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Abstract— This article describes a seamless reconnection1

topology for power sharing between distant rural community2

microgrids (CMGs), which is based on a double-layered droop-3

controlled (DLDC) frequency restoration scheme. Increased load4

demand, along with the intermittent nature of renewable energy5

sources, may result in a power deficit in isolated CMGs. In order6

to overcome this restriction, the connection of autonomous7

neighboring CMGs may be a viable alternative to intelligent8

load shedding. When dealing with active power fluctuation and9

setting a frequency set point becomes difficult in the absence of a10

grid frequency reference, this DLDC-based approach can resolve11

the issue. The DLDC adds a self-synchronized feature by parallel12

shifting of the f –P slope to restore the operating frequency to13

its nominal value. The difference in frequency enables to shift14

the voltage axis accordingly through the change in Vd and Vq15

reference of the terminal voltage for appropriate power sharing.16

The stability of the proposed controller has been analyzed by17

using a mathematical model considering communication delay in18

the distributed secondary controller. Finally, the efficacy of the19

proposed controller is shown via the use of unique processor-20

in-the-loop (PIL) experimental findings, in which OPAL-RT21

and PLECS RT boxes are used to build both the CMGs and a22

TI-based F28069M microprocessor is utilized as a23

controller.24

Index Terms— Community microgrid (CMG), droop control,25

frequency restoration, grid forming inverter, isolated microgrid.26

I. INTRODUCTION27

IN a rural area where large grid power is not available,28

the small-scale autonomous MGs can be economical to29

meet the local load demand. These community-based MGs30

are typically formed in a way to generate enough power to31

supply the local load demand. However, due to the sporadic32

nature of renewable energy sources and the uncertainty in load33

demand can create an energy deficiency, which can further34

generate a voltage/frequency drop in the system. To overcome35

this concern, an intelligent load shedding/demand response36

technique [1], [2] can be adopted. The alternative option is37

to install micro storage (MS) devices such as battery energy38
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storage systems (BESS), flywheels, and diesel generators [3], 39

but may not be economical in small-scale installation. How- 40

ever, a central storage device can be installed for a particular 41

community-based MG. In this respect, the coupling of neigh- 42

boring isolated community microgrids (CMGs) is technically 43

and economically more viable for power sharing in case of 44

any energy deficiency [4], [5], [6]. 45

The CMG is usually connected with the neighboring one 46

through an interfacing inverter. If the CMGs are not pre- 47

synchronized, a significant inrush current can pose a major 48

hazard to the entire system. On the other hand, the CMGs 49

should be decoupled in order to ensure system stability in 50

the event of any malfunction/emergency. The development of 51

a smooth connection/recommission topology is thus crucial 52

for the efficient operation of power sharing among adjacent 53

CMGs. 54

The frequency, voltage, and phase angle of both the interface 55

inverters must be identical for a smooth reconnection between 56

contiguous CMG. Additional difficulties include maintaining 57

power-sharing precision and system frequency, especially for 58

the isolated CMGs. The most frequently utilized Q–V and 59

P– f droop control is used for active and reactive power 60

sharing between the MGs. In conventional droop control after 61

attaining the power-sharing accuracy, the frequency may not 62

necessarily maintain the nominal value. As a result, an addi- 63

tional control technique is required to restore the frequency 64

and voltage of the CMGs. Thus, a seamless reconnection 65

topology with a frequency restoration feature has to be devel- 66

oped to couple the neighboring CMGs for available power 67

sharing. 68

The seamless reconnection and frequency restoration of 69

isolated neighboring CMGs are a relatively new issue as all the 70

regulatory authorities recently started to promote the develop- 71

ment of renewable energy-based rural, isolated energy commu- 72

nities [7], [8]. However, much research [9] has been conducted 73

for seamless transfer of operation modes between conventional 74

grid and islanded microgrid. A linear integration method [10], 75

phase angle synchronization [11], and virtual impedance-based 76

(synchronverter [12], [13]) reconnection already proposed for 77

the seamless transfer of modes. Most of these methods are 78

based on phase-locked loops (PLLs), which have a built-in 79

restriction on how local loads may be connected. To properly 80

deploy these topologies, the local load must be decoupled 81

during pre-synchronization. 82
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The seamless mode transfer based on droop control was83

