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Control and Stability of Modular
DC Swarm Microgrids

Hannes Kirchhoff and Kai Strunz

Abstract— Direct current (dc) microgrids have not yet achieved1

the promise of true plug-and-play characteristics due to stability2

issues stemming from power converters. Swarm microgrids,3

a type of dc microgrids, are aimed at delivering a modular4

and easy-to-expand infrastructure. In this article, an application-5

specific control strategy is developed to ensure stable and6

expandable swarm microgrids. This control strategy makes use7

of the widely available distributed storage in swarm microgrids8

and includes active damping techniques at power-drawing units.9

Utilizing a cascaded state-space system model, experimental10

validation with dual-active-bridge converters, and eigenvalue11

robustness analysis, this article demonstrates a high margin of12

stability for expandable swarm microgrids. The analysis includes13

variation of the microgrid size and line parameters, among14

others. The results show that swarm microgrids are stable15

for up to at least 1000 participating swarm units. As part of16

the robustness analysis of swarm microgrid stability, specific17

definitions are provided for the allowed behavior of the power18

converters used in a swarm microgrid. The developed methodol-19

ogy allows assessing and designing for swarm microgrid stability20

even without knowledge of the internal structures of the power21

converters. As such, this article provides a practical framework22

to support the scaling up of swarm microgrid deployment.23

Index Terms— Control, direct current (dc), energy access, low24

voltage, microgrid, stability, swarm electrification.25

NOMENCLATURE26
Acronyms:27

CC Current control.
CPL Constant power load.
LPF Low-pass filter.
LTI Linear time-invariant.
SBB Swarm building block.
SHS Solar home system.
VC Voltage control.28

Subscripts and Indices:29

0 Zero current.
1 First order.30
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2 Second order.
c Cable.
C Capacitance.
ch Charging.
diag Diagonal elements.
dr Droop.
g Matrix index.
h Matrix index.
in Input.
j Node index.
k Cable index.
lab Laboratory.
link Link.
LPF Low-pass filter.
n Node, nodal.
ns Number of swarm units operating in supplying

mode.
o Output.
pos Positive.
re Real part.
ref Reference value.
s Supplying.
sim Simulation.
SMG Swarm microgrid.
var Variations.
Y Input admittance.
z Coupling output.
Z Output impedance.

31

Variables and Operators: 32

A System matrix.
A Cross-sectional area.
B Input matrix.
C Output matrix.
C Capacitance.
D Direct feedthrough matrix.
f Frequency.
g Matrix index.
h Matrix index.
i, I Current.
j Node index.
k Cable index.
K Gain.
K Parameter set.
l Length.
L Inductance.
m Number of cables.
M Incidence matrix.
n Number of swarm units.
N Total number.
P Power.
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33 r, R Resistance.
s Complex frequency.
s Coupling input vector.
S Coupling input matrix.
t Time.
T Time constant.
T (s) Transfer function.
u Vector of control signals.
v, V Voltage.
x State vector.
x̃ Small-signal perturbation of x .
y Output vector.
Y Admittance.
z Coupling output vector.
Z Impedance.
β Qualitative robustness metric.
� Difference operator.
ζ Damping factor.
κ Algebraic coupling.
σ Conductivity.
� System definition.34

Notation: Vectors and matrices are written in bold type.35

I. INTRODUCTION36

GLOBALLY, 840 million people still lack access to elec-37

tricity [1]. Swarm electrification is intended to address38

this undesirable situation by enabling the efficient usage of39

existing resources through the sharing of electricity within a40

neighborhood [2]. Swarm electrification facilitates the step-41

wise enhancement of energy access infrastructure using spe-42

cially designed direct current (dc) microgrids, referred to as43

swarm microgrids [3]. A swarm microgrid facilitates peer-to-44

peer energy exchange between so-called swarm units. These45

swarm units are located at homes or businesses that already46

have existing standalone energy systems [4]. Important stand-47

alone energy systems are solar home systems (SHSs), of which48

six million units have been installed in Bangladesh alone [5].49

Many of these SHSs have now been interconnected into swarm50

microgrids: The United Nations and other organizations have51

supported the rollout of over 100 swarm microgrids across52

Bangladesh [6], [7].53

This article investigates the stability of swarm microgrids54

with up to 1000 units as an important hallmark of swarm elec-55

trification. Swarm microgrids are dc microgrids, and therefore,56

the literature on the stability of dc microgrids is relevant [8],57

[9], in particular with regards to: 1) microgrid control schemes;58

2) stability assessment methods; and 3) converter modeling59

approaches.60

In regard to dc microgrid control schemes, the literature61

differentiates between centralized control schemes [10],62

[11] and decentralized control schemes [12], [13].63

Decentralized control schemes are the preferred choice64

for swarm microgrids, because swarm microgrids need65

to be deployable at hard-to-reach sites. Among the66

literature on decentralized control schemes, recent67

research has evaluated microgrid systems with constant68

power loads (CPLs) and droop-controlled sources, and the69

findings indicate that static droop control may lead to system70

instability [9], [14]–[17]. To provide stability, advanced droop71

control methods can be used, many of which rely on the 72

availability of energy storage in the microgrid [18]–[24]. 73

In principle, these methods can also be applied to swarm 74

microgrids because of the distributed storage capacity of 75

SHSs [25], [26]. Research on the decentralized control of 76

distributed storage units in dc microgrids has focused on the 77

behavior of these units when supplying power [13], [20]. 78

However, the decentralized control of distributed storage units 79

when drawing power was not addressed to the extend needed 80

for practical application. 81

In regard to stability assessment methods for dc micro- 82

grids, two main approaches are described in the literature: 83

large-signal stability analysis and small-signal stability analy- 84

sis. A large-signal stability analysis accounts for large dis- 85

turbances but is usually only used to analyze single-bus 86

microgrids [27], [28]. In a small-signal stability analysis, 87

a linear model is constructed around a steady-state operating 88

point [8], [12], [29]. The advantage of the small-signal stability 89

analysis is the ability to easily adapt the model to assess 90

different topological configurations of microgrids [25], [30], 91

[31]. However, to date, most studies have been limited in the 92

number of participating units assessed. The number of units 93

is lower than five in [26], [30], and [31] and lower than ten 94

in [9], [18], and [25]. 95

For the modeling of power electronic converters in dc 96

microgrids, two main approaches are discussed in the liter- 97

ature. On the one hand, the so-called white-box modeling 98

approach is widely used. This means that a certain internal 99

converter structure is assumed, and the converter behav- 100

ior is modeled accordingly [21], [32], [33]. On the other 101

hand, the so-called black-box modeling approach is based on 102

measurements and, thus, real-world behavior [34]–[36]. The 103

black-box modeling approach is an attractive option for the 104

case of swarm microgrids, because the collective behavior 105

of converters and distributed storage units can be reflected. 106

A black-box modeling has been used to design and assess 107

dc microgrids of different scales and with different types of 108

converter topologies [37]–[39]. However, the existing literature 109

lacks measurement-derived models of converters connected to 110

batteries. 111

A systematic analysis that addresses these highlighted short- 112

comings of the literature is not yet available. Therefore, this 113

article adds to the existing research with the following key 114

contributions. 115

1) It develops a control strategy specific to the needs of 116

swarm microgrids that ensures stability and makes use 117

of the available distributed storage.
118

2) It demonstrates the stability for the expansion of a swarm 119

microgrid up to 1000 swarm units.
120

3) It provides practical definitions of allowed and no-go 121

areas for the black-box behavior of battery-connected 122

converters to ensure a stable microgrid. 123

The rest of this article is structured as follows. The archi- 124

tecture and attributes of swarm microgrids are discussed 125

in Section II. Section III describes the development of the 126

proposed control strategy. The swarm microgrid model is 127

derived in Section IV. An experimental validation is presented 128

in Section V. A comprehensive stability analysis of swarm 129

microgrids is performed in Section VI. The conclusions are 130

drawn in Section VII. 131
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Fig. 1. Conceptual layout of a swarm microgrid consisting of so-called
swarm units, each encompassing a solar home system (SHS) and a swarm
building block (SBB).

Fig. 2. Architecture of a swarm unit, including a solar home system (SHS)
and a swarm building block (SBB); the node voltage vn, j and the nodal current
in, j are indicated.

