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Abstract

This doctoral dissertation presents the research conducted by the author during the three-

year Ph.D. program (XXXVIII cycle) in Electrical and Information Engineering at Politec-

nico di Bari. The primary objective was to design methodologies and control strategies for

energy management in DC microgrids, with a particular focus on fostering the development

of stand-alone modern microgrids that integrate significant shares of intermittent renewable

resources. Another key aim was to enhance the flexibility of isolated DC systems while

ensuring secure and stable operation.

The thesis provides a comprehensive analysis of islanded microgrid control and op-

eration, addressing the behavior of grid components. Special attention was devoted to

real-time power balancing through advanced actuators for grid management, flexible re-

sources, and energy devices that operated via power converters, sensors, and other enabling

smart grid technologies.

Given the inherently low inertia of converter-based microgrids and isolated networks,

the research also developed innovative solutions for providing fast voltage transient support

services at the lowest hierarchical control level, operating on time scales of milliseconds to

just a few seconds. The proposed methodologies demonstrably improve the reliability and

stability of isolated DC systems, while also reducing operating costs and greenhouse gas

emissions.
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Introduction

Background and Motivation

According to the definition provided by the Conseil International des Grandes Réseaux

Électriques (CIGRÉ) Working Group C6.22, a Microgrid (MG) is an electricity distribution

system that integrates loads and distributed energy resources—such as generators, storage

units, and controllable loads—which can be operated in a coordinated and controlled

manner, either while connected to the main grid or in islanded mode [24]. MGs may

function as grid-connected systems under normal conditions or as permanently isolated

systems, as is often the case in remote areas. This thesis specifically addresses isolated

entities operated in the form of MGs.

In this specific paradigm, the entire system must be continuously monitored and

controlled to guarantee security and operational continuity. In an isolated distribution

network, such as an islanded MG, the balance between energy generation and demand

must be maintained at all times. Any imbalance could inevitably result in the collapse of

the MG. For this reason, the availability and proper dispatch of operational reserves are

essential to ensure that the network can continue functioning even in the event of sudden

generation shortfalls.

In modern MGs, Renewable Energy Sources (RESs) are increasingly regarded as the

cornerstone of system design and operation. This prioritization arises not only from global

sustainability and decarbonization goals but also from the practical advantages of exploit-

ing locally available and cost-effective resources such as solar and wind. Unlike fossil

fuel-based units, which require continuous fuel supply and maintenance, renewables can be

harnessed almost freely, making them particularly suitable for remote or isolated contexts.

Furthermore, their natural compatibility with storage systems and power electronic convert-

ers facilitates modular, flexible, and scalable architectures, enabling reliable operation even

under varying load and generation conditions. Consequently, renewable-based units are

6
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positioned as the primary generation assets in modern MGs, while conventional sources

and reserves serve mainly as complementary resources to secure stability and continuity of

supply.

In this regard, it should be stated that although modern MG can be implemented

as either AC- or DC-based, the increasing prevalence of converter-interfaced RESs and

storage technologies makes DC architectures attractive approaches. Most RESs, such as

photovoltaic panels, as well as battery systems and many modern residential/industrial

loads, such as remote telecom sites, data centers and so on, are inherently DC. Conse-

quently, adopting a DC distribution framework reduces the number of conversion stages,

thereby improving overall efficiency and lowering system complexity. These features make

islanded DC Microgrids (DC-MGs) an effective paradigm for integrating high shares of

RESs while ensuring secure and resilient operation.

However, a critical challenge in modern islanded MGs arises from the intermittent

nature of RESs and the stochastic profile of local demand. Unlike conventional systems,

where dispatchable generators can buffer fluctuations, the variability of solar and wind

generation combined with uncertain load profiles can cause frequent and unpredictable

power mismatches. To withstand these dynamics and preserve grid’s voltage stability, the

system must rely on flexibility resources capable of rapidly and adaptively coordinating

supply, storage, and demand. In this context, flexibility denotes the ability of the microgrid

to accommodate sudden variations in generation and consumption through mechanisms

such as distributed storage management, demand-side participation, and adaptive control

strategies. Ensuring adequate flexibility is therefore essential to minimize voltage devia-

tions, prevent overuse of storage units, and guarantee reliable operation of islanded MGs

under uncertain operating conditions.

Given their critical characteristics, isolated MGs represent a proper framework for

testing innovative control strategies and integrating new energy resources. Nevertheless,

due to the aforementioned challenges, MGs are generally not intended to operate in

islanded mode for extended periods. Disconnection from the main grid is typically limited

to short durations, either for testing purposes, research studies, or as a temporary condition

following an unintended protection trip caused by disturbances on the utility grid.

There are, however, situations in which the operation of an isolated MG is unavoidable.

This is particularly true for islanded systems located on small or geographically remote

islands, where establishing a connection to the mainland grid is neither technically nor

economically feasible. In such cases, local power supply is often ensured through diesel



generator sets, while the integration of RESs remains limited due to hosting capacity and

stability constraints.

In this context, the development of methodologies, algorithms, and solutions for iso-

lated MGs that are immediately applicable, simple to implement, and cost-effective is

crucial for increasing the hosting capacity of island networks, enhancing the penetration

of RESs, and reducing reliance on conventional fuels. On islands, fuel costs have a com-

pounded effect compared to mainland systems: beyond the price of the fuel itself, maritime

transport expenses significantly contribute to the overall supply cost. Consequently, the

high cost of energy production on islands influences the national energy balance, hindering

progress toward decarbonization targets and the reduction of greenhouse gas emissions

established by governments and international organizations.

Contributions

This thesis introduces a set of methods and applications designed for enhancing the

flexibility and secure operation of isolated DC-MGs. The proposed methodologies aim

to enhance the reliability of isolated DC-MGs and to foster their broader deployment

within distribution and transmission networks. The main contributions of this work are

summarized below.

1. Development of an operational algorithm for the energy management and improve-

ment of voltage transients in small isolated networks;

2. Development of a coordinated framework that employs RESs and flexibility re-

sources to enhance the grid’s flexibility, and achieve a uniform and comprehensive

control mechanism;

3. Development of a uniform and comprehensive control mechanism across all operat-

ing modes, defined with respect to the supply-demand situation;

4. Development of real-time control structures that provide fully controllable responses

to uncertainties and cover multiple timescales of power imbalances within the MGs;

5. Implementation of a real-time algorithm that explicitly incorporates balanced opera-

tion of distributed storage units, to improve their long-term reliability;

8



6. Evaluation of the importance of considering generation units’ energy-provision

capability, to introduce a proper dispatch algorithm for reducing operational costs,

load shedding, and generation curtailment in isolated systems;

7. Evaluation of the effect of including the operating constraints of storage systems on

the overall operational costs of the network;

8. Assessment of the instantaneous contribution of loads and energy storage systems in

providing flexibility while reducing the total size of installed batteries;

9. Evaluation of the impact of countermeasures adopted by current regulations against

over-frequency transients and the incidence of acquisition and command delays on

these contributions;

10. Assessment of the impact of different control parameters on the stability of the

system.

Outline of the Thesis

This thesis is organized into four chapters. It will begin with an overview of isolated

MG structure and control, offering the reader the necessary background and context for

the methodologies developed in this work. Subsequently, tools and approaches will be

presented to address balanced as well as stable power provision at different time scales of

the grid.

Chapter 1 - Overview on Microgrids and Autonomous Electric Grids: The concept

of the MG and its general structure are introduced, with a primary focus on standalone

networks. An overview of the state-of-the-art control schemes regarding small DC-MGs is

also provided.

Chapter 2 - Flexibility Resources for Stand-Alone Microgrids: The chapter examines

their crucial role in maintaining real-time power balance and in improving the overall

reliability and stability of the system. Different categories of flexibility resources are

analyzed, including controllable loads, energy storage systems, and advanced control

strategies that enable fast and coordinated responses. The discussion highlights how

these resources contribute to secure operation under varying conditions, supporting both

short-term stability and long-term sustainability of isolated MGs.

9



Chapter 3 - Stability Analysis and Security Improvement: A small-signal modeling

framework for droop-controlled DC microgrids with Constant Power Loads (CPLs) is

developed. A state-space model is derived that captures the system’s key dynamic behav-

iors. The droop mechanism was explicitly modeled, and the CPL negative incremental

impedance was included to represent its destabilizing influence. Also, the effect of design

parameters on system damping and stability has been studied through eigenvalue analysis.

Chapter 4 - Innovative Solutions for Real-Time Energy Management and flexibility

Enhancement: This chapter proposes innovative strategies for energy balancing across

different time scales of operation. These solutions build upon recent advancements in the

literature to enhance the use of flexibility resources for fast voltage regulation, reducing

the risk of instability, and improving the efficiency of the whole isolated entity.

10



Chapter 1

Overview on Microgrids and

Autonomous Electric Grids

The rapid evolution of modern electricity generation is being driven by the large-scale

integration of Renewable Energy Sources (RESs) and Distributed Generation (DG) tech-

nologies. These emerging paradigms offer substantial advantages for electric power

systems, including enhanced service continuity, improved resilience, and expanded op-

portunities for consumer participation in both energy and ancillary service markets. By

distributing DG units across geographically diverse locations, portions of the distribution

network—at medium-voltage (MV) and low-voltage (LV) levels—can operate in a partially

or fully autonomous (islanded) mode. Under such conditions, maintaining the balance

between generation and demand relies heavily on well-coordinated control and energy

management schemes.

The increasing penetration of RES and DG has thus become a cornerstone of modern

power system planning, operation, and reliability assessment, particularly in the context of

growing global energy demand. According to the U.S. Energy Information Administration

(EIA) [25], worldwide energy consumption is projected to increase by approximately 30%

by 2030 compared with 2012 levels, and by nearly 50% by 2040, primarily driven by

population growth, industrialization, and economic expansion. Similarly, the International

Energy Agency (IEA) estimates that cumulative global investment in the energy sector will

reach roughly 40 trillion USD by 2035 [26]. These projections highlight the urgent need for

efficient, flexible, and decentralized power system architectures capable of accommodating

renewable variability while preserving stability, reliability, and power quality.

The integration of RESs into electricity networks has been significantly enabled by DG

11
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technologies, which leverage the advantages of decentralization. Over the past two decades,

the European Union (EU) has emerged as a global leader in renewable energy deployment.

Through long-term targets and supportive legislative frameworks, the region has achieved

remarkable progress, with renewable energy consumption rising from about 9% in 2005 to

16.7% in 2015. Building on its initial 20% target for 2020, the recast Renewable Energy

Directive 2018/2001/EU [27] established a binding goal requiring at least 32% of total

energy consumption to be sourced from renewables by 2030, with provisions for upward

revisions by 2023.

In alignment with the ambitions of the European Green Deal [28], the European

Commission presented updated 2030 climate objectives on 14 July 2021 [29], proposing

to raise the renewable share in the EU energy mix from 32% to a minimum of 40%.

Subsequently, on 18 May 2022, the Commission launched the "REPowerEU" initiative [30],

aimed at significantly reducing the EU’s dependence on Russian fossil fuels before 2030 by

accelerating the clean energy transition. The plan focused on three core pillars: improving

energy efficiency, expanding clean energy production, and diversifying energy supply

sources. Within this framework, the Commission proposed increasing the renewable

energy target further to 45% by 2030 to boost adoption across the electricity, industrial,

building, and transport sectors.

To facilitate the rapid deployment of renewable projects, the Council adopted a tempo-

rary emergency regulation on 22 December 2022 [31], following a Commission proposal

from November 2022 [32]. This regulation simplified the permitting process for renew-

able energy infrastructure and promoted the use of power purchase agreements. Most

notably, on 30 March 2023, the European Parliament and the Council reached a provisional

agreement to raise the binding renewable energy target to at least 42.5% by 2030, with

aspirations to approach 45% [33]. This milestone represents a significant advancement in

the EU’s renewable energy trajectory.

At the core of this evolving energy landscape lie Microgrids (MGs), which are poised to

play a pivotal role in advancing decentralized generation and integrating RES. By enabling

localized control and flexibility, MGs represent a cornerstone for building a sustainable,

reliable, and future-ready energy system.

Concerning the above outlines, the rest of this chapter begins with a foundational defi-

nition and characteristics of MGs. The chapter then examines the operation and control of

MGs, describing how hierarchical control layers—primary, secondary, and tertiary—work

in coordinated fashion to maintain stability, enable optimal energy management through
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the Microgrid Controller (MGC), and ensure seamless transitions between grid-connected

and islanded operation.

Building on this foundation, the chapter turns to isolated MGs, particularly those

located on remote islands, and discusses the technical, economic, and environmental

challenges they face due to limited inertia, high dependence on fossil fuels, and logistical

constraints. The chapter then introduces cooperative energy management in isolated DC-

MGs, explaining how distributed generators, loads, and storage units such as Battery

Energy Storage System (BESS) must operate in a coordinated way to maintain voltage

stability, manage intermittency, and ensure reliable autonomous operation.

Finally, the chapter highlights the role of Hardware-In-the-Loop (HIL) technologies as

essential tools for bridging the gap between simulation and real-world implementation. It

outlines how HIL enables high-fidelity validation of control strategies and system behaviors

under realistic operating conditions. These capabilities facilitate the development of robust

and scalable solutions for modern MGs.

1.1 Definition and Characteristics of Microgrids

Microgrid (MG) represents an innovative paradigm in the modern management and distri-

bution of electrical energy. Although there might be different definitions in the literature, a

common set of essential attributes can be identified [24, 34–40]:

• Generation and Demand Management: MGs incorporate various generation units

(including renewable and conventional) alongside controllable loads and demand-

side response mechanisms. This structure fosters a flexible and diversified energy

portfolio, improving the system’s overall resilience, operational efficiency, and

sustainability.

• Defined Electrical Boundaries: Each MG functions within distinct electrical limits

that differentiate it from the main grid. They are typically implemented at the LV

level, though applications at the MV level are becoming more prevalent.

• Islanded Operation: A key attribute of MGs is their capacity for autonomous

operation (also called islanded, isolated, or stand-alone mode). To achieve this,

sufficient local generation and storage must be available to satisfy the maximum

load in the absence of a connection to the utilty grid.
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The MG concept has undergone substantial evolution. Initially conceptualized as broad

subsystems comprising both supply and demand, MGs have progressively transitioned

toward distribution-level applications, focusing on localized energy generation, energy

storage, and isolated functionalities [40]. Regional interpretations differ as well: for

example, in the United States, MGs are often configured to deliver combined heat and

power, whereas in Europe the emphasis lies primarily on electrification [38].

Microgrids can be designed for diverse environments and assume multiple configu-

rations. They may be classified according to the type of voltage at their connection bus,

namely Alternating Current (AC), Direct Current (DC), or hybrid; or based on ownership,

encompassing both public and private grids [41]. Traditionally, large industrial sites served

as early examples of MGs, featuring localized electrical networks with limited interaction

with the main grid and relying on established internal energy management systems.

In recent years, the deployment of MGs has expanded to include academic campuses,

research institutions, residential districts, military installations, commercial centers, and

industrial parks. Representative instances of these categories are documented in [42].

A central element of every MG is its control architecture, which supervises distributed

generation, storage units, and flexible loads. This control system guarantees operational

stability under both grid-connected and islanded conditions, ensuring seamless transitions

between modes while maintaining the quality of the grid’s main parameters (e.g., voltage

and so on) [41].

Microgrids offer numerous tangible advantages that underscore their growing relevance

within active distribution networks, even though technical, regulatory, and economic

challenges still hinder large-scale adoption of Microgrids. Their main benefits and obstacles

are summarized in Table 1.1.

As mentioned earlier, MGs can generally be categorized as either DC or AC systems. In

recent years, DC-MGs have attracted growing attention due to their inherent compatibility

with the DC nature of most modern energy resources and loads. RESs such as PV panels

and fuel cells inherently generate DC power, while energy storage systems, including

batteries and supercapacitors, also operate in the DC domain. Moreover, the majority of

contemporary electronic and household appliances internally function using DC power,

making DC-MGs more efficient by reducing the number of power conversion stages and

the associated energy losses [13].

Besides, compared with AC systems, DC-MGs feature simpler voltage regulation

and eliminate the need for frequency and phase synchronization, reactive power control,
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Figure 1.1: Control architectures of MG

and harmonic compensation. These advantages translate into higher overall efficiency,

improved reliability, and simplified control and protection architectures, particularly in

residential, commercial, and low-voltage industrial applications [43].

Given these technical and operational benefits, it is worth mentioning that since this

thesis primarily focuses on DC-MGs, the subsequent sections will further examine their

characteristics in terms of typical operating voltage levels, control structures, and power

management strategies employed within such MGs.

1.2 Operation and control of microgrids

A MG control system integrates the necessary aspects that define the MG as an intelligent,

autonomously managed power system. It can function independently or in coordination

with the main grid, maintaining operational flexibility to disconnect, reconnect, and

exchange energy in response to network conditions.

Because MGs differ in geographical context, scale, and operational intent, their cor-

responding control requirements and functionalities also vary. From an implementation

viewpoint, a MG control system may comprise hardware, software, and a combination

thereof. Its architecture may follow centralized, decentralized, or distributed paradigms,

selected according to the desired degree of coordination, scalability, and resilience [43–46].

Fig. 1.1, graphically illustrates these control architectures. Key functions of a MG control

system include:

• Coordinating operation under both grid-connected and islanded conditions.

• Managing the transition from grid-connected to islanded operation to ensure an un-

interrupted power supply to local loads during grid contingencies, such as blackouts.
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• Executing re-synchronization and reconnection procedures when restoring its con-

nection to the main grid.

• Regulating power exchanges to optimize the balance within the MG.

• Delivering ancillary services to the distribution network and, where feasible, partici-

pating in electricity markets or utility operations.

It should be stated that not all MGs are equipped with the complete set of these

capabilities (particularly, functions related to energy market participation and advanced

ancillary services) [47]. The range of control features depends largely on the system’s

design, available communication infrastructure, and operational objectives (e.g., tasks

correlated to grid-connected or isolated operation).

Microgrid control functions can act across several hierarchical layers and timescales,

spanning from device-level control (i.e., in the scale of Distributed Energy Resources

(DERs)) to system-level coordination (i.e., higher supervisory and grid-interactive opera-

tions) [48].

Device-level functions operate on very short timescales, from microseconds to a few

seconds, ensuring fast dynamic responses and local stability. Conversely, system-level

management tasks act over longer intervals, ranging from seconds to several hours or days,

to perform energy scheduling, dispatching, and optimization [49]. Transitions between

grid-connected and islanded states must occur rapidly with minimal delay, while dispatch

and scheduling functions are performed periodically, typically every 15 minutes or like

that. An overview of these hierarchical layers and their respective timescales is presented

in Fig. 1.2.

Modern MG implementations commonly adopt a hierarchical control layer composed

of three main levels:

• Primary control

• Secondary control

• Tertiary control

The primary layer—often referred to as the local level—guarantees the secure and

stable operation of the MG. It is primarily responsible for maintaining stability and

supports plug-and-play integration of DERs. This layer is typically implemented through
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Figure 1.2: Timescales and hierarchical classification of MG control functions

automation techniques such as droop control, which ensure proportional sharing of power

among interconnected DERs, providing fast dynamic response and local stability [50].

The secondary layer, sometimes called the management level, restores grids quantities

like voltage to their nominal values and facilitates coordination among local controllers,

through centralized, decentralized, or distributed architectures [43]. Centralized control

schemes offer high precision and effective coordination through a supervisory controller

that oversees the overall operation of the MG [1]. These architectures depend on fast

and reliable communication networks to transmit measurements and status data from

distributed units to the central controller, which then issues coordinated commands for the

entire system [44]. While this approach ensures global observability and optimal decision-

making, several studies have identified key limitations, including high computational

demand on the central controller, the need for system reconfiguration when units are added

or removed, and vulnerability to communication failures [51].

To overcome these drawbacks, numerous studies [52, 53] have proposed decentralized

control strategies that improve resilience and communication-interruption tolerance. In

decentralized architectures, each unit relies primarily on local measurements to perform

control actions, allowing for simpler scalability and seamless integration of new units.

However, the absence of global coordination can result in suboptimal voltage regulation

and unequal current sharing among distributed generators [54].
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Secondary

Control

Figure 1.3: Generic control layers of microgrid [1].

To merge the global coordination of centralized schemes with the autonomy of decen-

tralized ones, distributed control frameworks have been developed [45]. These architectures

employ partially connected communication networks, where neighboring units exchange

information. Each controller combines local measurements with data from adjacent nodes

to regulate output voltages. This configuration retains the coordination and system aware-

ness of centralized control while enhancing robustness and eliminating single points of

failure in both communication and control layers [45].

At the last of the hierarchy, the tertiary control layer manages the overall economic

and operational optimization of the MG. Its functions include energy dispatch, coordina-

tion of power exchange with the main grid, and compliance with market and regulatory

requirements. As in lower layers, both centralized and distributed implementations have

been explored [52], depending on the desired trade-off between global coordination and

local autonomy.

According to above explanations, a typical control configuration of MG is shown

in Fig. 1.3 [1]. This three-layered control hierarchy aligns with the IEEE 2030.7-2017

standard [40], which also organizes MG functionalities into three levels: Level 1 for local

automation and device management, Level 2 for dispatching and transition control, and
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Level 3 for system-wide monitoring, control, and optimization. IEEE 2030.7 remains a

cornerstone reference in the design of MG control architectures [41, 55], complemented by

related standards such as IEEE 2030.8-2018 [56], which specifies controller performance

assessment procedures, and IEEE 1547-2018 [57], defining interconnection and interop-

erability requirements for DERs. IEC 62898-2 [58] addresses operational and control

aspects, defining system modes, transitions, EMS functionalities, protection coordination,

synchronization, reconnection, and power quality management. IEEE 2030.7 [40] adopt

similar hierarchical philosophies, by distinguishing only two modes of operation (i.e.,

grid-connected and islanded) maintaining consistent dispatch logic across both modes.

Furthermore, the IEC framework introduces differentiated operational and compliance

requirements across these categories. During non-isolated operation, distributed resources

must comply with national grid codes and continuously monitor grid voltage to ensure

readiness for reconnection. In contrast, isolated systems—being disconnected from the

external grid—are exempt from such codes but impose stricter internal control demands.

These include black-start capability, continuous system monitoring, adaptive energy man-

agement with load-shedding mechanisms to preserve power balance, and increased storage

capacity to support prolonged autonomous operation.

Turning to the operational aspects of DC-MGs, the common bus voltage is the main

parameter, as this quantity serves as a global indicator of power equilibrium within the

system. The choice of voltage level directly influences power conversion efficiency, system

safety, cost, and interoperability with connected components such as RESs, battery energy

storage systems, and loads.

In general, given the nominal voltage levels, DC-MGs are classified into low-voltage

and medium-voltage systems. LV grids are predominant in residential and small-scale

commercial applications, where safety considerations and compatibility with low-voltage

DC appliances are of primary importance [59, 60]. However, not to mention that these

systems constrained in power transfer capacity and permissible distribution distance.

For applications requiring higher power capacities and improved transmission effi-

ciency, MV systems are increasingly employed in commercial and industrial prosumers,

where higher voltage levels reduce current magnitudes, minimize cable losses, and enhance

overall system efficiency [61, 62]. Among various voltages, the 380 V DC bus is a proper

value for building-scale and hybrid AC/DC networks, as it achieves an optimal balance

between efficiency, safety, and compatibility with existing power electronic interfaces [61].

Table 1.2 summarizes representative DC voltage levels commonly adopted in microgrid
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Table 1.2: Typical DC voltage levels in user and industrial prosumer microgrids

Application Type Voltage Levels Typical Use Cases

Residential / User Prosumers 12 V, 24 V, 48 V, 120 V PV systems, lighting, home storage
Commercial Prosumers 380 V, 1 kV Data centers, EV chargers, office MGs
Industrial Prosumers 750 V, 1.5 kV Industrial automation, DC distribution
Utility / Large-Scale Systems 3 kV–10 kV Long-distance DC links, energy clusters

applications, outlining their typical use cases and corresponding voltage categories across

residential, commercial, and industrial domains [59–62].

1.3 Isolated Microgrids

The inherent variability of RESs introduces unpredictable fluctuations in net-load profiles.

Large, interconnected power systems are generally resilient to such uncertainties because

the high rotational inertia of synchronous machines provides natural stabilization. In

contrast, smaller and off-grid systems exhibit much greater sensitivity. In these contexts,

high levels of RES penetration often lead to reduced system inertia, thereby increasing the

likelihood of voltage instability.

Islanded MGs, especially those located on small islands, serve as ideal environments for

testing innovative technological solutions that mitigate stability challenges associated with

high RES integration. Globally, small islands share several structural similarities: limited

populations, narrow economic bases, and geographic isolation, all of which contribute

to logistical, trade, and service-access constraints [63]. Despite these limitations, small

islands often possess significant ecological and cultural assets, making them valuable for

sustainable development and eco-tourism initiatives.

However, climate change poses an escalating threat to island territories, including

European and particularly Italian small islands [64]. According to [65], rising global

temperatures, intensified extreme weather events, and shifting precipitation patterns are

expected to exacerbate water scarcity and other vulnerabilities. Small Mediterranean

islands face multiple challenges, including strong dependence on fossil fuels, high en-

ergy production and distribution costs, limited renewable resource utilization, seasonal

load variations, water shortages, inefficient waste management, and outdated transport

systems [66].

Effective policy frameworks are vital to address these issues, yet small islands often

lack the financial resources, technical expertise, and institutional capacity needed for
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comprehensive energy transition strategies [67]. Recognizing their vulnerability, the

2015 Paris Agreement [68] explicitly identified island regions as both highly exposed

to climate impacts and strategically suited for demonstrating sustainable technologies.