proposed in [14]. Again, the use of PLLs, which are intrinsi-84

cally nonlinear, decreases substantially the reaction time and85

accuracy of power sharing. In an isolated rural microgrid86

where the R/X ratio is very high (with a ratio of R/X > 5.5),87

the conventional droop control interrelates a cross-coupling88

between Q–V and P– f droop control, which have a drastic89

effect on the power-sharing performance [15]. Convention-90

ally, virtual impedance or virtual damping-based controller91

[16], [17] is introduced by the researchers in order to resolve92

this issue. Sometimes, this results in a significant voltage93

drop from its nominal value. The voltage drop over the94

high resistive rural coupling network can cause an inaccu-95

rate reactive power sharing that can introduce a circulating96

current among the coupled MGs [18]. In order to improve97

the active power-sharing performance of the droop controller98

in a highly resistive networked microgrid, a very high droop99

gain is required, which leads to a significant frequency/voltage100

drop in the system [19]. However, frequency management101

is crucial for smooth reconnection in inertialess isolated102

microgrids. Eventually, a secondary controller is introduced103

by the microgrid central controller (MGCC) to restore the104

frequency to its nominal value. All the recently proposed105

frequency restoration methods can be divided into three main106

categories—centralized, decentralized, and consensus control107

topologies [20], [21], [22], [23]. The communication channel-108

based secondary controller usually suffers from a single-109

point-of-failure, and the extra computational burden (due to110

massive data handling) can lead to poor dynamic perfor-111

mance [24]. Adaptive droop controller [25], virtual impedance-112

based adaptive droop controller [26], and optimized adaptive113

droop controller [27] can provide an accurate active power-114

sharing performance, faster dynamic response, and a signifi-115

cant stability margin to the system. However, the performance116

deviates in the presence of low impedance network and with117

critical loads (such as constant power loads). It is difficult to118

choose the suitable coefficient for the integral-derivative term119

and droop filter gain, which imposes power quality problems120

to the system. The signal injection-based frequency/voltage121

restoration method [16], [28] has been recently introduced122

by the researchers, which estimates the MG frequency/voltage123

based on the injected signal. If the estimated voltage/frequency124

deviates from its nominal value, then the MGCC adjusts the125

droop gain, in order to restore the nominal value. Due to the126

insertion of a signal, these techniques may result in poor power127

quality in the system.128

Most of the proposed control methods as discussed above129

for frequency regulation/restoration are for a single unit of130

the microgeneration system. These researchers are mainly131

focused on the negative effect of low inertia on inade-132

quate dynamic response following significant disturbances133

when the transient frequency dip can become unacceptable.134

Eventually, the f –P droop loop regulates the phase angle135

and generates the control signal via an integral controller136

for the other control blocks. Thus, a restoration in fre-137

quency is theoretically conflicting the idea of active power138

sharing as the active power production is sensitive to the139

phase angle. This distinguishable phenomenon of frequency140

restoration can bring a significant inaccuracy in active power 141

sharing. 142

In order to maintain the stability and frequency of the 143

system, there should be sufficient active power to execute the 144

frequency restoration controller. The load frequency control in 145

a photovoltaic (PV) generation-based inertialess system can 146

be achieved by sharing the active power with neighboring 147

CMGs. The development of a control approach for smooth 148

reconnection of neighboring CMGs without sacrificing the 149

precision of power sharing and system frequency would be 150

very beneficial. 151

This article proposes a methodology for seamless reconnec- 152

tion between neighboring CMGs using self-synchronization 153

control based on a double-layered droop-controlled (DLDC) 154

approach. The suggested method restores the system’s fre- 155

quency to its nominal value while also precisely sharing the 156

available power. In this perspective, the main contribution of 157

this research is abridged as follows. 158

1) The DLDC is designed by adding a self-synchronized 159

feature to enable parallel shifting of the f –P slope to 160

restore the operating frequency to its nominal value. The 161

difference in frequency (�ω) will then shift the voltage 162

axis appropriately through the change in Vd and Vq 163

reference of the terminal voltage for appropriate power 164

sharing. 165

2) A seamless reconnection of neighboring isolated CMGs 166

is proposed in order to support each other, in the case 167

of any power contingency. Both the CMGs are able to 168

support the local loads as well as the neighboring CMG 169

loads. The seamless reconnection feature of the isolated 170

CMGs is the distinctive feature of this article. 171

3) A unique processor in the loop (PIL) hardware model 172

has been developed in order to verify the accuracy of 173

the proposed controller. OPAL-RT and PLECS hardware 174

simulator has been used to design the power circuit, 175

and the controller is designed on the TI-based F28069M 176

microprocessor. 177

The rest of this article is organized as follows. Section II 178

describes the detailed control feature of the developed sys- 179

tem. Sections III and IV illustrate the mathematical model 180

and stability analysis of the proposed controller, respectively. 181

Section V discusses the complete working principle of the 182

proposed system, and Sections VI and VII show the efficacy 183

of the proposed controller with the help of simulated and real- 184

time experimental results. 185

II. DESIGN OF THE PROPOSED CONTROLLER 186

In this section, the complete design of the proposed 187

controller has been presented, which will be used in the 188

subsequent system development. Fig. 1 shows a generalized 189

schematic representation for two adjacent, isolated CMGs. 190

Both CMGs are presumed to be PV-based MGs, with BESS 191

serving as a backup power source in each of the two CMGs. 192

Each of the CMGs has its own set of local loads to manage. 193

In the subsequent section, the properties of the primary voltage 194

and current control have been analyzed, and furthermore, the 195

distributed secondary control objectives have been proposed 196

to achieve the purposes. 197
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Fig. 1. Structures of CMGs under study.

Fig. 2. Proposed improved DLDC.