II. ARCHITECTURE132

The objectives of this section are twofold. First, the architec-133

ture of swarm microgrids is elaborated. Second, architectural134

attributes relevant for Sections III, IV, and VI are derived.135

A. Architecture of Swarm Microgrids136

The overall layout of a swarm microgrid as studied in this137

article is shown in Fig. 1 and described as follows. A swarm138

microgrid uses a meshed network to interconnect swarm units.139

A swarm unit consists of an SHS and a so-called swarm140

building block (SBB). The SBB enables bidirectional power141

flow between the SHS and other swarm units of the microgrid.142

Furthermore, an SBB provides the ability to form meshed net-143

work topologies in a modular manner. This modularity allows144

for continuous and organic growth; the swarm microgrid can145

be expanded at any time and should be able to cater for up to146

1000 participants. A real-world example of swarm microgrid147

components in operation is provided in Appendix A. More148

details on the internal architecture of a swarm unit are provided149

in Fig. 2 and described as follows.150

The SHS consists of solar photovoltaics (PVs), a battery,151

and loads. To enable bidirectional power flow between the152

SHS and other swarm units of the swarm microgrid, the SBB153

interfaces with the battery of the SHS and can operate in two154

distinct modes. The first mode is the supplying mode—the155

battery is discharged to supply the other swarm units of the156

microgrid. The second mode is the charging mode—energy is157

drawn from the other swarm units of the microgrid to charge158

the battery. These modes are realized using the following159

components, as shown in Fig. 2. A step-up converter is used160

for the supplying mode, and a step-down converter is used for161

the charging mode. Only one of the two modes can be selected162

at any given time.163

To allow for adequate monitoring and billing, a bidirec-164

tional meter is required. The abovementioned components are165

connected to the SBB controller, which enables the implemen- 166

tation of advanced control schemes. To provide the ability to 167

form meshed network configurations, an SBB has cable ports, 168

which allow for interconnection with other swarm units and 169

can be used to realize zonal protection [40], [41]. These cable 170

ports are joined at the swarm node. The node voltage between 171

the positive and negative rails at swarm node j is denoted 172

by vn, j . The nodal current that is injected at node j is denoted 173

by in, j . The nodal current in, j takes negative values when the 174

swarm unit is operating in the charging mode. 175

B. Attributes Relevant to Stability and Control 176

Based on the architecture presented earlier, swarm 177

microgrids have certain characteristic attributes. Some of 178

them are relevant to stability analysis. These attributes 179

are directly related to the subsequent sections on the 180

control strategy, system modeling, and stability analysis, 181

as follows. 182

First, swarm microgrids are characterized by ad hoc deploy- 183

ment and ease of expansion even during operation. This 184

attribute is particularly important in Section III when defining 185

the control strategy, which must cater to this capability of ad 186

hoc deployment. 187

Second, to reach a large number of users consistent with 188

swarm electrification, a swarm microgrid is expected to sup- 189

port up to 1000 swarm units. This requirement is important 190

for the overall modeling of the swarm microgrid, as discussed 191

in Section IV, and for the stability analysis undertaken in 192

Section VI. 193

Third, there are two distinct modes in which a swarm unit 194

can operate: the supplying mode and the charging mode. 195

The distinction between these two modes is a key input to 196

the design of the cascaded system model, as discussed in 197

Section IV-A. As shown in Fig. 2, the supplying mode is 198

characterized by the usage of only the step-up converter. The 199

charging mode is characterized by the usage of only the step- 200

down converter. 201

Fourth, from a network stability point of view, only the 202

side of the converter that is connected to the swarm node, 203

as indicated in Fig. 2, is of interest. This means that in the 204

supplying mode, only the behavior of the output side of the 205

step-up converter is of interest; in the charging mode, only 206

the behavior of the input side of the step-down converter is of 207

interest. These characteristics are important for the converter 208

modeling in Section IV-C. 209

Fifth, it is assumed that the battery is adequately sized, 210

such that both the power drawn from the loads and the 211

power supplied by the solar PV have negligible effects on the 212

behavior of the converters. These characteristics are important 213

for the modeling of the converter behavior in Section IV-C. 214

III. CONTROL STRATEGY 215

In this section, the control strategy for swarm microgrids is 216

developed. Intended to serve as a modular, ad hoc deployable, 217

and highly scalable infrastructure, swarm microgrids are dc 218

microgrids with special requirements in terms of control. 219

As discussed in the first item in Section II-B, rapid deployment 220

and ease of expansion are important attributes of a swarm 221

microgrid. To attain these attributes, four main challenges 222

related to the stability of swarm microgrids need to be 223

addressed. First, the ability to scale the network must be 224
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TABLE I

SUMMARY OF CONTROL STRATEGY FOR SWARM MICROGRIDS

guaranteed, even at a varying number of power-supplying225

units. Second, oscillations between supplying converters need226

to be mitigated. Third, the ability to scale the network must227

be guaranteed, even at a varying number of power-drawing228

units. Fourth, CPL behavior, which can cause instability due229

to a negative resistance effect, needs to be mitigated.230

The key principle underlying the control strategy for swarm231

microgrids is the involvement of all swarm units. Swarm units232

operating in both supplying and charging modes are involved233

in attaining the required stability. The four key challenges to234

maintaining stability in swarm dc microgrids are addressed235

by the following measures. First, measures undertaken in236

supplying mode are discussed. Second, measures undertaken237

in charging mode are presented. The control strategy is sum-238

marized in Table I and discussed as follows.239

The supplying mode control scheme needs to ensure the240

ability to scale the network even at a varying number of241

units operating in supplying mode. This means ensuring a242

stable supply even when the number of supplying swarm243

units changes. This requirement implies that there must be244

a decentralized power sharing mechanism. Therefore, a mech-245

anism for power sharing among the supplying swarm units246

needs to be implemented. This is accomplished by utilizing a247

current-based droop control scheme [12]248

vn,ref, j = v0,ref, j − rdr, j · in, j (1)249

where vn,ref, j is the reference node voltage, v0,ref, j is the250

reference zero-current voltage, and rdr, j is the droop resistance.251

The droop control scheme expressed in (1) follows a generic252

approach and can be further adapted as required for a spe-253

cific deployment scenario, as presented, for example, in [42]254

and [43]. While the utilization of a current-based droop control255

scheme addresses the challenge of expandability, the second256

challenge must also be addressed. This challenge is to mitigate257

the risk of oscillations between supplying converters [18], [44].258

To address this challenge, the droop control scheme needs to259

be extended through the addition of a low-pass filter (LPF)260

for vn,ref, j of (1) to damp oscillations in the voltage reference.261

The introduction of an LPF into a droop control scheme has262

been demonstrated to address this stability challenge [45].263

The main focus of the charging mode control scheme is264

to ensure the ability to scale the network even at a varying265

number of units operating in charging mode. This means266

ensuring stable operation of the microgrid even in situations267

in which swarm units join the microgrid in an ad hoc 268

manner. Therefore, a swarm unit in charging mode needs 269

to be robust against perturbations and exhibit behavior that 270

maintains the stability of the microgrid. Such robustness is 271

achieved by involving not only the feeding units but also the 272

power-drawing units in microgrid control. In particular, this 273

means applying an active damping scheme at the swarm units 274

operating in charging mode. This active damping scheme is 275

designed to address the third challenge, namely, the risk of 276

CPL behavior [32], [46]. To avoid the CPL effect, swarm units 277

operating in charging mode apply active damping by directly 278

controlling in, j in Fig. 2. This implementation is referred to 279

as nodal current control (CC). This nodal CC is a reference 280

tracking control scheme with the nodal current reference in,ref, j . 281

The implementation of nodal CC is possible, because a swarm 282

unit operating in charging mode does not interface with 283

any tightly controlled load. As shown in Fig. 2, a swarm 284

unit operating in charging mode uses a step-down converter 285

to charge a battery and does not directly supply power to 286

any load. The reference parameter in,ref, j can be updated 287

dynamically depending on the battery charging regime. There- 288

fore, there are no restrictions on the implementation of the 289

nodal CC scheme. 290

The reference parameters v0,ref, j , rdr, j , and in,ref, j are pro- 291

vided from an operational layer. In normal operation, these 292

values change only at the intervals of seconds or minutes. 293

A demonstration of the capacity to cater to changes in these 294

reference parameters is part of the experimental validation in 295

Section V. All discussed control provisions are summarized 296

in Table I. 297

IV. SWARM MICROGRID MODELING 298

The objective of this section is to derive a mathematical 299

model that allows for the representation and analysis of swarm 300

microgrids of arbitrary sizes. The mathematical model derived 301

here is then used in the subsequent sections to assess the stabil- 302

ity of a swarm microgrid. To analyze the small-signal stability 303

of the microgrid, a small-signal system model is required, 304

as developed in this section. In particular, the small-signal 305

model derived here is a linear time-invariant (LTI) model. 306

To represent this system or parts of this system, the transfer 307

function representation and state-space representation are used 308

interchangeably [47]. The following convention is used: x = 309

X + x̃ , where X is the steady-state value, and x̃ is the small- 310

signal perturbation. 311

This section is structured as follows. Section IV-A describes 312

the structure of the system model. Section IV-B gives the math- 313

ematical representation in terms of subsystems. Section IV-C 314

presents the gray-box modeling approach used to model the 315

behavior of the converters within the different subsystems. 316

Section IV-D introduces the state-space representation of the 317

consolidated microgrid system model by integrating the results 318

from Sections IV-A–IV-C. 319

A. Structure of the System Model 320

The overall swarm microgrid is modeled as a multiple-input 321

multiple-output system that consists of multiple subsystems. 322

In turn, each of these subsystems consists of one or multi- 323

ple transfer functions. System and subsystem definitions are 324

denoted in the form �System [47]. The swarm microgrid system 325
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Fig. 3. Cascaded model of the swarm microgrid system �SMG.

�SMG is characterized by the system matrix A, the input326

matrix B, the output matrix C , and the direct feedthrough327

matrix D, as follows:328

�SMG :
{ ˙̃x = Ax̃ + Bũ

ỹ = C x̃ + Dũ
(2)329

where x̃ is the vector of the state variables, ũ is the vector of330

the control signals, and ỹ is the output vector.331

The system model �SMG is derived in a cascaded manner,332

as shown in Fig. 3 and discussed as follows. The model333

consists of subsystems of distinct types. These subsystems334

represent the behavior of the swarm units and cables of the335

microgrid. As discussed in the third item in Section II-B,336

a swarm unit can operate in one of two modes: the supplying337

mode or the charging mode. Therefore, two types of subsys-338

tems are used to represent the swarm units.339

1) A subsystem �s, j represents the behavior of swarm340

unit j = 1, . . . , ns operating in the supplying mode.341

A node operating in this mode uses a step-up converter.342

Therefore, the model of the step-up converter behavior343

�Step-up is an essential part of the model for the swarm344

units operating in the supplying mode. For concise345

mathematical representation, all swarm units operating346

in supplying mode are grouped into one aggregate347

subsystem �s.348

2) A subsystem �ch, j represents the behavior of swarm349

unit j = ns + 1, . . . , n operating in the charging mode.350

A node operating in this mode uses a step-down con-351

verter. Therefore, the model of the step-down converter352

behavior �Step-down is an essential part of the model353

for the swarm units operating in the charging mode.354

For concise mathematical representation, all swarm units355

operating in charging mode are grouped into one aggre-356

gate subsystem �ch.357

In addition, there is one subsystem type for cables.358

1) A subsystem �c,k represents the behavior of cable k =359

1, . . . , m. For concise mathematical representation, all360

cables are grouped into one aggregate subsystem �c.361

In total, the system consists of ns swarm units in the supplying362

mode and n − ns swarm units in the charging mode. At any363

given time, each swarm unit can operate in only one of the364

two modes. Accordingly, the total number of swarm units is n.365

Fig. 4. Attributes and interrelation of the algebraically coupled subsystems.

