb2
icb + ueqc2

icc + idc 207

...
...

... 208

cn−2
dvc(n−2)

dt
= ueqa(n−2)

ica + ueqb(n−2)
icb + ueqc(n−2)

icc + idc 209

cn−1
dvc(n−1)

dt
= ueqa(n−1)

ica + ueqb(n−1)
icb + ueqc(n−1)

icc + idc. 210

(4) 211

B. Dynamic Model in dq Reference Frame 212

By use of the Park transformation matrix, the dynamic 213

model of the whole system in (4) can be transformed into 214

dq reference frame; therefore, all the ac variables of the 215

proposed model in main frequency are converted to the dc 216

value; consequently, controlling and filtering of the proposed 217

DG model can be achieved easier. 218

Fig. 2 shows the voltage and current components in αβ and 219

dq reference frames [24]. Considering d-axis vector in the 220
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direction of reference voltage vector in this transformation,221

the q-component of reference voltage in rotating synchronous222

reference frame is always zero (eq = 0) [19]. Therefore,223

the instantaneous angle of grid voltage can be calculated224

as225

θ = tan−1 eβ

eα
. (5)226

The grid voltage is considered ideal during the operation227

of the system; thus θ will not be involved with harmonic228

distortion, and consequently the obtained phase angle for229

dq transformation is proper in both steady and dynamic230

states.231

As shown in Fig. 2, the magnitude of the voltage at PCC232

can be calculated as233

em = |edq | = |eαβ | =
√

(eα)2 + (eβ)2. (6)234

With the aforementioned considerations, the dynamic model235

of the proposed scheme can be expressed in dq frame as236

Lc
dicd

dt
+ Rcicd − ωLcicq + ueqd1

vc1 + ueqd2
vc2237

+ · · · · · + ueqd(n−2)
vc(n−2) + ueqd(n−1)

vc(n−1) + ed = 0238

Lc
dicq

dt
+ Rcicq + ωLcicd + ueqq1

vc1 + ueqq2
vc2239

+ · · · · · + ueqq(n−2)
vc(n−2) + ueqq(n−1)

vc(n−1) + eq = 0240

C1
dvc1

dt
− (ueqd1

icd + ueqq1
icq ) − idc = 0241

C2
dvc2

dt
− (ueqd2

icd + ueqq2
icq ) − idc = 0242

...
...

...243

Cn−1
dvcn−1

dt
− (

ueqd(n−1)
icd + ueqq(n−1)

icq

) − idc = 0. (7)244

Equation (7) illustrates the state-space model of the pro-245

posed multilevel converter-based DG scheme in dq frame,246

which is used for the dynamic and steady-state analysis of247

the whole model in the perspective control plan.248

III. PROPOSED CONTROL TECHNIQUE249

The proposed control technique in this paper is based on250

DLC algorithm, which is an appropriate technique for studying251

the stability of the proposed model in power grid. Through the252

proposed control technique, DG can be strengthened against253

the large signal disturbances and during the presence of254

unexpected changes in the loads of the proposed model.255

A. Steady-State Evaluation in the Control Loop256

Assuming that i∗
cd

and i∗
cq

are equilibrium points of the257

proposed DG in dq reference frame, if the reference current of258

i∗
cd

is adjusted for the injection of the maximum active power259

in the fundamental frequency and total harmonic currents260

of nonlinear loads in d-axis into the grid through DG, the261

d-component of DG current in the closed-loop control can be262

expressed as263

icd = i∗
cd

. (8)264

Therefore, if the maximum active power of DG in fun- 265

damental frequency is more than the required active power 266

from the load, the injected active power in fundamental and 267

harmonic frequencies from the grid to the load will be zero. 268

On the other hand, to generate the total reactive power through 269

the proposed DG, i∗
cq

should be considered as 270

icq = i∗
cq

. (9) 271

Two points can be understood from (9) that help to verify 272

the accuracy of the sentence. First, (9) shows that DG guar- 273

antees all harmonic components of nonlinear load current in 274

q reference frame, which leads to enhancing voltage quality. 275

Second, (9) demonstrates that DG injects all q-component 276

current of nonlinear load in fundamental frequency as well as 277

all harmonic frequencies that cause the grid current including 278

only d-component in fundamental frequency. It leads to unity 279

PF in the grid. Moreover, voltage of load should be balanced 280

and sinusoidal in the steady-state condition, therefore 281

ed = em , eq = 0. (10) 282

Equations (8)–(10) are considered as the steady-state condi- 283

tions in the proposed control plan. In addition, in the steady- 284

state condition: vc1 = vc2 = · · · = vc(n−1) = vcs , ueqd1
= 285

ueqd2
= · · · = ueqd(n−1)