In response, the European Union has launched several major initiatives, including the

NESOI program [69] and the Clean Energy for EU Islands Secretariat [70], aimed at

accelerating the clean energy transition in island territories. These programs focus on

reducing fossil fuel dependence through the deployment of RES and advanced energy

management systems. Successful examples demonstrate that islands can act as living

laboratories for achieving high renewable penetration and near self-sufficiency [71, 72].

A holistic approach to island decarbonization should also incorporate waste manage-

ment, circular economy principles, efficient water use, sustainable tourism, and low-carbon

mobility solutions. Nonetheless, research on small Mediterranean islands remains limited,

hindering the development of context-specific transition pathways [73]. Recent studies

in the Balearic and Canary Islands, together with renewable resource assessments for

Lampedusa, have provided valuable insights [73, 74]. Yet, significant gaps persist in

high-resolution data collection and climate scenario modeling at the micro-scale—both of

which are crucial for accurate energy planning [75].

A detailed assessment presented in [76] highlights the technological and institutional

barriers affecting Italian small islands. Although several islands have initiated sustain-

ability programs, progress is often limited by landscape protection regulations, complex

connection procedures, and administrative fragmentation among multiple authorities [77].

The European Commission [78] identifies wind energy as a promising renewable option for

islands, particularly when combined with energy storage, hybrid generation, or intercon-

nections to nearby grids. Despite this potential, wind energy deployment in Italian small

islands remains minimal, restricted to a few micro-wind projects: Pantelleria (32 kW),

Sant’Antioco (55 kW), and Ventotene (3.16 kW) [79].

Similar non-technological barriers also limit the expansion of photovoltaic (PV) sys-

tems. Although rooftop installations offer a practical way to increase renewable penetration

in areas with limited land availability, installed capacities remain well below national av-

erages and the targets set by the Italian Ministry for Economic Development [77]. The

Ministerial Decree of 14 February 2017 [80] established installation targets for 20 non-

interconnected islands, totaling 12,820 kWp (including 1,000 kWp for Capri, which has

since been interconnected). However, progress has been uneven: the Aeolian Islands have

reached only 509 kWp of the planned 2,860 kWp, Pantelleria has achieved 872 kWp of its
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2,720 kWp goal, and the Pelagie archipelago has installed 605 kWp compared to a target

of 2,310 kWp. Ustica stands out as a positive case, exceeding its target with 432 kWp of

installed RES, covering approximately 12% of its electricity demand.

Despite these limitations, the potential for photovoltaic expansion in Italy—particularly

in southern regions and islands—is significant due to the country’s proper solar irradiation

and considerable number of sunny days throughout the year. This favorable climatic

condition provides an opportunity to harness solar energy more effectively and reduce

dependence on imported fossil fuels. Beyond traditional rooftop or ground-mounted sys-

tems, offshore PV installations could also contribute to meeting renewable energy targets,

especially in small islands where land is scarce. Recent technological developments in

flexible PV arrays have made offshore deployment feasible [81]. These innovative systems

can adapt to sea conditions, mitigating the impact of waves and reducing mechanical stress

on the panels. As a result, they offer lower maintenance requirements and enhanced overall

system longevity, which make them a suitable option for Italy’s smaller islands [82].

Currently, PV systems are present across all small Italian islands, although generally at

modest scales—for example, 18.4 kWp in the Tremiti Islands and 34.7 kWp on Giglio Is-

land. The largest systems are located on interconnected islands such as Ischia (4,000 kWp),

Elba (3,700 kWp), and Sant’Antioco (2,000 kWp). Among the non-interconnected is-

lands, Pantelleria leads with 840 kWp, followed by Lampedusa and Linosa, each with

605 kWp [77]. A detailed summary of photovoltaic penetration across Italian small islands

is reported in Table 1.3.

1.4 Cooperative Energy Management in Isolated DC Mi-

crogrids

As mentioned in the previous section, the feasible option for electrifying remote islands is

to deploy local energy resources, such as solar power. In such case, the control of stand-

alone MGs would be crucial due to the increasing penetration of intermittent converter-

interfaced RESs. In a typical MG, the interface converters regulate power flow among

DGs, loads, and Energy Storage Systems (ESSs), ensuring voltage stability and efficient

power sharing [49, 83, 84]. The main objective of microgrid control is to maintain the bus

voltage within acceptable limits, achieve proportional load sharing among distributed units,

and ensure seamless transitions between operation modes.
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As mentioned before, control algorithms can be implemented through centralized,

decentralized, or distributed architectures, each offering trade-offs between complexity,

reliability, and scalability [85, 86]. Keeping in mind that from the main grid perspective,

a MG acts as an aggregated entity that comprises loads, DGs, and ESSs; therefore, its

control architecture must ensure cooperative power management, voltage regulation, cur-

rent sharing, and state-of-charge (SoC) balancing among available resources [85]. While

purely local control approaches can reduce implementation cost and enhance modularity,

their limited coordination capability may degrade system performance under unbalanced

conditions. Conversely, advanced distributed architectures supported by robust communi-

cation networks and supervisory control systems, often leveraging IoT-based measurement

infrastructures, can significantly improve cooperative operation, enhancing voltage sta-

bility and power-sharing accuracy [87–89]. Integrating MGs into the broader grid also

demands effective coordination with Distribution System Operator (DSO)s, ensuring that

renewable variability and multi-MG interactions do not compromise system stability or

power quality [90, 91].

On the other side, in the context of isolated or weakly interconnected systems such as

off-grid rural areas or small islands, the need for autonomous operation becomes even more

vital. Here, the local coordination between batteries, distributed generators and variable

loads must continuously balance generation and consumption [92, 93]. To achieve this,

robust local control strategies are essential to maintain stable voltage profiles and ensure

secure operation without relying on external support.

It is worth highlighting that the main objective of this PhD dissertation is to investigate

and develop device-level and local-area control (see Fig. 1.2), to achieve autonomous

operation through coordination mechanisms in stand-alone DC-MGs.

Building on this foundation, the subsequent discussion would be dedicated on the

droop control as one of the most fundamental control strategies in this regard. Despite

the availability of numerous control approaches [94]), droop control is the most widely

adopted technique for ensuring cooperative power sharing among parallel converters in

DC-MGs.

Inspired by the droop characteristics the firstly employed for AC systems, droop

control for DC systems establishes a direct relationship between the converter’s output

voltage and current, thereby enabling proportional current sharing with respect to sources

power provision capabilities [44]. Its principal merits include simplicity, as each converter

operates autonomously using only voltage and current measurements. Furthermore, in the
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decentralized implementation, it offers scalability and plug-and-play capability, allowing

new sources or storage units to be integrated seamlessly without the need to reconfigure

the overall control framework. In addition, enhanced stability can potentially be achieved

when droop parameters are properly tuned, as they improve system damping and stabilize

networks through the introduction of a virtual impedance effect [59, 95].

Nevertheless, conventional droop control involves a trade-off between voltage regula-

tion and current-sharing accuracy. A higher droop gain enhances current-sharing precision

but causes larger bus-voltage deviations, while a lower gain achieves the opposite effect.

To address these limitations, several enhanced methods—such as adaptive, nonlinear, and

communication-assisted droop control—have been proposed [4, 46, 85, 96]. In its standard

form, the droop control law is expressed as:

Vn,re f =Vnom −Rn,cIn,out , (1.1)

where Vn,re f denotes the reference output voltage of the n-th converter, Vnom is the nominal

DC bus voltage, Rn,c is the virtual droop resistance (or droop gain), and In,out is the

converter’s output current [47, 50].

The droop gain Rn,c is typically chosen to ensure that voltage deviations remain within

the permissible limit ∆Vmax when the current reaches its rated value (i.e., maximum

continuous current) In,nom:

Rn,c ≤
∆Vmax

In,nom
, ∆Vmax =Vnom −Vper. (1.2)

In (1.2), Vper denotes the permissible voltage deviation. In a typical droop control scheme,

the introduced formula is applied to the converter’s duty cycle via an inner voltage or

current control loop to achieve the desired operating point.

This approach enables fully autonomous current sharing among converters in proportion

to their rated capacities, eliminating the need for real-time communication. Fig. 1.4

illustrates the conventional droop characteristic, where the DC bus voltage decreases

linearly with increasing output current, ensuring balanced load distribution among parallel

units.

Although the linear droop relationship provides a simple and effective means of

decentralized control, it does not guarantee accurate current sharing in systems affected

by unequal line impedances, converter dynamics, or parameter mismatches. To overcome

these challenges, recent studies have proposed advanced variants such as adaptive droop,
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Figure 1.4: Conventional droop control characteristic for parallel converters in a DC microgrid.

low-bandwidth communication-assisted droop, and nonlinear droop schemes, aiming to

improve both voltage restoration and current-sharing accuracy [10, 97, 98].

In addition to the conventional current–voltage (I–V ) droop method, an alternative

control strategy has been introduced based on the converter’s output power, referred to as

power–voltage (P–V ) droop control. In this approach, the output power of each converter is

employed as the feedback variable rather than its current, leading to the following control

law [50]:

Vn,re f =Vnom −Rp,nPn,out , (1.3)

where Pn,out denotes the output power of the n-th converter, and Rp,n is the power-based

droop coefficient. Compared with (1.1), this formulation directly couples the converter’s

power contribution with its reference voltage, thereby achieving proportional power sharing

among units with different ratings.

Both current- and power-based droop strategies operate under the same decentralized

principle of regulating bus voltage according to converter loading, but they differ in

control dynamics and practical suitability [50]. The I–V droop control exhibits linear

behavior and straightforward implementation, making it suitable for systems dominated

by resistive or constant-current loads [96]. In contrast, the P–V droop control inherently

represents the converter’s rated power capacity and is advantageous in systems composed of

heterogeneous energy sources or constant-power loads, where accurate power coordination

is more critical than instantaneous current matching [44, 99].
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As in the current-based scheme, the value of the power-based droop coefficient Rp,n

determines the trade-off between voltage regulation and sharing accuracy. A higher Rp,n

improves damping and proportional power distribution but results in larger bus-voltage

deviations, while a smaller value maintains tighter voltage regulation at the expense of less

accurate power sharing [4].

Since Battery Energy Storage Systems (BESSs) are widely employed in the subsequent

chapters for enhancing microgrid flexibility and support the voltage stability, it is worth

noting that incorporating unit-specific data to droop control provides an effective foundation

for coordinated energy management and improved reliability in DC microgrids. In this

regard, note that when several BESSs operate in parallel, differences in their capacities

or initial SoCs can lead to uneven current or power distribution. If unaddressed, such

imbalance can cause certain batteries to cycle more frequently, reducing their operational

lifespan [50]. To mitigate this issue, an adaptive droop mechanism considering the state of

batteries can be incorporated into the control layer to balance the utilization of distributed

storage units.

In this approach, each battery’s terminal current follows a droop law similar to (1.1),

but the virtual resistance is adjusted dynamically according to the SoC. During discharging,

batteries with higher SoC values are assigned smaller droop resistances, allowing them

to supply higher output currents and thus discharge more rapidly. Conversely, during

charging, batteries with lower SoC levels receive smaller droop resistances, enabling faster

charging and gradual SoC equalization over time.

{
Discharging: In,out ∝ 1/Rn,dr ∝ SoCn

Charging: In,out ∝ 1/Rn,dr ∝ 1/SoCn
(1.4)

This adaptive tuning of the droop coefficient promotes uniform energy utilization

among all storage units, thereby extending battery lifespan and maintaining system balance.

To recap this section, the cooperative energy management of isolated DC-MGs funda-

mentally depends on the integration of robust control mechanisms in both device and local

area levels. While droop-based control continues to serve as the cornerstone of primary-

level operation, the incorporation of communication-assisted coordination and adaptive

control algorithms can substantially enhance voltage regulation and current-sharing ac-

curacy, particularly under islanded conditions with high renewable penetration. Looking

ahead, innovations in droop-based strategies are expected to foster resilient, scalable, and

self-organizing architectures for next-generation DC-MGs, capable of maintaining stability
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and efficiency across diverse operating conditions.

1.5 Application of Hardware-In-the-Loop for Real-World

Evaluation

Digital Real-Time Simulation (DRTS) represents an advanced approach used to explore

how power system components behave dynamically and operationally under real-world

conditions. By utilizing modern hardware architectures and parallel computation, re-

searchers employ Real-Time Simulators (RTSs) to solve the differential equations that

model power systems in actual real time. This real-time solving capability allows electrical

networks to be emulated with high fidelity, effectively reproducing both transient and

steady-state characteristics while maintaining minimal latency.

An important extension of DRTS is the Hardware-In-the-Loop (HIL) configuration. In

this setup, a simulated or virtual power system interacts directly with a physical device,

commonly called the Device Under Test (DUT) or Hardware Under Test (HUT). The

DUT may consist of a single converter, a control unit, or an integrated subsystem whose

interaction and dynamic response with the rest of the simulated grid are investigated.

Adopting a HIL-based setup offers significant advantages. It allows engineers to

perform realistic and repeatable testing in a safe environment. Through this method,

control algorithms, protection schemes, and hardware performance can be evaluated across

a wide variety of operating scenarios without subjecting the physical equipment to the

risks of large-scale experimentation. Moreover, HIL testing provides a cost-efficient route

for validating new control and energy management concepts, eliminating the necessity for

constructing full-scale prototypes or conducting field trials.

Within this research, the HIL platform functions as an essential link between simulation

and physical experimentation for validating the proposed energy management and voltage

regulation strategies in DC MGs. By coupling real control hardware with a network

simulated in real time, the developed control methods are tested under realistic operating

conditions. This configuration captures both computational and electrical interactions,

ensuring that the observed results closely reflect the behavior expected in practical power

systems.

The idea of HIL-based RTS originated in the mid-twentieth century, initially driven

by developments in the aerospace industry. During this period, engineers utilized the
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technique to design, test, and verify complex control systems under realistic operating

conditions. Early realizations of such systems were constructed using analog circuits and

simple computing hardware, which offered only limited interaction between physical and

simulated elements. As digital computation, parallel processing, and real-time numerical

techniques advanced rapidly, HIL simulation evolved into a highly capable and flexible

framework that could reproduce system dynamics with true real-time accuracy.

A significant turning point in the industrial application of HIL technology occurred

within the automotive field, most notably during Toyota’s development of the Prius Hybrid-

Electric Vehicle (HEV). Through the adoption of real-time simulation, Toyota’s engineers

were able to extensively evaluate and refine their powertrain control algorithms and energy

management strategies across diverse driving and environmental scenarios. The seamless

integration of real and simulated components played a vital role in enhancing the vehicle’s

energy efficiency, control reliability, and overall robustness.

Beyond its initial aerospace and automotive roots, HIL simulation has become a

fundamental approach employed across multiple engineering disciplines—ranging from

industrial automation and Renewable Energy Source (RES) to modern power networks. In

power system studies, HIL platforms offer a reproducible and secure environment where

controllers, converters, and protection mechanisms can be tested effectively, avoiding

the risks and costs associated with full-scale hardware experimentation. As a result, this

methodology now serves as a cornerstone for validating the design and performance

of innovative technologies in Distributed Generation (DG), MG control, and Energy

Management System (EMS).

The fundamental difference between DRTS and traditional, non-real-time simula-

tions lies in their temporal synchronization. In a DRTS environment, computation

stages—including data acquisition, differential equation solving, and output process-

ing—are executed concurrently with real-world time. This alignment ensures that the

simulated system reacts precisely at the same rate as the corresponding physical process it

models. Such real-time synchronization is especially critical for developing and testing

applications that rely on time-sensitive behavior, such as control and protection algorithms

or dynamic energy management in DC-MGs.

Maintaining accurate temporal coordination between simulated and physical compo-

nents poses one of the primary technical challenges in DRTS. Latency, defined as the time

delay between input and output responses, must be minimized to preserve the authenticity

of interaction between both domains. Even small timing mismatches can lead to inaccurate
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results or instability—particularly in systems governed by fast control dynamics, such as

voltage regulation and energy management controllers in DC MGs. Therefore, achieving

deterministic timing behavior and ultra-low latency is essential to ensure that HIL-based

testing reflects true real-world performance and yields dependable insights for control

validation and system optimization.

In DRTS-based power system investigations, how the system is modeled critically

determines the achievable fidelity, computational performance, and overall suitability of

the simulation for a given application. Researchers commonly employ three principal

modeling paradigms: the Averaged model, the Phasor model, and the Electromagnetic

Transient (EMT) model—or, in some studies, a hybrid combination of these. Each

paradigm presents distinct strengths and compromises in terms of accuracy, time-step

resolution, and computational intensity, thereby allowing the most appropriate technique

to be selected according to the study objectives and performance constraints.

A key challenge in real-time modeling lies in balancing model precision with compu-

tational cost. While detailed, component-level representations can enhance realism and

better capture system dynamics—particularly valuable in HIL experiments—they also

impose heavier computational demands on the simulator. Such complexity can limit the

achievable real-time time step, potentially jeopardizing the synchronization needed for

accurate execution. Consequently, model choice must judiciously weigh the trade-off

between simulation detail and real-time feasibility.

The Averaged model describes the behavior of power system components using time-

averaged quantities rather than instantaneous waveforms. By neglecting high-frequency

switching effects, it focuses primarily on low-frequency and steady-state phenomena.

Because of its reduced computational burden, this approach is particularly effective for

steady-state analysis, long-term operation studies, and energy management optimization,

where system variables change gradually. Within DC MGs, averaged modeling provides a

practical means for evaluating power balance, voltage regulation, and control strategies un-

der quasi-steady conditions, enabling rapid testing of supervisory or high-level controllers

in a DRTS framework.

The Phasor model, on the other hand, employs a complex-vector representation to

express sinusoidal voltages and currents in terms of their magnitudes and phase angles. This

formulation strikes a balance between simplicity and dynamic fidelity, making it suitable

for studying medium-term transient behavior. Phasor-domain simulation is widely utilized

for small-signal stability analysis, control design, and transient stability evaluation, where
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the goal is to observe system response to disturbances without resolving fast-switching

transients. For HIL-based MGs testing, phasor models support efficient validation of

upper-level controllers—such as droop control or coordinated voltage regulation—without

imposing excessive computational loads.

Conversely, the EMT model delivers the most detailed and physically comprehensive

representation of power system dynamics. EMT-based simulations capture instantaneous

voltage and current variations at fine time resolutions, enabling the observation of switch-

ing effects, fast transients, and high-frequency oscillations. Such precision makes EMT

modeling indispensable for analyzing fault responses, converter switching behavior, com-

munication latency, and protection mechanisms. In DC MGs, EMT real-time simulation

is essential for evaluating converter-level control performance, voltage recovery dynam-

ics, and interactions among Distributed Energy Resources (DERs). However, due to its

significant computational demand, EMT modeling is often confined to short-duration

or event-specific investigations and is frequently combined with averaged or phasor ap-

proaches in hybrid frameworks to optimize computational resources.

To summarize, each modeling approach fulfills a specific analytical role within DRTS

and HIL-based experimentation. Averaged models enable system-level studies focusing on

energy management and steady-state control; phasor models offer a balanced approach for

dynamic and supervisory control assessment; and EMT models remain vital for validating

converter-level dynamics and protection schemes. Ultimately, the choice—or combina-

tion—of models depends on the required temporal resolution, control bandwidth, and level

of hardware–software interaction needed to investigate advanced energy management and

voltage regulation strategies in DC MGs.

Accordingly, choosing an appropriate simulation model for DRTS studies depends

primarily on the dynamic nature of the system or component being analyzed. The rel-

evant temporal scale—defined by the characteristic duration of the physical processes

involved—governs the degree of model fidelity and computational detail required. For

example, fast phenomena such as converter switching transients or fault-induced oscilla-

tions evolve over microsecond to millisecond intervals, while energy management and

voltage restoration in DC MGs generally occur on a timescale of seconds to minutes. A

clear understanding of these temporal dynamics is therefore essential to develop simulation

models that maintain an optimal balance between realism, computational efficiency, and

real-time operability.

Apart from model formulation, RTSs play a vital role in model implementation, system
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prototyping, and concept validation across numerous engineering fields. Prototyping, in

this context, refers to the iterative development of simplified or representative system mod-

els that facilitate the rapid testing, refinement, and optimization of control strategies and

algorithms. The growing practice of Rapid Prototyping (RP) within real-time environments

has accelerated the transition from theoretical concepts to hardware deployment. Contem-

porary RTSs integrate automatic code generation and real-time interfacing functionalities,

effectively bridging the gap between software-based simulation and physical controller

hardware.

Following the design and development stages, HIL testing provides an efficient and

realistic means for assessing prototypes and hardware devices under controlled yet repre-

sentative operating scenarios. Through this approach, engineers can emulate complex grid

behaviors, evaluate controller performance, and validate system interactions without incur-

ring the costs or risks associated with large-scale field trials. Moreover, DRTS and HIL

systems are increasingly utilized for education and training purposes, providing learners

with practical, hands-on exposure to real-time control, protection, and system integration

concepts relevant to modern power and energy infrastructures.

During the past two decades, DRTS methodologies have become increasingly promi-

nent in both transmission and distribution network research. This growth has been propelled

by advancements in smart grid technologies, RES integration, and power electronic sys-

tems. Although the majority of studies have concentrated on distribution-level MGs,

comparatively fewer investigations have addressed the unique challenges of real-time

simulation at the transmission level, particularly those involving high-power converters

and large-scale dynamic interactions.

As modern power systems grow in scale and complexity, new computational and

interface challenges arise for real-time simulation. One notable example is the Mod-

ular Multilevel Converter (MMC), whose detailed EMT-level representation involves

tracking thousands of switching events within each simulation step. Achieving accurate

real-time performance for such systems demands advanced numerical algorithms and

high-performance hardware architectures. Similarly, in HIL experiments, the interface

subsystem—responsible for delivering voltages and currents to the DUT—must maintain

sufficient bandwidth, stability, and synchronization to preserve the fidelity of the real-time

interaction between simulated and physical domains.

In addition, the rapid digitalization of modern power systems has introduced cyber-

physical considerations into real-time simulation. The widespread use of Internet-based
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communication infrastructures supports advanced monitoring, automation, and centralized

control; however, it simultaneously exposes systems to cybersecurity threats, including

data tampering and unauthorized control actions. Therefore, incorporating communication

network latency, data flow irregularities, and potential cyber-attack scenarios into DRTS

frameworks has become essential to ensure resilient and reliable grid operation.

To address these emerging challenges, current research increasingly focuses on dis-

tributed or remote real-time simulation architectures that interconnect geographically

separated testbeds via high-speed communication networks. These distributed DRTS

platforms enable coordinated HIL experiments across multiple physical sites, allowing the

exploration of wide-area control, interconnected MGs, and cyber-resilient operation under

realistic communication constraints. Within the scope of this thesis, such developments

lay the groundwork for advanced HIL-based validation of DC MGs, supporting the com-

prehensive evaluation of energy management and voltage regulation algorithms under both

electrical and communication-layer disturbances.

1.5.1 Categories of HIL Architectures

Within the field of power system analysis, DRTS techniques are typically divided into two

main categories: fully simulated (software-based) real-time simulation and HIL-based

real-time simulation. The key distinction between these two approaches lies in the degree

of hardware integration and the nature of interaction between the virtual and physical

domains.

The first category, commonly known as fully DRTS, includes methodologies such

as Software-in-the-Loop (SIL), Model-in-the-Loop (MIL), and Processor-in-the-Loop

(PIL). In these configurations, the entire system—comprising the power network, control

algorithms, and protection mechanisms—is represented and executed entirely within the

digital simulation platform. Because no external hardware components are involved, all

signal processing and computational activities remain confined to the software environment.

This configuration provides a flexible, safe, and computationally efficient framework for

algorithm design, early-stage validation, and control logic debugging prior to physical

deployment. Consequently, fully DRTS simulations are widely employed during the

initial phases of system development, particularly when analyzing supervisory control

performance or optimizing energy management strategies in DC MGs.

Conversely, HIL-based real-time simulation incorporates physical components directly

into the simulation loop, collectively referred to as the HUT or DUT. In this setup, selected
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portions of the power system or control hierarchy are substituted with real hardware that

exchanges signals with the simulated environment through high-speed input/output (I/O)

interfaces. These interfaces typically include signal conditioning circuits, analog-to-digital

(A/D) and digital-to-analog (D/A) converters, and filtering or isolation units that guarantee

precise and stable communication between the digital simulator and the physical device.

The real-time simulator continuously computes system variables—such as voltages,

currents, and control signals—at discrete time steps and transmits these data to the HUT

with a frequency sufficient to preserve both stability and dynamic fidelity. External or

user-defined disturbances can also be injected during runtime to evaluate specific operating

scenarios, including load fluctuations, voltage sags, or short-circuit faults. This closed-loop

configuration enables a highly realistic and repeatable testing environment that mirrors

actual operating conditions, effectively bridging the gap between digital simulation and

physical experimentation.

Over time, multiple HIL architectures have been proposed and refined, each adapted

to the characteristics of the target system, the testing objectives, and the computational

resources available. Although implementations differ across sectors such as automotive,

aerospace, and electric power, the foundational principles remain consistent. In power

and energy applications, HIL setups are generally categorized into three main types:

Control-Hardware-In-the-Loop (CHIL), Power-Hardware-In-the-Loop (PHIL), and hybrid

or multi-domain HIL configurations. These architectures will be further examined in the

following section, with particular emphasis on their significance for DC MGs studies and

the validation of the energy management and voltage regulation strategies developed in

this research.

1.5.1.1 Control Hardware-In-the-Loop Architectures

A Control-Hardware-In-the-Loop (CHIL) configuration represents a specific form of HIL

setup in which a real controller operates interactively with a digitally simulated power

system running on a DRTS platform. In this arrangement, no actual power transfer occurs

between the controller and the simulator; the exchange is limited to low-power analog and

digital input/output (I/O) signals. These signals correspond to system variables—such as

voltages, currents, switching states, or reference commands—depending on the control

algorithm being validated.