The swarm units are connected by m cables. The indices j 366

and k are used to identify swarm units and cables, respectively. 367

In summary, the cascaded system model is structured as 368

follows: 369

�SMG ⊃

⎧⎪⎨
⎪⎩

�s ⊃ �s, j ⊃ �Step-up ∀ j = 1, . . . , ns

�ch ⊃ �ch, j ⊃ �Step-down ∀ j = ns + 1, . . . , n

�c ⊃ �c,k ∀ k = 1, . . . , m

. 370

(3) 371

The different subsystem models are connected through an 372

algebraic coupling κ . This concludes the description of the 373

cascaded system model, as shown in Fig. 3. 374

B. Subsystem Attributes and Algebraic Coupling 375

This section derives the specific attributes of the three 376

types of subsystems and their interactions through algebraic 377

coupling. Mathematically, the algebraic coupling of the sub- 378

systems is expressed using the following conventions [47]. 379

The algebraic coupling is represented by the coupling input 380

vector s̃, the coupling input matrix S, the coupling output 381

vector z̃, and the coupling output matrix Cz. Building on the 382

overall system model in Fig. 3, the attributes of the subsystems 383

are as shown in Fig. 4 and are discussed, from bottom to top, 384

as follows. 385

Swarm units have internal controllers, which require the 386

input of corresponding reference parameters. These reference 387

parameters are represented by dashed arrows. The required 388

reference parameters are given in Table I. For a swarm unit 389

operating in the supplying mode, the reference parameters 390

are the reference zero-current voltage v0,ref, j and the droop 391

resistance rdr, j . For a swarm unit operating in the charging 392

mode, there is only one reference parameter, namely, the nodal 393

current reference in,ref, j . There are no reference parameters for 394

cable subsystem k. 395

The individual subsystems are coupled to each other. The 396

solid arrows in Fig. 4 represent the coupling inputs and outputs 397

of the subsystems. Each subsystem has one coupling input and 398

one coupling output. For swarm unit j , the coupling input 399

parameter is the nodal current in, j , and the coupling output 400

parameter is the node voltage vn, j . For cable k, the coupling 401

input is the voltage difference �vc,k between the two ends of 402

the cable, and the coupling output is the current ic,k through 403

the cable, as shown in Fig. 5. 404

The interconnections between the subsystems through the 405

algebraic coupling κ are defined by the algebraic connection 406



KIRCHHOFF AND STRUNZ: CONTROL AND STABILITY OF MODULAR DC SWARM MICROGRIDS 6279

Fig. 5. Cable model with voltage difference �vc,k between the two cable
ends, resistance Rc, current ic,k , and inductance Lc.

between the coupling input vector407

s =
⎡
⎣ in,s

i n,ch

�vc

⎤
⎦ (4)408

and the coupling output vector409

z =
⎡
⎣ vn,s

vn,ch

i c

⎤
⎦ (5)410

where the following hold.411

1) in,s is the vector of all in, j of all swarm units412

j = 1, . . . , ns in the supplying mode.413

2) in,ch is the vector of all in, j of all swarm units414

j = ns + 1, . . . , n in the charging mode.415

3) �vc is the vector of all �vc,k of all cables k = 1, . . . , m.416

4) vn,s is the vector of all vn, j of all swarm units417

j = 1, . . . , ns in the supplying mode.418

5) vn,ch is the vector of all vn, j of all swarm units419

j = ns + 1, . . . , n in the charging mode.420

6) i c is the vector of all ic,k of all cables k = 1, . . . , m.421

To establish the algebraic coupling κ between the subsystem422

models, the topology-specific incidence matrix M is used.423

Any arbitrary topology can be represented by means of a424

corresponding configuration of M [15], [48]. The elements of425

M take the values of −1, 0, and 1. The incidence matrix M426

establishes the relationship between the nodal currents and the427

cable currents, such that428 [
in,s

in,ch

]
= MT · i c (6)429

and the relationship between the node voltages and the voltage430

drops across the cables, such that431

�vc = M ·
[

vn,s

vn,ch

]
. (7)432

The incidence matrix M is further separated into two433

submatrices434

M = [Ms Mch] (8)435

where Ms represents the coupling of cables to nodes operating436

in the supplying mode, and Mch represents the coupling of437

cables to swarm units operating in the charging mode. Then,438

following Fig. 4, the algebraic coupling κ is expressed as:439

κ :

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

⎡
⎣ in,s

in,ch

�vc

⎤
⎦

︸ ︷︷ ︸
=s

=
⎡
⎣ 0 0 Ms

T

0 0 Mch
T

Ms Mch 0

⎤
⎦

⎡
⎣ vn,s

vn,ch

i c

⎤
⎦

︸ ︷︷ ︸
=z

. (9)440

C. Gray-Box Modeling Within Subsystems 441

As shown in the system model in Fig. 3 and according 442

to (3), an important part of each subsystem model is the 443

representation of the converters of the corresponding swarm 444

unit, as depicted in Fig. 2. The behaviors of both the step-up 445

converter and the step-down converter need to be modeled. 446

As discussed in the third item in Section II-B, a swarm unit 447

can operate in only one of the two modes at any given time. 448

Therefore, a distinct model for the step-up converter behavior 449

in the supplying mode and a distinct model for the step-down 450

converter behavior in the charging mode are developed. 451

To achieve a realistic representation for the stability analysis 452

in Section VI, a gray-box modeling approach is followed. 453

Gray-box modeling refers to an approach in which parts of 454

the system are modeled based on ideal behavior, and other 455

parts are modeled based on measurements and, therefore, real 456

behavior [49]. In the gray-box model derived here, only one 457

component is modeled with ideal behavior. This component 458

is the input capacitor, which is modeled as an ideal capacitor 459

without parasitic resistance. This is done to account for the 460

worst case from a stability perspective, because the parasitic 461

resistance of a capacitor exerts a known stabilizing effect [50]. 462

The other components of the gray-box model are derived from 463

measurements, building on the existing literature on black-box 464

converter modeling [34], [35], [37]. 465

In the black-box converter modeling literature, a converter 466

behavior is typically modeled using an unterminated two- 467

port model [37] with three types of components. First, the 468

input admittance and output impedance of the converter are 469

included. Second, two transfer functions, named the audio 470

susceptibility and the back current gain, account for the 471

influence between the input and output quantities. Third, the 472

model may include additional transfer functions related to 473

reference tracking [36]. 474

The model derived here is distinctly different, mainly 475

because the converters are not unterminated but rather termi- 476

nate at a battery on one side, as shown in Fig. 2. This battery 477

termination allows for the model to be notably simplified by 478

modeling the closed-loop behavior of the combined system of 479

battery and converter. Because the internal behavior is reflected 480

in the closed-loop behavior of this combined system, the 481

internal transfer functions of the converter mentioned earlier, 482

the audio susceptibility and the back current gain, can be 483

omitted. The remainder of the model needs to accurately 484

represent the behavior of the active components in either 485

mode. The active components of a swarm unit operating in 486

the supplying mode are shown in Fig. 6(a), and the active 487

components of a swarm unit operating in the charging mode 488

are shown in Fig. 6(b). 489

As discussed in the fifth item in Section II-B, the influences 490

of the load and solar PV on the battery are regarded as 491

negligible from a network stability point of view. Therefore, 492

the converter models here can focus solely on the behavior 493

of the swarm-node-facing side. As stated in the fourth item 494

in Section II-B, the swarm-node-facing side is the output side 495

of the step-up converter and the input side of the step-down 496

converter. 497

The model boundaries, shown as dashed lines in 498

Fig. 6(a) and (b), encompass both the converter and the 499

battery. The small-signal models for the step-up and step-down 500



6280 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 10, NO. 5, OCTOBER 2022

Fig. 6. Active components of a swarm unit when operating in (a) supplying
mode and (b) charging mode, where the system model boundaries are shown
by dashed lines; equivalent circuits of the small-signal models for the converter
output behavior when operating in (c) supplying mode and (d) charging mode.