= ueqds
and ueqq1

= ueqq2
= · · · = 286

ueqq(n−1)
= ueqds

. 287

When the capacitor voltages are aimed to reach different 288

references, the steady-state conditions for output voltages will 289

be vci = vcsi , in which vcsi �= vcs j for i �= j, i and j = 290

1, . . . , n −1. In this case, the midpoint of two adjacent capac- 291

itors draws significant current owing to their corresponding 292

unequal voltages, which should be considered in a control 293

strategy and is not the aim of the proposed controller. During 294

the connection of linear loads to the grid, current compo- 295

nents are only in fundamental frequency; then, the values 296

of reference current components in dq frame are constant. 297

But, during the connection of nonlinear loads to the grid, the 298

presence of harmonic frequencies in the current components 299

makes some variations in the reference current components, 300

which may cause improper operation of the control loop and 301

harmonic current injection from the interfaced converter to the 302

grid. Then, these variations should be considered precisely for 303

compensation in the control loop of the proposed DG model. 304

In addition, θ is defined as the instantaneous angle of grid 305

voltages in the previous section; then, the average values of 306

instantaneous variations in the reference current components 307

of DG control loop can be defined for compensation as 308

di∗
cd

dt
= Iavd ,

di∗
cq

dt
= Iavq . (11) 309

Since the nonlinear load currents components in both 310

d and q frame are not constant, the injected currents through 311

DG will be variable. In this case, the derivative of d and q 312

components currents of DG are obtained, which have spec- 313

ified values and are opposite of zero value. The obtained 314

specified values are considered to exactly reach CC of DG 315

and switching functions of the converter. By substituting (11) 316

and applying the steady state conditions into (7), (12) can be 317
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obtained as318

Lc Iavd + Rci∗
cd

− ωLci∗
cq

+ (n − 1)vcsueqds
+ em = 0319

Lc Iavq + Rci∗
cq

+ ωLci∗
cd

+ (n − 1)vcsueqqs
= 0320

ueqds
i∗
cd

+ ueqqs
i∗
cq

+ Idc = 0321

ueqds
i∗
cd

+ ueqqs
i∗
cq

+ Idc = 0322

...
...