Within a CHIL environment, the entire power network, including its constituent elec-

trical components such as converters, loads, and Distributed Energy Resources (DERs),
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Figure 1.5: Different HIL architectures: (a) CHIL architecture. (b) Low-power HIL architecture.
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is modeled virtually inside the DRTS. The physical controller, acting as the Hardware

Under Test (HUT), is connected to the simulator through dedicated interfacing and signal

conditioning hardware. Typical interface components include digital-to-analog (D/A)

and analog-to-digital (A/D) converters, isolation amplifiers, and low-pass filters, which

ensure precise and stable communication between the virtual system and the physical

control hardware. The controller continuously receives simulated measurement signals and

transmits control outputs—such as duty cycles, reference voltages, or current limits—back

to the simulator in real time.

Through this bidirectional signal-level interaction, the controller perceives the simu-

lated system as a real operating environment. This capability makes the CHIL technique

particularly suitable for verifying control algorithms, evaluating embedded hardware perfor-

mance, and assessing real-time communication behavior under realistic but fully controlled

operating conditions. The approach effectively removes the risks and logistical challenges

associated with full-scale power testing while preserving high fidelity in control validation.

A visual comparison between the CHIL structure and other HIL configurations—such

as Power-Hardware-In-the-Loop (PHIL) or hybrid systems—is typically provided, as

illustrated in Fig. 1.5 [22]. In these representations, CHIL can be clearly distinguished

by its signal-level interface, whereas PHIL involves physical power exchange between

simulated and real components.

To facilitate the selection of an appropriate testing configuration, Table 1.4 presents

a comparative summary of the most prevalent HIL architectures. The table outlines key

differences in interface characteristics, energy exchange mechanisms, common applica-
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Table 1.4: CHIL, Low-power HIL, and PHIL Comparison.

Aspect CHIL Low-power HIL PHIL

Simulation Purpose

Focuses on testing and
optimizing control al-
gorithms, usually be-
fore the availability of
physical instruments.

Validates and analyses
proposed algorithms or
events using real com-
ponents under simulated
conditions.

Emulates real power sys-
tem dynamics, compo-
nents, and interactions.

Application Scope

Used for control algo-
rithm analysis, devel-
opment, and testing in
various aspects.

Applicable to a wide
range of power systems
engineering domains.

Mainly used for power
system and power elec-
tronics testing.

Incorporated
Hardware

Typically uses lower-
power and lower-
voltage hardware
components.

Includes physical
hardware (sometimes
reduced-scale) that
closely matches actual
system components.

Involves actual power
components such as
generators, transformers,
converters, and energy
storage systems.

Real-World
Interaction

Focuses on RT test-
ing and optimization
of control strategies us-
ing limited hardware
resources.

Simulates the interac-
tions of monitoring, con-
trol, or protection algo-
rithms with real or emu-
lated components.

Reflects realistic inter-
actions between power
components, allowing ac-
curate analysis of power
system behavior.

Complexity of Setup

Setup complexity is
generally lower com-
pared to PHIL, due to
the focus on control al-
gorithm testing.

Setup complexity de-
pends on the complexity
of the proposed algo-
rithms and the required
hardware components.

Can be complex due to
the integration of real
HUT with interface de-
vices and simulation sys-
tems.

Use Cases

Ideal for rapid proto-
typing and early-stage
development of control
algorithms before the
availability of physical
instruments.

Suitable for behavior
analysis and design
algorithm validation
in different electrical
engineering domains.

Best suited for testing
power electronic devices,
grid stability, renewable
integration into modern
grids, and LV/MV power
systems.

Resource
Requirements

(Usually MV-LV
applications)

Requires hardware
with moderate power
for testing and val-
idation of control
methods.

Requires components
(sometimes scale-down)
that sensibly represent
the behavior of the actual
system.

Requires high-power
equipment and special-
ized hardware for grid
emulation, e.g., the
amplifier (see Fig. 1.5c).

Flexibility
(Compatibility)

Offers flexibility in
terms of rapid itera-
tion and optimization
of control algorithms.

Flexible in terms of adapt-
ing various system con-
figurations and control
strategies.

Limited compatibility
due to the need to inter-
face with high-power
hardware.

Safety

Offers a relatively high
level of safety as it in-
teracts with low-power
control signals.

Can provide a safe envi-
ronment for users that is
also suitable for training
purposes.

Safety cannot be guar-
anteed since it requires
high-power or high-
voltage equipment.

Cost Considerations

Generally is a cost-
effective option due to
the use of lower-power
and lower-voltage
hardware.

Costs can vary based
on the complexity of
the hardware components
such as HUT, and pro-
posed algorithms.

Typically require higher
costs because of the need
for high-power and spe-
cialized equipment such
as amplifiers.
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tions, and relative implementation complexity. From a practical standpoint, CHIL offers

distinct advantages in simplicity, operational safety, and cost efficiency, making it an

optimal preliminary stage for validating the proposed control strategies—particularly those

focusing on energy management and voltage regulation within DC MGs.

1.5.1.2 Low-Power Hardware-In-the-Loop Architectures

In this form of HIL configuration, the physical device or HUT exchanges information

with the digitally simulated power network through low-power analog and digital signals,

as illustrated in Fig. 1.5(b). The RTS continuously transmits and receives these signals,

representing key system variables such as voltages, currents, and control references. This

real-time exchange enables the component to react to simulated system dynamics as if

operating in a physical environment.

In practical implementations, however, the electrical characteristics of the signals

exchanged between the simulator and the HUT are not always directly compatible. Differ-

ences may arise in voltage or current ranges, logic levels, or signal formats between the

hardware and the simulator’s I/O interfaces. To ensure accurate and safe communication,

signal conditioning hardware is typically inserted between the two systems. Such circuits

generally include scaling amplifiers, isolation interfaces, filters, and analog-to-digital or

digital-to-analog converters, which align the electrical characteristics and enhance noise

immunity, thereby maintaining the fidelity and reliability of the real-time data exchange [5].

In some applications, the HUT may operate at voltage or current levels higher than

those natively supported by the simulator’s I/O channels. In these cases, power interface

modules capable of handling larger signal magnitudes are required. Common examples

include two-quadrant (2Q) power amplifiers, which can reproduce voltage levels in the

approximate range of 60–200 V and current levels from 5–100 A, depending on the

experimental setup. These amplifiers allow the simulated system to excite hardware that

demands higher signal levels while preserving real-time synchronization and stability.

Although configurations incorporating such amplifiers technically remain within the

low-power signal-based category, the inclusion of power interfaces introduces a limited

degree of energy exchange between the simulator and the hardware device. For brevity,

the qualifier “low-power” is often omitted in the literature when describing these setups.

Nonetheless, the defining feature of this configuration remains the absence of large-

scale power transfer, distinguishing it clearly from PHIL systems, which involve direct

bidirectional power flow between the simulated and physical domains.



Chapter 1. Overview on Microgrids and Autonomous Electric Grids 39

The accurate design of signal conditioning and interface circuits is crucial to ensure

proper communication between the real-time simulator and the physical component devel-

oped for energy management and voltage regulation in DC MGs. These considerations

form the basis for expanding the platform toward PHIL-based validation, enabling com-

prehensive assessment of converter behavior and power-level interactions under realistic

operating conditions.

1.5.1.3 Power Hardware-In-the-Loop Architectures

A Power-Hardware-In-the-Loop (PHIL) configuration, in contrast to HIL setups, enables

the inclusion of actual power components—such as batteries, controllable loads, converters,

or microgrid subsystems—within the real-time simulation framework. As illustrated in

Fig. 1.5(c), this architecture incorporates a power amplifier, typically operating in two- or

four-quadrant (2Q or 4Q) mode. Positioned between the RTS and the HUT, the amplifier

governs the bidirectional power exchange between the simulated and physical domains.

In this setup, the RTS generates reference or control signals that are delivered to the

power amplifier, which, in turn, reproduces the corresponding voltages and currents on the

hardware side. The resulting voltage and current responses from the HUT are continuously

measured and fed back into the simulator to complete the closed-loop interaction. Through

this real-time feedback process, the dynamic behavior of real electrical components—such

as DERs, storage units, or loads—can be examined within a controlled and safely simulated

network environment.

Moreover, PHIL configurations can be extended to integrate diverse communication

interfaces and industrial protocols, including CAN, DNP3, ARINC, and IEC 61850,

thereby supporting complex and heterogeneous communication layers within a unified

test environment [6, 7]. This capability makes PHIL particularly suitable for testing and

validating high-power devices or subsystems under realistic operational and communication

conditions [5, 100]. Nevertheless, despite these advantages, certain technical challenges

must be carefully addressed to maintain stable and accurate performance.

One of the primary issues arises from the closed-loop time delay between the RTS

and the HUT, which can adversely influence system stability if not properly compensated.

In addition, as the effective system bandwidth increases, the susceptibility to oscillations

and instability tends to rise [6, 100]. These limitations have driven significant research

efforts focused on enhancing the precision, robustness, and real-time stability of PHIL

platforms. Consequently, various compensation, filtering, and interface algorithms have
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been developed and reported in the literature to mitigate delay-induced instability and

improve overall system fidelity [5, 101–103].

1.5.1.4 Remote Architecture

It is important to note that the HIL architectures discussed previously can also be imple-

mented in a remote configuration, allowing the testing and validation of real hardware

devices located in geographically separated laboratories. This distributed approach enables

collaborative experimentation by linking multiple research facilities through a unified

“laboratories-in-the-network” framework [103]. Within such a framework, geographically

dispersed simulation nodes operate in coordination, allowing institutions to pool their

resources and jointly analyze complex power system behaviors that would be difficult

to reproduce in isolation. The general concept of this remote architecture is depicted in

Fig. 1.6.

Remote HIL configurations are gaining increasing relevance in modern smart power

system research. They provide an effective platform for investigating the performance of

advanced communication infrastructures that now constitute a fundamental component



Chapter 1. Overview on Microgrids and Autonomous Electric Grids 41

Ta
bl

e
1.

5:
Ty

pe
s

of
C

ol
la

bo
ra

ti
on

of
R

em
ot

e
(L

ab
or

at
or

ie
s-

in
-t

he
-N

et
w

or
k)

A
rc

hi
te

ct
ur

e
[5

–7
]

A
pp

lic
at

io
n

D
es

cr
ip

ti
on

an
d

P
ur

po
se

M
od

el
/D

at
a

S
ha

ri
ng

an
d

In
te

gr
at

io
n

L
ab

or
at

or
ie

s
w

ou
ld

ex
ch

an
ge

da
ta

on
va

ri
ou

s
po

w
er

sy
st

em
as

pe
ct

s
in

a
co

-
si

m
ul

at
io

n
en

vi
ro

nm
en

tt
o

pr
ov

id
e

a
m

or
e

co
m

pr
eh

en
si

ve
si

m
ul

at
io

n,
es

pe
ci

al
ly

w
he

n
st

ud
yi

ng
th

e
be

ha
vi

or
of

la
rg

e-
sc

al
e

co
m

pl
ex

sy
st

em
s.

T
hi

s
ca

n
en

ha
nc

e
th

e
re

al
is

m
an

d
re

li
ab

il
it

y
of

th
e

re
su

lt
s.

Fa
ci

li
ty

S
ha

ri
ng

L
ab

or
at

or
ie

s
co

ul
d

al
so

sh
ar

e
th

ei
r

fa
ci

li
ti

es
li

ke
th

ei
r

m
ea

su
re

m
en

ti
ns

tr
um

en
ts

or
ph

ys
ic

al
el

ec
tr

ic
eq

ui
pm

en
t

as
H

U
T.

T
hi

s
w

ou
ld

be
a

pr
op

er
ac

ti
on

to
av

oi
d

co
ns

tr
uc

ti
ng

ex
pe

ns
iv

e
fu

ll
y

eq
ui

pp
ed

la
bo

ra
to

ri
es

.

Te
st

in
g

M
or

e
R

ea
li

st
ic

S
ce

na
ri

os

L
ab

or
at

or
ie

s
ca

n
al

so
co

ll
ab

or
at

e
to

de
ve

lo
p

an
d

te
st

va
ri

ou
s

sc
en

ar
io

s,
su

ch
as

ex
tr

em
e

w
ea

th
er

co
nd

iti
on

s
or

hi
gh

le
ve

ls
of

R
E

S
pe

ne
tr

at
io

n
in

co
nv

en
tio

na
lg

ri
ds

,
to

ex
pl

or
e

th
ei

r
im

pa
ct

s
an

d
re

sp
on

se
s

m
or

e
co

m
pr

eh
en

si
ve

ly
.

C
oo

rd
in

at
ed

E
xp

er
im

en
ts

D
es

ig
ni

ng
an

d
co

nd
uc

ti
ng

ex
pe

ri
m

en
ts

w
he

re
re

su
lt

s
fr

om
on

e
la

bo
ra

to
ry

’s
si

m
u-

la
ti

on
s

se
rv

e
as

in
pu

tf
or

an
ot

he
r

la
bo

ra
to

ry
’s

m
od

el
/H

U
T

ca
n

pa
ve

th
e

w
ay

fo
r

in
te

gr
at

ed
te

st
in

g
of

di
ff

er
en

ts
ys

te
m

el
em

en
ts

.

R
T

D
is

tr
ib

ut
ed

A
na

ly
si

s

Pe
rf

or
m

in
g

R
T

S
w

ith
di

ff
er

en
tc

om
po

ne
nt

s
or

m
od

el
s

pr
ov

id
es

a
su

ita
bl

e
pl

at
fo

rm
to

an
al

yz
e

th
e

dy
na

m
ic

in
te

ra
ct

io
ns

an
d

ti
m

e-
se

ns
it

iv
e

ev
en

ts
,

i.e
.,

al
lo

w
s

fo
r

a
m

or
e

re
al

is
ti

c
in

ve
st

ig
at

io
n

ab
ou

t
ho

w
va

ri
ou

s
el

em
en

ts
of

th
e

gr
id

in
te

ra
ct

an
d

re
sp

on
d

to
va

ry
in

g
co

nd
it

io
ns

.

S
m

ar
tG

ri
ds

C
ha

ll
en

ge
s

R
em

ot
e

co
ll

ab
or

at
io

n
in

ar
ea

s
su

ch
as

sm
ar

tg
ri

d
in

te
gr

at
io

n
w

it
h

co
m

m
un

ic
at

io
n

an
d

IT
in

fr
as

tr
uc

tu
re

m
od

el
s

ca
n

fa
ci

li
ta

te
a

ho
li

st
ic

ap
pr

oa
ch

to
en

su
re

th
at

in
-

te
rd

ep
en

de
nc

ie
s

be
tw

ee
n

po
w

er
sy

st
em

s
an

d
co

m
m

un
ic

at
io

n
ne

tw
or

ks
ar

e
fu

ll
y

un
de

rs
to

od
an

d
m

an
ag

ed
.

E
du

ca
ti

on
an

d
T

ra
in

in
g

R
em

ot
e

ed
uc

at
io

na
l

pr
og

ra
m

s,
su

ch
as

tr
ai

ni
ng

or
w

or
ks

ho
ps

ca
n

be
a

pr
op

er
w

ay
to

sh
ar

e
kn

ow
le

dg
e

an
d

be
st

pr
ac

ti
ce

s
in

si
m

ul
at

io
n

te
ch

ni
qu

es
an

d
to

ol
s,

en
ha

nc
in

g
sk

ill
s

an
d

in
no

va
tio

n,
an

d
al

so
pr

om
ot

e
co

lla
bo

ra
tio

n
am

on
g

re
se

ar
ch

er
s

an
d

pr
ac

ti
ti

on
er

s.



Chapter 1. Overview on Microgrids and Autonomous Electric Grids 42

of intelligent grid operation. Furthermore, the significant financial and logistical chal-

lenges associated with establishing and maintaining fully equipped experimental facilities

often limit institutional research expansion. Interconnecting laboratories via high-speed

communication links alleviates these constraints by promoting resource sharing, reducing

operational costs, and expanding experimental accessibility [100]. Additional examples

and applications of remote simulation in power system studies are summarized in Ta-

ble 1.5.1.4.

From a technical standpoint, implementing a remote HIL setup requires real-time

exchange of electrical and control variables between participating laboratories over the

Internet while maintaining precise temporal synchronization. To ensure secure and reliable

data transfer, Virtual Private Network (VPN) tunnels are commonly employed [6]. Multiple

communication protocols can be utilized for this purpose, such as Modbus at the field

level and UDP or TCP/IP at the application layer. Together, these protocols enable

the continuous and deterministic data transmission necessary for distributed real-time

simulation and multi-site hardware testing [101].

1.5.2 Future Trends in the Realm of Modern Grids

DRTS has evolved into an indispensable tool for the study, design, and analysis of modern

power and energy systems. Unlike conventional networks, contemporary grids exhibit

a much higher degree of interdependence and complexity, primarily resulting from their

cyber-physical, multi-domain, and multi-modal characteristics [101]. This section has

summarized key developments in DRTS and HIL-based validation approaches, both

of which have advanced rapidly in recent years and are now closely aligned with the

operational and research needs of emerging power system architectures [5, 102].

Despite these advances, the increasing cyber-physical integration of modern power

systems—including DC MGs—calls for further refinement and harmonization in real-time

simulation practices. There remains a strong need for standardization across real-time

simulation environments and HIL implementation methodologies to improve interoper-

ability, reproducibility, and scalability [22]. At present, most DRTS-based platforms rely

heavily on proprietary simulation tools, which constrains model exchange and integration

flexibility. Consequently, the development of open and standardized frameworks for simu-

lator coupling, model portability, and hardware interoperability is a research priority to

enable comprehensive, cross-domain analysis of power and energy systems. Substantial

opportunities therefore exist for continued innovation in this field.
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Testing power transmission and distribution equipment at full scale is typically imprac-

tical within both industrial and academic laboratories due to the high costs of large-scale

testing infrastructure, the financial risks of hardware damage, and the extensive facility

requirements. To mitigate these constraints, researchers commonly employ scaled-down

prototypes that emulate the essential dynamic characteristics of real systems. While such

scaled models effectively reproduce many operational behaviors, conducting full-scale

experiments—particularly through PHIL configurations—remains vital for several reasons,

summarized below:

• Scale-Dependent Phenomena: Certain physical effects in power systems—such as

surge voltage gradients, thermal dynamics, current distribution, and electromagnetic

interference—depend on system scale and are difficult to reproduce in reduced

prototypes [22]. Full-scale testing thus provides a more accurate environment for

validating control strategies and ensuring grid stability and performance.

• Security Challenges: Modern networks face growing cyber-physical and operational

security threats. Full-scale PHIL testing enables the identification and mitigation

of vulnerabilities by analyzing the interaction between real hardware and control

systems under realistic operating conditions.

• Complex Interactions: Power systems comprise multiple interconnected subsys-

tems—such as converters, transformers, and protection devices—that influence one

another dynamically. Testing at real scale allows these coupled effects to be accu-

rately captured, which is crucial for optimizing system coordination and stability.

• Scalability: As power infrastructures evolve, scalability becomes a fundamental

design requirement. Full-scale validation ensures that system expansions and new

technology integrations—such as advanced converter topologies or energy manage-

ment units—can be implemented reliably within DC MGs frameworks.

• Unexpected Conditions: Full-scale testbeds provide a means to evaluate system

resilience under abnormal or extreme events, including grid faults, blackouts, or

adverse weather conditions. Such testing facilitates the development of robust control

and protection schemes for enhanced operational security.

• Informed Decision-Making: Data obtained from full-scale testing offer high-fidelity

insights into system efficiency, reliability, and control performance. These results
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form the basis for well-informed decisions in design optimization and long-term

system planning.

• Regular Testing and Validation: Routine verification of protection schemes, con-

trol systems, and special functions—such as black-start capability, load-shedding

coordination, or Wide-Area Monitoring and Control (WAMPAC)—is essential for

maintaining grid reliability. These functionalities can be evaluated within a con-

trolled PHIL environment without jeopardizing actual grid infrastructure.

Selecting an appropriate scale for the HUT requires careful consideration of both

modeling accuracy and implementation cost. This trade-off determines whether a scaled

prototype or a full-scale device should be utilized. Although establishing PHIL-based

infrastructure involves significant upfront investment, it often results in long-term savings

and reliability improvements by allowing early detection of design or control flaws in

a safe environment. Such proactive validation minimizes costly failures and increases

confidence in deploying novel control strategies and equipment in real networks.

Given the growing complexity and expansion of modern energy systems, further

investment in advanced laboratory infrastructure is essential to achieve realistic, high-

fidelity validation. One promising direction to improve cost-effectiveness and flexibility

is the development of mobile, full-scale PHIL units, which can be transported between

research facilities for collaborative testing. Alternatively, existing installations—such as

STATCOM units—may be reconfigured to operate as PHIL testbeds when not engaged in

grid service.

Advancements in DRTS and PHIL technologies are fundamentally reshaping the

process of power system validation. These methodologies serve not only to enhance

current testing capabilities but also to provide the foundation for the next generation of DC

MGs—systems that demand accurate, scalable, and cyber-secure real-time evaluation to

ensure dependable energy management and voltage regulation under practical operating

conditions.

DC technology plays a pivotal role in facilitating renewable energy integration and

improving the reliability and security of modern grids, particularly under complex opera-

tional conditions. With continuous advancements in power electronic devices capable of

operating at higher voltage and power levels, several critical research areas have emerged

within the DC domain [102]. Among these, the development of advanced testing method-

ologies—especially PHIL techniques—has gained notable importance for investigating
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complex phenomena such as breaker–network interactions during transient and fault

conditions [6].

Practical studies on DC converters’ behavior, particularly during high-current inter-

ruption events, have also become increasingly significant [7, 100, 102]. Extending the

applicability of medium-voltage components to higher voltage domains, whether through

improved materials, series connection strategies, or their integration into multilevel con-

verter structures, represents another key research frontier. As the deployment of DC

systems accelerates, ensuring the reliability and longevity of power electronic components

through condition monitoring and health assessment techniques has become essential [103].

Although numerical simulations provide an economical means of analysis, their accu-

racy is inherently limited by model assumptions and numerical constraints. Conversely,

scaled-down experimental setups offer realistic insights but cover only a narrow range

of scenarios. In this context, PHIL testing serves as an effective middle ground, combin-

ing physical hardware fidelity with simulation flexibility to achieve comprehensive and

accurate validation of DC systems.

Future research on the interaction between RESs, particularly PV generation, and

BESS with DC converters is expected to emphasize more accurate and adaptive modeling

of RES generation and ESS. Key directions include the incorporation of pitch-angle control

for variable solar irradiation conditions and the development of refined solar profile models

for enhanced dynamic accuracy [102]. Moreover, aggregated PV arrays representations are

anticipated to replace individual unit models to alleviate computational complexity, while

modular multilevel and twin-converter topologies will continue to evolve for advanced

grid modeling [22].

In the domain of electrothermal analysis of DC systems and power electronic converters,

numerous research opportunities remain open [5]. These include the creation of detailed

electrothermal models, innovative cooling and thermal management methods, and real-

time integration of thermal behavior within control algorithms. Long-term objectives

involve improving device reliability assessments, developing real-time thermal simulation

techniques, and evaluating the impacts of thermal degradation on converter operation [6].

The inclusion of online thermal monitoring and continuous model validation—together

with the consideration of human-in-the-loop decision-making in operational thermal man-

agement—will be vital for achieving resilient and efficient DC networks [104]. Coupling

electrothermal modeling with HIL-based platforms provides a powerful means for real-

time condition assessment and lifetime estimation of power electronic components in
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DC-MGs environments.

The integration of Phasor Measurement Unit (PMU) technology is transforming real-

time monitoring and control in electrical networks. PMUs provide time-synchronized

measurements that enhance situational awareness, enabling operators to make informed and

rapid control decisions. The growing deployment of PMUs across utilities highlights their

pivotal role in the digital transformation of power grids. However, the full exploitation of

PMU data introduces challenges related to large-scale data management, synchronization

accuracy, visualization, and interpretation.

One major challenge is achieving seamless integration between PMU data streams

and traditional Supervisory Control And Data Acquisition (SCADA) systems. While

such integration promises improved coordination and situational awareness, achieving

interoperability across multiple vendor platforms demands considerable technical and

organizational alignment. Importantly, the use of PMUs is expanding beyond transmission

networks into distribution domains, where they can be incorporated into Distribution

Management Systems (DMSs) to support localized monitoring and control functions.

Current research efforts are focused on developing standardized WAMPAC frameworks

that enhance reliability and system resilience. As power systems become increasingly data-

driven and dynamic, PMUs are emerging as core elements of intelligent grid architectures.

Consequently, conducting real-time HIL-based testing is essential for validating PMU per-

formance under realistic operating conditions, including dynamic events and system faults.

Such experiments provide critical insight into measurement accuracy, communication

latency, and data processing performance in real-time scenarios.

The deep integration of communication networks within modern smart grids introduces

inherent cybersecurity vulnerabilities that can compromise protection schemes and opera-

tional reliability. Cyberattacks may manifest as data breaches, eavesdropping, credential

exploitation, or false data injection—potentially coordinated across multiple network layers

and time frames.

Ensuring the security and resilience of cyber-physical power systems therefore requires

a comprehensive, multi-layered approach encompassing prevention, detection, mitigation,

and recovery strategies. The design and validation of such cybersecurity frameworks

must occur within realistic, real-time experimental environments that accurately represent

both the physical and communication layers. In this regard, HIL and DRTS platforms

are invaluable tools for studying system vulnerabilities, testing defense mechanisms, and

developing resilient control architectures capable of maintaining grid stability even under
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cyberattack scenarios.