converter behaviors are presented subsequently in that order.501

The reader is reminded that the following convention is used:502

x = X + x̃ , where X is the steady-state value, and x̃ is the503

small-signal perturbation.504

1) Step-Up Converter Behavior Modeling: The step-up con-505

verter behavior model encompasses the battery of the swarm506

unit and the step-up converter, as shown in Fig. 6(a). This507

model needs to describe the change in the node voltage ṽn, j508

due to either a change in the nodal current ĩn, j that it is509

supplying or a change in the reference node voltage ṽn,ref, j510

ṽn, j = −ṽZ,o, j + ṽVC, j (10)511

where the quantity ṽZ,o, j represents the change in response512

to a change in the nodal current ĩn, j due to the output513

impedance Zo(s)514

Zo(s) = ṽZ,o, j

ĩn, j
. (11)515

In addition, the converter-internal output voltage control (VC)516

to control the node voltage is included. This is accomplished517

by including the transfer function TVC(s), which models the518

response of ṽVC, j to changes in the reference node voltage519

ṽn,ref, j520

TVC(s) = ṽVC, j

ṽn,ref, j
. (12)521

The combined small-signal model for the step-up converter522

behavior is shown in Fig. 6(c) and summarized as follows:523

�Step-up : {
ṽn, j = −Zo(s) · ĩn, j + TVC(s) · ṽn,ref, j . (13)524

2) Step-Down Converter Behavior Modeling: The step-525

down converter behavior model encompasses the battery of526

the swarm unit and the step-down converter, as shown in527

Fig. 6(b). This model needs to describe the change in the528

node voltage ṽn, j due to either a change in the nodal current529

reference ĩn,ref, j or a change in the nodal current ĩn, j .530

The behavior due to changes in the nodal current ĩn, j531

is modeled through a combination of the input admittance532

and an explicit model of the input capacitor. As described533

earlier in this section, when introducing the gray-box modeling534

approach, an ideal capacitor model is used to account for the 535

worst case scenario from a stability point of view. Following 536

the ideal capacitor model and considering a capacitance C 537

TC(s) = 1

C · s
. (14) 538

The transfer function TC(s) describes the behavior of the 539

node voltage ṽn, j in response to changes in the capacitor 540

current ĩC, j 541

TC(s) = ṽn, j

ĩC, j
. (15) 542

Changes in the capacitor current depend on changes in the 543

nodal current ĩn, j , in ĩY,in, j , and in ĩCC, j , as follows: 544

ĩC, j = −ĩn, j − ĩY,in, j − ĩCC, j (16) 545

where ĩY,in, j represents changes that originate from changes in 546

the node voltage ṽn, j due to the input admittance Yin(s) 547

Yin(s) = ĩY,in, j

ṽn, j
. (17) 548

Furthermore, converter-internal input CC to control the nodal 549

current is modeled. In particular, the response of ĩCC, j to 550

changes in the nodal current reference ĩn,ref, j is modeled by 551

the transfer function TCC(s) 552

TCC(s) =
ĩCC, j

ĩn,ref, j
. (18) 553

The combined small-signal model for the step-down converter 554

behavior is shown in Fig. 6(d) and summarized as follows: 555

�Step-down :
{

ṽn, j =TC(s) · ĩC, j

ĩC, j =−ĩn, j − Yin(s) · ṽn, j − TCC(s) · ĩn,ref, j
. (19) 556

3) Transfer Function Identification: The converter behavior 557

models in (13) and (19) rely on the experimental identifi- 558

cation of the black-box behavior transfer functions Zo(s), 559

TVC(s), Yin(s), and TCC(s). These four transfer functions 560

are LTI models that follow a generic structure, consisting 561

of the sum of a first-order subsystem and a second-order 562

subsystem [35]: 563

T (s) = K1

1 + T1 · s︸ ︷︷ ︸
First-order subsystem

+ K2(1 + Tzero · s)

1 + 2 · ζ · T2 · s + (T2 · s)2︸ ︷︷ ︸
Second-order subsystem

(20) 564

where the following hold. 565

1) K1 is the proportional gain of the first-order subsystem. 566

2) T1 is the time constant associated with the pole of the 567

first-order subsystem. 568

3) K2 is the proportional gain of the second-order 569

subsystem. 570

4) Tzero is the time constant associated with the transfer 571

function zero of the second-order subsystem. 572

5) ζ is the damping factor of the second-order subsystem. 573

6) T2 is the time constant associated with the double pole 574

pair of the second-order subsystem. 575

The detailed black-box transfer functions and identi- 576

fied parameter values are based on experimental data. 577

These data and parameter identification results are provided 578

in Appendix C. 579
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It should be noted that if the converter behavior cannot580

be described by a model with the generic form of (20), then581

higher-order transfer functions need to be used. Examples for582

such higher-order transfer functions are discussed in [35].583

D. State-Space Representation584

The overall model of the swarm microgrid system �SMG,585

as given in (3), contains three types of subsystem models.586

As shown in Fig. 3, these three subsystem model types587

correspond to 1) a swarm unit operating in the supplying588

mode, �s, j ; 2) a swarm unit operating in the charging mode,589

�ch, j ; and 3) a cable, �c,k. These models are defined as590

follows.591

1) Node Model for the Supplying Mode: Based on Fig. 4592

and Table I, the subsystem model for a swarm unit operating593

in the supplying mode, �s, j , is developed in three steps.594

First, the input and output definitions of Fig. 4 are used.595

Therefore, the control vector is ũs, j =
[

ṽ0,ref, j

r̃dr, j

]
, the coupling596

input is s̃s, j = ĩn, j , the subsystem output is ỹs, j = ṽn, j ,597

and the coupling output is z̃s, j = ṽn, j . Second, the droop598

control scheme expressed in (1) with an LPF, as indicated599

in Table I, is incorporated. This LPF is characterized by the600

filter frequency fLPF. The droop equation (1) is linearized601

around the steady-state values In, j and Rdr, j . Third, the step-up602

converter shown in Fig. 2 is represented by an output-side-only603

model, as discussed in Section IV-C. The output behavior of604

the step-up converter is modeled according to (13) using the605

output-side transfer functions Zo(s) and TVC(s). These three606

steps result in the supplying mode swarm unit model, which607

is shown in Fig. 7 and is defined as follows:608

�s, j :

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

˙̃xs, j =
⎡
⎢⎣− fLPF 0 0

BVC AVC 0
0 0 AZo

⎤
⎥⎦

︸ ︷︷ ︸
=As, j

·
⎡
⎢⎣ ṽn,ref, j

x̃VC, j

x̃Zo, j

⎤
⎥⎦

︸ ︷︷ ︸
=x̃s, j

+
⎡
⎢⎣ fLPF − In, j · fLPF

0 0
0 0

⎤
⎥⎦

︸ ︷︷ ︸
=Bs, j

·
[

ṽ0,ref, j

r̃dr, j

]
︸ ︷︷ ︸

=ũs, j

+
⎡
⎢⎣−Rdr, j · fLPF

0
BZo

⎤
⎥⎦

︸ ︷︷ ︸
=Ss, j

·
[

ĩn, j

]
︸ ︷︷ ︸

=s̃s, j

ṽn, j︸︷︷︸
=ỹs, j

=
[

0 CVC −CZo

]
︸ ︷︷ ︸

=Cs, j

·x̃s, j

ṽn, j︸︷︷︸
=z̃s, j

=
[

0 CVC −CZo

]
︸ ︷︷ ︸

=Cz,s, j

·x̃s, j

Ds, j = 0

609

(21)610

where the following hold.611

1) x̃s, j is the vector of the state variables for swarm unit j612

operating in the supplying mode.613

2) AVC, BVC, CVC, and x̃VC, j give the state-space repre-614

sentation of TVC(s).615

Fig. 7. Linearized small-signal model for a swarm unit operating in the
supplying mode, �s, j .

3) AZo, BZo, CZo, and x̃Zo, j give the state-space represen- 616

tation of Zo(s). 617

4) As, j is the system matrix, Bs, j is the control matrix, 618

Cs, j is the output matrix, Ds, j is the direct feedthrough 619

matrix, Ss, j is the coupling input matrix, and Cz,s, j is 620

the coupling output matrix of the subsystem for swarm 621

unit j operating in the supplying mode. 622

2) Node Model for the Charging Mode: Based on Fig. 4 623

and Table I, the subsystem model for a swarm unit operating 624

in the charging mode, �ch, j , is also developed in three 625

steps. As for the supplying mode, first, the input and output 626

definitions of Fig. 4 are used. Therefore, the control input is 627

ũch, j = ĩn,ref, j , the coupling input is s̃ch, j = ĩn, j , the subsystem 628

output is ỹch, j = ṽn, j , and the coupling output is z̃ch, j = ṽn, j . 629

Second, the nodal CC scheme listed in Table I is incorporated. 630

Third, the step-down converter shown in Fig. 2 is represented 631

by an input-side-only model, as discussed in Section IV-C. 632

The input behavior of the step-down converter is modeled 633

according to (19) using the input-side transfer functions 634

TC(s), Yin(s), and TCC(s). As described in Section IV-C, the 635

capacitor is modeled as an ideal capacitor with capacitance C 636

according to (14). The abovementioned steps result in the 637

charging mode swarm unit model, which is shown in Fig. 8 638

and is defined as follows: 639

�ch, j :

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

˙̃xch, j =
⎡
⎢⎣ 0 −CCC/C −CYin/C

0 ACC 0
BYin 0 AYin

⎤
⎥⎦

︸ ︷︷ ︸
=Ach, j

·
⎡
⎢⎣ ṽn, j

x̃CC, j

x̃Y,in, j

⎤
⎥⎦

︸ ︷︷ ︸
=x̃ch, j

+
⎡
⎢⎣ 0

BCC

0

⎤
⎥⎦

︸ ︷︷ ︸
=Bch, j

·
[

ĩn,ref, j

]
︸ ︷︷ ︸

=ũch, j

+
⎡
⎢⎣−1/C

0
0

⎤
⎥⎦

︸ ︷︷ ︸
=Sch, j

·
[

ĩn, j

]
︸ ︷︷ ︸
=s̃ch, j

ṽn, j︸︷︷︸
=ỹch, j

=
[

1 0 0 0
]

︸ ︷︷ ︸
=Cch, j

·x̃ch, j

ṽn, j︸︷︷︸
=z̃ch, j

=
[

1 0 0 0
]

︸ ︷︷ ︸
=Cz,ch, j

·x̃ch, j

Dch, j = 0

640

(22) 641

where the following hold. 642
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Fig. 8. Linearized small-signal model for a swarm unit operating in the
charging mode, �ch, j .