...323

ueqds
i∗
cd

+ ueqqs
i∗
cq

+ Idc = 0324

ueqds
i∗
cd

+ ueqqs
i∗
cq

+ Idc = 0. (12)325

According to (12), the switching state functions of inter-326

faced multilevel converter for the steady-state operating327

condition can be expressed as328

ueqds
= −Rc

(n − 1)vcs

(
Lc

Rc
Iavd + i∗

cd
− ωLc

Rc
i∗
cq

+ em

Rc

)
(13)329

ueqqs
= −Rc

(n − 1)vcs

(
Lc

Rc
Iavq + i∗

cq
+ ω

Lc

Rc
i∗
cd

)
. (14)330

Equations (13) and (14) can be used for the desired control331

of DG in the steady-state condition by proper selection of332

i∗
cd

and i∗
cq

. Each DG model has a limited capacity for the333

injection of active and reactive power, so considering the334

capacity of DG in design of control loop for the interfacing335

system can help to improve the performance of DG model in336

the distribution grid. By substituting (13) and (14) in dc part337

of (12), (15) can be obtained as338

(
i∗
cd

+ Lc Iavd + em

2Rc

)2

+
(

i∗
cq

+ Lc Iavq

2Rc

)2

339

=
(
Lc Iavd + em

)2 + (
Lc Iavq

)2 + 4Rc(n − 1)vcs Idc

4R2
c

. (15)340

By multiplying e2
m to (15), (16) can be expressed as341

(
PDG + Lc Iavd em + e2

m

2Rc

)2

+
(

QDG − Lc Iavq em

2Rc

)2

342

=
(
Lc Iavd em + e2

m

)2 + (
Lcem Iavq

)2 + 4Rc(n − 1)vcs Idce2
m

4R2
c

.343

(16)344

Equation (16) is the equation of a circle with the center of345

(−(Lc Iavd em + e2
m)/(2Rc), (Lc Iavq em)/(2Rc) and radius of346

em/2Rc

√(
Lc Iavd + em

)2 + (
Lc Iavq

)2 + 4Rc(n − 1)vcs Idc347

which is shown in Fig. 3. This figure is considered as the348

capability curve (CC) of the proposed DG model, providing a349

proper division of active and reactive power between DG and350

the grid for supplying the load. As can be seen in Fig. 3,351

total reactive power of Load1 can be supplied through the DG352

link; but, after connection of Load2 to the grid, loads reactive353

power increases from Ql1 to Ql2. As shown in this figure, total354

required power from the load side is not inside the circle, and355

it is more than the maximum capacity of interfaced converter356

for reactive power injection. Then, the rest of the active357

and reactive power will be supplied through the utility grid.358

Fig. 3. Capability curve of the proposed DG scheme.

Therefore, DG can enhance the quality of grid current and PF 359

between grid current and load voltage, while all the reactive 360

power and harmonic current components of the load exist 361

inside the circle of CC. In addition, DG can inject the total 362

active power of the loads and reduce the grid current to zero 363

value as long as the active power exists inside the circle. 364

B. Dynamic Evaluation of DLC Technique 365

Lyapunov function candidate (E(x1, x2, . . . , xn−1, xn, 366

xn+1)) in the proposed DG scheme should be calculated to

AQ:3

367

study the global stability of the proposed DG link through 368

the DLC method and achieving dynamic parts of switching 369

functions in the interfaced multilevel converter for proper 370

integration of DG resources into the power grid. Thus 371

E(x1, x2, . . . , xn−1, xn, xn+1) 372

= 1

2
Lcx2

1 + 1

2
Lcx2

2 + 1

2
Cx2

3 + 1

2
Cx2

4 373

+ · · · + 1

2
Cx2

n−1 + 1

2
Cx2

n + 1

2
Cx2

n+1 (17) 374

where x1 and x2 are differences between the reference current 375

components in the current control loop of DG and injected 376

current through the interfaced multilevel converter to the grid 377

(i∗
cdq

→ icdq ), and x3, x4, . . . , xn+1 are differences between the 378

voltage of each cascaded capacitor, which is generated via the 379

DG source, and desired dc voltages in dc side of the interfaced 380

converter, compatible with the voltages at PCC (vcj → vcs). 381

The globally asymptotical stability against the undesir- 382

able disturbances can be achieved for the proposed multi- 383

level converter-based scheme, if the derivative of the defined 384

Lyapunov function candidate in all the system in the state 385

variables trajectories becomes definitive negative [25], [26]. 386



IE
EE

Pr
oo

f

MEHRASA et al.: DLC TECHNIQUE FOR THE STABLE OPERATION OF MULTILEVEL CONVERTER-BASED DG IN POWER GRID 7

By this assumption, total energy of the whole system tends387

to zero value and the condition for a stable operating system388

will be fulfilled. As a result (18) is given as389

d

dt
E(x1, x2, . . . , xn, xn+1)390

= Lcx1
dx1

dt
+ Lcx2

dx2

dt
+ Cx3

dx3

dt
391

+ · · · + Cxn
dxn

dt
+ Cxn+1

dxn+1

dt
< 0. (18)392

The switching state functions for the interfaced multilevel393

converter can be defined as394

ueqdq j
= ueqdq js

+ �ueqdq j
(19)395

where �ueqdq j
is the dynamic part of the equivalent switching396

state function of interfaced multilevel converter. Equation (19)397

gives equivalent switching state functions of the interfaced398

converter, which is included in both dynamic and steady-state399

operating condition parts. By substituting steady-state condi-400

tions of variables and switching state functions of interfacing401

system, and (19) in (7), each dynamic part of (18) can be402

obtained as403

Lc
dx1

dt
= −Rcx1+ωLcx2 −

(−Lc Iavd − Rci∗
cd

+ωLci∗
cq

−em
)

(n−1)vcs
404

×(x3 + x4 + · · · + xn +xn+1)405

−�ueqd1
vc1 − �ueqd2

vc2406

− · · · · · − �ueqd(n−2)
vc(n−2)407

−�ueqd(n−1)
vc(n−1) − em408

Lc
dx2

dt
= −Rcx2 − ωLcx1 −

(−Lc Iavq − Rci∗
cq

− ωLci∗
cd

)

(n − 1)vcs
409

×(x3 + x4 + · · · + xn + xn+1)410

−�ueqq1
vc1 − �ueqq2

vc2411

− · · · · · − �ueqq(n−2)
vc(n−2) − �ueqq(n−1)

vc(n−1)412

c1
dx3

dt
=

(−Lc Iavd − Rci∗
cd

+ ωLci∗
cq

− em
)

(n − 1)vcs
x1 + idc − Idc413

+
(−Lc Iavq − Rci∗

cq
− ωLci∗

cd

)

(n − 1)vcs
x2414

+�ueqd1
icd + �ueqq1

icq415

...
...