1.6 Summary of the Chapter

This chapter provided an overview of the evolution, operation, and control of microgrids,

focusing on isolated DC configurations. It began by highlighting the global shift toward

RESs, driven by decarbonization goals and EU energy policies, positioning microgrids as

key enablers of localized, reliable, and sustainable energy systems.

The main characteristics and classifications of microgrids were outlined, emphasizing

DC configurations for their efficiency, simplified control, and compatibility with renewable

and storage technologies. The hierarchical control structure—primary, secondary, and

tertiary—was examined with respect to their objectives, timescales, and control paradigms.

The chapter addressed challenges specific to Mediterranean islands, including fossil

fuel dependence and infrastructure limitations, while noting the potential of solar and

offshore PV technologies for decarbonization. Droop-based control was discussed as a

core method for proper voltage regulation and current sharing, with advanced adaptive and

communication-assisted strategies enhancing scalability and resilience.

Finally, HIL testing was introduced as a key validation tool, enabling real-time assess-

ment of control algorithms and bridging theory with practice.

Overall, this chapter established the conceptual, regulatory, and technological founda-

tions necessary for the subsequent research on cooperative control and real-time validation

of isolated DC microgrids.



Chapter 2

Flexibility Resources for Stand-Alone

Microgrids

This chapter begins with a comprehensive examination of the conceptual foundations

and definitions of flexibility, emphasizing its pivotal role in the operation of islanded

DC microgrids with penetrations of renewable energy sources. It establishes flexibility

as a measurable and controllable attribute that enables microgrids to sustain stability,

reliability, and optimal performance under variable and uncertain conditions. Building

upon this theoretical basis, the chapter proceeds to classify various Energy Storage Systems

(ESSs), which act as primary enablers of flexibility by delivering rapid and adaptive

responses to power imbalances. Finally, it introduces the concept of the DC-Electric

Spring (ES)—an emerging technology aimed at enhancing system flexibility through

instantaneous deployment of load and ESSs.

2.1 The Concept of Flexibility Resources

2.1.1 Definition and Terminology

In modern power systems, microgrids have emerged as a cornerstone for integrating

distributed renewable energy sources Renewable Energy Source (RES) and enhancing

local energy resilience. However, the growing share of variable RES such as photovoltaic

(PVs) introduces substantial variability and uncertainty in power supply, particularly when

microgrids operate in islanded mode. Unlike grid-connected operation, islanded microgrids

lack external grid support to balance generation and demand, making operational flexibility

48
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a critical requirement for maintaining voltage stability, power quality, and supply reliability

[105].

In DC microgrids, where energy conversion stages are minimized and system dynamics

are inherently rapid due to the lack of high inertia, the need for fast and adaptive flexibility

mechanisms becomes even more pronounced. In this context, flexibility refers to the

capability of the microgrid to dynamically adjust its generation, storage, and demand

in real time in response to fluctuations and disturbances. This adaptability is typically

achieved through the coordinated control of Distributed Energy Resources (DERs), Energy

Storage Systems (ESSs), and flexible loads, supported by advanced control architectures

and energy management strategies.

At the broader system level, the increased integration of intermittent RES across

power networks has amplified the demand for flexibility resources and technologies.

Flexibility is essential to cope with the inherent uncertainty and variability of renewable

generation. While early studies primarily focused on operational reserves to manage

short-term fluctuations in variable Renewable Energy Sources (RESs), recent research

has expanded the concept to encompass a wider range of challenges, uncertainties, and

resources.

Moreover, the islanded grid faces an additional challenge: the usual percentage increase

in peak load demand often exceeds that of overall energy demand. As a result, infrastructure

designed to meet peak load conditions remains underutilized for much of the times. This

situation underscores the importance of deploying flexibility resources as cost-effective

alternatives to traditional network reinforcement and expansion.

Over the past decade, flexibility resources have been extensively investigated from

multiple perspectives—including the intermittent nature of RES integration, distributed

generation, technological solutions, ancillary services, market mechanisms, system op-

erational needs, and the security of electricity supply. So, understanding, defining, and

categorizing these flexibility resources is therefore vital not only for enhancing the opera-

tional resilience of microgrids but also for enabling optimized planning, techno-economic

assessment, and the integration of ancillary services within energy systems.

The concept of "flexibility" in power systems requires careful semantic consideration to

ensure a unified understanding across research, policy, and industrial practice. Establishing

a clear conceptual foundation is essential, given the wide range of contexts in which

flexibility is discussed—spanning generation and demand balancing, grid operation, and

market participation [106].
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According to the Oxford English Dictionary, flexibility is defined as “the ability to

change to suit new conditions or situations” [23]. In the context of power systems, this

implies the capacity to adapt to uncertain or evolving conditions arising from fluctuations

in generation, variations in demand, or unforeseen system disturbances. Although future

operating conditions may be inherently uncertain, flexibility represents the means by which

a system can effectively manage and respond to this uncertainty.

Building upon this interpretation, flexibility in DC microgrids can be viewed not merely

as a qualitative characteristic but as a quantifiable and controllable resource. It manifests

through the adaptive coordination of Distributed Generation (DG) units, Energy Storage

Systems (ESSs), and controllable loads to maintain power balance, voltage regulation,

and overall system stability under static and dynamic operating conditions. Consequently,

flexibility serves as a core element of energy management frameworks, enabling DC-

MGs to respond proactively to the variability and uncertainty associated with renewable

generation and stochastic load behavior[81].

Despite widespread use of the term, definitions of flexibility in the literature vary

substantially in scope and focus, reflecting the differing priorities of system operation and

technology providers. To promote conceptual clarity and harmonization, three fundamental

criteria have been identified as essential to any inclusive definition of flexibility:

• Type of Flexibility Resource: The definition should encompass all potential sources

of flexibility, including both user-side resources (such as controllable loads, and

energy storage) and distributed generation resources.

• Duration of Flexibility Activation: Flexibility generally refers to a short-term

or time-limited capability to alter operation—typically over timeframes ranging

from milliseconds to several hours—in response to system needs. It excludes

long-term structural measures, such as network reinforcement or energy-efficiency

improvements.

• Incentive for Activation: Flexibility should be interpreted as a response to an

external signal or service request, rather than an autonomous or passive adjustment.

This distinction ensures that flexible behavior contributes meaningfully to system-

level coordination. For instance, a battery operating solely for self-consumption

optimization may exhibit flexible dynamics but does not qualify as a system flexibility

provider unless it responds to external control or market signals.
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Several international organizations have proposed formal definitions of power system

flexibility based on these principles. Representative examples include [105]:

• CIGRÉ WG (1995): “The ability to adapt the planned development of the power

system, quickly and at reasonable cost, to any change, foreseen or not, in the

conditions which prevailed at the time it was planned.”

• EPRI (2016): “The ability to adapt to dynamic and changing conditions, for example,

balancing supply and demand by the hour or minute, or deploying new generation

and transmission resources over a period of years.”

• IRENA (2018): “The capability of a power system to cope with the variability and

uncertainty that intermittent renewable energy generation introduces into the system

in different time scales, from the very short to the long term, avoiding curtailment of

Variable RES and reliably supplying all demanded energy to customers.”

• IEA (2019): “The ability of a power system to reliably and cost-effectively manage

the variability and uncertainty of demand and supply across all relevant timescales,

from ensuring instantaneous stability to supporting long-term security of supply.”

While these definitions provide valuable insights, many remain limited in either tem-

poral scope or system perspective. To improve previous definitions, [23, 107] proposed

an enhanced and unified definition that captures the full conceptual breadth of flexibility

across technical, operational, and temporal domains:

“The ability of power system operation, power system assets, loads, energy

storage assets, and generation units to change or modify their routine oper-

ation for a limited duration, in response to external service request signals,

without inducing unplanned disruptions.”

In this dissertation, any entity possessing such a capability—whether a controllable

source, responsive load, or energy storage unit—is referred to as a flexibility resource.

This generalized definition provides a consistent basis for analyzing flexibility provision,

coordination, and energy management strategies in islanded DC-MGs, where adaptive

operation is essential for ensuring stability, reliability, and optimal resource utilization.

It should be noted that, although the concept of flexibility spans multiple domains—including

grid operation, market participation, and system planning—the primary focus of this disser-

tation is on supply and demand balancing within isolated DC microgrids. This focus aligns
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with the overarching objective of enhancing power balance and security in autonomous

DC energy systems, where internal coordination among distributed resources is vital for

maintaining resilient and reliable operation [108]. It is worth stating that the broader

concept of flexibility that extends far beyond this scope—encompassing dimensions such

as market participation, system planning, etc, can be explored in [105].

Several terms are often confused or used interchangeably with flexibility, including

Demand-Side Response (DSR), Demand-Side Management (DSM), flexible generation,

and energy storage on both the supply and demand sides. However, these terms represent

only specific subsets of the broader flexibility concept and should not be regarded as

equivalent [23, 105]. In [106], DSM is defined as the set of actions such as energy efficiency,

energy savings, self-production, and load management. Within this framework, load

management techniques and DSR programs are considered specific DSM solutions [109].

Beyond behavioral and temporal aspects, flexibility resources are characterized by their

ability to respond to external service requests in terms of volume, timing, availability, and

cost. Moreover, their post-provisioning behaviors—such as recovery time and rebound

effects—play a key role in determining their practical usefulness for grid operation. Accu-

rate characterization and classification of flexibility resources are, therefore, essential for

developing quantitative models that capture their operational capabilities within energy

management frameworks.

2.1.2 Taxonomy of Flexibility Resources

The literature presents several approaches for classifying flexibility resources, each

emphasizing different physical, functional, or modeling aspects. The most common

classification dimensions are summarized as follows [105]:

• Based on position in the electricity suppliers: Classifies flexibility resources

according to their placement within the power system, such as demand-side, supply-

side, and network-side flexibility. In demand-side flexibility, end-use consumption

patterns and magnitudes are modified through actions such as load shifting, demand

curtailment, or controlled scheduling. Supply-side flexibility refers to measures that

enable generation units to dynamically adjust their output in response to system

needs, thereby supporting real-time power balancing and stability. Network-side

flexibility encompasses adaptability originating from the power system infrastruc-

ture itself, including network reconfiguration, dynamic line ratings, or wide-area
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interconnections that enhance operational responsiveness. Finally, other sources of

flexibility include ESSs, market mechanisms, and regulatory instruments designed

to strengthen overall system adaptability and resilience.

• Based on functional role in the power system: Differentiates between actual

sources of flexibility—such as generation, load, and storage units that can directly

provide flexibility services—and enabling mechanisms, which include grids and

potential communication infrastructures that coordinate and facilitate the effective

utilization of these flexible resources. In other words, a related distinction can

be drawn between technical flexibility, referring to the physical or technological

capability of a system to respond to rapid variations in net load, and operational

flexibility, which denotes the ability to mange and coordinate assets efficiently within

system or economic aspects.

• Based on direction of load shifting: Categorizes flexibility resources according

to whether they advance, delay, or reduce load consumption, encompassing actions

such as load shifting, shedding, and rescheduling. In advance load consumption,

electrical loads (include electric storage heaters and water heaters) are operated

earlier than their typical schedule to manage energy use or respond to system needs.

Delay load consumption refers to the postponement of energy use to periods of

lower demand or higher renewable generation availability, as seen in refrigeration,

ventilation, and air-conditioning systems. In some cases, loads can be flexibly

shifted in either direction—advance or delay load consumption—such as in cold

storage units, washing machines, or industrial paper machines, where operational

timing can be manipulated without compromising process requirements. Finally,

load shedding represents a direct reduction in electricity consumption, typically

employed in energy-intensive industries, to provide rapid system support during

periods of stress or imbalance.

• Based on mathematical modeling characteristics: This perspective focuses on how

flexibility resources are represented in analytical or simulation models, particularly in

relation to their energy and power constraints. In some cases, the system is modeled

as a power- and energy-constrained integrator, typically representing thermal storage,

air-conditioning units, or refrigeration systems. Battery-type resources refer to

energy-constrained systems that must be charged or discharged within predefined

temporal limits, such as electric vehicles or swimming pool filtration systems. Other
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type of resources may correspond to batch processes that operate at a constant power

level and must be completed within a specific time window, as exemplified by large

industrial production lines.

• Based on Availability: This classification distinguishes flexibility resources based

on whether they are fully available and dispatchable assets that can respond to

external service requests in real time.

Building upon the unified definition of flexibility introduced earlier and the classifica-

tions discussed above, a comprehensive framework for categorizing flexibility resources

has been proposed. Table 2.1 summarizes the various groups of flexibility resources

identified across the reviewed literature. It should be noted, however, that the underlying

classification principles in the cited works are not always explicitly stated, leading to

overlap among categories. Consequently, certain resources may appear in multiple groups

depending on their technical or operational characteristics. The proposed framework aims

to reduce such ambiguities, offering a coherent and unified structure for analyzing and

modeling flexibility provision in islanded DC microgrids.

It is worth emphasizing that among the various categories of flexibility resources,

ESSs emerge as the most effective and versatile solution for achieving real-time power

balancing and enhancing operational security in islanded DC microgrids, particularly those

of small scale. Unlike demand-side or generation-based flexibility, which typically depend

on user behavior or resource availability, ESSs provide direct, controllable, and bidirec-

tional energy exchange capabilities that enable immediate and precise responses to power

fluctuations. Their high controllability, independence from generation or load dynamics,

and ability to absorb surplus energy during periods of excess generation and release it

during deficits collectively ensure continuous power balance, voltage stability, and supply

reliability—all of which are essential for systems operating without external grid support.

Furthermore, ESSs play a pivotal role in bridging temporal mismatches between genera-

tion and demand, mitigating transient disturbances through their rapid charge–discharge

dynamics, and enhancing overall system resilience and reliability. Consequently, ESSs

constitute the cornerstone of flexibility provision and energy management in autonomous

DC microgrids, directly contributing to the improvement of power quality, stability, and

supply security. The following section therefore presents a comprehensive classification

of ESSs, highlighting their types, characteristics, and specific roles in enabling flexible,

stable, and secure DC microgrid operation.
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2.2 The Role of Energy Storage Systems

As mentioned in the previous section, in addition to uncertainties in the demand profile,

relying on RESs for energy provision in MGs introduces significant challenges due to their

inherent variability and intermittency—particularly during islanded operation—which can

adversely affect system stability and reliability. Consequently, there is a growing need for

enhanced flexibility to ensure stable and resilient microgrid performance. This section

discusses the critical role of ESSs in mitigating the variability of RESs, supporting voltage

stability, and enabling temporal energy shifting to balance generation and demand.

2.2.1 Classification of Energy Storage System Technologies

ESS technologies have undergone substantial development over recent decades and can be

classified according to multiple criteria, including storage capacity, operational function,

lifecycle characteristics, and response time. Fig. 2.1 illustrates a comprehensive classi-

fication of ESS technologies based on their underlying energy form, namely electrical,

electrochemical, mechanical, chemical, and thermal. Each category encompasses specific

storage technologies that operate according to distinct physical principles and energy

conversion mechanisms.

From a functional standpoint, ESS technologies can be broadly grouped into the

following four categories:

• Electrical and Electrochemical Energy Storage Systems

• Mechanical Energy Storage Systems

• Chemical Energy Storage Systems

• Thermal Energy Storage Systems

Each category exhibits unique operational characteristics, performance advantages,

and limitations, rendering them suitable for different applications within power systems.

In particular, within DC microgrids, ESS technologies play a crucial role in maintaining

system stability, improving energy efficiency, and providing fast bidirectional power

exchange to support voltage regulation, load balancing, and renewable energy integration.

Their selection and sizing depend on the specific application requirements, including

response time, power-to-energy ratio, and cost-effectiveness.
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Figure 2.1: Classification of different ESSs.

2.2.1.1 Electrical and Electrochemical Energy Storage

Electrical and electrochemical Energy Storage System (ESS) technologies encompass a

wide range of devices capable of storing and releasing electrical energy through electrostatic

or electrochemical conversion mechanisms, respectively. Within this category, batteries

and Supercapacitors (SCs) represent the two most prominent technologies, each governed

by distinct physical principles, dynamic characteristics, and application domains. Batteries

operate based on reversible redox reactions that convert chemical energy into electrical

energy, whereas SCs store charge electrostatically at the electrode–electrolyte interface.

The complementary nature of these technologies makes them indispensable components of

modern DC-MGs, where both fast transient support and long-term energy balancing are

required.

Superconducting Magnetic Energy Storage (SMES): These systems represent an

advanced form of EES that store electrical energy directly in the magnetic field generated

by a superconducting coil. The coil operates below its critical temperature and is maintained

in the superconducting state through cryogenic cooling, thereby eliminating resistive losses

and enabling near-perfect energy retention.
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SMES systems exhibit energy densities typically in the range of 0.5–5 Wh/kg and

power densities up to 5000 W/kg, positioning them among the highest power-density

storage technologies currently available. They offer extremely fast response times—on

the order of milliseconds—and very high round-trip efficiencies between 90–95%. Their

self-discharge rate is almost negligible (below 0.1% per day), and they demonstrate long

operational lifetimes exceeding 20 years, owing to the absence of significant degradation

mechanisms common to electrochemical systems.

These characteristics make SMES units particularly suitable for applications requiring

instantaneous energy delivery, such as power-quality enhancement, voltage sag mitigation,

and transient stability support in DC MGs. The ability to deliver large bursts of power with

minimal delay enables SMES to effectively complement slower, energy-dense storage tech-

nologies such as batteries or SCs. However, despite their superior dynamic performance

and efficiency, the high infrastructure and maintenance costs associated with cryogenic

refrigeration systems and superconducting materials currently restrict their deployment to

niche, high-value applications, including industrial plants, research facilities, and critical

defense infrastructures.

Future advancements in High-Temperature Superconducting (HTS) materials and

cryogenic system miniaturization are expected to enhance the techno-economic feasibility

of SMES integration within distributed and hybrid DC MGs, further expanding their role

in high-performance power stabilization and grid-support operations.

Supercapacitor (SC): These technologies belong to the class of EES devices that store

energy through charge separation at the interface between a high-surface-area electrode

and an electrolyte. Unlike conventional capacitors, which rely on a solid dielectric medium

between two conductors, SCs employ an electrolytic solution that enables the formation of

electric double layers and, in certain chemistries, additional pseudocapacitance through

faradaic reactions. The combination of these mechanisms significantly increases the

effective capacitance and, consequently, the energy storage capability of the device.

The use of highly porous carbon-based electrodes provides exceptionally large surface

areas, allowing SCs to achieve capacitance values several orders of magnitude higher

than those of traditional capacitors. As a result, SCs exhibit outstanding power den-

sity—typically in the range of 1–10 kW/kg—and fast dynamic response on the order of

milliseconds. Their specific energy, however, remains relatively low (1–10 Wh/kg), which

confines their operation to short-term energy applications. SCs also offer high round-trip
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efficiencies (95–98%), long cycle life (exceeding 50,000 cycles), and excellent reliabil-

ity [110]. Owing to these characteristics, SCs are particularly well-suited for applications

requiring short-term energy buffering, voltage stabilization, and transient power support

within DC MGs.

Despite these advantages, their low energy density and high self-discharge rate limit

their use as standalone storage devices [111]. Consequently, SCs are often integrated into

Hybrid Energy Storage System (HESS) alongside batteries, where they handle rapid power

transients and mitigate current stress on battery units. This complementary configuration

enhances system stability, lifetime, and overall efficiency in DC MGs.

Lead–Acid Batteries: Lead–acid batteries are among the most mature and commer-

cially established Electrochemical Energy Storage (EcES) technologies. They exhibit

moderate energy densities in the range of 30–50 Wh/kg, power densities of approximately

150–400 W/kg, and round-trip efficiencies between 70–90% [112, 113]. Owing to their

simplicity, robustness, and relatively low capital cost, they have been widely adopted in

backup power systems, off-grid installations, and small-scale DC networks.

However, their limited cycle life (500–2000 cycles), poor deep-discharge tolerance,

and environmental concerns related to lead and sulfuric acid constrain their large-scale

sustainability. As a result, their role in modern DC MGs is increasingly limited to auxiliary

or standby functions rather than primary system support.

Lithium-Ion Batteries: Lithium-ion (Li-ion) batteries have emerged as the dominant

ESS technology due to their high energy density (100–265 Wh/kg), high power density

(250–340 W/kg), and superior round-trip efficiency (95–98%). Their electrochemical

operation is based on the reversible intercalation and deintercalation of lithium ions

between a graphite anode and a lithium metal oxide cathode.

Li-ion systems exhibit fast dynamic response times (milliseconds to seconds) and long

cycle life (2000–10,000 cycles), making them particularly suitable for voltage regulation,

energy balancing, and frequency support in DC MGs [114, 115]. Although their initial

cost and thermal management requirements remain challenges, ongoing advances in cell

chemistry and battery management system (BMS) continue to enhance their safety and

longevity, consolidating their role as a key enabling technology in high-performance

microgrid architectures.



Chapter 2. Flexibility Resources for Stand-Alone Microgrids 60

Sodium–Sulfur Batteries: Sodium–Sulfur (Na–S) batteries operate at elevated temper-

atures (typically 300–350 °C) and utilize molten sodium as the anode and molten sulfur

as the cathode, separated by a solid ceramic electrolyte. Compared with conventional

lead–acid batteries, Na–S systems offer significantly higher energy and power densities,

longer cycle life, and lower maintenance requirements [116].

Their high round-trip efficiency, deep-discharge tolerance, and strong energy-retention

characteristics make Na–S batteries well suited for medium- and large-scale stationary

storage applications, particularly for renewable energy integration and long-duration energy

management in MGs. However, their elevated operating temperature introduces additional

complexity in terms of thermal insulation, safety, and system cost, necessitating advanced

containment and protection mechanisms for reliable and safe operation.

Nickel-Based Batteries: Nickel-based batteries—including Nickel–Cadmium (Ni–Cd)

and Nickel–Metal Hydride (Ni–MH) types—are characterized by moderate energy den-

sities (50–75 Wh/kg), power densities of 150–300 W/kg, round-trip efficiencies around

65–75%, and cycle lives ranging from 1000 to 3500 cycles [117]. Their robustness, wide

temperature tolerance, and low self-discharge rates enable reliable operation in demanding

environmental conditions.

Nevertheless, their lower energy density compared to Li-ion systems, coupled with the

toxicity of cadmium and relatively high cost, has led to a gradual decline in their use for

mainstream applications. While Ni–MH variants alleviate some environmental issues, they

still lag behind Li-ion technologies in terms of performance and economic viability for

next-generation DC MGs.

Vanadium Redox Flow Batteries: Vanadium Redox Flow (VRF) batteries are a promi-

nent category of flow-based electrochemical storage systems that store energy in liquid

electrolytes containing vanadium ions of varying oxidation states. They offer specific

energy values typically ranging from 20–35 Wh/kg, power densities of 100–150 W/kg,

and round-trip efficiencies of 70–85% [118, 119]. Their response times are rapid (less than

one second), and their cycle life can exceed 13,000 cycles due to minimal degradation of

active materials.

VRF batteries enable the independent scaling of power and energy capacity through

separate sizing of the electrochemical stack and electrolyte tanks. This modularity, com-

bined with deep discharge capability and operational safety from non-flammable aqueous
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electrolytes, makes them highly suitable for long-duration energy management, renewable

integration, and voltage stabilization in DC MGs.

2.2.1.2 Mechanical Energy Storage Systems

Mechanical Energy Storage System (MESS) store energy in the form of kinetic, potential,

or compressed air energy, which can later be converted back into electrical energy when

required. These systems are generally characterized by high power capability, long service

life, and fast dynamic response, making them particularly suitable for frequency regulation,

transient stability enhancement, and short-term energy balancing in hybrid DC MGs.

However, their practical deployment is often constrained by geographical, spatial, or cost-

related factors. The most common MESS technologies include Flywheel Energy Storage

System (FESS), Pumped Hydro Energy Storage System (PHESS), and Compressed Air

Energy Storage System (CAESS).

Flywheel Energy Storage Systems: FESS store energy in the form of rotational kinetic

energy using a high-speed rotating mass driven by an integrated motor–generator unit. The

stored energy is given by:

E =
1
2

Jω2 (2.1)

where J is the moment of inertia and ω is the angular velocity.

FESS typically exhibit an energy density of 5–100 Wh/kg, power density between

500–5000 W/kg, and capital costs ranging from 250–2000 C/kW. Their response time

ranges from milliseconds to a few minutes, and they experience a self-discharge rate of

approximately 20–100% per day, primarily due to bearing and windage losses. FESS

units typically operate with round-trip efficiencies between 0.85–0.95 and lifetimes of

15–20 years.

To minimize losses, modern flywheel systems use magnetic bearings and vacuum

chambers, allowing high-speed operation (up to tens of thousands of rpm) with minimal

friction. The use of composite materials enhances the rotational strength-to-weight ratio.

These features grant FESS exceptionally high power density, rapid charge/discharge

capability, and long cycle life, making them ideal for power-quality improvement, voltage

stabilization, and transient support in DC MGs. However, their low energy density and high

self-discharge limit their applicability for long-term storage, confining their use mainly to

short-term buffering and dynamic compensation.
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Pumped Hydro Energy Storage Systems: Pumped Hydro Energy Storage System

(PHESS) represent the most mature and widely implemented large-scale mechanical

storage technology. They store energy as gravitational potential energy by pumping water

from a lower reservoir to a higher one during periods of low demand and generate electricity

when water is released through turbines during peak load periods.

PHESS systems have an energy density of 0.5–1.5 Wh/kg, a power density of 0.5–2 W/kg,

and capital costs between 1000–5000 C/kW. Their response time is on the order of min-

utes, self-discharge is negligible, round-trip efficiency lies between 0.70–0.85, and system

lifetime can exceed 40 years.