1) x̃ch, j is the vector of the state variables for swarm unit j643

operating in the charging mode.644

2) ACC, BCC, CCC, and x̃CC, j give the state-space repre-645

sentation of TCC(s).646

3) AYin, BYin, CYin, and x̃Y,in, j give the state-space repre-647

sentation of Yin(s).648

4) Ach, j is the system matrix, Bch, j is the control matrix,649

Cch, j is the output matrix, Dch, j is the direct feedthrough650

matrix, Sch, j is the coupling input matrix, and Cz,ch, j is651

the coupling output matrix of the subsystem for swarm652

unit j operating in the charging mode.653

3) Cable Model: Based on Fig. 4, the cable model �c,k654

is developed in two steps. First, the input and output defi-655

nitions of Fig. 4 are used. Therefore, the coupling input is656

s̃c, j = �ṽc,k , the subsystem output is ỹc, j = ĩc,k , and the657

coupling output is z̃c, j = ĩc,k . There is no control vector.658

Second, the cable model comprises inductive and resistive659

elements, as shown in Fig. 5. The line equation is given as660

follows:661

�ṽc,k = Lc · ˙̃ic,k + Rc · ĩc,k (23)662

where Rc is the cable resistance, and Lc is the cable induc-663

tance. The length lc, the conductivity σc, and the cross-664

sectional area Ac of the cable are considered665

Rc = 2 · lc

σc · Ac
. (24)666

The full model of the subsystem corresponding to cable k with667

state vector x̃c,k is expressed as follows:668

�c,k :

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

˙̃xc,k =
[

− Rc,k

Lc,k

]
︸ ︷︷ ︸

=Ac,k

·
[

ĩc,k

]
︸ ︷︷ ︸
=x̃c,k

+
[

1

Lc,k

]
︸ ︷︷ ︸

=Sc,k

·
[
�ṽc,k

]
︸ ︷︷ ︸

=s̃c,k

ĩc,k︸︷︷︸
=ỹc,k

= [1]︸︷︷︸
=Cc,k

·x̃c,k

ĩc,k︸︷︷︸
=z̃c,k

= [1]︸︷︷︸
=Cc,z,k

·x̃c,k

Bc,k = 0, Dc,k = 0

669

(25)670

where Ac,k is the system matrix, Bc,k is the control matrix,671

Cc,k is the output matrix, Dc,k is the direct feedthrough672

matrix, Sc,k is the coupling input matrix, and Cz,c,k is the673

coupling output matrix of the subsystem for cable k. Note that674

vector and matrix notation is maintained even for the scalar675

quantities in (25). This is done to maintain coherence with (21)676

and (22) and to facilitate clear referencing when combining the 677

subsystems into the system model in Section IV-D4 as follows. 678

4) Combined System Model: To construct the overall system 679

model, the definitions derived throughout Section IV are com- 680

bined. The overall cascaded system model definition according 681

to (3) and Fig. 3 is followed. The individual subsystem 682

definitions for �s, j in (21), �ch, j in (22), and �c,k in (25) 683

are used. 684

In accordance with (3), the individual subsystem definitions 685

are aggregated according to their types: �s, �ch, and �c. This 686

means that all vectors, namely, x̃s, x̃ch, x̃c, ũs, and ũch, are 687

combined vectors of the respective quantities corresponding 688

to the individual subsystems. For example, x̃s is a vector of 689

all x̃s, j . Furthermore, all obtained matrices, namely, As, Ach, 690

Ac, Bs, Bch, Cs, Cch, Cc, Cz,s, Cz,ch, Cz,c, Ss, Sch, and Sc, pos- 691

sess a diagonal structure consisting of the respective quantities 692

of the individual subsystems. For example, As is the system 693

matrix for all swarm units operating in the supplying mode and 694

is constructed using the elements of As, j in a diagonal form. 695

The algebraic coupling definition of (9) is used to connect the 696

submodels to each other. Thus, the overall system model is 697

derived as follows: 698

�SMG :

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

˙̃x =
⎡
⎢⎣ As 0 Ss MT

s Cz,c

0 Ach Sch MT
chCz,c

Sc M sCz,s Sc MchCz,ch Ac

⎤
⎥⎦

︸ ︷︷ ︸
=A

·
⎡
⎢⎣ x̃s

x̃ch

x̃c

⎤
⎥⎦

︸ ︷︷ ︸
=x̃

+
⎡
⎢⎣ Bs 0

0 Bch

0 0

⎤
⎥⎦

︸ ︷︷ ︸
=B

·
[

ũs

ũch

]
︸ ︷︷ ︸

=ũ

⎡
⎢⎢⎢⎣

ṽn,s

ṽn,ch

ĩ n,s

ĩ n,ch

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
= ỹ

=

⎡
⎢⎢⎢⎣

Cs 0 0
0 Cch 0
0 0 MT

s Cc

0 0 MT
chCc

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
=C

·x̃

D = 0

. 699

(26) 700

V. EXPERIMENTAL VALIDATION 701

In this section, the swarm microgrid model developed in 702

Section IV is validated in a laboratory environment. The objec- 703

tive of this validation is to demonstrate the accurate modeling 704

of the system. Experimental data are compared with simulation 705

results on the basis of the LTI model. The model validation 706

criteria are threefold. First, the simulation output should match 707

the experimental data. In particular, any mismatches due to 708

ripples should be less than 10% of the average values. Second, 709

the model response should be especially accurate to changes in 710

the reference values with waveforms similar to those observed 711

in the experimental setup. Third, the model must adequately 712

represent spikes and rapid changes, particularly after increases 713

in the power drawn by any swarm unit. 714

To compare the simulation results of the LTI model with 715

the experimental data, the steady-state values need to be 716
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Fig. 9. Laboratory setup for microgrid validation with n = 4.