A. Control Objectives198

The state of the art of the proposed research area indicates199

that the frequency of any isolated microgrid primary controller200

with the droop function will deviate from its nominal value201

as long as the total nominal power output is different from202

the consumption of real power. Furthermore, to connect the203

isolated neighboring CMGs, a proper connection and dis-204

connection topology has to be designed. Thus, a secondary205

controller is required to restore the frequency and achieve206

a seamless connection/disconnection. In order to summarize207

this, the control objectives of this research article are given as208

follows-209

1) Restore the frequency to its nominal value, i.e.,210

lim
t→∞ ωi (t) = ω0 ∀i ∈ N (1)211

Also, to ensure the real power-sharing accuracy, i.e.,212

PMGi

PMGk
= kωi

kωk
∀i, k ∈ N (2)213

where kωi and kωk are the active power droop gain of214

the i th and k th CMG inverter, respectively. This value can215

be chosen according to the distributed generator (DG)216

rating [29]. In primary control, the frequency droop gain217

is usually chosen as the inverse proportion of power218

rating.219

2) Design a seamless connection/disconnection between the220

isolated CMGs.221

B. Distributed Secondary Controller Design 222

A distributed secondary controller has been proposed in 223

this research work. The proposed secondary controller restores 224

the system frequency to its nominal value and helps for 225

the seamless reconnection of the CMGs and the available 226

active power sharing. The secondary controller generates 227

the frequency and voltage control inputs for the primary 228

controller. 229

1) Frequency Restoration and Power Sharing: The main 230

focus of this part of the secondary control is to restore the 231

frequency to its nominal value and to improve the active 232

power-sharing accuracy. The conventional frequency droop 233

control ( f –P), as shown in (3), is a very well-known and 234

established technique for power sharing. A disadvantage of 235

this technique is the nominal value of frequency and voltage 236

changes if output active and reactive power is a deviation 237

from its nominal value (P0). If the ratio of active/reactive 238

power varies, the voltage and frequency fluctuate, which can 239

cause improper power sharing between CMGs. This is the 240

most important tradeoff between transient responsiveness and 241

stability: deciding how much gain to use [29]. 242

In order to solve this problem, improved droop control is 243

proposed, as shown in Fig. 2(a). The deviation of active power 244

from its nominal value can be compensated on its own by 245

shifting the f –P droop line to restore the system frequency. 246

By shifting this, the system frequency can be controlled 247

to its rated value individually in each CMG. To eliminate 248

the frequency deviation, a correction factor is added to the 249

frequency droop equation in terms of a time-varying filter of 250

the frequency error (�ω). 251

Fig. 2(a) shows the droop control frequency restoration 252

example of the participating inverter of the CMG. Initially, 253

when the inverter operates in the standalone mode, point A, 254

with frequency ω0, provides the active power P1. Due to 255

the change of any load demand, the frequency drifts to ωn 256

(point B). At that moment, the power supplied by the inverter 257

is P2. After activating the frequency restoration control, the 258

frequency droop gain is adjusted (to the C point) such that 259

the system frequency returns to its nominal value, preserving 260

the inverter’s power output. The same topology is adopted 261

for both the synchronizing isolated inverter of the CMGs. 262

This frequency restoration feature eventually reduces the phase 263

angle error between the participating inverters. This acts as 264

a natural “presynchronization” step, without requiring any 265

additional control action for that. The droop line may be 266

changed to point D once the seamless coupling controller 267

is engaged to achieve precise power sharing as per common 268

demand. 269

In conventional droop control for the i th inverter 270

For f –P Droop Control: 271

ωn − ω0 = −kω(Pn − Po) (3) 272

ωn − ω0 = −kω�P ⇒ �ω = −kω�P (4) 273

where kω is the f –P droop coefficient, and when the active 274

power is Pn , the frequency is ωn . 275
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Furthermore, the instantaneous power of the i th CMG276

inverter (Pi) can be calculated as277

Pi = ωc

S + ωc

(
Void Ioid + Voiq Ioiq

)
(5)278

or can be written as279

Pi = ωc

s + ωc
Pi (s) (6)280

where s is the Laplace operator, Pi (s) is the instantaneous281

value of the CMGs power, and ωc is the cutoff frequency for282

the power calculation filter. Void, Voiq, Ioid, and Ioiq are the283

d- and q-axis components of the i th inverter output voltage284

and current, respectively.285

In order to restore the frequency (ω01), a corrective286

term (�ω) has to be added with the differed value. To repre-287

sent this mathematically288

ω01 = ωn + �ω (7)289

where290

�ω = −kω�Pi = −kωVoid�Ioid (8)291

For the control requirement, in order to maintain the unity292

power factor, as the Ioiq reference is zero, the change in active293

power (�Pi) could be represented as the change in the d-axis294

component of the current (�Ioid), if the Void is kept constant,295

which is the case in the present scenario.296

Now, assuming K p = −kωVoid so that297

�ω = K p(t)�Ioid (9)298

Finally,299

ω01 = ωn + K p�Ioid (10)300

Furthermore, in the Laplace domain, (4) and (7) can be301

written as302

ω01(s) = ω0(s) − kω
ωc

s + ωc
�Pi (s) + �ω (11)303

Equation (11) can be written as304

ω01(s) = ω0(s) − kω
ωc

s + ωc
Pi (s) + Kgωs

s + ωs
(ω0(s) − ω01(s))305

(12)306

where ωs is the additional filter cutoff frequency and Kg is307

its time-varying gain. It is interesting to further expand the308

following equation:309

ω01(s) = ω0(s) − kx(s)
ωc

s + ωc
Pi (s) (13)310

where kx(s) = kω(s + ωs)/(s + (1 + Kg)ωs)311

Hence, the proposed droop control is a modified version312

of the traditional droop control. The performance of the313

proposed controller is dependent on the time-varying gain314

K p, which is further dependent on the d-axis component of315

the terminal voltage. The phase angle adjustment through316

the self-restoration features of the participating inverters is317

described graphically in Fig. 2(b). The idea is to restore the318

frequency to its nominal value in order to correct the phase319

discrepancy. The frequency restoration process, as described320

in Fig. 2(a) and in the above section, helps both the isolated321

Fig. 3. Block diagram of the proposed control topology.