Owing to their high efficiency, long lifespan, and ability to store energy on a gigawatt-

hour scale, PHESS units play a crucial role in peak shaving, load leveling, and grid

stabilization. Nevertheless, their implementation is limited by geographical require-

ments—specifically the need for large elevation differences and substantial water storage

capacity—and by long construction times and environmental impacts. Consequently, their

integration into MGs is typically indirect, through coupling with other distributed storage

or renewable systems.

Compressed Air Energy Storage Systems: Compressed Air Energy Storage System

(CAESS) store energy by compressing air into large underground caverns or high-pressure

tanks during off-peak hours and releasing it during peak demand to drive turbines for

power generation.

CAESS offers an energy density of 2–6 Wh/kg, a power density of 50–150 W/kg, and

capital costs between 400–800 C/kW. The response time typically spans from minutes

to several hours, with self-discharge losses below 1% per day and round-trip efficiencies

ranging from 0.65–0.85. The system lifetime is approximately 20–40 years, depending on

configuration and operating pressure.

Traditional CAESS designs rely on gas combustion for air heating during expansion,

which decreases overall efficiency and increases emissions. Advanced adiabatic and

isothermal CAES configurations eliminate or recover thermal energy, improving efficiency

and environmental performance. Although these systems provide long-duration storage

capacity and grid-scale flexibility, their large infrastructure requirements and site depen-

dency restrict deployment in small-scale or urban DC MGs. However, when integrated

with fast-response storage devices—such as BESS or SC—they can significantly enhance

hybrid system reliability and energy management efficiency.
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2.2.1.3 Chemical Energy Storage Systems

Chemical Energy Storage System (CESS) store energy in the form of chemical bonds

formed via endothermic reactions. When needed, these bonds are broken through reversible

processes to release electrical or thermal energy [119]. Due to their high capacity and long-

duration storage capability, CESS technologies are well-suited for integrating renewable

energy and decoupling generation from consumption over extended periods.

Hydrogen-Based Energy Storage: Among CESS options, hydrogen-based systems are

the most developed and promising. They use electrolysis to split water into hydrogen

(H2) and oxygen (O2) using renewable electricity. The produced hydrogen is stored and

later converted back into electricity via a Fuel Cell (FC), generating only water as a

byproduct [120].

Hydrogen storage offers high gravimetric energy density, modular scalability, and

potential integration across power, heating, and transport sectors. Their self-discharge rates

are around 0.2–1% per day [120, 121]. When powered by renewable energy, hydrogen

systems operate with zero direct emissions, aligning with global decarbonization goals.

However, key challenges remain, including low round-trip efficiency (30–40%), com-

plex storage infrastructure, and high electrolyzer and FC costs, which currently limit

large-scale deployment.

In DC MGs, hydrogen systems can provide long-term energy autonomy. When com-

bined with fast-response storage devices such as BESSs or SCs, they enable multi-timescale

flexibility—short-term power smoothing and long-duration energy balancing—enhancing

both reliability and sustainability.

2.2.1.4 Thermal Energy Storage Systems

Thermal Energy Storage System (TESS) store energy in the form of heat, which can be

extracted and utilized later for power generation, heating, or industrial processes. A typical

TESS consists of a thermal storage device and a storage medium that absorbs, retains, and

releases heat as required. The storage medium can range from natural soil-based reservoirs

to engineered containment systems designed to minimize heat loss and enhance thermal

retention efficiency [122].

Thermal energy storage technologies are broadly classified into three main cate-

gories—sensible heat storage, latent heat storage, and high-temperature thermal stor-

age—each differing in operational principle, energy density, and application domain.
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Sensible Heat Storage: Sensible heat storage involves storing and releasing thermal

energy by changing the temperature of a storage material without altering its physical

phase. Common storage materials include water, rock, concrete, and molten salts [121].

The amount of energy stored depends on the material’s specific heat capacity and the

temperature difference between its initial and final states. Typical energy densities range

from 30 to 80 Wh/kg, depending on the medium and temperature span [120–123]. Sensible

heat systems also exhibit very low self-discharge rates, typically below 0.5% per day when

properly insulated [122].

Although conceptually simple and technologically mature, sensible heat storage sys-

tems require large storage volumes to achieve significant energy capacity. Moreover,

thermal losses and limited operating temperature ranges constrain their overall efficiency

and scalability [124].

Latent Heat Storage: Latent heat storage, in contrast, utilizes Phase Change Materials

(PCMs) that absorb or release energy during a phase transition—typically from solid to

liquid or liquid to gas. This mechanism enables higher energy storage density compared

with sensible heat systems, since energy is stored at nearly constant temperature during

the phase change process, thereby improving system stability and energy utilization [122].

Typical latent heat storage materials achieve energy densities between 100 and 200 Wh/kg,

depending on the PCM type and temperature range [124]. Their self-discharge rates

are generally low, around 0.1–1% per day, primarily due to gradual heat losses through

insulation [123].

Despite these advantages—such as compactness, high energy density, and near-isothermal

operation—latent heat storage presents several engineering challenges. These include man-

aging volume changes during phase transitions, ensuring cycling stability, and maintaining

precise temperature control to achieve consistent phase-change behavior [119].

High-Temperature Thermal Storage: High-Temperature Thermal Energy Storage (HT-

TESS) systems are designed to operate at elevated temperatures, making them suitable

for applications that require intensive thermal energy, such as solar thermal power plants,

industrial heat recovery, and high-efficiency power generation [119]. Typical storage

media include molten salts, ceramics, or metal oxides, which allow energy retention at

temperatures exceeding 500 °C. HT-TESS systems exhibit energy densities ranging from

150 to 300 Wh/kg, depending on the operating temperature and storage medium [23]. The
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Figure 2.2: Analysis of discharge rates and power ratings of various ESS technologies

self-discharge rate is extremely low, often below 0.1% per day due to advanced thermal

insulation [124].

HT-TESS plays a crucial role in facilitating renewable energy integration and enhancing

the dispatchability of intermittent sources by storing excess heat from solar or waste energy

and converting it into electricity during periods of high demand.

Fig. 2.2 illustrates the discharge rates and power ratings of various ESSs technologies,

categorized across small-, medium-, and large-scale applications in power generation,

transmission, distribution, and end-user systems. The figure highlights the projected

growth in medium- and large-scale deployment of technologies such as CAES, high-power

flywheels, and Na–S and zinc–air batteries for bulk power management and grid support,

while other ESS technologies increasingly target short-term power quality improvement

services [111].

Fig. 2.3 depicts the global evolution of short- and long-term energy storage capacity

between 2011 and 2028, as discussed in [114]. The figure underscores the accelerating

development of storage technologies and emphasizes their critical role in enhancing power
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Figure 2.3: Trends in Short- and Long-term storage capacity growth across various regions of the
world, from 2011-2028.

system flexibility and supporting sustainable energy transitions.

2.2.2 Discussion on Energy Storage Suitability for Islanded Entities

Table 2.2 presents a comparative summary of the ESSs technologies discussed in this

section. It highlights their relative strengths in terms of efficiency, lifecycle, and response

characteristics, while also identifying inherent limitations. The table underscores that

although no single technology offers a comprehensive solution, the complementary inte-

gration of multiple ESS types—across different timescales and capacities—constitutes a

promising pathway toward achieving flexible, resilient, and efficient energy management

in modern DC MGs.

A rigorous comparison of the technologies in Table 2.2 makes clear that the right ESS

for an islanded DC MG must be judged against a small set of non-negotiable metrics:

how quickly it can respond to disturbances on the DC bus, whether its energy and power

densities are sufficient to cover both fast and sustained imbalances, how much useful life

and round-trip efficiency it delivers across heavy cycling, and whether it can be scaled,
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safely controlled, and tightly integrated with PECs. When those criteria are applied,

lithium-ion BESSs consistently finish ahead. Their converters offer precise, Bidirectional

DC–DC converters (BDC) (and AC–DC, where relevant) control, enabling real-time

voltage regulation, SI, and dispatchable energy services—capabilities that are foundational

for autonomous islanded operation.

Mechanical storage options illustrate the tradeoffs. Flywheel Energy Storage Systems

(FESSs) respond in milliseconds and are excellent at riding through sharp transients and

mitigating voltage sags. In a DC MG, that speed is valuable during abrupt load steps or

renewable power ramps. Yet the same electromechanical attributes that make flywheels fast

also limit them: their specific energy is low and self-discharge is high, so they are effective

for seconds—occasionally a minute—but not for the multi-minute or hourly balancing that

islanded operation routinely demands. CAESS and PHESS succeed at the other extreme.

Their energy capacity and cost per kWh are attractive at the bulk level, and lifetimes are

long. However, they depend on favorable geography, occupy large footprints, and respond

on the order of minutes. These characteristics make them misaligned with the compact,

fast-acting, and continuously modulated control that a DC MG requires.

Electrical and electrochemical storage spans the middle ground where MGs actually

operate. SCs and SMES deliver unparalleled power density and sub-second response,

which is ideal for smoothing converter current, suppressing DC bus ripple, and bridging

gaps while other assets ramp. But SCs carry very little energy—often a few Wh/kg or

less—so they cannot maintain balance over sustained deficits. SMES is similarly fast and

efficient but hampered by cryogenics and cost, which constrains scalability and practical

deployment in distributed settings.

Among electrochemical batteries, lead–acid remains inexpensive and familiar, but its

specific energy, cycling endurance, and charge acceptance under high rates are modest. In

an islanded MG with frequent partial-state-of-charge operation and daily cycling, sulfation

and accelerated aging raise maintenance costs and derate usable capacity. Ni–Cd and

Ni–MH tolerate abuse better than lead–acid, yet their efficiency is middling and cadmium

toxicity is a liability. Flow batteries, notably VRF and zinc–bromine, solve the cycle-life

problem and offer energy scalability by decoupling power (stacks) from energy (tanks).

Those traits are advantageous for long-duration shifting, but the systems are volumetrically

bulky, auxiliary loads reduce round-trip efficiency to the mid-70s–80% range, and response,

while controllable, is slower and less granular than that of a tightly coupled battery pack

with a fast BDC interface. Na–S pushes energy density higher and operates well for
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medium- to long-duration support, yet the requirement for 300–350 °C operation introduces

corrosion, thermal safety considerations, and enclosure complexity that are generally at

odds with distributed, building-scale, or community-scale DC installations.

Lithium-ion resolves most of these compromises. With 160–260 Wh/kg specific energy

and high power capability, Li-ion packs can be engineered for both energy and power.

Round-trip efficiencies commonly exceed 95–98% at the DC terminals, and self-discharge

is very low, so the asset retains stored energy when it is most needed. Electrochemically,

Li-ion supports rapid charge acceptance and discharge, allowing converter-level control

loops to act on millisecond timescales without being bottlenecked by the cell chemistry.

This pairing of a fast, reversible storage element with a bi-directional converter is the

essence of why BESSs fit MGs so well: the energy buffer and the control actuator are the

same device.

These technology characteristics translate cleanly into functional roles inside an is-

landed DC MG. The first role is fast transient suppression. Load steps, converter mode

changes, or renewable gusts can drive abrupt current excursions and DC voltage deviations.

SCs or FESSs can blunt the very first milliseconds of these events, but a BESS keeps the

bus stable once the immediate spike passes, absorbing or delivering power for tens of

seconds as other resources (PV curtailment, dispatchable DGs) re-schedule. The second

role is short- to mid-term balancing. Cloud passages, wind lulls, and stochastic load

behavior routinely produce deficits or surpluses on the order of minutes to hours. Here Li-

ion BESSs excel because they combine high efficiency with accurate SoC estimation and

constraint-aware controls, enabling peak shaving, load following, and spinning-reserve-like

support without over-cycling or violating cell limits. The third role is energy management

and coordinated dispatch across hours and the diurnal cycle. While Na–S or flow batteries

could, in principle, contribute to longer windows, their thermal or system complexity

and slower dynamics hinder the kind of tight closed-loop regulation that DC converters

depend on. By contrast, a Li-ion BESS, governed by a BMS that communicates limits

and gradients to the supervisory controller, provides predictable, repeatable behavior that

simplifies optimal scheduling, ensures smooth transitions between generation states, and

minimizes renewable curtailment.

Taken together, these roles explain the dominance of BESSs in islanded DC architec-

tures. Their bi-directional energy flow is native: a single converter seamlessly switches

between charging and discharging quadrants with commanded current profiles that follow

higher-level objectives—maintain the DC bus set-point, enforce droop characteristics for
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power-sharing, deliver SI, or track dispatch schedules. The same platform naturally covers

multiple timescales. Current-mode control and inner loops act within milliseconds to

provide stiffness to the DC bus; outer loops handle seconds-to-minutes energy balancing;

and supervisory optimizers coordinate hours-ahead dispatch against forecasts and con-

straints. Because the plant is fully power-electronic, these layers stack without friction:

there is no mechanical warm-up, no valve lag, and no geographic lock-in. Moreover, the

controllability is precise and model-friendly. Modern predictive or adaptive controllers

can enforce SoC guardrails, temperature and cycling rate limits, and degradation budgets,

turning the BESS from a passive buffer into an actively managed asset with quantifiable

lifetime economics.

Efficiency, form factor, and integration effort reinforce the choice. High round-trip

efficiency reduces wasted generation and thermal management overhead—important in

islanded sites where every watt-hour is precious. High energy density and modular

packaging allow installation in constrained spaces (containers, basements, rooftops) and

straightforward scaling from tens of kilowatts for buildings to several megawatts for

campuses or remote communities. Maintenance is comparatively light; there are no

bearings or rotating seals to wear, no cryogenic systems to service, and safety is addressed

through layered protections (cell-level fusing, contactors, pack isolation monitoring, fire

detection/suppression). Degradation is predictable and can be co-optimized with operations

through condition-based maintenance and calendar/cycle aging models, which is far harder

to do for mechanically complex or thermally massive alternatives.

Crucially, BESSs unlock a broader suite of services that islanded MGs increasingly

require. They provide black-start capability by forming the DC bus and energizing auxiliary

converters; they supply fast reserves and frequency support in hybrid AC/DC sites by

emulating inertia and primary control; they implement peak shaving to reduce generator

cycling and fuel burn; and they arbitrate energy across the day to minimize curtailed PV

while respecting network and device constraints. These services are not simply “nice to

have”—they are what turn an islanded system from a fragile ensemble of assets into a

resilient, dispatchable power plant.

Looking ahead, solid-state cells promise higher safety margins and energy density;

lithium–sulfur targets further gains in specific energy for longer-duration roles; and hybrid

configurations that pair Li-ion with SCs or FESSs are maturing, combining ultra-fast

buffering with efficient short-term energy support. Such hybrids fit naturally into the

layered control hierarchy of MGs: the SC absorbs the first milliseconds, the BESS sustains
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for minutes to hours, and supervisory optimization coordinates everything against forecasts

and constraints.

Other technologies will keep niche roles. Flow batteries remain attractive when

footprint is available and very high cycle life at moderate efficiency is acceptable; Na–S

suits longer shifts where thermal infrastructure is justified; thermal and hydrogen systems

make sense where heat integration or seasonal storage is the priority rather than tight

electrical regulation. But none of these, on their own, matches the combination of speed,

efficiency, compactness, controllability, and bidirectional power electronics that Li-ion

BESSs bring to an islanded DC MG.

In sum, the comparative evidence and operational logic converge: for islanded DC MGs

that must continuously balance uncertain renewable generation against variable demand,

the most effective solution is a BESS-centric architecture. It delivers fully controllable

responses to uncertainty, supports the entire spectrum of power-imbalance timescales from

milliseconds to hours, and integrates cleanly with the microgrid’s power-electronic fabric.

When required, complementary fast buffers (SCs or FESSs) can be added to sharpen

transient performance, but the BESS remains the cornerstone that turns flexibility from an

aspiration into an engineered, dependable capability.

2.2.3 Challenges of Sole BESS Reliance in Islanded DC Microgrids

Relying solely on BESSs for stability and energy management in islanded DC MGs,

although technically attractive, introduces several technical, operational, and environmen-

tal challenges that constrain overall system flexibility. While BESSs—especially Li-ion

systems—offer superior controllability, bidirectional energy flow, and multi-timescale re-

sponse capabilities, their integration and long-term operation demand careful consideration

of degradation mechanisms, cost, lifecycle management, and system-level coordination. In

practice, maintaining MG flexibility while confining excessive battery use is essential for

ensuring both economic and technical sustainability.

One of the foremost issues with BESS integration is degradation and aging. Fre-

quent charge–discharge cycling, high cycling rate operation, and exposure to extreme

temperatures accelerate capacity fade and internal resistance growth, shortening effec-

tive service life. In islanded MGs, where the battery must continuously compensate for

RESs intermittency, this degradation is intensified. Maintaining optimal operating con-

ditions—typically within narrow temperature and SoC windows—is crucial to prevent

premature wear. However, doing so significantly complicates the MG’s control and energy
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management. Controllers must ensure that charging and discharging patterns remain within

rated limits while still providing the required fast transient support and power balancing.

This trade-off creates a multi-objective control challenge: maximizing lifetime while main-

taining dynamic performance. Advanced control algorithms can mitigate some degradation

effects, but they add further complexity, particularly in islanded entities.

Another major constraint is the high capital cost of large-capacity BESSs. In most

isolated MGs, batteries represent the single most expensive subsystem, often accounting

for more than 40–60% of total installation costs. This cost burden is exacerbated by

the need for oversizing to accommodate both energy and power requirements, ensuring

sufficient autonomy during long RES deficits or high-load periods. While the cost per kWh

of storage continues to decline, the total project economics remain heavily influenced by

battery procurement, Power Electronic Converter rating, and associated protection and

thermal management systems. Consequently, relying solely on a large BESS not only

increases upfront capital expenditure but also reduces economic flexibility and the ability

to adapt to future load or generation changes.

Furthermore, the charging demand of large-scale storage systems can exceed the

available generation capacity in small or weakly supplied islanded networks. When RESs

are intermittent and backup DGs are limited, scheduling the charging of a bulky BESS

becomes difficult. During periods of low irradiance or wind availability, directing scarce

generation toward battery charging may leave insufficient power for critical loads, resulting

in energy shortfalls. Conversely, under high generation, rapid charging can cause converter

overloading or DC bus voltage deviations. This delicate energy balance necessitates

sophisticated EMS strategies to prioritize essential loads, coordinate charging, and prevent

the BESS from imposing excessive stress on the power supply infrastructure.

The efficiency and thermal management of BESSs also present technical constraints.

Although round-trip efficiency can reach 95–98% under optimal conditions, it decreases

under high-temperature, partial SoC, or high-rate operation—conditions typical in islanded

environments with unpredictable renewable profiles. The heat generated during cycling

requires effective thermal regulation to avoid runaway risks, further increasing system

complexity. These thermal dynamics must be co-optimized with power demand control to

avoid cascading effects on performance and safety.

From a materials and environmental perspective, large-scale deployment of batteries

raises concerns about sustainability and end-of-life management. The extraction and global

supply of critical minerals such as lithium, cobalt, and nickel are subject to geopolitical
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instability, making future battery production vulnerable to resource scarcity and price fluc-

tuations. In addition, improper disposal or recycling of depleted cells can lead to significant

environmental hazards due to toxic electrolyte leakage and heavy metal contamination.

Although second-life applications and recycling programs are being developed, their effec-

tiveness depends on the quality of recovered materials and standardized processes that are

still evolving. For remote or islanded locations, establishing safe recycling logistics can be

particularly challenging.

To achieve long-term sustainability, battery operation must be confined within well-

defined boundaries—charging and discharging only when necessary, maintaining SoC

within a mid-range band, and leveraging other storage or demand-side flexibility options

whenever feasible. So, it can be said that while BESSs remain the cornerstone of energy

storage in islanded DC MGs due to their unmatched controllability and efficiency, overre-

liance on them introduces significant degradation, cost, operational, and environmental

challenges.

Given these challenges, incorporating additional flexibility resources and coordinating

scheduling across different storage media can substantially reduce battery wear and overall

costs. A balanced strategy that leverages supplementary flexibility options—such as

demand-side participation—can complement storage-based control and alleviate stress on

battery systems. Allowing flexible loads to actively support voltage regulation can greatly

improve both the operational resilience and economic efficiency of islanded DC MGs. A

promising approach to achieving this is the integration of Electric Spring (ES) technology,

an intelligent demand-side energy management framework capable of simultaneously

coordinating power exchanges between controllable loads and battery stacks in real time.

Unlike traditional Demand Response (DR) schemes, which require additional infras-

tructure or extensive communication networks and often introduce further complexity and

cost, the ES provides a cost-effective and decentralized means of achieving demand-side

flexibility. By simultaneously managing both the power stored in batteries and the power

dissipated by loads, the ES can maintain DC bus stability and enhance overall system

flexibility without the need for complex grid infrastructure. The detailed working principle

and coordination strategy of the ES concept are elaborated in the next section.
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2.3 DC Electric Spring: A Technology for Improving the

Flexibility

The role of Demand-Side Management (DSM) is becoming increasingly vital as the pene-

tration of RESs continues to rise [125, 126]. Power systems are undergoing a fundamental

transformation, from centralized generation scheduling, where a few large power plants

were dispatched to meet aggregated demand, toward decentralized coordination of millions

of controllable loads that dynamically balance fluctuating generation conditions. This shift

represents a transition from generation-centric to demand-centric flexibility, emphasizing

the active participation of end-use devices in maintaining system balance. This issue would

be even more vital in the realms of RES-dominated islanded microgrids, due to the lack of

sufficient inertial, limited local resources, and the absence of grid support [127]. However,

realizing such distributed coordination remains challenging due to communication over-

head, centralized control complexity, and the substantial infrastructure costs associated

with Demand Response (DR) programs [128, 129].

As discussed in the previous chapter, BESSs possess unique characteristics that make

them the most effective resource for enhancing flexibility in islanded DC-MGs. In the

absence of external grid support, BESSs enable bidirectional energy flow, providing rapid

and fully controllable responses to system uncertainties. They can support a wide range

of flexibility timescales—from fast transient stabilization (milliseconds to seconds) to

short-term energy balancing (minutes to hours). No other single resource in an islanded

MG can comprehensively meet these multi-timescale flexibility requirements.

BESSs store surplus energy generated during low-demand or high-RES periods and

release it when deficits occur, mitigating renewable intermittency and maintaining sup-

ply–demand balance. Nonetheless, as noted in the Introduction of this thesis, there is an

increasing emphasis on minimizing the total installed battery capacity in islanded DC-MGs.

This approach is driven by several technical, economic, and environmental considerations:

• Batteries require strict charging and discharging conditions to ensure long service

life, increasing control and EMS complexity.

• High capital costs make batteries one of the most expensive components in isolated

MGs.

• Large-scale charging demand may exceed local generation capacity, posing signifi-

cant operational challenges in small-scale systems.



Chapter 2. Flexibility Resources for Stand-Alone Microgrids 75

• Environmental concerns arise from the disposal and recycling of large quantities of

batteries.

Given these constraints, the central question becomes how to sustain adequate flexibility

while limiting battery utilization. A commonly proposed approach in the literature is the

integration of DR strategies. Nevertheless, implementing DR and achieving effective

coordination with battery systems often introduce additional operational complexity and

infrastructure costs, primarily due to the need for advanced communication and controller.

To address these challenges and facilitate demand-side participation in flexibility provi-

sion alongside batteries, the deployment of Electric Spring (ES) technology has emerged.

ESs offer a cost-effective and practical solution for demand-side management, as they can

operate autonomously without relying on supplementary communication infrastructure.

Consequently, the integration of ESs provides a promising pathway to enhance microgrid

flexibility while mitigating the dependence on bulky battery systems [126, 127]. This tech-

nology was originally proposed for AC systems to introduce a dynamic voltage/frequency

compensating device that operates in series with noncritical loads (NCLs). Not to mention

that NC loads are those that are not sensitive to voltage fluctuations, such as induction

cookers, refrigerators, and water heating systems. By injecting a controlled voltage across

the NCL, the ES modulates its power consumption to indirectly stabilize the voltage

across Critical Loads (CLs), which are sensitive to supply fluctuations like data centers or

communication infrastructures. Through this mechanism, the ESs effectively transforms a

conventional passive load into a smart, controllable load capable of contributing to voltage

stabilization and local power balancing.

Unlike conventional shunt-connected compensators such as Dynamic Voltage Restorers

(DVRs) or STATCOMs, which operate at the system level and typically require centralized

coordination, the ES functions in a fully decentralized manner [126]. Each ES-equipped

load independently responds to local voltage variations, requiring minimal communication

infrastructure—making it particularly suitable for distributed and islanded MGs where

autonomy, scalability, and resilience are essential [125].

Building on the success of the AC implementation, the DC Electric Spring (DC-ES)

concept has recently been extended to DC power systems to enhance voltage stability,

reliability, and flexibility in islanded DC MGs [129]. In DC networks, distributed energy

sources such as PV arrays, FCs, and wind rectifiers interface directly through DC–DC

converters, resulting in higher efficiency and reduced conversion losses compared with

their AC counterparts. Nonetheless, DC microgrids face several unique stability challenges,
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including:

• Voltage fluctuations and transient dips mainly due to power imbalance between

generation and load, which is driven by the intermittent nature of renewable sources

or uncertainty in load;

• Constant Power Loads (CPLs)-induced bus oscillations.

These challenges are particularly severe during islanded operation, where the absence

of a stiff voltage reference amplifies system nonlinearities and dynamic interactions.

Traditional DC bus stabilization strategies typically rely on hierarchical control frame-

works. The primary control layer employs droop control to achieve proportional power

sharing among distributed sources [128], while the secondary and tertiary layers handle

voltage restoration, power dispatch, and optimization. Although conventional droop con-

trol enables proper operation, in terms of good voltage regulation and accurate power

sharing, advanced methods—such as gain-scheduled droop control [129] and coordinated

hybrid AC/DC control [128]— can offer improved performance. However, they still rely

on communication links for coordination.