...416

cn−1
dxn+1

dt
=

(−Lc Iavd − Rci∗
cd

+ ωLci∗
cq

− em
)

(n − 1)vcs
x1417

+
(−Lc Iavq − Rci∗

cq
− ωLci∗

cd

)

(n − 1)vcs
x2418

+�ueqd(n−1)
icd + �ueqq(n−1)

icq + (idc − Idc).419

(20)420

By substituting the values of (x1, x2, . . . , xn−1, xn, xn+1)421

and the terms of (20), each part of (18) can be expressed as422

Lcx1
dx1

dt
= −Rcx2

1 + ωLcx2x1 − ueqds
x1423

×(x3 + x4 + · · · + xn + xn+1)424

−�ueqd1
x1vc1 − �ueqd2

x1vc2425

− · · · − �ueqd(n−2)
x1vc(n−2) 426

−�ueqd(n−1)
x1vc(n−1) − x1em 427

Lcx2
dx2

dt
= −Rcx2

2 − ωLcx1x2 − ueqqs
x2 428

×(x3 + x4 + · · · + xn + xn+1) 429

−�ueqq1
x2vc1 − �ueqq2

x2vc2 430

− · · · · · − �ueqq(n−2)
x2vc(n−2) 431

−�ueqq(n−1)
x2vc(n−1) 432

c1x3
dx3

dt
= ueqds

x1x3 + ueqqs
x2x3 + �ueqd1

x3icd 433

+�ueqq1
x3icq + x3(idc − Idc) 434

...
...

... 435

cn−1xn+1
dxn+1

dt
= ueqds

x1xn+1 + ueqqs
x2xn+1 436

+�ueqd(n−1)
xn+1icd + �ueqq(n−1)

xn+1icq 437

+xn+1(idc − Idc). (21) 438

By substituting different terms of (21) in (18), (22) can be 439

expressed as 440

d

dt
E(x1, x2, . . . , xn, xn+1) 441

= −Rc
(
icd − i∗

cd

)2 − Rc
(
icq −i∗

cq

)2 − �ueqd1

(
vcsicd − vc1 i∗

cd

)
442

−�ueqd2

(
vcsicd − vc2 i∗

cd

)
443

− · · ·−�ueqd(n−1)

(
vcsicd −vc(n−1)i

∗
cd

)
444

−�ueqq1

(
vcsicq − vc1 i∗

cq

) − �ueqq2

(
vcsicq − vc2 i∗

cq

)
445

− · · · − �ueqd(n−1)

(
vcsicd − vc(n−1)i

∗
cd

)
446

−(idc − Idc)
((

vc1 + vc2 + · · · + vc(n−2) + vc(n−1)

)
447

− (n − 1)vcs
)
. (22) 448

Equation (22) should have negative value to meet the criteria 449

for globally asymptotical stability in the whole DG system 450

during the dynamic changes in the proposed model. To reach 451

this goal, dynamic parts of the switching state functions should 452

be defined as 453

�ueqd j
= α j

(
vcsicd − vc j i

∗
cd

)
(23) 454

�ueqq j
= β j

(
vcsicq − vc j i

∗
cq

)
. (24) 455

Furthermore, vc j tends to be equal to vcs for making an 456

appropriate compatibility between the voltage of dc and ac 457

sides during the integrating time; then, the last term in (22) will 458

be eliminated and consequently the value of the general equa- 459

tion will be negative during the steady-state operating condi- 460

tion. But, during the transient time, two different conditions 461

and values can be expected for vc j in comparison with vcs . 462

At first condition, the value of vc j is assumed less than vcs ; 463

then 464

if
(
vc1 + vc2 + · · · + vc(n−2) + vc(n−1)

)
465

> (n − 1)vcs ⇒ idc > Idc 466

then,
(
vc1 + vc2 + · · · + vc(n−2) + vc(n−1)

) − (n − 1)vcs 467

> 0 and (idc − Idc) > 0 468

therefore, (idc − Idc)
((

vc1 + vc2 + · · · + vc(n−2) + vc(n−1)

)
469

−(n − 1)vcs
)

> 0. (25) 470
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Fig. 4. Block diagram of DLC algorithm for the proposed DG model.