Fig. 4. Proposed frequency–voltage controller for seamless connection.

inverters to operate closely to the nominal frequency. After 322

achieving the synchronization, �ω should be equal to zero, 323

and at that moment, the q-axis component (Voq) also becomes 324

zero. In this way, phase synchronization is accomplished 325

by restoring the system’s frequency to its nominal value. 326

The simplified structure of the proposed controller has been 327

presented in Fig. 3. 328

C. Control Topology for Seamless (De)Coupling of 329

Neighboring CMGs 330

The previous section discusses how the restoration of sys- 331

tem frequency eventually helps to self-synchronize the CMG 332

inverters. CMGs will be used in one of the two ways to 333

conduct this study: either independently (meeting just its own 334

load requirement) or linked with other CMGs. In the case 335

of operating in standalone mode, the proposed control layout 336

(as shown in Fig. 3) defines the operating frequency and 337

voltage as per the nominal value of the set points. However, 338

in interconnection mode, a secondary control architecture is 339

required for power management and protection. The proposed 340

secondary control layout for the voltage and frequency set 341

point calculation is presented in Fig. 4. For a smooth transition 342

between standalone mode and interconnected mode, a con- 343

nection and disconnection strategy is presented as depicted in 344

Fig. 5. This secondary control scheme produces the neces- 345

sary frequency and voltage deviation for a smooth transition 346

between standalone mode and interconnected mode. These 347

voltage and frequency deviations for coupling and decoupling 348

(Vcop and fcop for coupling and Vdec and fdec for decoupling) 349

contribute to defining the new set points of the primary 350

controller’s voltage and frequency. 351

As the CMGs are also capable of working in standalone 352

modes, the voltage and frequency set points should be defined 353

by the local controllers. Fig. 4 shows the final set point 354

calculation for each CMG. When the enable signals are high 355

in the coupling and decoupling controller, the frequency and 356

voltage deviation are produced and are added up with the 357

nominal value of voltage and frequency to define the final 358

set point value of the primary controller. 359

1) Coupling Controller: The foremost function of the cou- 360

pling controller is to ensure a smooth transition between 361
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Fig. 5. Layout of (a) coupling and (b) decoupling controller.

standalone mode and interconnected mode without affecting362

the performance of each individual CMG. In the standalone363

mode, the voltage and the frequency set points are governed364

by the proposed self-synchronized controller, and for the365

interconnection, the parameters of both the CMGs must be366

adapted to match all the values before the actual closure of367

the contactor switch. Fig. 5 shows a synchronization concept368

that is used to eliminate any aberrant transient behavior and369

transition instability. The difference in voltage magnitude,370

frequency, and phase of the voltage of two microgrids is371

reduced to the very low limit for the seamless transition372

of modes. The magnitude of the error value is reduced by373

designing a suitable proportional–integral (PI) controller.374

As shown in Fig. 5(a), the coupling controller consists of375

a voltage error and frequency error controller. Coupling of376

two systems with a large voltage magnitude difference can377

cause a voltage drop in a coupled system. In order to match378

the voltage of two CMG, the voltage difference between the379

two microgrids is fed to the PI controller. The PI controller380

attempts to minimize this error by bringing the voltages of381

the two systems as near as feasible. The selected signal is382

passed through a first-order filter to generate the final voltage383

deviation, Vcop. Similarly, the frequency error signal of both384

the CMG is passed through a PI controller to minimize the385

error, and finally, fcop is generated to create the final frequency386

deviation. Another criterion for coupling is to reduce the387

phase angle difference. The integral of frequency difference388

over time produces the relative phase angle. Thus, practically389

minimizing the frequency deviation actually minimizes the390

phase error as well.391

2) Decoupling Controller: The decoupling controller guar-392

antees a smooth and flawless transition from interconnected393

mode to standalone mode and also ensures that the accompa-394

nying disturbances in the standalone system are minimal. The395

standalone CMG systems also have some limitations, e.g., they396

cannot be overloaded for an indefinitely long time, and if the397

local load demand increases beyond the capacity of the cou-398

pled system, then it is advised to bring back the coupled CMG399

to the standalone mode for individual load shedding purposes.400

Fig. 5(b) shows the layout of the decoupling controller.401

The active power and reactive power at the coupling point402

are measured and compared with zero, and the error signal403

is passed through a PI controller to generate the voltage and404

frequency deviation Vdec and fdec.405

3) Connection/Disconnection Criteria: Once all the error406

signals are within acceptable limits for a minimum period407

of ten cycles (∼0.2 s), the associated enable signal is trig-408

gered, and seamless coupling of neighboring microgrids is409

Fig. 6. Connection and disconnection criteria.