The DC-ES introduces a fundamentally different paradigm. Rather than acting on the

generation side, it operates on the demand side, where each unit autonomously regulates

voltage and power consumption at the local level. By injecting a controllable series voltage

across the NCL, the DC-ES maintains the voltage across the CL near its nominal value.

When renewable generation fluctuates, the DC-ES dynamically modulates the injected

voltage, increasing or decreasing the NCL’s power absorption to restore local power balance.

This behavior enables real-time demand-side regulation, effectively suppressing DC bus

voltage oscillations caused by the negative incremental impedance of CPLs [2, 130].

CPL-induced instabilities, which manifest as sustained oscillations or even system

collapse, are particularly problematic in DC systems because constant power converters

draw increasing current as voltage decreases—further destabilizing the network. The

DC-ES mitigates this phenomenon by modulating the NCL’s power consumption, thereby

providing active damping and enhancing system stability.

The DC-ES can introduce a modular, plug-and-play solution. Each ES autonomously

compensates for voltage deviations in its local area, forming a distributed flexibility network

where stability and regulation emerge collectively. This decentralized structure inherently

enhances resilience and reduces the cyber-vulnerability associated with communication-
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Figure 2.4: A DC-MG including multiple DC-ESs.

based schemes [131]. In essence, the DC-ES embodies a bottom-up flexibility mechanism,

where intelligent loads cooperatively maintain system equilibrium.

The principle of operation can be illustrated using the DC network shown in Fig. 2.4,

where multiple DG units and loads are interconnected along a distribution bus with finite

line impedance. The DC bus voltage, VDC, represents the aggregated output of distributed

generation and storage units. Under nominal operation, the DC Electric Spring (DC-

ES) maintains the critical load voltage VCL near its rated value by dynamically adjusting

the injected series voltage VES across the NCL. When renewable output varies, VES is

modulated to either absorb surplus power or reduce demand, thereby ensuring local power

balance. This autonomous voltage–power regulation ensures bus voltage stability even

under substantial renewable fluctuations or transient disturbances [127].

It is important to note that the DC-ES achieves series voltage regulation, directly

controlling the voltage across specific loads for localized compensation. This modular

architecture scales naturally across large systems, allowing each DC-ES to contribute

independently to overall voltage regulation without requiring global synchronization or

communication overhead.

Building on previous outlines, it can be stated that the DC-ES represents a transfor-

mative advancement in demand-side flexibility management for islanded DC-MGs. By

embedding control scheme directly within the load interface, it enables autonomous voltage

regulation, distributed power balancing, and local stability enhancement—without reliance

on centralized control or high-bandwidth communication. Moreover, when coordinated

with BESS or higher-level EMS, DC-ES units can share flexibility across supply and

demand, reduce battery cycling depth, and extend storage lifetime.

From a modeling perspective, dynamic representations of DC-ES units facilitate their

integration into system-level simulations, enabling evaluation of network-wide stability

and control coordination. Parameter mismatches between simulation models and hardware

prototypes can be mitigated through refined controller tuning, although this might intro-
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Figure 2.5: Graphical representation of electric spring: (a) Mechanical spring, (b) Electric spring.

duce additional computational complexity. Nevertheless, these models provide a robust

foundation for investigating the collective impact of multiple DC-ES units and their role in

enhancing grid-wide flexibility. So, the following sections present the mathematical mod-

eling, control architecture, and coordinated operation of DC-ES within islanded DC-MGs,

emphasizing its integration with distributed storage and renewable generation units for

enhanced resilience and flexibility.

2.3.1 An Introduction to the Concept of DC Electric Spring

The concept of the ES originates from the fundamental behavior of a mechanical spring,

which restores equilibrium by exerting a force that opposes the applied disturbance. As

illustrated in Fig. 2.5(a), when a force F is applied to a spring with stiffness constant k, the

resulting displacement x follows Hooke’s law:

F =−kx (2.2)

The negative sign indicates that the spring generates a restoring force counteracting the

external disturbance, thereby maintaining system equilibrium.

This analogy establishes the conceptual foundation of the ES, which can be regarded

as the electrical counterpart of a mechanical vibration damper. In mechanical systems,

springs mitigate oscillations by elastically absorbing and releasing energy; likewise, ES

devices stabilize electrical systems by compensating for voltage and power oscillations

arising from renewable generation variability or load fluctuations [132].

Within AC power systems, several versions of ES architectures have been developed
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Figure 2.6: Different versions of ESs used in AC grids. (a) ES-1: Series-type without energy
storage, (b) ES-2: Series-type with energy storage, (c) ES-3: Shunt-type with energy storage.

to meet distinct operational objectives, as illustrated in Fig. 2.6. The first generation

(ES-1) operates in series with the NC load and provides reactive power compensation

only [125]. The second generation (ES-2) extends this capability to both active and reactive

power compensation [127], enabling simultaneous voltage regulation and active power

balancing. Both ES-1 and ES-2 are classified as series-type configurations, in which the

ES is connected in series with the NC load to form a “smart load” that dynamically adapts

its power consumption according to grid conditions.

In contrast, the third generation (ES-3) adopts a shunt-type topology, implemented as

a bidirectional grid-connected AC/DC converter operating independently of any specific

load [129]. Among these configurations, ES-2 and ES-3 require integration with an energy

storage element to enable bidirectional power flow and to manage the exchange of active

power, as depicted in Figs. 2.6(b) and 2.6(c), respectively.

Although extensive studies have validated the performance of these architectures in

AC systems [2], their adaptation to DC networks requires more attention. Because reactive

power does not exist in DC systems, the ES-1 configuration is inherently unsuitable for

such environments. Consequently, this work extends the ES-2 concept to DC networks,

proposing a series-type DC-ES integrated with energy storage for autonomous demand-side

power management in islanded DC MGs.

The proposed DC-ES dynamically injects a controllable series voltage across noncriti-

cal loads to regulate the voltage across critical loads, thereby adjusting their instantaneous

power consumption to counteract bus voltage fluctuations. This approach enhances volt-

age stability, mitigates CPL-induced oscillations, and provides a decentralized, scalable

framework for achieving demand-side flexibility within islanded DC microgrids.

The basic configuration of a DC-ES is illustrated in Fig. 2.7. The system comprises a



Chapter 2. Flexibility Resources for Stand-Alone Microgrids 80

DC/DC Converter

(Bi-Directional)

NC Load (ܴ௡௖= ܴ௢)

Line Impedance

ESS
++

-
-

Cf

SW

Lf

VDC

Smart Load

௦௟ாܸௌܫ
௢ܸ

ܴௗ ௕ܸ௨௦
Critical

 Loads(ܴ௖௟)
Figure 2.7: Basic structure of DC-ES.

Table 2.3: Electric Spring Characteristics

Description rrrrrr Specification

Resistive Non-Critical Load (Rnc) rrrrrr 15.6 Ω

Inverter Circuit Topology rrrrrr Half-bridge
Switching Freq. ( fsw) rrrrrr 25 kHz
Output Low-pass Filter Inductance (L f ) rrrrrr 600 µH
Output Low-pass Filter Capacitance (C f ) rrrrrr 140 µF

DC common bus voltage VDC, a connecting bus maintaining voltage Vbus, and both critical

(CL) and noncritical (NC) loads distributed across the network. The DC-ES consists of a

bidirectional DC–DC converter that serves as the power interface between the busbar (ES

port) and a Battery Energy Storage System (BESS) (battery port). The ES port is connected

in series with the NC load, forming a “smart load,” while the battery port interfaces

with the attached storage element—typically a small Li-ion battery stack. Regarding the

converter, a bidirectional DC/DC converter can be employed for this purpose. Various

circuit topologies have been explored in the literature, as reviewed in [133]. This thesis,

however, focuses on a DC-ES employing the half-bridge circuit, a well-known conversion

cell commonly used in this domain [129]. Not to mention that the key characteristics of

the proposed ES are outlined in Table 2.3.

When VDC experiences fluctuations due to intermittent RES generation or dynamic

load variations, the DC-ES injects an adaptive compensating voltage VES across the NC

load to stabilize the bus voltage Vbus. The control objectives are twofold:

Adaptive Load Regulation: The NC load’s power consumption is modulated in

proportion to the deviation of VDC, effectively performing load shedding or boosting to

maintain bus voltage stability.
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Energy Balancing via Storage Port: The bidirectional converter channels the surplus

or deficit energy to or from the attached energy storage device. Thus, during renewable

surpluses, the BESS absorbs excess energy; during deficits, it releases stored energy to

support the bus.

Through these mechanisms, the DC-ES ensures that the power drawn by the demand

side dynamically follows the fluctuations of the supply, thereby preserving voltage stability

at the DC bus and reducing stress on central BESS units or generators.

A key advantage of the series-type DC-ES over conventional shunt-connected dis-

tributed ESS systems lies in its dual controllability. Whereas shunt systems can only

modulate power flow through the battery interface, the DC-ES can simultaneously con-

trol (1) the power consumed by the NC load and (2) the energy exchange with the local

storage. This dual control significantly reduces the required energy capacity of the storage

component for maintaining supply–demand balance [16]. In essence, the DC-ES uses the

controllable elasticity of the NC load to absorb short-term fluctuations, while the attached

BESS handles slower dynamics, leading to a more efficient use of energy storages [132].

For reliability, a normally-closed bypass relay is installed across the output of the

DC-ES to ensure the continuity of the NC load in case of a converter failure (see Fig. 2.7).

In the event of a fault, the relay isolates the converter and allows direct connection of

the NC load to the DC bus, thus maintaining operational integrity without compromising

system stability [131].

By enabling adaptive demand-side participation through this architecture, the DC-

ES transforms traditional passive loads into flexible, self-regulating smart loads. These

smart loads autonomously contribute to maintaining the DC bus voltage within prescribed

limits, even under severe supply fluctuations or transient disturbances. Furthermore,

when multiple DC-ES units are distributed across the network, each operating locally

and autonomously, the overall MG exhibits emergent collective stability and enhanced

flexibility—without centralized coordination or communication overhead.

Consequently, the DC-ES extends the mechanical spring analogy into the electrical

domain, acting as a “virtual elasticity” within DC MGs. It achieves this by dynamically

balancing stored and dissipated energy between the NC load and local BESS through a

series voltage-injection mechanism. Compared with conventional battery-based stabiliza-

tion, the DC-ES can achieve comparable or superior voltage regulation with significantly

reduced storage capacity and lower operational stress on BESSs. This capability makes it

an ideal complementary technology for achieving fine-grained, decentralized flexibility in
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future islanded MGs.

2.3.2 Investigating the Behavior of DC Electric Spring

To analyze the behavior of series-type DC-ES, consider its basic configuration illustrated in

Fig. 2.7. For the sake of simplicity, the DC bus voltage Vbus is assumed to remain constant

and equal to its nominal value (i.e., Vbus = Vnom). Hence, the impedance of the distribution

line is ignored in this analysis. Generally, NC loads are classified into two types according

to their power–voltage relationships and the direction of energy flow:

• Resistive loads,

• Constant-power loads (CPLs).

For resistive loads, the resistance value does not vary with the applied voltage. Such

components, including filament lamps or resistive heaters, naturally adjust their power

consumption with voltage magnitude. In contrast, CPLs sustains a fixed power level

regardless of voltage changes. This behavior is characteristic of DC–DC converters that

operate with tightly regulated power control loops. These converters dynamically modify

their input current to maintain constant output power, a property that can lead to negative

incremental impedance and potential instability. Not to mention that further information

about CPLs is discussed in the next chapter

Because the DC-ES may be associated with any of the two NC load types, each configu-

ration displays distinct steady-state and transient properties governed by the characteristics

of the connected load. The subsequent analysis explores how these configurations operate

and interact, focusing on their roles in maintaining bus voltage stability, shaping load

power dynamics, and influencing overall stability.

A. Resistive NC Loads Connected to DC-ES

Referring to Fig. 2.7, and assuming the noncritical (NC) load is represented by a constant

resistance Ro. The DC bus voltage Vbus, the ES voltage VES, the NC load voltage Vo, and

the smart-load current Isl are related by:

Vbus =VES +Vo =VES + IslRo. (2.3)

Here, VES is the controlled voltage generated by the bidirectional DC–DC converter, while

Vo denotes the voltage across the NC load.
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From (2.3), the instantaneous powers of the ES, the NC load, and the total smart load

can be written as:

PES =VESIsl =
VES(Vbus −VES)

Ro
, (2.4)

Po =VoIsl =
(Vbus −VES)

2

Ro
, (2.5)

Psl =VbusIsl =
Vbus(Vbus −VES)

Ro
. (2.6)

Equations (2.4)–(2.6) show that the VES directly determines how current and power

are distributed among the ES, the NC load, and the DC bus. Specifically, PES reaches its

maximum value when VES =Vbus/2, where the ES either absorbs or delivers maximum

power depending on Vbus. Equation (2.5) indicates that the NC-load power Po becomes

zero when VES = Vbus, meaning that the ES completely compensates the bus voltage.

Meanwhile, (2.6) reveals a linear relationship between the smart-load power and VES,

showing that power consumption can be continuously adjusted through voltage modulation.

Defining the nominal smart load power Pnsl and nominal smart load current Insl at

VES = 0, the comparative relationships are expressed as:

|Isl|




> |Insl| if VES < 0 or VES > 2Vbus,

< |Insl| if 0 <VES < 2Vbus,
(2.7)

PES




> 0 if 0 <VES <Vbus,

< 0 if VES < 0 or VES >Vbus,
(2.8)

Po




> Pnsl if VES < 0 or VES > 2Vbus,

< Pnsl if 0 <VES < 2Vbus,
(2.9)

Psl




> Pnsl if VES < 0,

< Pnsl if VES > 0.
(2.10)

The normalized operating regions derived from (2.7)–(2.10) can be theoretically divided

into the following distinct regions:

• Region I (VES < 0): The ES supplies power to the bus (PES < 0), causing the load

current to rise above its nominal value.

• Region II (0 <VES <Vbus): The ES absorbs power (PES > 0), leading to a reduction
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in both current and total load power.

• Region III (Vbus < VES): The current through the smart load reverses direction

(Isl < 0), and the ES begins to inject power back into the bus.

Table 2.4: Modes of Operation of DC-ES with Resistive NC Load

Region VES Range |Isl| PES Po Psl

1 VES < 0 > |Insl| < 0 > Pnsl > Pnsl

2 0 <VES <Vbus < |Insl| > 0 < Pnsl > Pnsl

3 Vbus <VES < |Insl| < 0 < Pnsl > Pnsl

Table 2.4 summarizes the correlations between VES polarity, current direction, and

power flow in each region. These results clearly highlight the bidirectional capability of the

DC-ES, enabling it to stabilize the DC bus by either absorbing surplus energy or injecting

power when a deficit occurs.

B. Constant Power NC Loads Connected to DC-ES

In addition to resistive NC loads, the DC-ES can also operate with CPLs, which represent

many practical DC applications such as tightly regulated DC–DC converters, electric

drives, and electronic devices. Unlike resistive loads whose current varies linearly with

voltage, CPLs maintain constant output power Po regardless of voltage variations. This

characteristic introduces negative incremental impedance, which can destabilize the DC

bus under fluctuating supply conditions (please refer to Chapter 3.4). Integrating a DC-ES

in series with such loads provides an effective damping mechanism by adaptively adjusting

the series voltage VES to maintain bus stability.

For the circuit in Fig. 2.7, the voltage relation among the DC bus, ES, and CPL is as

below:

Vbus =VES +Vo =VES +
Po

Isl
, (2.11)

where Po is the constant power of the NC load. Using (2.11), the instantaneous powers of

the ES and smart load are:

PES =VESIsl =
VESPo

Vbus −VES
, (2.12)

Psl =VbusIsl =
VbusPo

Vbus −VES
. (2.13)
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As before, VES serves as the primary control variable governing current and power

sharing among the ES, CPL, and bus. The normalized relations among current, ES power,

and total smart-load power are:

|Isl|




> |Insl| if 0 <VES < 2Vbus,

< |Insl| if VES < 0 or VES > 2Vbus,
(2.14)

PES




> 0 if 0 <VES <Vbus,

< 0 if VES < 0 or VES >Vbus,
(2.15)

Psl




> Pnsl if 0 <VES <Vbus,

< Pnsl if VES < 0 or VES >Vbus.
(2.16)

Here, Insl and Pnsl also denote the nominal current and power when ES is out of service

(VES = 0). These relations define the transitions between power absorption and injection

as VES varies.

The operating conditions of Isl, PES, and Psl versus VES are shown in Table 2.5. The

behavior can be divided into three distinct regions:

• Region I (VES < 0): The ES delivers power to the bus (PES < 0) and the smart-load

current decreases below nominal, stabilizing the bus.

• Region II (0 < VES < Vbus): The ES absorbs power (PES > 0), increasing current

and total power to offset voltage rise.

• Region III (Vbus <VES): The ES voltage dominates, so the current reverses (Isl < 0),

and the ES injects power back into the bus to support supply shortages.

Table 2.5: Modes of Operation of DC-ES with NC CPLs

Region VES Range |Isl| PES Psl

1 VES < 0 < |Insl| < 0 < Pnsl

2 0 <VES <Vbus > |Insl| > 0 > Pnsl

3 Vbus <VES < |Insl| < 0 < Pnsl

When distributed across a microgrid, multiple DC-ES units act asynchronously, each

locally adjusting to variations in Vbus and Po.
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According to the above, it can be said that in the presence of CPLs, the DC-ES functions

as a fast, self-regulating interface that dynamically redistributes power between the DC bus

and the load. By modulating its injected voltage VES, it converts an inherently destabilizing

CPL into a grid-supportive smart load capable of real-time power absorption or injection.

This adaptive capability highlights the DC-ES as a key enabler of stable and flexible

operation in islanded DC-MG with high shares of renewable and constant-power devices.

2.3.3 Dynamic Issues in DC-MGs, and ES as a Privileged Solution

In contrast to the assumption in the previous part, in islanded DC microgrids, the bus

voltage does not remain constant but rather fluctuates dynamically over time due to a

variety of internal and external influences. As shown in Fig. 2.8, these variations mainly

arise from three key factors:

1. The supply-side voltage may become unstable as a result of converter dynamics or

weak source inertia.

2. Intermittent renewable generators, such as PV panels or wind turbines, introduce

fluctuations since their output power changes with irradiance or wind speed.

3. Rapid load power variations, which stem from the stochastic operation of DC

converters, motor drives, and CPLs [2].

The time scales of these disturbances vary substantially—from fast, millisecond-level

transients produced by converter switching actions to slower drifts over minutes or hours

caused by renewable intermittency. These combined factors continuously alter the DC

bus voltage, thereby complicating voltage stability and overall power balance within the

microgrid.

A. Droop Effect and Voltage Deviation

A factor that contributes to bus-voltage fluctuation is the inherent droop effect present in

DC networks. When current flows through feeders with finite impedance, voltage drops

naturally occur along the line from the source to downstream nodes. As a result, the voltage

level decreases progressively with distance from the power source. Under heavy loading

conditions, this drop becomes severe and can exceed the permissible limits required by

sensitive electronic loads.
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Figure 2.8: Some potential issues in DC-MGs [2]. (a) Droop effect due to distribution line
impedance, (b) Sudden voltage drop caused by equipment or system disturbances. (c) Unstable bus

voltage caused by the inherent intermittency of RESs.

As depicted in Fig. 2.8(a), the bus voltage remains high under light loading but drops

significantly when the line is heavily loaded. In this respect, researchers have proposed

various droop-control strategies [16, 128] to mitigate these issues. These schemes inten-

tionally utilize the droop characteristic to autonomously share power among distributed

sources. Each converter’s output voltage is adjusted based on its current so that proper load

sharing is achieved and the overall bus voltage remains within acceptable limits. Despite

their effectiveness in coordinating supply sources, these schemes cannot directly correct

localized voltage deviations resulting from feeder impedance or load fluctuations. Hence,

as a demand-side voltage regulation, the DC-ES can support droop control at the load end.

B. Equipment and System Disturbances

During equipment or system disturbances—such as converter malfunctions or short cir-

cuits—a sudden voltage depression can propagate across the DC bus. Such rapid volt-

age drops may push the bus voltage below safe operational thresholds, as illustrated in

Fig. 2.8(b).

Protection mechanisms like electronic circuit breakers and fault-isolation devices are

designed to operate swiftly to disconnect the faulty section. After the fault is cleared,

transient voltage overshoots often occur because certain loads remain disconnected. These

abrupt fluctuations impose significant electrical stress on converters, storage elements,

and sensitive devices. When DC-ES units are deployed at critical network nodes, they

can absorb or inject compensating power during fault and recovery phases. This action

mitigates voltage excursions and preserves stable operation.

C. Implications for DC-ES Control Design

The combined influences of source intermittency (see Fig. 2.8(c)), droop characteristics,

and disturbances highlight the importance of real-time voltage control in DC microgrids.
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Some energy storage systems—such as batteries and supercapacitors—can compensate

for energy fluctuations and addressing rapid voltage transients but as mentioned in section

2.2.3, sole reliance on such ESSs is not rational.

In contrast, the DC-ES operates directly at the load interface, providing rapid and

localized voltage compensation. By dynamically controlling its series voltage VES and

interacting with its energy-storage element, the DC-ES immediately counteracts bus-

voltage deviations, dampens oscillations, and enhances system resilience during fault

conditions—all without high-speed communication or centralized coordination.

2.3.4 Voltage Regulation of the DC-ESs

In practical DC microgrids, both network parameters (line resistance and so on) and

device limits (e.g., converter ratings and the admissible range of the NC load) bound

the voltage-regulation capability of a DC-ES. To model the system accurately, the MG’s

distribution-line resistance Rd should be included, while line inductance Ld is neglected

under steady-state conditions. This subsection (i) examines how the DC bus voltage, the

ES voltage, and the source voltage vary under different smart-load configurations and (ii)

determines the DC-ES operating boundaries given electrical and load constraints.

Consider Fig. 2.7, and let the total load-side power be Pbus, which equals the sum of

the smart-load power Psl and the CL power Pc. Writing the power balance actively yields:

Pbus =VbusIbus = Psl +Pc = Psl +
V 2

bus

Rc
. (2.17)

Because a finite line resistance Rd drops voltage as current flows, the supply and bus

voltages satisfy as below:

VDC =Vbus +RdIs =Vbus +Rd
Pbus

Vbus
=Vbus +Rd

Psl +Pc

Vbus
. (2.18)

Here, Is denotes the line current drawn from the source.

The DC-ES cannot exceed its electrical limits. These constraints could be explicitly

stated as follows:

V rated,min
ES ≤VES ≤V rated,max

ES , V rated,min
o ≤Vo ≤V rated,max

o , Irated,min
sl ≤ Isl ≤ Irated,max

sl .

(2.19)
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Accordingly, its effective series-voltage window is summarized by:

V min
ES ≤VES ≤V max

ES . (2.20)

In the rest of this part, two NC-load cases: (A) constant-resistive and (B) CPL will be

investigated.

A. In Presence of Resistive NC Load

When the NC load is purely resistive with resistance Ro, substituting the smart-load relation

into (2.18) gives a source–bus relation that can be written as:

VDC =Vbus +
Rd

Ro Vbus

[
Vbus(Vbus −VES)+RoPc

]
. (2.21)

Taking the partial derivative with respect to VES yields:

∂VDC

∂VES
=−

Rd

Ro
Vbus < 0, (2.22)

This shows a monotonic and linear decrease of VDC as VES increases. The feasible VES is

limited simultaneously by the ES ratings, the NC-load voltage range, and the smart-load

current bound. Enforcing (2.19) around a nominal bus value V nom
bus yields the interval

constraints:
V rated,min

ES ≤VES ≤V rated,max
ES ,

V nom
bus −V rated,max

o ≤VES ≤V nom
bus −V rated,min

o ,

V nom
bus −RoIrated,max

sl ≤VES ≤V nom
nom −RoIrated,min

sl .

(2.23)

Given (2.21), the minimum and maximum source voltages that still allow regulation at

V nom
bus occur at the upper and lower bands of ES-voltage:

V min
DC =V nom

bus +
Rd

Ro V nom
bus

[
V nom

bus

(
V nom

bus −V max
ES

)
+RoPc

]
, (2.24)

V max
DC =V nom

bus +
Rd

Ro V nom
bus

[
V nom

bus

(
V nom

bus −V min
ES

)
+RoPc

]
. (2.25)

Rearranging (2.21) gives an explicit expression for the bus voltage:

Vbus = f1(Rd,Rc,Ro,VES,VDC) =
RoRc

RoRc +RcRd +RdRo

[
VDC +

RdVES

Ro

]
(2.26)
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Hence, three operating regions emerge:

Vbus =





f1(Rd,Rc,Ro,V max
ES ,VDC), VDC <V min

DC ,

V nom
bus , V min

DC ≤VDC ≤V max
DC ,

f1(Rd,Rc,Ro,V min
ES ,VDC), VDC >V max

DC .

(2.27)

Thus, when VDC lies inside [V min
DC ,V max

DC ], the ES holds the bus at V nom
bus ; when it does not,

the ES saturates and the bus departs from its reference.

Solving (2.21) for VES yields

VES = f2(Rd,Rc,Ro,Vbus,VDC) =
Ro

Rd

[
Vbus

(
1+

Rd

Rc
+

Rd

Ro

)
−VDC

]
, (2.28)

which induces the piecewise ES-voltage behavior

VES =





V max
ES , VDC <V min

DC ,

f2(Rd,Rc,Ro,V nom
bus ,VDC), V min

DC ≤VDC ≤V max
DC ,

V min
ES , VDC >V max

DC .