determined. As in Section IV, the following convention is717

used: x = X + x̃ , where X is the steady-state value, and x̃ is718

the small-signal perturbation. The steady-state equations for a719

swarm microgrid are given in Appendix B. The remainder of720

this section is divided into two parts. First, the experimental721

design is presented; second, the obtained results are discussed.722

A. Experimental Design723

The experimental setup is depicted in Fig. 9. Swarm units724

j = 1 and j = 2 are operating in the supplying mode using725

step-up converters. Swarm units j = 3 and j = 4 are oper-726

ating in the charging mode using step-down converters. All727

three relevant types of interactions are present in the chosen728

topology: 1) interactions between neighboring swarm units729

in the supplying mode; 2) interactions between neighboring730

swarm units in the charging mode; and 3) interactions between731

neighboring swarm units in different modes.732

The values of the model parameters are provided in the733

third column of Table III presented in Section VI-C. The734

parameters related to the cable resistances are chosen such that735

utilization of standard laboratory equipment is possible. The736

only deviation from the parameter values provided in Table III737

is the steady-state nodal current reference In,ref, j , for which738

the reference values are In,ref,3 = −1 A and In,ref,4 = −0.8 A.739

As such, the two swarm units operating in the charging mode740

have two different steady-state reference current values, and741

the waveforms are clearly distinguishable.742

Details on the laboratory equipment used and the parame-743

ter identification for the converter behavior are provided in744

Appendix C. To demonstrate the coherence of the model and745

the experimental behavior, three perturbations are applied to746

the system: 1) an increase and a subsequent decrease in rdr, j747

for swarm unit j = 1, at t = 0.2 s and t = 0.3 s, respectively;748

2) an increase and a subsequent decrease in v0,ref, j for swarm749

unit j = 1, at t = 0.4 s and t = 0.5 s, respectively; and750

3) a decrease and a subsequent increase in in,ref, j for swarm751

unit j = 3, at t = 0.6 s and t = 0.7 s, respectively.752

B. Comparison of Model-Derived Simulations and753

Experimental Results754

The laboratory results are presented in Fig. 10. The first755

and third plots from the top show the corresponding labo-756

ratory (lab) data for the node voltages vn, j and the nodal757

currents in, j , respectively. The second and fourth plots show758

the simulation (sim) results for the same quantities obtained 759

using the LTI model derived in (26). In the following, 760

an assessment in accordance with the three validation criteria 761

defined earlier is undertaken. 762

The results of the LTI model generally resemble the 763

real-world behavior well. The highest ripple content is present 764

at unit j = 3 between between t = 0.6 s and t = 0.7 s, when 765

the highest current is drawn from the network. The voltage 766

ripples are less than 2 V in amplitude. This corresponds to 767

a ripple content of less than 3%. The current ripples are less 768

than 0.1 A in amplitude. This corresponds to a ripple content 769

of less than 6%. In both cases, the ripple content is less 770

than 10%. Therefore, the first validation criterion is fulfilled. 771

Furthermore, the behavior in response to changes in the 772

reference values is well modeled, thus also fulfilling the second 773

validation criterion. First, an increase in rdr,1 causes a decrease 774

in vn,1, as in (1). Second, an increase in v0,ref,1 results in an 775

increase in vn,1, as in (1). The two swarm units operating 776

in the supplying mode share the load following the droop 777

equation (1). Changes to the reference parameters in the droop 778

control scheme are visible in the resulting effects on the 779

current sharing characteristics. For example, as rdr,1 increases 780

between t = 0.2 s and t = 0.3 s, in,1 decreases, whereas 781

in,2 increases. Third, the nodal current at swarm unit j = 3 is 782

directly controlled through in,ref,3. 783

The waveforms after the corresponding increase and 784

decrease in the power drawn from the network are accurately 785

modeled, particularly the waveforms of the spikes. Therefore, 786

the third validation criterion is also fulfilled. 787

VI. STABILITY ANALYSIS 788

In this section, the stability of a swarm microgrid is 789

analyzed to demonstrate its expandability. Expandability up 790

to n = 1000 is defined as a core requirement for swarm 791

microgrids, as discussed in the second item in Section II-B. 792

Building on the practical validation for a swarm microgrid 793

of size n = 4 in Section V, this section demonstrates the 794

results of increasing the quantity of swarm units to n = 1000. 795

As laboratory validation is no longer feasible at this scale, 796

the LTI model is utilized. The modeling approach derived in 797

Section IV is used to scale the model up to a large microgrid. 798

The generic topology shown in Fig. 11(b) is used. In the first 799

part of this section, a qualitiative assessment of stability is 800

undertaken, followed by a detailed quantitative analysis includ- 801

ing single-parameter variation and two-parameter variation. 802

A. Qualitative Assessment of Stability 803

Before the stability of the system is assessed quantitatively, 804

this section first undertakes a brief qualitative assessment. 805

The method is inspired by the assessment of the relationships 806

between species in a given ecosystem [51]. When assess- 807

ing such an ecosystem, the interactions between different 808

species are captured with fundamental types of relationships, 809

such as competition and mutualism. Similarly, the relation- 810

ships between state variables of a microgrid model can be 811

assessed [51]. For this assessment, the elements ahg ∈ A of the 812

system matrix A defined in (26) are analyzed. Two qualitative 813

robustness metrics as discussed in [51] and [52] are used. Both 814

metrics are defined, such that a low value indicates a high 815

robustness. 816
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Fig. 10. Laboratory (lab) and simulation (sim) data obtained for n = 4 using the topology in Fig. 9, with In,ref,3 = −1 A and In,ref,4 = −0.8 A, under the
application of step changes to rdr,1, v0,ref,1, and in,ref,3 as indicated by the arrows at the top of the figure; all other parameters are as provided in Table III.

Fig. 11. Topologies for (a) n = 4 with ns = 2 and (b) n ≥ 8 with 2 ·ns = n.

The first metric β1 assesses the self-regulatory properties of817

the state variables and is defined as818

β1 = Ndiag,pos(A)

Ndiag(A)
(27)819

where Ndiag(A) is the number of diagonal elements ahg ∈820

A, h = g; Ndiag,pos(A) is the number of positive diagonal821

elements ahg > 0, h = g.822

The second metric β2 assesses the interactions between823

different state variables and is defined as824

β2 = Nlink,pos(A)

Nlink(A)
(28)825

where Nlink(A) is the number of links of A. A link is defined826

as a pair of non-diagonal elements {ahg ∈ A, agh ∈ A},827

h �= g. Furthermore, Nlink,pos(A) is the number of links for828

which ahg · agh > 0, h �= g.829

The qualitative robustness is assessed for two microgrid830

sizes, n = 4 and n = 1000. The results are summarized in831

Table II and discussed as follows. For both microgrid sizes,832

none of the diagonal elements are positive, hence β1 = 0. This833

indicates that the state variables are generally self-regulating.834

In terms of interactions between the different state variables,835

there are points of concern due to the presence of positive836

links and, hence, β2 > 0. Further analysis reveals that there is837

TABLE II

SUMMARY OF QUALITATIVE ROBUSTNESS ANALYSIS FOR A OF (3);
AS DEFINED IN (27) AND (28), LOW VALUES

OF β1 AND β2 INDICATE HIGH ROBUSTNESS

one positive link for every node in the charging mode. This 838

is the link between the state variable for the ideal capacitor 839

model and one state variable for the input admittance model. 840

The direct connection between the capacitance and the input 841

admittance is also apparent from the small-signal model shown 842

in Fig. 8. The relationship between the capacitance and input 843

admittance is further analyzed in the following quantitative 844

stability analysis, in particular, in the section presenting the 845

two-parameter variation. The number of positive links scales 846

proportionally to n, whereas the total number of links scales 847

proportionally to n2. Consequently, and as shown in Table II, 848

the discussed robustness indicator improves with an increase 849

in the size of the microgrid. 850

B. Analysis of Expandability to n = 1000 851

To assess the expandability of the microgrid, the stability of 852

the swarm microgrid system matrices for different microgrid 853

sizes is analyzed based on their eigenvalues. The system matrix 854

A in (26) has eigenvalues of λ{A}, and the system is stable if 855

the real part λre of eigenvalue λ is negative for all λ{A} 856

λre{A} < 0. (29) 857

In addition, the following performance specifications need to 858

be met. 859
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Fig. 12. Eigenvalue plots for swarm microgrids with different numbers
of swarm units. (a) n = 4. (b) n = 100. (c) n = 1000. The performance
specifications defined in (A.1)–(A.3), (30), and (31) are met for all three
assessed cases.

1) A nontrivial solution for all steady-state equations can860

be found. The steady-state equations (A.1)–(A.3) are861

defined in Appendix B.862

2) All swarm units in supplying mode must have a positive863

nodal current864

In, j > 0 ∀ j = 1, . . . ns. (30)865

3) Line losses [53] must be less than 10% of the power866

drawn by the nodes in the charging mode867 ∑j=ns
j=1 |Pn, j | − ∑j=n

j=ns+1 |Pn, j |∑j=n
j=ns+1 |Pn, j |

< 0.1 (31)868

where Pn, j is the nodal power, defined as869

Pn, j = In, j · Vn, j . (32)870

All three of the abovementioned performance specifications871

are verified for the following assessments.872

The eigenvalues of the system matrix A from (26) derived873

for n = 4, n = 100, and n = 1000 are presented in874

Fig. 12(a)–(c), respectively. Due to the increase in system875

size, the number of eigenvalues also increases. Nevertheless,876

all eigenvalues have a negative real part. The eigenvalue with877

the smallest stability margin is the same for all microgrid878

sizes. Thus, the stability is not affected by the size of the879

microgrid. Also, the three performance specifications are met880

for all assessed microgrid sizes. To further examine the ability881

to expand the microgrid, Section VI-C presents an analysis of882

the influence of variations in the other microgrid parameters.883

C. Robustness Analysis Considering Parameter Variations 884

In addition to the validation of the effect of the microgrid 885

size on the stability of the system given in Section VI-B, 886

an assessment of the effect of varying all other modeling 887

parameters is presented in this section. The parameter variation 888

ranges are selected by considering a realistic value range for 889

each individual parameter. The size of the microgrid system 890

is kept constant at n = 1000. An eigenvalue analysis is 891

conducted to assess the impacts of variations in each parameter 892

on the system stability. The parameters varied include the 893

parameters of the transfer functions modeling the dc–dc con- 894

verters, as discussed in Section IV. These transfer functions, 895

namely, Zo(s), TVC(s), Yin(s), and TCC(s), follow the generic 896

structure of (20). The parameter identification for these transfer 897

functions is provided in Appendix C. All parameters of these 898

transfer functions except those identified to have trivial values 899

of {1, 0} are considered as part of this analysis. The list of 900

parameters also includes parameters that are less specific to 901

swarm microgrids. For these parameters, value ranges similar 902

to those reported in the literature were chosen [18], [30], [48]. 903

In this section, single-parameter variations are assessed first, 904

followed by an assessment of two-parameter variations. 905

1) Single-Parameter Variations: The single-parameter 906

analysis is summarized in Table III. For each parameter, the 907

symbol, the description, the reference value, the parameter 908

unit, and the parameter variation range from the smallest to 909

the largest value are provided along with the corresponding 910

eigenvalue results. Positive eigenvalues, which indicate an 911

unstable microgrid, are marked in bold font. In addition to 912

the analysis of the eigenvalues, the performance specifications 913

defined in Section VI-B are also assessed for. The subsequent 914

analysis is divided into three parts, discussing the effects 915

of variations in parameters related to the 1) network; 916

2) supplying mode behavior; and 3) charging mode behavior. 917

For the network parameters, no single-parameter variation 918

can cause the system to become unstable. In particular, neither 919

the cable length lc nor the ratio of cable inductance to cable 920

resistance Lc/Rc has a detrimental impact on stability. There 921

is no significant impact on the critical eigenvalues. Consid- 922

ering (24) and the parameter value ranges of the network 923

parameters presented in Table III, the value range for the cable 924

resistance is between Rc = 2 m	 and Rc = 2 	. Despite 925

this wide range and the large microgrid size of n = 1000, 926

no detrimental impact on stability is found. 927

Most of the supplying mode parameters do have an impact 928

on the critical eigenvalues, although without making the 929

system unstable. However, variations in the parameters that 930

model the output impedance can result in system instability. 931

The parameters that can lead to an unstable microgrid when 932

varied across their variation ranges are as follows: 933

1) K2,Z, the proportional gain of the second-order subsys- 934

tem of the output impedance. 935

2) ζZ, the damping factor of the second-order subsystem of 936

the output impedance. 937

3) Tzero,Z, the time constant associated with the transfer 938

function zero of the second-order subsystem of the 939

output impedance. 940

For the charging mode parameters, several single-parameter 941

variations do not have an impact on stability. However, 942

all four parameters concerning the input admittance exert a 943



6286 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 10, NO. 5, OCTOBER 2022

TABLE III

PARAMETER DEFINITIONS, VARIATION RANGES, AND EIGENVALUE RESULTS FOR SINGLE-PARAMETER VARIATION
WITH n = 1000; NAMING CONVENTIONS ACCORDING TO (20); THE PERFORMANCE SPECIFICATIONS