Fig. 7. Equivalent circuit and power flow of coupled CMG.

established. Similarly, the controller is prepared for the system 410

disconnection when Perr and Qerr fall below 0.001 p.u. and 411

the power of CMG1 and CMG2 exceeds their rated values. 412

Fig. 6 shows the connection and disconnection criteria for the 413

coupling and decoupling controller. 414

III. MATHEMATICAL MODEL OF THE 415

PROPOSED CONTROLLER 416

In this section, the mathematical modeling and the sta- 417

bility analysis of the proposed system have been discussed. 418

Fig. 7 shows the simplified structure of interconnected stand- 419

alone CMG. The equivalent circuit diagram consists of two 420

voltage sources, LC filter, rural network, and loads. The 421

simplified controller structure with voltage and current control 422

loop, droop control, and double-layered frequency restoration 423

control is depicted in Fig. 3. In this section, the mathematical 424

model of each individual component of the control structure 425

is developed. The active power control between the CMGs is 426

generally achieved by changing the phase angle between the 427

CMG inverters. This is usually accomplished by using droop 428

control where the frequency is regulated by using the droop 429

equation as follows: 430

ω1 = ω0 − kω�P (14) 431

where kω is the droop gain, ω1 is the output frequency of the 432

CMG1, ω0 is the nominal frequency, and �P is the power 433

supplied from CMG1 to CMG2 (or vice versa). The phase 434

angle difference is modified according to the function of power 435

supplies to another CMG. The phase angle difference between 436

the CMGs can be defined as follows: 437

�δi =
∫ (

ωi − ω j
)
dt (15) 438

In (15), ωi and ω j are the final output frequency of CMG1 439

and CMG2, respectively. 440

In the coupled system (they will be adopted to a common 441

frequency) in case of any load change, the output frequency 442

will change and will settle down in a steady-state frequency. 443

The settled steady-state frequency is most likely to differ from 444
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Fig. 8. Proposed CMG inverter controller.