At second condition, the value of vc j is assumed greater471

than vcs ; then472

if
(
vc1 + vc2 + · · · + vc(n−2) + vc(n−1)

)
473

< (n − 1)vcs ⇒ idc < Idc474

then
(
vc1 + vc2 + · · · + vc(n−2) + vc(n−1)

) − (n − 1)vcs475

< 0 and (idc − Idc) < 0476

therefore (idc − Idc)
((

vc1 + vc2 + · · · + vc(n−2) + vc(n−1)

)
477

−(n − 1)vcs
)

< 0. (26)478

As a result, application of DLC strategy can guarantee a479

stable operating region for the proposed multilevel converter-480

based DG scheme during the dynamic and steady-state oper-481

ating conditions. The switching state functions of multilevel482

converter, given in (23) and (24), make a rapid reaction for the483

proposed control technique, and therefore, DG currents follow484

their reference values with a fast dynamic response in a stable485

operating region. The process of switching function generation486

in DLC technique is shown in Fig. 4.487

C. Reference Current Calculation488

Current reference values should be defined based on the489

objectives of DLC technique for an efficient operation during490

the dynamic and steady-state operating conditions. Therefore, 491

the harmonic current components, maximum active power, and 492

all the reactive power should be considered in the control loop 493

of the proposed DG model. By this consideration and based 494

on Fig. 3, the rest of the power for the additional load which 495

will be injected from the utility grid is an active power in the 496

fundamental frequency. 497

The instantaneous complex load power is defined as the 498

product of the load voltage vector and the conjugate of the 499

load current vector, given in the form of complex numbers. 500

As shown in Fig. 2, the instantaneous complex value of load 501

power will be obtained by

AQ:4

502

S = ei∗ = Pl + j Ql = 3

2
(ed + jeq)(ild − j ilq) (27) 503

S = 3

2
(edild + eqilq ) + j (eqild − edilq) 504

then 505

Pl = 3

2
(edild +eqilq), and Ql = 3

2
(eqild −edilq ). 506

According to the mentioned assumptions in previous sec- 507

tions regarding eq = 0, d-component of reference cur- 508

rent in control loop of the proposed DG scheme can be 509

achieved by doing the sum of maximum capacity of interfaced 510
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TABLE I

SIMULATION PARAMETERS

multilevel converter for the injection of active power in main511

frequency and alternating terms of load current components512

in d-axis as513

i∗
cd

= Pmax

em
+

∞∑
n=2

idhn = PDG

ed
+ ild (1 − LPF). (28)514

The alternating terms of load current components can be515

separated from the dc part by a low pass filter (LPF) to516

minimize the influence of the high pass filter (HPF) phase517

responses. Thus, a minimal phase HPF (MPHPF) can be518

obtained, and the transfer function of this LPF has the same519

order and cutoff frequency of HPF. So, the minimal phase HPF520

can be obtained by the difference between the input signal and521

the filtered one. The considered filter has a cutoff frequency522

fc = ( f/2)( f = 50 Hz), which promises the extraction of dc523

part from the nonlinear load currents. Furthermore, to com-524

pensate the load reactive power at fundamental and harmonic525

frequencies, DG must inject ilq as526

ilq = − Ql

em
= − QDG

vpccd

= i∗
cq

. (29)527

However, DG has a limitation in generating active and528

reactive powers and also nonlinear load currents in both529

fundamental frequency and harmonic components according530

to CC of DG, as shown previously in Fig. 3, which should be531

considered in the use of DG.532

IV. RESULTS AND DISCUSSION533

The proposed model shown in Fig. 1 has been simulated534

in MATLAB/Simulink to demonstrate the performance of the535

proposed DLC method in DG technology. The values of model536

parameters are given in Table I. A 13.27 kVA NPC VSC537

has been considered as the heart of the interfacing system538

between the DG source and the utility grid. It is assumed539

that the interfaced converter generates the maximum power of540

P = 6.5 kW at the main frequency, continuously. Unexpected541

connection of DG to the grid and load increment is considered542

to evaluate the accurate dynamic response of DLC technique543

in the proposed model. THD analysis of the grid current and544

analysis of PF between grid current and load voltage will be545

Fig. 5. Load, grid, and DG currents and load voltage, before and after
DG interconnection, and before and after additional load increment.