DEFINED IN (A.1)–(A.3), (30), AND (31) ARE MET FOR ALL ASSESSED VARIATIONS

strong detrimental impact on stability. These parameters are as944

follows:945

1) K2,Y, the proportional gain of the second-order subsys-946

tem of the input admittance.947

2) T2,Y, the time constant associated with the double pole948

pair of the second-order system of the input admittance.949

3) ζY, the damping factor of the second-order subsystem950

of the input admittance.951

4) Tzero,Y, the time constant associated with the transfer952

function zero of the second-order subsystem of the input953

admittance.954

The identified parameters that can cause unstable microgrid955

configurations due to single-parameter variations form the956

set Kunstable957

Kunstable = {K2,Z, ζZ, Tzero,Z, K2,Y, T2,Y, ζY, Tzero,Y}. (33)958

This set is further analyzed in Section VI-C2, focusing on959

two-parameter variations.960

2) Two-Parameter Variations: A more in-depth analysis is961

undertaken by assessing two-parameter variations. The results962

are summarized in Table IV and discussed as follows. For963

each considered two-parameter variation, the first parameter964

is one of the seven parameters from the set Kunstable, defined965

in (33). The second parameter is one of the 20 parameters966

defined in Table III. Both parameters are varied over the967

ranges specified in Table III with Nvar different values. With968

Nvar = 10, for each two-parameter variation combination,969

the total number of microgrid configurations assessed is 970

N2
var = 100. Accordingly, the number of microgrid system 971

matrices assessed in this analysis totals 7 · 20 · 100 = 14 000. 972

Due to the high computational effort associated with such 973

a large number of microgrid simulations, the system size 974

is reduced to n = 100. The reference eigenvalue plot for 975

n = 100 is provided in Fig. 12(b). 976

To quantify the impact of each two-parameter variation, the 977

percentage of corresponding microgrid configurations that are 978

unstable is assessed. The two-parameter variation results are 979

compared against a baseline. This baseline is defined as the 980

percentage of unstable microgrids under the single-parameter 981

variation of only the first parameter, a member of Kunstable. 982

The baseline analysis is undertaken first. As shown in 983

Table IV, among all parameters in Kunstable, K2,Z is associated 984

with the highest percentage of unstable microgrid configu- 985

rations: 50% of the associated microgrid configurations are 986

unstable. For the other parameters in Kunstable, the percentage 987

of unstable microgrid configurations under single-parameter 988

variations is between 10% and 30%. 989

The results for the two-parameter variations are provided 990

in Table IV and are discussed as follows, starting with the 991

network parameters, followed by the supplying mode para- 992

meters, and concluding with the charging mode parameters. 993

The network parameters do not have a significant impact 994

on the percentage of unstable microgrid configurations in 995

comparison with the baseline. For example, for the baseline of 996
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TABLE IV

RESULTS OF TWO-PARAMETER VARIATIONS WITH n = 100; PARAMETER
DEFINITIONS AND VARIATION RANGES CONSISTENT WITH TABLE III;

THE PERFORMANCE SPECIFICATIONS DEFINED IN (A.1)–(A.3),
(30), AND (31) ARE MET FOR ALL ASSESSED VARIATIONS

the single-parameter variation of ζZ, 20% of the microgrid con-997

figurations are unstable. In comparison, for the two-parameter998

variation of lc and ζZ, 23% of the microgrid configurations999

are unstable. The only parameter that has a significant impact1000

on stability when varied together with another parameter is1001

the ratio Lc/Rc when varied together with T2,Y. Here, the1002

percentage of unstable microgrid configurations is 3.7 times1003

greater than that of the baseline. Such strong impact can be1004

explained by the resonance of the line inductance with the1005

input admittance. This is one reason why nodal CC is an1006

important part of the control strategy summarized in Table I.1007

The supplying mode parameters give rise to one two-1008

parameter variation that leads to a reduction in the percent-1009

age of unstable microgrid configurations: the two-parameter1010

variation of Rdr and K2,Y. This relationship is shown in1011

more detail in Fig. 13, where all N2
var = 100 microgrid1012

configurations associated with this two-parameter variation1013

are represented. Unstable microgrid configurations are marked1014

with red crosses, and stable microgrid configurations are1015

marked with blue circles. For better orientation, the reference1016

parameter set from Table III is also indicated. The results in1017

Fig. 13 show that a wide range of values for Rdr is allowed1018

even for extreme values of K2,Y. An important enabler for this1019

wide allowed range of Rdr is the LPF, which enables a damped1020

implementation of the droop equation (1). This relationship is1021

demonstrated when undertaking the same analysis of varying1022

Rdr and K2,Y but with a much higher value for fLPF, as pre-1023

sented in Fig. 14. The high value of fLPF means that the LPF1024

is effectively deactivated. The results provided in Fig. 14 show1025

Fig. 13. Stability analysis for two-parameter variation of Rdr and K2,Y with
fLPF = 200 Hz, showing that 6% of the microgrid configurations are unstable;
the individual parameter definitions, reference values, and variation ranges are
consistent with Table III.

Fig. 14. Stability analysis for two-parameter variation of Rdr and K2,Y
with fLPF = 10 kHz, showing that 23% of the microgrid configurations are
unstable; the individual parameter definitions, reference values, and variation
ranges are consistent with Table III.

that when the LPF is deactivated, the range of values for Rdr 1026

that result in a stable microgrid configuration is much more 1027

limited. 1028

Supplying mode parameters other than Rdr have a detri- 1029

mental impact on stability. The most severe impact is exerted 1030

by the parameters related to the output impedance. When any 1031

two of the four parameters modeling the output impedance 1032

are varied simultaneously, the number of unstable microgrid 1033

configurations increases significantly in comparison with the 1034

baseline. However, an even stronger increase in the number 1035

of unstable microgrid configurations is observed when an 1036

output impedance parameter is varied together with an input 1037

admittance parameter. The strongest impact is observed when 1038

varying K2,Z and K2,Y together. This two-parameter variation 1039

of K2,Z and K2,Y is shown in Fig. 15. To attain a stable 1040

microgrid configuration, the value of K2,Z needs to be positive, 1041

and K2,Y should be small. As long as the values are close to 1042

the reference values, the microgrid configurations are stable. 1043

For the charging mode parameters, the results show a 1044

similar pattern. The two-parameter sets that include two input 1045

admittance values lead to an increase in the number of unstable 1046

microgrids. However, the variation of the input capacitance C 1047

has a beneficial effect. For example, when Tzero,Y is var- 1048

ied together with C , the percentage of unstable microgrids 1049

decreases from 30% to 22%. This direct link between the 1050

model of the input capacitor and the model of the input 1051

admittance was already identified in Section VI-A during the 1052

qualitative assessment. Also for ζZ, the variation of C has a 1053

positive impact. The two-parameter variation of C and ζZ is 1054

shown in Fig. 16. A large value of C helps to attain stable 1055

microgrid configurations, even for low values of ζZ. 1056
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Fig. 15. Stability analysis for two-parameter variation of K2,Z and K2,Y,
showing that 56% of the microgrid configurations are unstable; the individual
parameter definitions, reference values, and variation ranges are consistent
with Table III.

Fig. 16. Stability analysis for two-parameter variation of C and ζZ, showing
that 16% of the microgrid configurations are unstable; the individual parameter
definitions, reference values, and variation ranges are consistent with Table III.