the nominal value ω0. In order to restore the frequency, a445

restoration technique (DLDC) has been proposed.446

The required amount of frequency component (let us say,447

�ω) to restore the frequency is determined by the d-axis448

component of the output voltage (as derived in Section II-B).449

The frequency of coupled system after restoration will be450

ω01 = ω1 + �ω (16)451

Each interfacing inverter of the CMGs has a voltage and452

current control loop implemented in the d–q coordinates. The453

internal voltage control loop generates the d-and q-axis current454

references for the current controller. As both the current and455

the voltage control loop operate in the d–q coordinates, a PI456

controller is implemented. The electrical phase angle θ01 is457

generated by integrating the output frequency of the coupled458

system459

θ01 =
∫

(ω1 + �ω)dt =
∫

ω01dt (17)460

Fig. 8 shows a complete architecture of the control topology461

implemented for each inverter in CMG.462

The state equations of the primary voltage and current463

controllers are already available in different literature [30],464

[31], [32]. In the following sections, a detailed analysis of all465

the controllers is presented.466

As stated earlier, the proposed controllers are designed in467

the d–q reference frame, so468

I01 = I01α + j I01β (18)469

I01e− jθ01 = I01d + j I01q (19)470

I01 = (
I01d + j I01q

)
e jθ01 (20)471

The transformation of α–β frame to d–q frame is shown in472

the previous equation, where θ01 is obtained from (17).473

The state-space equations of each inverter output current,474

filtered voltage, and load current are shown as follows.475

�Iinv1d = ω01�Iinv1q + �ω01 Iinv1q − R f 1

L f 1
�Iinv1d476

+ �vinv1d

L f 1
− �v01d

L f 1
(21)477

�Iinv1q = −ω01�Iinv1d − �ω01 Iinv1d − R f 1

L f 1
�Iinv1q478

+ �vinv1q

L f 1
− �v01q

L f 1
(22)479

�L̇ L1d = ω01�IL1q + �ω01 IL1q − RLoad1

LLoad1
�IL1d + �v01d

LLoad1
480

(23) 481

�L̇ L1q = −ω01�IL1d − �ω01 IL1d − RLoad1

LLoad1
�IL1q + �v01q

LLoad1
482

(24) 483

�v̇01d = ω01�v01q + �ω01v01q + �Iinv1d

C f 1
− �I01d

C f 1
(25) 484

�v̇01q = −ω01�v01d − �ω01v01d + �Iinv1q

C f 1
− �I01q

C f 1
(26) 485

The transmission line dynamics are shown in the following 486

state-space equations: 487

� İ01d = ω01�I01q + �ω01 I01q − Rl

Ll
�I01d

+
(

1

Ll
+ 1

LLoad

)
�v01d − v02d

Ll
+

(
Rl

Ll
− RLoad

LLoad

)
�IL1d

⎫⎪⎬
⎪⎭ 488

(27) 489

� İ01q = −ω01�I01d − �ω01 I01d − Rl

Ll
�I01q

+
(

1

Ll
+ 1

L Load

)
�v01q − v02q

Ll
+

(
Rl

Ll
− RLoad

LLoad

)
�IL1q

⎫⎪⎬
⎪⎭ 490

(28) 491

The power calculation and droop equations are presented as 492

follows: 493

P = v01d · I01d + v01q · I01q (29) 494

Q = v01q · I01d − v01d · I01q (30) 495

The power equations after filter can be written as the 496

following, where ωc is the filter cutoff frequency: 497

P1 = ωc

S + ωc

(
v01d · I01d + v01q · I01q

)
(31) 498

Q1 = ωc

S + ωc

(
v01q · I01d − v01d · I01q

)
(32) 499

ωl = ω0 − kω�P (33) 500

v1 = v0 − kv�Q (34) 501

The mathematical derivation for the double-layered droop 502

controller can be retrieved from (7) to (13). 503

Considering all the above equations, the state matrix of a 504

CMG will be 505

X1 = [�δ01 �P1 �Q1 �IL1dq �Iinv1dq �V01dq �I01dq]T (35) 506

Similarly, all the equations for another CMG can be 507

obtained and the state-space matrix can be written as 508

X2 =[�δ02 �P2 �Q2 �IL2dq �Iinv2dq �V02dq �I02dq]T (36) 509

Finally, the state-space matrix for coupled CMG can be 510

written as 511

X = [
X T

1 X T
2

]T
(37) 512

A fixed communication delay for exchanging information 513

among the DGs and primary and secondary controllers has 514

been considered. The linear distributed control law for voltage 515
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Fig. 9. Development of the proposed system with improved controllers.

and frequency control with delay has been shown in the516

following:517

�ω0i = −c1 ∗ L ∗ ω0i (t − td)
+ c1 ∗ G ∗ (

I ∗ ωre f − ω0i
) − c2 ∗ L ∗ kω Pi (t − td)

}
(38)518

�V0i = −c3 ∗ L ∗ V0i (t − td)
+ c3 ∗ G ∗ (

I ∗ Vre f − V0i
) − c4 ∗ L ∗ kv Qi (t − td)

}
(39)519

where L and G are the Laplacian matrix and gain matrix of the520

system, respectively; c1, c2, c3, and c4 are the control gains;521

and td is the communication delay. The calculated delayed522

active power can be represented as523

Pi (t − td) = V0id(t−td)i0id(t−td)+V0iq(t−td)i0iq(t−td)524

(40)525

Qi (t − td) = −V0id(t−td)i0iq(t−td)+V0iq(t−td)i0id(t−td)526

(41)527

The state equations of the delayed secondary controllers are528

given as follows:529

[�ω̇MGi ] = AD�[�Xi (t)] + BD�[�Xi(t − td)] + CD��ωref530

(42)531 [
�V̇MGi

] = ADλ[�Xi(t)] + BDλ[�Xi(t − td)] + CDλ�Vref532

(43)533

where AD�, BD�, CD�, ADλ, BDλ, and CDλ are the system534

coefficient matrix.535

IV. STABILITY ANALYSIS THROUGH EIGENVALUES536

The eigenvalues shown in Table I are mainly sensitive to537

droop controller parameters, load demand, transmission line538

parameters, and gains of state feedback controllers. The dom-539

inant eigenvalues with the variation of different parameters are540

analyzed in detail in the following section.541

TABLE I

SYSTEM EIGENVALUES

The coupled system is linearized around an operating point 542

and all the eigenvalues are shown in Table I. The correspond- 543

ing damping ratio is also calculated. All the eigenvalues can be 544

divided into two groups—well-damped eigenvalues and poten- 545

tially problematic eigenvalues. The eigenvalues with damping 546

ratios less than 30% are considered as problematic eigenvalues, 547

as these are not damped quickly. The oscillations created due 548

to these values eventually affect the system performance. The 549

consequences due to these oscillations can result in loss of 550

efficiency, control system instability, and mainly wear and tear 551

on equipment. Oscillations in output voltage and current can 552

create harmonics and affect the power quality. The proposed 553

secondary controller with a fixed communication delay has 554

less number of problematic eigenvalues and maintains the sys- 555

tem stability. In order to further improve the system stability, 556

a predictive/robust controller design is required, as has been 557

duly acknowledged in the scope of extension of the work in 558

future. 559



6238 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 10, NO. 5, OCTOBER 2022