Fig. 6. Active power sharing between the load, DG, and grid before and
after DG interconnection, and before and after additional load increment.

evaluated to illustrate the performance of the proposed control 546

technique as a power quality enhancement device. 547

A. DG Connection and Load Increment 548

Before connection of DG link to the grid, a three-phase 549

diode bridge rectifier with resistant load of R = 30 � is 550

directly connected to the grid and draws the nonlinear currents 551

from the grid. At t = 0.1 s, DG is connected to the grid and 552

this procedure continues until t = 0.2 s, while another similar 553

load with resistance of R = 20 � is added to the grid. Fig. 5 554

shows the load, grid, and DG currents before and after the 555

connection of DG link to the grid, and after additional load 556

increment. 557

As can be seen, before integration of DG to the grid, load 558

is supplied by the utility grid. But, after connection of DG, 559

all the current components including the fundamental and 560

harmonic frequencies are injected by DG. After connection 561

of the additional load to the grid at t = 0.2 s, the maximum 562

capacity of multilevel converter is less than the total required 563

power of the loads; then, the rest of the power which is 564

active power in fundamental frequency is injected by the grid; 565

therefore, load voltage and grid current are in phase during 566

the connection of additional load to the grid. 567

Fig. 6 shows the active power sharing between the grid, 568

load, and DG before and after integration of DG and before 569
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Fig. 7. Reactive power sharing between the load, DG, and grid before and
after DG interconnection, and before and after additional load increment.

Fig. 8. Grid current and load voltage in phase (a), during load increment.

and after additional load increment. As shown in this figure,570

after connection of DG link to the grid, injected power from571

the grid reduced to the zero value and active power of load in572

both the fundamental and harmonic frequencies are supplied573

through the DG source. After connection of the additional load574

to the grid at t = 0.2 s, the maximum active power in fun-575

damental frequency and all the harmonic current components576

are injected via the DG link, and the rest of the active power577

in fundamental frequency is supplied through the main grid.578

Reactive power sharing between the grid, load and DG is579

shown in Fig. 7. As can be seen in this figure, all the reactive580

power in both the fundamental and harmonic frequencies are581

supplied via the DG link after connection of DG source to582

the grid and before and after connection of additional load to583

the grid; therefore, utility grid is free of any reactive power584

components and grid current is in phase with load voltage.585

B. PF and THD Evaluation586

One of the main objectives of the DLC strategy is to587

achieve a unit PF between the grid current and load voltage.588

To reach this goal, total load reactive power should be gener-589

ated by DG. Fig. 8 shows the grid current and load voltage in590

phase (a) during the connection of additional load to the grid.591

As can be seen, grid current is in phase with load voltage,592

which confirms a unit value for the grid PF. Spectrum analysis593

results of the load and grid currents are shown in Fig. 9.594

Fig. 9. Harmonic spectrum of load and grid current, during the additional
load increment.

As can be seen, THD of load current is 16.7% during connec- 595

tion of additional load to the grid, which could be the same 596

value for the grid current during absence of DG link. But, by 597

the interconnection of DG to the grid, THD of grid current is 598

reduced to 1%, which confirms the capability of the proposed 599

DG model to compensate the harmonic current components of 600

nonlinear loads. 601

V. CONCLUSION 602

A control technique based on DLC method was presented 603

in this paper for the control of multilevel converter topologies

AQ:5

604

and integration of DG resources into the power grid. The 605

compensation of instantaneous variations in the reference 606

current components in ac side and dc voltage variations of 607

cascaded capacitors in dc side of the interfacing system was 608

considered properly as the main contribution and novelty 609

of this control technique. Simulation results illustrated that 610

in all conditions the maximum active power in fundamental 611

frequency is injected through the DG link to the grid, and the 612

load voltage and grid current are in phase by the injection 613

of reactive power of loads in fundamental and harmonic 614

frequencies via the DG link; then, DG can act as power 615

factor correction device. In addition, the proposed DG can 616
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provide required harmonic current components of loads in617

all conditions. Therefore, by reducing the THD of the grid618

current, it can act as an active power filter. The proposed619

control method can be used for the integration of different620

types of DG resources, specially on the basis of renewable621

energy, as power quality enhancement device in a custom622

power distribution network.623
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