Because both the input admittance and the output impedance1057

have a strong impact on microgrid stability, a more compact1058

way of representing two-parameter variation results is pro-1059

vided in Fig. 17. Here, the step response behaviors of the1060

battery-connected converters of the individual swarm units1061

when disconnected from the microgrid are categorized into1062

allowed areas and no-go areas. Allowed areas, which are1063

shaded in light gray, represent the step responses of parameter1064

value sets that are required to attain a stable microgrid config-1065

uration. No-go areas, which are shaded in dark gray, represent1066

the step responses of parameter value sets that result in an1067

unstable microgrid configuration.1068

In Fig. 17(a), the characterization of the output impedance1069

based on the response to a change in ĩn, j is shown.1070

Allowed and no-go behavior areas are defined. Specific exam-1071

ples are shown for the variation pair of T2,Z and Tzero,Z.1072

The input admittance is characterized in the same manner in1073

Fig. 17(b) based on the response to a change in ṽn, j . Allowed1074

and no-go behavior areas are defined, and specific examples1075

are shown for the variation pair of T2,Y and Tzero,Y.1076

The representation in terms of allowed and no-go areas is1077

intended to provide a concise tool for practical implementa-1078

tion. In particular, these definitions enable rapid assessment1079

of individual converters in terms of their suitability for a1080

swarm microgrid implementation. Such assessment must be1081

carried out with the converter connected to a battery, as shown1082

in Fig. 6.1083

D. Summary of Key Results1084

This section summarizes the key results, synthesizing the1085

practical value of this work. Section VI-B demonstrated the1086

expandability of a swarm microgrid to a large size of up1087

to 1000 swarm units. Section VI-C1 established the low1088

sensitivity of this stability to changes in the model parame-1089

ters. In Section VI-C2, this robustness was assessed further,1090

leading to the definition of allowed and no-go areas for1091

converter behavior. It is important to emphasize that all of 1092

these assessments were possible without knowledge of the 1093

internal structures of the converters. This is particularly rele- 1094

vant for organizations implementing swarm microgrids. Such 1095

an organization will most likely not have access to the details 1096

of the internal structures of the power converters. 1097

The following summary aims to enable such organizations 1098

to ensure stable swarm microgrid operation with only a 1099

black-box behavioral assessment using standard laboratory 1100

equipment. The criteria listed in the following can be utilized 1101

early on in a swarm microgrid project, particularly during 1102

planning and procurement activities. 1103

1) All swarm units include a battery, as shown in Fig. 2. 1104

This is essential for the following statements, in partic- 1105

ular, for the converter behavior analysis. Details of the 1106

converter behavior models are shown in Fig. 6. 1107

2) The control strategy summarized in Table I is to be 1108

followed. For units operating in the supplying mode, 1109

this includes the reference parameters to enable droop 1110

control as per (1) and an LPF for this droop control 1111

scheme. For units operating in the charging mode, this 1112

includes the nodal CC scheme. An overview of all input 1113

and output parameters is provided in Fig. 4. 1114

3) The network parameters have no significant influence 1115

on stability, as shown in Table III. Neither a variation of 1116

the line inductance nor a variation of parameters deter- 1117

mining the line resistance leads to an unstable system. 1118

The relevant sizing and topological layout should be 1119

determined using other methods, such as power flow 1120

optimization. 1121

4) For supplying mode operation using step-up conversion, 1122

the converter must inherently provide output VC. Fur- 1123

thermore, the output impedance behavior of the step-up 1124

converter is critical to swarm microgrid stability. A step 1125

response characterization of the output impedance must 1126

fall within the allowed area shaded in light gray in 1127

Fig. 17(a). 1128

5) For charging mode operation using step-down con- 1129

version, the converter must inherently provide input 1130

CC. Furthermore, the input admittance behavior of the 1131

step-down converter is critical to swarm microgrid sta- 1132

bility. A step response characterization of the input 1133

admittance must fall within the allowed area shaded in 1134

light gray in Fig. 17(b). 1135

All of the presented validations are to be undertaken with 1136

batteries connected to the converters. These batteries should 1137

be of a type and condition as similar as possible to those to 1138

be used in field deployment. 1139

VII. CONCLUSION 1140

The concept of swarm electrification is based on modu- 1141

lar, rapidly deployable, and expandable swarm microgrids. 1142

In this article, a decentralized control strategy that enables 1143

self-stabilization for swarm electrification, even under chang- 1144

ing topological conditions, was developed and analyzed. 1145

To validate the performance of the proposed control strategy, 1146

a mathematical model of swarm microgrids of various sizes 1147

was developed. This model captures the core architectural 1148

attributes of swarm microgrids. To achieve a realistic but 1149

highly scalable model, a cascaded system modeling approach 1150
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Fig. 17. Step-response behavior categorized into allowed areas (light gray) and no-go areas (dark gray) in terms of microgrid stability. (a) Output impedance
step responses of battery-supplied step-up converter. (b) Input admittance step responses of battery-charging step-down converter. The examples of parameter
value sets describing behavior that results in an unstable microgrid configuration are marked by dashed red lines, and the examples of parameter value sets
describing behavior that results in a stable microgrid configuration are marked by solid blue lines.

was adopted in the model development process while inte-1151

grating the gray-box modeling of individual power electronic1152

converters. Such a swarm microgrid was demonstrated to1153

be stable and robust on the basis of experimental validation1154

using dual-active-bridge converters, eigenvalue analysis, and1155

an assessment of the influence of parameter variations. The1156

model for large-scale deployment demonstrated a high stability1157

margin, even for large swarm microgrids of up to 1000 swarm1158

units. The unique ad hoc deployability of swarm microgrids1159

makes them highly valuable for applications in energy access1160

and emergency relief situations.1161

APPENDIX1162

A. Application of Swarm Microgrids1163

Swarm microgrids that interconnect SHSs are deployed1164

across Bangladesh [54]. An example of swarm microgrid1165

components in operation is provided in Fig. 18. This figure1166

shows a tea stall that has an SHS and is connected to a1167

swarm microgrid. The SHS, cable connection to neighboring1168

buildings, and a telecommunication tower are marked. The1169

swarm microgrid is located in the Faridpur District, in the1170

south of Bangladesh.1171

B. Steady-State Equations1172

The analysis is undertaken around a steady-state operating1173

point. The steady-state values are obtained via a dc circuit1174

analysis. The following convention is used: x = X + x̃ ,1175

where X is the steady-state value, and x̃ is the small-signal1176

perturbation.1177

For swarm units operating in the supplying mode, the1178

node voltages must satisfy the droop equation (1) for the1179

steady-state values as well1180

Vn, j = V0,ref, j − Rdr, j · In, j ∀ j = 1, . . . , ns. (A.1)1181

For swarm units operating in the charging mode, the nodal cur-1182

rents are directly controlled, as specified in Table I. Therefore,1183

the steady-state currents match the desired reference currents1184

as follows:1185

In, j = In,ref, j ∀ j = ns + 1, . . . , n. (A.2)1186

Fig. 18. Swarm microgrid components in operation: (a) SHS installed at
a tea stall. (b) swarm microgrid cable connection to neighboring buildings.
(c) Telecommunication tower for data connectivity.

In addition, Ohm’s law must be satisfied for all cables, 1187

as shown in Fig. 5 and defined in (23) 1188

�Vc,k = Rc · Ic,k ∀ k = 1, . . . , m. (A.3) 1189

C. Gray-Box Model Identification 1190

The gray-box model behaviors for both converter topolo- 1191

gies derived in Section IV-C are identified on the basis of 1192

input–output step responses, as suggested in [35]. The identi- 1193

fication follows the generic LTI function defined in (20). The 1194

identified parameter values are provided in the third column 1195

of Table III. 1196

Laboratory experiments were performed using lead-acid 1197

batteries and dual-active-bridge converters that functioned as 1198

both step-up and step-down converters. The dual-active-bridge 1199

converters were digitally controlled. The digital controller 1200

used was a low-cost 32-bit microcontroller unit. Measurements 1201

were sampled at 100 kHz; control outputs were updated 1202

at 10 kHz. 1203

A KIKUSUI-PLZ-1004W electronic load was used to 1204

produce transient inputs. Data collection was undertaken 1205

using 50-MHz scopes of type GW-INSTEK GDS-1054B 1206
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Fig. 19. Parameter identification for the transfer functions of the gray-box converter models. (a) TVC(s). (b) Zo(s). (c) TCC(s). (d) Yin(s).

with B&K Precision model CP62 current probes and Testec1207

TT-SI 9002 differential voltage probes.1208

1) Supplying Mode VC: The VC behavior was identified1209

based on the response to a change in ṽn,ref, j , as shown in1210

Fig. 19(a). The transfer function was identified as a first-order1211

system, with K1,VC = 1 and K2,VC = 0, as follows:1212

TVC(s) = 1

1 + T1,VC · s
. (A.4)1213

2) Supplying Mode Output Impedance: The output1214

impedance behavior was analyzed based on an increase in ĩn, j ,1215

as shown in Fig. 19(b). The output impedance was identified1216

as a second-order system with K1,Z = 01217

Zo(s) = K2,Z · (1 + Tzero,Z · s)

1 + 2 · ζZ · T2,Z · s + (T2,Z · s)2
. (A.5)1218

3) Charging Mode CC: The behavior of the input CC loop1219

was analyzed for a stepwise change in ĩn,ref, j , as shown in1220

Fig. 19(c). The transfer function was identified as a second-1221

order system, with K1,CC = 0, K2,CC = 1, and Tzero,CC = 0, as1222

follows:1223

TCC(s) = 1

1 + 2 · ζCC · T2,CC · s + (T2,CC · s)2
. (A.6)1224

4) Charging Mode Input Admittance: To obtain Yin(s),1225

the reference nodal current must be held constant; therefore,1226

ĩCC = 0. Furthermore, the reciprocal effects between the input1227

admittance and the capacitor must be accounted for, as shown1228

in Fig. 6(d). The step response to a change in the input voltage 1229

can be used to identify the parameters of Yin(s) as long as the 1230

behavior of the capacitor is accounted for. The capacitor was 1231

modeled as having ideal behavior according to (14). To assess 1232

the measured step response data, a numerical approximation 1233

of such an ideal capacitor, ĩC,num, j , was used 1234

ĩC,num, j = C · �ṽn, j

�t
. (A.7) 1235

With this approximation, (16) can be written as 1236

ĩn, j

∣∣
ĩCC=0 = −ĩC,num, j − ĩY,in, j . (A.8) 1237

The following detailed analysis process was followed. 1238

1) The step-down converter was perturbed through a 1239

change in ṽn, j . The sampling time for the measurement 1240

was 1 μs. 1241

2) Then, ĩC,num, j was computed according to (A.7). 1242

3) As the derivative approximation in (A.7) is susceptible 1243

to noise, the data needed to be filtered. For both the mea- 1244

sured quantity ṽn, j and the calculated quantity ĩC,num, j , 1245

a 50-μs moving average filter was applied. 1246

4) Then, the parameters of ĩY,in, j were identified according 1247

to (A.8). 1248

As shown in Fig. 19(d), the dotted black curve correspond- 1249

ing to the capacitor model adequately simulates the response 1250

in the time range from 0 ms to approximately 0.5 ms after 1251

the voltage change. However, after 0.5 ms, the curves devi- 1252

ate. Therefore, the admittance needs to model this particular 1253
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behavior, with a substantial deviation from the steady-state1254

value at 2 ms and a return close to the initial steady-state value1255

at approximately 4 ms. Accordingly, the transfer function for1256

the admittance Yin(s) was identified as a second-order system1257

with K1,Y = 01258

Yin(s) = K2,Y · (1 + Tzero,Y · s)

1 + 2 · ζY · T2,Y · s + (T2,Y · s)2
. (A.9)1259
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