TABLE II

CMG PARAMETERS

V. WORKING PRINCIPLE560

The integration technique of the proposed DLDC with the561

coupling and decoupling controller is presented in Fig. 9.562

In order to make it compact, the detailed control topology of563

CMG1 participating inverter control is only shown in Fig. 9,564

whereas the participating inverter of the CMG2 adopts the565

same control topology. The set points of voltage and frequency566

from the secondary controller are given to the primary voltage567

and current controller of the interfacing inverter. In the case568

of standalone mode, both the CMGs operate on its own and569

deliver the power to the local load, but in the interconnected570

mode, both the microgrids deliver the total load connected to571

it, and the power is shared according to the droop controller.572

VI. SIMULATION STUDIES573

The proposed control strategies for frequency restoration574

and seamless (de)coupling between the neighboring CMGs,575

as described in the previous sections, are assessed and verified576

in this section. To prove the efficacy of the proposed con-577

trollers, the scaled-down prototype of the two PV-based single-578

phase CMGs is developed, and five different case studies are579

considered. In each CMG, the PV systems are connected580

to the interfacing inverter through a dc/dc boost converter.581

Furthermore, the CMG inverter is interfaced to the local load582

through an LC filter, as shown in Fig. 9. Different case studies,583

such as seamless coupling, decoupling, and reconnection again584

after the decoupling, have been showcased to demonstrate585

the proposed controller’s efficacy. In real time, any of the586

modes will be activated and act as per the requirement. The587

transition from one to another will be determined according to588

the proposed control topology. All the system parameters in589

normal operating condition in standalone mode are shown in590

Table II. MATLAB SimPowerSystem is used to develop the591

detailed model of the CMGs.592

A. Normal Operation With Frequency Restoration593

In this case study, two distinct scenarios were investigated594

to demonstrate the effectiveness of the proposed modified595

double-layered droop controller. In the first one, both the596

microgrids are connected with 4-kW load individually. At the597

Fig. 10. Voltage and current profile of CMG1.

Fig. 11. CMG2 load demand and frequency profile.

simulation time instant 1 s, both the loads are increased to 598

5 kW, and the effectiveness of the proposed controller is 599

analyzed. The voltage and current profile of the CMG1 is 600

shown in Fig. 10. It can be observed that both voltage and 601

current are in phase and voltage amplitude remains stable 602

after load change. In the second situation, both the CMGs are 603

connected to 7-kW loads, and at the simulation time instant 604

1 s, both the loads are increased to 11 kW. Fig. 11 shows 605

the power and frequency profile of the CMG2. A comparison 606

is shown in the frequency profile with the proposed DLDC 607

and conventional droop control. According to the simulation 608

results, the frequency profile of the suggested droop control is 609

considerably smoother and more stable than that of traditional 610

droop control. The frequency profile with conventional droop 611

control is oscillating in nature during any transient; however, 612

both the frequencies are within the acceptable limit. 613

B. Seamless Interconnection of Microgrids 614

As discussed in Section III, a control topology is developed 615

to demonstrate a smooth, seamless transition from standalone 616

mode to interconnected mode. When the enable signal of the 617

coupling controller is triggered, the controller generates the 618

required frequency and voltage deviation for the seamless 619

transition, which contributes to defining the final voltage 620

and frequency set point values of the CMG inverters. After 621

checking the required connection criteria, as shown in Fig. 6, 622

the breaker connecting to the network and both the CMGs 623

come to coupled condition. 624
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Fig. 12. Illustration of the seamless interconnection of CMGs.

Fig. 13. Power sharing performance in an interconnected mode.

To check the efficiency of the proposed controller, both the625

CMGs are connected to the 6-kW load, and at the simulation626

time 1 s, the coupling controller enable signal is triggered.627

As shown in Fig. 12, both the CMGs are delivering 6-kW load628

demand, and they have their own different frequency profile,629

but after getting coupled at 1 s, both have the same frequency630

profile. As we can see from the frequency profile, the coupled631

system takes only 0.05 s to stabilize without affecting the local632

load demand requirement of the individual CMG.633

C. Power-Sharing Performance in an Interconnected Mode634

This case study illustrates the power-sharing performance635

of the proposed controller after interconnecting the CMGs.636

In order to demonstrate that, the CMG1 is connected to the637

8-kW load, and CMG2 is connected to the 6-kW load. They638

are supplying their own load demand up to 1 s of the639

simulation time. At this time, the enable signal of the coupling640

controller is triggered. After coupling, both the CMGs share641

the total load demand, and as a result, both the CMGs642

contribute 7 kW each (as the total load demand is 14 kW)643

to the total load demand. The power-sharing performance of644

the CMGs is shown in Fig. 13. It is also worth noting that the645

seamless coupling is accomplished without compromising the646

proposed controller’s power-sharing capabilities.647

D. Seamless Decoupling of the CMGs648

The main objective of the decoupling controller is a649

seamless transfer of coupled CMGs to a standalone CMG650

Fig. 14. Illustration of seamless decoupling.

Fig. 15. Reconnection of CMGs after decoupling.

without affecting the system stability. In this case study, 651

initially, both the CMGs have a 12-kW load demand. In this 652

condition, another 2-kW load demand is increased in CMG1 653

then; according to the control architecture provided in Fig. 6, 654

the decoupling controller triggered automatically. As soon as 655

all of the conditions for disconnecting have been met, the 656

breaker is activated, and both CMGs are isolated. As shown 657

in Fig. 14, both the CMGs are supplying 24-kW load demand 658

initially, and at 1-s simulation time when the CMG1 load 659

demand is increased by 2 kW, the disconnection controller 660

operates; without affecting the system stability, a seamless 661

disconnection occurs. The system frequency was maintained 662

after the disconnection and the CMGs are supplying the local 663

load demand individually. 664

E. Reconnection After Decoupling 665

In this case study, a reconnection is attempted immediately 666

after a disconnection occurs, to check the efficacy of all the 667

proposed controllers. Like the previous case study initially, the 668

load demand of both the CMGs is 12 kW, and at the simulation 669

time 1 s, 2-kW load demand in CMG1 is increased. In this 670

situation, the decoupling controller operates and decouples the 671

CMGs. Immediately after that, at simulation time 1.5 s, the 672

excess 2-kW load demand is reduced, and again, the coupling 673

controller enable signal is triggered and the seamless coupling 674

is achieved in 0.03 s. As shown in Fig. 15, throughout the 675

simulation, the frequency remains in the allowable range, 676

which enables a seamless reconnection again. 677
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Fig. 16. Illustration of frequency restoration controller.