(2.29)

Equations (2.27)–(2.29) define the regulation envelope for a resistive NC load. The next

part will investigate the voltage regulation procedure in the presence of CPLs.

B. In Presence of Constant Power NC Load

If the NC load behaves as a CPL with power Po > 0, the supply–bus relation changes.

Combining (2.18) with the CPL form results in

VDC =Vbus +
Rd

Vbus

[
VbusPo

(Vbus −VES)
+

V 2
bus

Rc

]
(2.30)

Differentiating with respect to VES gives

∂VDC

∂VES
=

RdPo

(Vbus −VES)2 > 0 (2.31)

So, increasing VES makes VDC increase, opposite to the resistive case. To maintain Vbus =

V nom
bus , the admissible VES interval again follows from the ES ratings, NC-load range, and
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smart-load current limits:

V rated,min
ES ≤VES ≤V rated,max

ES ,

V nom
bus −V rated,max

o ≤VES ≤V nom
bus −V rated,min

o ,

V nom
bus −RoIrated,max

sl ≤VES ≤V nom
bus −RoIrated,min

sl .

(2.32)

At the ES limits, the extreme source voltages that still permit regulation become:

V min
DC =Vbus +

Rd

Vbus

[
VbusPo

(Vbus −V min
ES )

+
V 2

bus

Rc

]
(2.33)

V max
DC =Vbus +

Rd

Vbus

[
VbusPo

(Vbus −V max
ES )

+
V 2

bus

Rc

]
(2.34)

Rearranging (2.30) defines a nonlinear bus-voltage mapping

Vbus = f3(Rd,Rc,Ro,VES,VDC) = (2.35)

RcVDC +RcVES +RdVES ±
√

(RcVDC +RcVES +RdVES)2 −4(Rc +Rd)(RcVDCVES +RdRcPo)

2(Rc +Rd)

which induces the operating regions, as below:

Vbus =





f3(Rd,Rc,Ro,V min
ES ,VDC), VDC <V min

DC ,

V nom
bus , V min

DC ≤VDC ≤V max
DC ,

f3(Rd,Rc,Ro,V max
ES ,VDC), VDC >V max

DC .

(2.36)

Solving (2.30) for VES gives:

VES = f4(Rd,Rc,Ro,Vbus,VDC) =
(−RcVbus)VDC +(RcV 2

bus +RdV 2
bus +PoRcRd)

(−Rc)VDC +(RcVbus +RdVbus)
(2.37)

which can be summarized in the piecewise form, as below:

VES =





V min
ES , VDC <V min

DC ,

f4(Rd,Rc,Ro,V nom
bus ,VDC), V min

DC ≤VDC ≤V max
DC ,

V max
ES , VDC >V max

DC .

(2.38)

The derived envelopes reveal how Rd and the load type shape DC-ES behavior. For a
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Table 2.6: Parameters of the Electric Spring Under Consideration.

Description Parameter Value

Nominal dc bus voltage Vbus,nom 48 V
Distribution line resistance Rd 0.33 Ω

Critical load resistance Rc 14 Ω

Resistive NC load Ro 15.6 Ω

Constant-power NC load Po 147 W
ES minimum voltage (for Ro) Ves,min −24 V
ES maximum voltage (for Ro) Ves,max 60 V
ES minimum voltage (for Po) Ves,min −24 V
ES maximum voltage (for Po) Ves,max 10 V

resistive NC load, VDC decreases with VES (negative slope); for a CPL, the trend reverses

(positive slope under the stated convention), which implies distinct regulation dynamics.

In both cases, the effective regulation corridor [V min
DC ,V max

DC ] defines where Vbus is held at

V nom
bus . Once VDC leaves this interval, the ES saturates at V min

ES or V max
ES and the bus voltage

drifts with the source. These results actively guide DC-ES sizing and controller design:

by quantifying the interplay among converter ratings, NC-load constraints, and Rd , they

indicate precisely when a DC-ES can sustain stable regulation under varying supply and

load conditions.

To investigate how the proposed DC-ES behaves and regulates voltage in practice, the

test-bench of Fig. 2.7 can be employed, where its nominal DC bus (Vnom) is set to 48 V.

In order to emulate the inherent intermittency of RESs, the supply-side voltage VDC

is deliberately varied over time. Two representative operating cases are considered: (i)

a resistive NC load and (ii) a constant-power NC load. The electrical parameters of the

system are listed in Table 2.6. Considering a resistive NC Load, from the network in

Fig. 2.7, the nominal source that supports Vnom is obtained as:

V nom
DC =Vnom

(
RoRc

Ro +Rc

)
+Rd

(
RoRc

Ro +Rc

) (2.39)

which evaluates to V nom
DC = 50.18 V. In the first stage (t = 0–200 s), the DC-ES is leaved

disabled while the source follows a fluctuating profile. In the second stage (t = 201–400 s),

the DC-ES will be enabled and reapply the same source profile. Fig. 2.9 displays the

waveforms over the entire 400 s window. A magnified view around the enable instant at

t = 200 s shows that the bus settles to its reference in about 400 ms [2].
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Figure 2.9: The response of ES with a resistive NC load, following random power generation of the
intermittent source. ES is activated at t=200 s.

Fig. 2.9 also provides time-domain traces of the instantaneous smart-load. While the

DC-ES is off (t = 0–200 s), the bus directly mirrors source variations and wanders between

48.5 V and 51 V. Once the DC-ES is on (t = 201–400 s), it tightly regulates the bus near

Vnom, except during two brief intervals, T3 and T7, where the ES reaches its hardware

limits.

Specifically, during T1, T5, and T9, the ES voltage is positive but less than Vnom,

corresponding to Region 2 of Table 2.4. During T6, T7, and T8, the ES voltage becomes

negative (Region 1). In T2, T3, and T4, the ES voltage remains positive and moves between

Vnom and its ceiling V max
ES (Region 3).

When VES hits its lower limit V min
ES (i.e., T3) or upper limit V max

ES (i.e., T7), the ES

saturates and can no longer hold Vbus exactly at Vnom. These events verify the finite

compensation span of an ES, analogous to the stroke of a mechanical spring. In practice,

one can reduce such regulation gaps by deploying multiple ES units along the feeder to

share the compensation duty and increase voltage support robustness.

Turning to the second scenario, for the constant power NC load with the power Po, the
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Figure 2.10: The response of ES with a constant-NC load, following random power generation of
the intermittent source. ES is activated at t=200 s.

nominal source consistent with Vnom follows:

V nom
DC = Rd

(
Po

Vnom
+

Vnom

Rc
+

Vnom

Rd

)
, (2.40)

which yields V nom
DC = 50.14 V.

It should be noted that the waveforms here are similar to those in the resistive case (i.e.,

DC-ES off for t = 0–200 s and DC-ES on for t = 201–400 s under the same fluctuating

source). As before, Fig. 2.10 expands the traces to highlight the full-period response of

voltages as well as smart-load power. With the ES disabled (t = 0–200 s), the bus oscillates

slightly, tracking the source. After enabling the ES (t = 201–400 s), the regulation remains

effective and compensates source fluctuations dynamically. Unlike the resistive case,

however, the CPL implementation uses a unidirectional buck stage for the NC load, so

negative ES voltages cannot be applied. Consequently, the ES operates only in Region 1

(VES < 0) or Region 2 (0 <VES <Vbus) [2].

Overall, it can be stated that the DC-ES acts as an electrical damping spring: it releases

or absorbs energy on demand to counter supply-side fluctuations and load variability. The

observed settling and the near-nominal bus under both load types demonstrate the device’s
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suitability as a distributed, demand-side flexibility resource that enhances the resilience of

islanded DC microgrids.

2.4 Summary of the Chapter

This chapter explores flexibility as a fundamental attribute for the stable and efficient

operation of stand-alone DC (MGs) with high penetrations of RESs. Flexibility is defined

as the capability of system components—such as (DGs), (ESSs), and controllable loads—to

adjust their operation to fulfill reliable operation. In islanded DC MGs, where no external

grid support exists, flexibility is crucial for maintaining voltage stability, power balance,

and supply reliability under variable renewable generation and stochastic load conditions.

The chapter first establishes a unified definition of flexibility based on international

standards and recent research, identifying three key criteria: (i) the type of resource

providing it, (ii) the duration of activation, and (iii) its responsiveness to control signals.

These principles enable a systematic characterization of flexibility within isolated MGs,

highlighting that flexibility is a measurable, controllable resource that underpins operational

resilience and proper energy management.

A comprehensive taxonomy of flexibility resources is then presented, classifying them

by system position (supply-, demand-, or network-side), functional role, direction of load

shifting, mathematical representation, and availability. This framework supports consistent

evaluation of flexibility sources in DC MGs, revealing that while various technologies can

contribute, ESS—particularly BESS—are the most practical and effective for islanded

configurations.

BESS offer high controllability, rapid response, bidirectional power flow, and inde-

pendence from generation or load dynamics. They can quickly absorb excess renewable

energy and discharge during shortages, ensuring real-time power balance and voltage

stability. Their scalability, compactness, and native compatibility with DC systems further

strengthen their role in autonomous MGs.

Finally, the chapter introduces the DC-ES as an emerging concept that enhances

flexibility through coordinated BESS regulation and load control. By dynamically ad-

justing non-critical load voltage, the DC-ES maintains bus voltage stability and power

balance—offering a fast, distributed means of improving MG flexibility.



Chapter 3

Stability Analysis and Security

Improvement

The previous chapter examined the diverse flexibility resources available in MGs, highlight-

ing their contribution to improving reliability, stability, and overall operational efficiency.

Both supply-side and demand-side flexibility options were analyzed, encompassing energy

storage systems, controllable loads, distributed generation, and demand response mecha-

nisms, emphasizing the importance of the implementation of the ES concept as a flexibility

enabler.

This chapter focuses on the modeling and stability assessment of DC-MGs, with

particular emphasis on droop-controlled operation and the influence of Constant Power

Loads (CPLs). As an emerging class of distributed power systems, renewable-source-based

MGs have attracted significant research attention for their capability to integrate local

means of generation and energy storage units, thereby delivering reliable and high-quality

power to local loads.

The operation of DC-MGs exhibits complex dynamic behavior due to the parallel

interconnection of multiple distributed energy sources, the presence of tightly regulated

converters that behave as CPLs, inherent uncertainties in renewable generation, and strong

coupling among subsystems under varying operating conditions. To ensure stable and

efficient performance, it is essential to develop detailed subsystem models and derive an

aggregated small-signal representation of the overall system. Such modeling enables a

systematic investigation of how control parameters—such as voltage and current references

or droop coefficients—as well as system parameters, including line resistances and load

characteristics, influence the dynamic response and small-signal stability of the microgrid.

96
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In contrast to AC systems, where frequency naturally reflects load variations, DC

systems lack a global variable that indicates load demand. This absence complicates both

load estimation and stability assurance, particularly when the load comprises a combination

of constant power, constant voltage, and constant current components. Moreover, in appli-

cations such as Electric Vehicle (EV) charging infrastructures, the aggregate demand often

exhibits pulse-like characteristics, with periods of high instantaneous loading followed by

idle intervals. If not properly mitigated, these rapid transitions can significantly degrade

system stability.

Small-signal analysis provides a powerful framework for understanding, predicting,

and mitigating such instabilities. By linearizing the nonlinear system dynamics around an

equilibrium point, small-signal models enable controller design, stability margin evaluation,

and parameter sensitivity studies—each critical for maintaining voltage regulation, current

sharing, and overall power balance during islanded operation.

Beyond stability analysis, insights obtained from small-signal modeling directly sup-

port the development of advanced energy management strategies. These strategies can

dynamically coordinate converter operating modes, while accounting for the State of

Charge (SoC) of storage units and optimizing current-sharing schemes. Hence, small-

signal analysis serves not only as a stability evaluation tool but also as a decision-support

framework for improving the efficiency, reliability, and seamless mode transitions of

DC-MGs.

Accordingly, the following section introduces the theoretical foundations for small-

signal modeling of DC-MGs under droop control, alongside the definition and repre-

sentation of CPLs. These models form the analytical basis for the subsequent stability

assessment and control design presented in the following sections.

3.1 Small-Signal Modeling of DC Microgrids with Droop

Control Mechanism

As discussed previously, analyzing the dynamic behavior and stability of droop-controlled

DC-MGs requires an accurate small-signal model capable of capturing the key interactions

among distributed sources, electrical loads, and network components. Accordingly, this

section develops a comprehensive small-signal modeling framework aimed at deriving a

reduced-order linearized representation suitable for stability and eigenvalue analysis.
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Figure 3.1: DC-MG with several units and loads.

The proposed approach decomposes the DC-MG into its primary functional sub-

systems—namely, distributed sources, loads (including both resistive and CPLs), and

interconnecting lines modeled with lumped R–L parameters [134]. Controllable units with

dissimilar electrical characteristics are interfaced to the MG through Power Electronic

Converter (PEC). Each of these components is represented by its corresponding set of lin-

earized dynamic equations. The droop control mechanism, which adjusts each converter’s

reference voltage in proportion to its output current, is explicitly incorporated into the

model to capture its dual impact on bus voltage regulation and current-sharing accuracy

among Distributed Generation (DG) units [135].

The electrical coupling among converters, loads, and the common DC bus is formu-

lated using Kirchhoff’s voltage law (KVL) and Kirchhoff’s current law (KCL), enabling

systematic aggregation of all component-level dynamics into a unified small-signal state-

space model. This formulation captures both the fast converter dynamics and the slower

droop control responses, revealing the coupled electromechanical interactions that govern

overall system behavior [136]. The resulting reduced-order small-signal model provides

a rigorous analytical basis for evaluating the eigenvalues of the DC-MG, determining

stability margins, and performing sensitivity analyses with respect to key physical and

control parameters, such as line impedance and droop coefficients. This framework forms

the theoretical foundation for the stability assessments and droop controller optimization

presented in the following sections.
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3.2 Modeling System Stability for Small Perturbations

Before delving into the modeling process, it is first useful to outline the overall architecture

of the proposed droop-controlled DC-MG. As it is illustrated in Fig. 3.1, each part in a

typical DC-MG generally hosts a local energy source and associated loads, both interfaced

to the common bus via PECs, which serve as the primary means of voltage regulation and

current control. Depending on the specific type of energy source—such as PV arrays, fuel

cells, EESs, or AC-based sources like wind turbines and diesel generators—appropriate

power conversion stages (DC–DC or AC–DC) are employed to ensure proper interfacing,

voltage adaptation, and bidirectional power flow capability when required [84].

To enable autonomous operation and proportional power sharing among the distributed

sources, a droop control mechanism is implemented at each converter. In this control

scheme, the reference voltage of each converter is modulated in proportion to its output

current, thereby achieving power balance among units (see Fig. 3.1).

Typically, the droop controller operates in coordination with an inner voltage/current

regulation loop. This inner loop, characterized by high bandwidth, ensures that the

converter output voltage accurately tracks the reference command with minimal transient

disparity. The outer droop loop (i.e., the droop control layer in this dissertation), on

the other hand, governs the slower dynamics associated with load sharing and voltage

regulation across the network.

On the demand side, most practical DC loads—such as electric drives, data center

servers, lighting systems, and consumer electronics—exhibit nearly constant power charac-

teristics within their operational range. These loads are modeled as CPLs, which are known

to introduce negative incremental impedance behavior. Specifically, when the bus voltage

decreases, a CPL draws higher current to maintain constant power consumption, thereby

inducing a destabilizing negative damping effect that can significantly impact small-signal

stability [130]. Accurately capturing this dynamic phenomenon is therefore crucial for

developing a reliable analytical model of the DC-MG. Not to mention that further details in

this regard will be discussed in the following section of this chapter (refer to section 3.4).

The electrical interconnections among the distributed nodes are realized through low-

voltage DC cables whose resistive and inductive components define the coupling strength

between nodes and influence the overall dynamic performance of the system. The network

topology can be systematically represented using the relationships between node voltages

and branch currents in accordance with Kirchhoff’s voltage (KVL) and current laws
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(KCL) The architectural overview provided in this section establishes the foundation for

the mathematical modeling of droop-controlled DC-MGs. Building upon this structural

understanding, the subsequent subsection derives the small-signal equations governing the

dynamic behavior of distributed sources, CPLs, and interconnecting lines. These equations

are then systematically integrated into a unified reduced-order model, providing a rigorous

analytical basis for the stability and sensitivity analyses presented in the following sections.

For clarity, the remainder of Section 3.1 is organized as follows. Subsection 3.2.1

formulates the small-signal modeling of the droop-controlled DC microgrid, including the

derivation of linearized equations for sources, loads, and interconnecting cables, which are

subsequently integrated into a reduced-order state-space representation. Subsection 3.4.2

focuses on the interpretation of the derived mathematical model by examining the system

eigenvalues and establishing sufficient conditions for stable operation based on droop

parameters and load characteristics. Subsection 3.3.2 investigates the influence of key

physical parameters—such as line resistance and inductance—on the system’s dynamic

behavior, providing insights into the movement of system poles and their implications for

microgrid stability and performance.

3.2.1 Mathematical Representation

A DC-MG generally consists of three primary components:

• Distributed converter-based suppliers,

• Electrical loads,

• Interconnecting distribution lines.

The overall behavior of the system emerges from the coupled interactions among

these components, which are governed by the electrical topology of the network and the

associated control mechanisms. In the following subsections, the small-signal dynamic

equations of each component are systematically derived.

3.2.1.1 Equations of Distributed Generation Units

The block diagram of a droop-controlled Voltage Source Converter (VSC) is depicted

in Fig. 3.1. In this configuration, the outer droop control loop generates the reference

voltage for the inner voltage controller using locally measured electrical quantities. High-

bandwidth voltage regulation techniques for DC–DC converters have been extensively
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studied in the literature [137]. Since droop controllers generally operate at much lower

sampling frequencies than inner voltage control loops, the system order can be reduced by

exploiting this time-scale separation. Accordingly, for the purpose of small-signal analysis

of the DC-MG and its droop-controlled converters, the fast inner voltage dynamics can be

neglected [138]. Under this assumption, each converter is modeled as an ideal controllable

voltage source, where the converter output voltage v j is assumed to instantaneously follow

its reference value, i.e.,

v j = v j,ref (3.1)

In a droop-controlled system, each source locally adjusts its reference voltage according

to its measured output current. The droop control law for the j-th converter is defined as:

vref
j = v0

j −d ji j, (3.2)

where v0
j denotes the nominal no-load voltage (i.e., the terminal voltage when the output

current is zero), and d j represents the droop coefficient of the converter.

Assuming an ideal voltage-source converter, substituting the control law (3.2) into the

converter output equation yields:

v j = v0
j −d ji j. (3.3)

Introducing small-signal perturbations around the steady-state operating point leads to

the linearized form:

v̂ j =−d j î j, (3.4)

where the symbol (;̂ ;) denotes a small-signal deviation from the operating point.

For a system comprising N distributed sources, the small-signal droop equations can

be expressed in compact matrix form as:

v̂ =−Dî, (3.5)

where v̂ = [v̂1, v̂2, . . . , v̂N ]
T and î = [î1, î2, . . . , îN ]T are the column vectors of small-signal

source voltages and currents, respectively. The matrix D = diag(d1, d2, . . . , dN) is diagonal

and contains the droop gains of the converters’ controller.
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3.2.1.2 Equations of Integrated Loads

As CPLs exhibit a negative incremental impedance characteristic, it can be modeled as

negative-resistance components, as described in [139]. In their small-signal representation,

each CPL is approximated by a negative conductance (−gl j) connected in parallel with a

current sink term u j. Accordingly, the small-signal current drawn by the j-th load can be

expressed as:

îl j =−gl j v̂ j + û j, (3.6)

For more explanations about the above formula, please refer to section 3.4.2. By aggregat-

ing the contributions of all load buses, the collective CPL dynamics can be expressed in

compact matrix form as:

îl =−Gl v̂+ û, (3.7)

where îl = [îl1, îl2, . . . , îlN ]T and v̂ = [v̂1, v̂2, . . . , v̂N ]
T are the column vectors of small-

signal load currents and bus voltages, respectively. The diagonal matrix Gl = diag(gl1, gl2, . . . ,

glN) contains the incremental conductance of each load. AS mentioned earlier, since each

gl j is negative (gl j < 0), Gl explicitly captures the destabilizing effect introduced by CPLs

in the small-signal dynamics of the DC-MG.

3.3 Small-Signal Stability Analysis

3.3.0.1 Equations of Connecting Lines

The interconnecting distribution lines in the DC-MG are modeled as series combinations

of resistance and inductance, as illustrated in Fig. 3.2(a). For the j-th line, the small-signal
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relationship between voltage and current is expressed as:

v̂b j = Lb j
dîb j

dt
+Rb j îb j, (3.8)

where v̂b j and îb j denote the small-signal deviations of the branch voltage and current,

respectively. The parameters Lb j and Rb j represent the inductance and resistance of the

j-th line segment. By aggregating the dynamic equations of all interconnecting branches,

the collective line dynamics can be written in compact matrix form as:

v̂b = Lb
d îb
dt

+Rb îb, (3.9)

where v̂b and îb are the column vectors of small-signal branch voltages and currents, respec-

tively. The diagonal matrices Lb = diag(Lb1, Lb2, . . . , LbM) and Rb = diag(Rb1, Rb2, . . . , RbM)

contain the inductance and resistance values of all distribution lines in the network.

This formulation establishes the electrical coupling among buses and forms the founda-

tion for deriving the network admittance matrix used in the subsequent small-signal and

stability analyses.

3.3.0.2 Equations of the Interconnected Network

The electrical interconnection structure of the DC-MG can be represented using KVL and

KCL. In matrix form, KVL is expressed as:

v̂b = Mv̂, (3.10)

where v̂b is the vector of branch voltages, v̂ is the vector of nodal (bus) voltages, and M

is the network incidence matrix of dimension m×n, with m and n denoting the number

of branches and nodes, respectively [134]. It is worth noting that the columns of M are

linearly dependent, as the algebraic sum of all nodal voltages in a connected network is

constrained by the chosen reference node.

Similarly, KCL can be compactly formulated as:

î− îl = MT îb, (3.11)

where î and îl denote the small-signal vectors of injected source currents and load currents,

respectively, and îb represents the vector of branch currents. Equation (3.11) enforces
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current conservation at each node, linking nodal and branch current variables through the

network topology encapsulated in MT .

The linearized small-signal relationships governing the different components of the

DC-MG are summarized in (3.5), (3.7), and (3.8)–(3.11). The interconnections among

these subsystems are schematically depicted in Fig. 3.2(b). As shown, all elements—except

for the distribution lines—are described by algebraic equations, whereas the line model

includes differential terms arising from the inductive dynamics of the network branches.

Consequently, the branch current vector îb is selected as the system’s state variable, while

the control input vector is denoted by û.

The integrated block diagram representing the complete small-signal model is illus-

trated in Fig. 3.2(c), explicitly capturing the coupling among the source, load, and network

dynamics. The corresponding state-space representation of the linearized DC-MG can be

expressed as:
d îb
dt

= Aîb +Bû, (3.12)

where:

A =−L−1
b

[
M
(
D−1 −Gl

)−1
MT +Rb,

]
,

B =−L−1
b M

(
D−1 −Gl

)−1
.

This formulation provides a compact and analytically tractable representation of the

DC-MG, in response to small perturbations in the input signal û. It provides an effective

representation of the system’s transient behavior by emphasizing the dominant electrical

dynamics associated with the line inductances, while higher-order converter and load

dynamics are embedded within the model parameters.

3.3.1 Stability Interpretation Based on Model Parameters

The transient dynamics of the DC-MG are governed by the first-order differential equa-

tions in (3.12). The small-signal stability of the system under bounded perturbations is

determined by the eigenvalues of the state matrix A. If all eigenvalues lie in the left half of

the complex plane—i.e., their real parts are negative—the system is asymptotically stable.

To facilitate the stability assessment, the matrix A can be decomposed as:

A = H−1U, (3.13)
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where

H =−Lb, U = M
(
D−1 −Gl

)−1
MT +Rb.

Here, H and U are real symmetric matrices encapsulating the effects of the line, droop,

and load subsystems. Following the procedure in [140], the eigenvalues of A are given by:

λ =
eT Ue
eT He

, (3.14)

where e denotes the corresponding real eigenvector.

Since H is diagonal with strictly negative entries, it is negative definite, implying

eT He < 0. Therefore, for all eigenvalues to have negative real parts, the numerator

in (3.14) must be positive, i.e.,

eT Ue > 0. (3.15)

Substituting U from (3.13) yields:

eT M
(
D−1 −Gl

)−1
MT e+ eT Rbe > 0. (3.16)

Given that Rb is a positive definite diagonal matrix, eT Rbe > 0, the sufficient stability

condition simplifies to:

eT M
(
D−1 −Gl

)−1
MT e ≥ 0. (3.17)

Hence, the matrix (D−1 −Gl) must be positive semidefinite to ensure system stability.

This requirement leads to the scalar condition

1−gl jd j ≥ 0, ∀ j ∈ {1,2, . . . ,n}, (3.18)

or equivalently,

d j ≤
1

gmax
l j

, ∀ j ∈ {1,2, . . . ,n}.

Equation (3.18) specifies the admissible upper bound for the droop coefficient that

guarantees stable operation. The result reveals that the stability margin of each converter is

directly affected by the maximum incremental conductance of its local CPL. In practical

terms, higher load stiffness (i.e., more negative incremental conductance) necessitates

smaller droop gains to preserve stable voltage regulation in the DC-MG [10].
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3.3.2 Sensitivity Analysis

The permissible range of droop coefficients established in (3.18) serves as a fundamental

guideline for ensuring stable operation in DC-MGs. To complement this theoretical result,

a sensitivity analysis of the system poles is conducted to evaluate how key line parame-

ters—namely, the branch inductance (Lb) and resistance (Rb)—affect the overall stability

margin. This investigation provides insight into how variations in cable characteristics

influence the damping and transient response of the network.