VII. EXPERIMENTAL VALIDATION678

To demonstrate the efficacy of the proposed controllers,679

a unique laboratory prototype is developed. In the developed680

PIL hardware design, PLECS RT box and OPAL-RT along681

with the Texas Instrument-based F28069M microcontroller is682

utilized. In PIL applications, the power stage of CMG1 is683

emulated in the PLECS RT box, and the power stage of breaker684

with CMG2 is implemented in the OPAL-RT simulator. The685

digital signal processor F28069M connected to the PLECS686

RT box with breakout board is used to design the proposed687

controllers of the system. Due to page constraints, only critical688

case studies have been shown in this section.689

A. Normal Operation With Frequency Restoration690

The processor in loop experimental result, as shown in691

Fig. 16, provides a normal operating condition of isolated692

CMGs, where both the CMGs are supplying their individual693

loads. In this scenario, CMG1 and CMG2 are supplying 38 A694

(∼12.5 kW) and 23 A (∼8 kW) of load current individually,695

while the frequency is maintained within the acceptable limit.696

Now, in order to restore the frequency, the frequency restora-697

tion controller is triggered. As captured in Fig. 16, shown in698

the zoomed frequency plot, the frequency is restored to its699

nominal value. It can be also observed that the frequency is700

restored, while the converter continues to supply the same load701

demand. Thus, the experimental results provide a satisfactory702

test of frequency restoration controller.703

B. Seamless Coupling of CMGs and Power-Sharing704

Performance705

In this case study, the desired load demand is first supplied706

by both CMGs individually before the coupling controller707

is activated. As shown in Fig. 17, both the CMGs are708

coupled seamlessly, without creating any sudden transient in709

the voltage/current profile. As can be seen, the frequency710

is likewise kept within tolerable bounds. These results also711

demonstrate how well droop controller performs in a power-712

sharing scenario. Once the CMGs are coupled, it is clear that713

the entire load current is split evenly between them. This case714

study provides satisfactory testing of the proposed seamless715

coupling and droop controller.716

Fig. 17. Illustration of seamless coupling of CMGs.

Fig. 18. Illustration of seamless decoupling of CMGs.

Fig. 19. Illustration of seamless reconnection of CMGs.

C. Seamless Decoupling of CMGs 717

The decoupling controller’s effectiveness was tested in this 718

case study using a similar strategy. When both CMGs are 719

first linked, the entire load demand is split evenly between 720

them. When the decoupling controller is activated, the CMGs 721

decouple and provide each CMG load requirement separately. 722

Fig. 18 shows that the decoupling is smooth and that the 723

system stability is maintained without causing any abrupt 724

transients in the voltage/current profile. It can also be observed 725

that seamless decoupling is achieved in one switching 726

cycle. 727
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D. Reconnection After Decoupling728

After decoupling, reconnection is sought and successfully729

accomplished in this case study. The system experiences a730

seamless transition from standalone to linked mode. The731

zoomed plot, as shown in Fig. 19, proves the efficacy of732

the proposed controller. Besides, it is worth underlining that733

both the coupling and decoupling controller response in734

one switching cycle, i.e., in 0.02 s which is according to735

the IEEE standard 1547.4-2011 and IEEE 1547.2-2008 for736

reconnection.737

VIII. CONCLUSION AND SCOPE OF FUTURE WORK738

This article proposes an improvement in droop control to739

restore the system frequency to its nominal value, allowing740

the CMG to self-synchronize with the adjacent one. The741

extra layer in the proposed droop control uses the d-axis742

component of the terminal voltage to maintain the system743

frequency and voltage for seamless reconnection. The results744

of a MATLAB-based simulation and a PIL-based real-time745

implementation for a number of potential distinct case studies746

demonstrate successful implementation of the seamless recon-747

nection of CMGs without compromising the power-sharing748

accuracy. The major contributions of this article are given as749

follows.750

1) The successful implementation of double-layered751

self-synchronized droop control, which helps to752

keep the system frequency close to the nominal753

value.754

2) A mathematical model of the proposed controller con-755

sidering the communication delay in the distributed756

secondary controller is presented and the system stability757

is also analyzed.758

3) Different transient conditions, such as load change, cou-759

pling to other CMG, and decoupling are considered, and760

the efficiency of the proposed controller is successfully761

tested.762

4) A seamless coupling and decoupling controller accord-763

ing to the IEEE standard 1547.4-2011 and IEEE764

1547.2-2008 is also effectively implemented in this765

article.766

5) The power-sharing accuracy of the proposed droop767

control is not compromised during any transient768

situation.769

However, in order to restore the frequency, both the present770

and past frequency control inputs should be equal. Thus,771

the proposed controller indeed requires the previous values772

as a reference to execute the controller properly. A robust773

estimation-based predictive controller can solve this issue774

and improve the steady-state performance. The design of the775

robust predictive droop controller is considered in the scope776

of the future work of this current research work. However, the777

performance of the proposed controller is also IEEE standard778

2030.7 and 2030.8 compliant.779
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