To examine the impact of inductance, all branch inductances are uniformly scaled by a

positive factor kl > 1, resulting in a modified inductance matrix:

Lnew
b = klLb. (3.19)

Since U in (3.13) is independent of Lb, the updated system matrix becomes:

Anew =
1
kl

A. (3.20)

Because Anew is a scalar multiple of A, the corresponding eigenvectors remain unchanged:

enew = e. (3.21)

Applying (3.14) to the modified system yields:

λnew =
1
kl

λ. (3.22)

Given that kl > 1, the magnitude of the new eigenvalues |λnew| is smaller than that of

the original eigenvalues |λ|. This indicates that increasing the branch inductance shifts

the poles toward the imaginary axis, thereby reducing the system’s stability margin and

slowing its transient response.

The influence of branch resistance is analyzed next. Assuming identical cables are

employed throughout the network, the resistance-to-inductance ratio remains constant and

can be expressed as:

α =
r12

l12
=

r14

l14
= · · ·=

r jk

l jk
= · · · . (3.23)

By rearranging (3.13), the system matrix can be rewritten as:

A = H−1Q−αI, (3.24)
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where I is the identity matrix, and

Q = M
(
D−1 −Gl

)−1
MT . (3.25)

The eigenvalues of A are therefore given by:

λ = µ−α, (3.26)

where µ denotes the eigenvalues of H−1Q.

To investigate the effect of increasing resistance, all branch resistances are scaled by a

positive factor kr > 1, leading to the following:

αnew = krα. (3.27)

Since H−1Q is independent of resistance,

µnew = µ. (3.28)

Substituting into (3.26) yields:

λnew = µ− krα = λ− (kr −1)α. (3.29)

Because α > 0 and kr > 1, the term (kr −1)α is positive, implying that λnew shifts further

left in the complex plane. Consequently, increasing branch resistance enhances system

damping and improves the overall stability margin of the DC-MG. These mathematical

elaborations and their implications on the dynamic behavior of the DC-MG have been

quantitatively validated and demonstrated through simulation results in Chapter 4.

3.4 Constant Power Loads Definition and Modeling

Perennial advancements in power electronics, digital control, and energy conversion

technologies have significantly broadened the scope of power electronic applications

across MG systems [104].

As a result, modern electrical architectures have become highly power-electronics-

intensive, integrating multiple converters, inverters, and motor drives operating across

various DC voltage levels [97]. These converter-dominated networks exhibit complex
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Figure 3.3: CPL and droop-based source characteristics in the voltage-current plane. (a) CPL’s
negative resistance, (b) Unstable equilibrium point, (c) Stable behavior of typical resistive loads.

dynamic behavior and potential stability challenges due to interactions among tightly

regulated converters, nonlinear loads, and feedback-controlled devices. Understanding

and mitigating such dynamic interactions are therefore crucial for ensuring the stable and

reliable operation of next-generation electrified power systems.

A key factor influencing the stability of these systems is the widespread presence of

CPLs. Power electronic converters and electric motor drives, when regulated to maintain

constant torque, speed, or voltage, typically draw nearly constant input power from their

supply buses [99].

Power electronic converters and electric motor drives could behave as CPLs at their

input terminals when tightly regulated. In modern multi-converter architectures, the

prevalence of loads exhibiting constant-power characteristics has increased significantly.

Many subsystems—such as electric motors for the cooling system, actuators, and regulated

DC–DC converters—are designed to maintain constant output power. Assuming negligible

conversion losses and near-unity efficiency, the input power drawn from the DC link closely

matches the output power, causing these components to exhibit CPL behavior from the

perspective of the DC bus [141].

A representative example is an inverter-fed electric motor, when this mechanical load

follows a one-to-one torque–speed relationship (e.g., a linear dependence between torque

T and angular velocity ω). In such cases, maintaining constant speed implies constant

torque. Consequently, the mechanical output power P = T ×ω remains constant. With

approximately constant efficiency, the inverter therefore draws nearly constant electrical

power from the DC link, effectively acting as a CPL within the MG.

A similar phenomenon occurs in DC–DC converters supplying regulated downstream

loads. When a converter maintains a fixed output voltage for a load with a defined V –I

characteristic (e.g., resistive or constant-voltage devices), its input power remains approx-

imately constant, and the converter presents a CPL-type characteristic to the upstream
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source. Although a CPL exhibits a positive static impedance (V/I > 0), its incremental

impedance is negative (dV/dI < 0). This negative incremental resistance introduces desta-

bilizing dynamics by reducing effective system damping and potentially inducing voltage

oscillations on the DC bus. The corresponding small-signal representation is illustrated in

Fig. 3.3(a).

The following subsections analyze in detail how CPLs influence the dynamic response

and small-signal stability of DC systems, with particular emphasis on their interactions

with droop-controlled converters and energy storage interfaces.

3.4.1 Destructive Impact of Tightly Regulated Power Electronic-Based

Loads on the Stability of DC Microgrids

The instantaneous power of a CPL—defined as the product of its terminal voltage and

current, P =V · I—is maintained at a fixed value. Consequently, as illustrated in Fig. 3.3(a),

any increase in load voltage results in a proportional decrease in load current, and vice versa.

This inverse voltage–current relationship introduces a negative incremental impedance,

which can severely affect the stability of an interconnected power system [138].

To better understand this phenomenon, consider the simplified system, where a CPL

with a constant power demand P is connected to a generation unit regulated by a conven-

tional droop controller, thereby behaving as a Constant Voltage Source (CVS) with output

voltage V . Under steady-state conditions, the system reaches equilibrium when the source

voltage equals the load voltage, defining the nominal operating point of the circuit.

When the total load demand exceeds the available generation, the voltage at the Point

of Common Connection (PCC) begins to fall. In response, the CPL attempts to maintain

its constant power consumption by increasing its current draw. This heightened current

demand imposes additional stress on the supply units, further reducing the PCC voltage.

This behavior acts like a positive feedback mechanism that amplifies the initial voltage

deviation, potentially leading to voltage instability [16].

A similar mechanism occurs in the opposite case, when the aggregate load demand

drops below the available generation capacity. The PCC voltage then rises, prompting

the CPL to reduce its input current to preserve constant power. This reduction in current

causes an additional voltage rise, again reinforcing the deviation and destabilizing the

operating point. In both scenarios, the CPL’s negative incremental impedance gives rise to

adverse dynamic interactions that compromise the voltage stability of the DC MG.
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As illustrated in Fig. 3.3(b), the equilibrium operating point corresponds to the inter-

section of the voltage–current (V –I) characteristics of the droop-controlled source and the

CPL, denoted as point A [130]. If a small disturbance reduces the system voltage, the CPL

responds by increasing its current by an amount ∆I to sustain constant power. However,

since the load voltage remains lower than the source voltage, the current continues to rise,

driving the operating point further away from A. The same occurs for a small voltage

increase: the current decreases, the load voltage exceeds the source voltage, and the devi-

ation grows instead of decaying. Thus, point A is an Unstable Equilibrium Point (UEP)

because the system cannot naturally restore its steady-state condition [10].

When the slopes of the source and load characteristics with opposite signs, small

perturbations tend to grow over time, leading to oscillatory or divergent behavior. This

outcome reflects the intrinsic destabilizing influence of the CPL’s negative incremental

impedance.

To illustrate the contrast, Fig. 3.3(c) depicts the V –I characteristics of a conventional

voltage source supplying a purely resistive load. The equilibrium point B represents the

normal operating condition in this case (i.e., Stable Equilibrium Point (SEP)). Unlike CPLs,

resistive loads exhibit a positive incremental resistance, meaning that their terminal voltage

increases with current.

If a small perturbation increases the current by ∆I, the source voltage momentarily

becomes lower than the load voltage, producing a negative differential voltage that counter-

acts the current rise [134]. Conversely, if the current decreases, the source voltage exceeds

the load voltage, driving the current back up. These restorative effects constitute a negative

feedback mechanism that stabilizes the system [138]. Consequently, equilibrium point B

is stable, as any small deviation in voltage or current naturally returns to its steady-state

condition [141].

In general, an equilibrium point is stable when an increase in current causes the load

voltage to exceed the source voltage, and a decrease in current causes the opposite effect.

Analytically, this condition corresponds to the combined incremental impedance of the

source–load system being positive, ensuring that the system exhibits a restoring—rather

than reinforcing—response to small perturbations.

3.4.2 Small-Signal Modeling of Constant Power Loads in DC systems

As mentioned in the previous subsections, some converters in DC systems do not behave

like a passive resistor but rather as a CPL, which, when perturbed, exhibits negative
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incremental impedance that can undermine system stability. Because of the destabilizing

nature of that negative incremental impedance, accurately capturing the small-signal

behavior of CPLs is essential in any rigorous stability or control design. In particular, a

linearized small-signal model lets one place the CPL into classical network-stability tools

(e.g., impedance-based Nyquist criteria, eigenvalue analysis, etc.) and thus design damping

networks or controllers robustly. This subsection, presents a step-by-step derivation of the

linearized model, and finally discusses its domain of validity and practical implications for

DC systems.

In order to derive the linearized CPL model, let begin by defining the nominal operating

point and then performing a first-order Taylor expansion to obtain the incremental model.

Consider v as the instantaneous DC bus voltage seen by the load converter, and i as its

instantaneous input current. The converter draws constant power P, so:

P = v i ⇒ i =
P

v
. (3.30)

Denote the normal (steady-state) operating point as (V0, I0), It can be assumed that the

instantaneous quantities are equal to steady-state variables, satisfying

P =V0I0. (3.31)

Now, given a perturbation around that operating point:

v =V0 + v̂, i = I0 + î, (3.32)

The current–voltage relation of a CPL can be expressed as a first-order Taylor approxima-

tion around the operating point:

i(v)≈ i(V0)+
∂i

∂v

∣∣∣∣
V0

(v−V0) = I0 −
P

V 2
0

(v−V0). (3.33)

Expanding and grouping terms, we obtain:

i(v) =−
P

V 2
0

v+2
P

V0
. (3.34)

This linear expression represents the tangent line to the I–V curve of the CPL at the

operating point, as shown in Fig. 3.3. The above equation reveals that, at a given operating
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point, a CPL can be approximated by a negative resistance in parallel with a current sink,

forming a Norton equivalent circuit:

i(v) =
1

RCPL
v+ ICPL, (3.35)

where

RCPL =−
V 2

0

P
, ICPL = 2

P

V0
. (3.36)

In this representation, the constant current source ICPL accounts for the steady-state load

current, while the parallel branch RCPL models the dynamic (negative resistance) that

governs the system’s small-signal behavior:

î =
1

RCPL
v̂ =−

P

V 2
0

v̂ (3.37)

The negative sign indicates that an increase in voltage perturbation v̂ leads to a decrease in

incremental current î, i.e., the small-signal slope is opposite to the usual positive-resistance

convention, highlighting the destabilizing nature of CPLs in power electronic systems.

3.4.3 An Overview of CPLs’ Stabilization Techniques

The fundamental concept behind CPL stabilization lies in enhancing the effective damping

of a DC power system by introducing targeted modifications at selected points within the

network. These modifications can be implemented at the feeder or source interface, at

the load terminal, or through the integration of auxiliary stabilization circuits designed

to improve the system’s dynamic performance [8]. Such improvements can be achieved

either through hardware-based adjustments or by reconfiguring the system’s control loops.

Broadly, stabilization techniques are classified into two main categories. Methods

that primarily involve hardware modifications are known as passive damping techniques,

whereas those based on control adjustments or feedback loop redesign fall under active

damping approaches. Although various control-oriented stabilization methods differ in

structure and implementation, they are generally grouped within the broader class of

active damping strategies. The following subsections summarize the principal techniques

developed to counteract the destabilizing influence of CPLs in DC networks.

The stabilization of Constant Power Load (CPL)s has attracted extensive research

interest due to their inherent negative incremental impedance characteristics, which can

severely compromise the stability of DC distribution systems and microgrids. Over time,
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a wide variety of stabilization strategies—ranging from passive and active damping to

advanced control-based approaches—have been proposed to mitigate these destabilizing

effects.

This section presents a concise overview of the most prominent CPL stabilization

methods, emphasizing their fundamental principles, operating mechanisms, and relative

advantages and limitations. While the scope of existing research is broad, only representa-

tive techniques are highlighted here to establish a foundation for the subsequent discussion.

For a more comprehensive and detailed review of CPL stabilization strategies, the reader

is referred to [9].

3.4.3.1 Passive Damping Strategies

Passive damping seeks to counteract the negative incremental impedance characteristic of

CPLs by augmenting the system’s inherent damping through the use of passive components

such as resistors (R), resistor–capacitor (RC), or resistor–inductor (RL) branches. These

elements are typically inserted within the converter’s power stage or at the input filter to

attenuate oscillations.

While this approach is conceptually straightforward and highly reliable, it inevitably

increases system size, weight, and cost. Moreover, passive damping—particularly when

implemented with resistive elements—introduces additional power dissipation, thereby

reducing overall system efficiency. This loss is especially pronounced when resistors

are placed in parallel with filter capacitors, as continuous energy dissipation occurs even

during steady-state operation.

To address this efficiency drawback, Loss-Free Resistor (LFR) techniques have been

proposed [142]. These emulate the dissipative behavior of resistors without corresponding

energy losses, effectively improving damping while maintaining high efficiency. However,

LFR implementations often increase system complexity and component count, which can

offset their advantages in compact DC MGs applications.

In [143], the small-signal coupling between the negative input resistance of a CPL and

the input LC filter was analyzed, leading to the introduction of a series RC damping network

connected in parallel with the filter capacitor to enhance stability. Similarly, Cespedes

et al. [144] proposed three distinct passive damping configurations and formulated an

analytical approach for selecting the optimal damper parameters. Further studies, such

as [145], investigated DC bus capacitance design using impedance-based stability criteria

under various droop control schemes in aircraft power systems composed of parallel
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sources supplying CPLs.

Overall, although passive damping remains a simple, reliable, and well-understood

method for stabilizing DC systems, its inherent disadvantages—namely, increased energy

loss and reduced power density—make it less favorable for modern MGs and distributed

power systems where compactness, modularity, and high efficiency are key priorities.

Consequently, contemporary research has increasingly shifted toward active damping and

control-based stabilization methods, which seek to achieve similar damping effects through

adaptive, flexible, and energy-efficient means.

3.4.3.2 Active Damping Strategies

The core principle of active damping is to reproduce the damping effect normally achieved

by series or parallel resistive elements and DC bus capacitance through modifications in

the control structures of the feeder or load subsystems. In certain cases, auxiliary circuits

are also integrated at the load terminals to inject compensating currents or emulate variable

impedances, thereby mitigating the destabilizing influence of CPLs [138].

Active damping methods can generally be categorized according to their implementa-

tion location into three main groups:

1. Feeder-side active damping,

2. Load-side active damping, and

3. Auxiliary-system-based active damping.

The following subsections describe these approaches in detail.

Feeder-side active damping is achieved by embedding compensation loops within

the control structure of the feeder converter. These loops modify the converter’s output

impedance (Zo) to satisfy impedance-based stability criteria, thereby counteracting the

negative incremental impedance exhibited by CPLs [8]. Such techniques are applicable

only when the upstream feeder is a controlled converter—such as a DC–DC or AC–DC

converter—since uncontrolled feeders (e.g., those comprising only LC filters or rectifiers)

lack controllable dynamics.

A key advantage of feeder-side active damping is that it enhances overall system

stability without deteriorating load-side performance [9]. For instance, [138] proposed

an active damping strategy that emulates a virtual series resistance by feeding back a

scaled inductor current (RLAiL) and subtracting it from the control voltage, effectively
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increasing damping within the converter loop. This method was later extended to isolated

DC–DC converters supplying CPLs, though it remains effective only across a limited range

of load power levels. In [146], the global dynamics of a DC–DC buck converter were

analyzed using phase-plane techniques, employing a hysteresis-based current feedback

loop in conjunction with a PI voltage regulator. Similarly, [147] demonstrated that both

peak and valley current mode control can stabilize DC–DC boost converters under CPL

conditions, with load current feedforward improving system response.

The idea of virtual resistance emulation was revisited in [148] for a source DC–DC

buck converter supplying multiple parallel CPLs with input filters. The approach requires

the closed-loop bandwidth of the source converter to exceed the resonant frequencies of all

input LC filters, which must also be distinct to prevent coupled oscillations.

Shafiee et al. [149] introduced the concept of a DC Active Power Filter (APF) for

stabilizing DC microgrids with variable loads and interconnections. Their controller,

designed using small-signal impedance modeling, employs a damping current loop based

on load and tie-line current disturbances. The compensation gain is tuned using root-locus

techniques. For comprehensive surveys of feeder-side active damping methods, see [8].

When the feeder subsystem is passive or uncontrolled—such as one containing only

an LC input filter or a rectifier—feeder-side compensation is infeasible [9]. In such cases,

active damping must be applied on the load side or via an intermediary converter positioned

between the feeder and the CPL.

Load-side active damping modifies the input impedance (Zin) of the CPL by inject-

ing compensating currents or voltages within its control loops to satisfy Middlebrook’s

impedance stability criterion. Although this approach can degrade load performance

due to interactions between the compensator and the primary control loop, it remains

advantageous because it allows the CPL to self-stabilize.

A Nonlinear System Stabilizing Controller (NSSC) was introduced in [150] to suppress

negative impedance instabilities. The controller, validated on both induction motor drives

and DC–DC converters with input LC filters, effectively improved stability but at the

expense of dynamic performance. Similarly, a Negative Input Resistance Compensator

(NIRC) [151] was proposed for brushless DC motor drives exhibiting CPL behavior,

improving small-signal stability. To further enhance robustness, a State Feedforward

Stabilizing Controller (SFSC) was developed in [152], using input voltage and inductor

current as control variables to increase immunity to input disturbances.

Reference Voltage–Based Compensator (RVC) were later introduced in [153], offering
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improved damping and reduced coupling between the compensator and main control

loops. Similarly, Magne et al. [154] analyzed a complex system combining inverter

drives, converters, and supercapacitor interfaces, introducing a centralized controller to

ensure global stability while minimizing filter size. To reduce sensing requirements, an

observer-based voltage estimation scheme was proposed in [155]. Additional load-side

active damping techniques can be found in [8, 9, 138].

To overcome the inherent limitations of feeder- and load-side compensation, a third

category of methods involves the use of auxiliary converters inserted between the feeder

and the CPL. These converters—commonly bidirectional DC–DC converters (BDC)—are

controlled to inject compensating currents or emulate dynamic damping across a wide

range of operating conditions.

Although such configurations introduce additional hardware and cost, they provide

enhanced flexibility and strong damping performance. For example, [156] proposed

connecting a BDC equipped with a storage capacitor between the CPL and its input LC

filter to suppress input voltage oscillations. The controller, designed using pole-placement

techniques and a second-order observer, effectively reduced the need for multiple sensors.

Similarly, [157] implemented a PI-controlled BDC with a storage capacitor at the

input terminals of a tightly regulated inverter drive, successfully stabilizing the DC bus

voltage. A related concept, termed the Smart Active Damper, was presented in [158]

for telecommunications and data center DC microgrids. This damper, realized through a

non-isolated BDC without dedicated energy storage, emulates a passive RC damper while

maintaining communication with both source and load to determine the required damping

current. The inner loop operates in fixed-frequency peak-current mode, while the outer

loop regulates the inductor’s average current to remove steady-state offsets.

Despite its higher cost and circuit complexity, auxiliary active damping provides

superior modularity, fast dynamic response, and improved robustness. As a result, it

represents one of the most promising approaches for stabilizing future DC microgrids with

multiple CPLs and distributed converter systems.

3.4.3.3 Power Shaping Control Method

The Power Shaping Control (PSC) strategy reformulates the system’s dynamic equations

in terms of instantaneous power—or equivalently, the rate of energy transfer—instead of

traditional state variables. This reformulation effectively linearizes the system’s nonlinear

behavior by transforming it into the power domain, thereby eliminating the destabilizing
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effects typically associated with CPLs.

By directly expressing and controlling system dynamics in terms of power flow, the

controller regulates the instantaneous balance between source, storage, and load com-

ponents. This power-domain perspective inherently mitigates the negative incremental

impedance of CPLs, allowing the system to maintain stability across a wide range of

operating conditions.

Compared with other nonlinear control approaches, the design and implementation of

PSC are relatively straightforward, as the control law is based primarily on power-feedback

relationships rather than detailed energy-function modeling. In addition to achieving

accurate DC bus voltage regulation, PSC enhances system damping.

In [159], the PSC framework was applied to stabilize a DC distribution system sup-

plying CPLs. The proposed control scheme successfully maintained voltage stability

and attenuated oscillations during load disturbances, demonstrating its effectiveness for

practical DC microgrid applications that demand both robustness and implementation

simplicity.

3.4.3.4 Pole Placement Control Method

In [160], a pole-placement control strategy was employed to stabilize a buck converter sup-

plying a CPL. The technique functions by relocating the system’s unstable right-half-plane

poles to desired locations in the left-half-plane of the complex domain, thereby ensuring

closed-loop stability. Through appropriate selection of pole positions, the destabilizing

influence of the CPL’s negative incremental impedance can be effectively mitigated.

The results presented in [9] demonstrated that this control approach enables a reduction

in the size of the filter capacitor while maintaining satisfactory stability margins. This

characteristic is particularly advantageous in DC-MGs, where compactness and high power

density are key design objectives.

However, the successful implementation of the pole-placement method relies on com-

plete state feedback, requiring that all relevant system states be either measured directly or

estimated through observers. This necessity increases sensor requirements and computa-

tional effort, which can constrain the practicality of the approach in systems with limited

measurement infrastructure or processing resources.
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3.4.3.5 Feedback Linearization Control Approach

Conventional linearization methods around a specific operating point ensure stability only

in the small-signal sense. However, in systems supplying CPLs, the strong nonlinear

coupling between voltage and current can give rise to instabilities that cannot be accurately

captured by small-signal models. To overcome this limitation, the Feedback Linearization

Control (FLC) approach has been developed as a nonlinear control technique capable of

compensating the destabilizing effects of CPLs in DC Distribution Power Systems (DPSs)

and DC-MGs [8].

The FLC method constructs a nonlinear feedback law that cancels out the nonlin-

ear terms introduced by the CPL, transforming the original nonlinear dynamics into an

equivalent linear system with respect to a new set of coordinates. This is achieved via a

nonlinear coordinate transformation that channels the system’s nonlinearities through the

control input, thereby enabling their exact cancellation [161]. Once the transformation is

completed, the resulting system exhibits input–output linearity, allowing standard linear

control theory to be applied for regulator design.

Unlike conventional active damping techniques, feedback linearization can theoreti-

cally compensate for any magnitude of CPL power, ensuring stability rather than limited

small-signal robustness. However, the approach is sensitive to measurement noise due

to the differentiation involved in the transformation process and may exhibit slower be-

havior compared to other nonlinear control strategies such as sliding mode or synergetic

control [9].

In [161], a feedback linearization controller was implemented through nonlinear co-

ordinate transformation to stabilize a DC–DC buck converter supplying a CPL. Using

Lyapunov-based analysis, it was demonstrated that this transformation extends the re-

gion of asymptotic stability and effectively suppresses oscillations caused by the negative

incremental impedance of the CPL.

Rahimi et al. [162] introduced a loop-cancellation technique applicable to basic

DC–DC converter topologies (buck, boost, and buck–boost) under resistive and constant

power loading. Their approach employed nonlinear feedback to eliminate CPL-induced

nonlinearities, where the feedback gain was determined based on converter, source, and

load parameters. To ensure robust stability across all operating points, the gain was selected

such that the resulting nonlinear term remained strictly positive, effectively yielding a

positive equivalent resistance and enhancing system damping.

In [163], a nonlinear coordinate transformation was applied to a buck converter supply-
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ing a pure CPL to derive an exact linearized model. Accurate linearization required that

the controller’s internal inductance (L) and capacitance (C) values match the actual system

parameters. To improve robustness, a reduced-order observer was incorporated to estimate

both the CPL power and its derivative, ensuring precise compensation over the full operat-

ing range. A full-order feedback controller was then designed for the linearized system,

and sensitivity analysis was conducted to quantify the impact of parameter mismatches on

observer accuracy and closed-loop dynamics.

Further developments were presented in [164], where a Linearization via State Feed-

back (LSF) strategy was proposed for medium-voltage shipboard DC power systems under

CPL conditions. The method employed two transformation functions—one for system

linearization and another for pole placement. A Proportional–Derivative (PD) controller

was then designed for the linearized model, and sensitivity analysis demonstrated how

deviations in the linearizing function affect control accuracy and dynamic response.

In summary, feedback linearization offers a rigorous nonlinear control framework that

ensures stability in CPL-dominated DC systems. Despite its reliance on accurate modeling

and parameter knowledge, it remains one of the most effective methods for achieving

robust voltage regulation and dynamic stability in advanced DC-MGs.

A comparative summary of the discussed CPL compensation techniques is presented in

Table 3.1. To the best of the authors’ knowledge, within the context of droop-based energy

management in DC-MGs, the explicit use of droop VR as a stabilization strategy has not

been thoroughly investigated. Nevertheless, as discussed in Section 3.3.2, increasing the

droop gains shifts the system eigenvalues toward the left half of the complex plane, thereby

enhancing stability and improving network damping. This suggests that proper tuning of

droop virtual resistances can provide a decentralized means to mitigate the destabilizing

influence of CPLs while maintaining accurate power sharing and autonomous control in

DC-MGs. Not to mention that this concept is further utilized in Section 4.2.

3.5 Summary of the Chapter

This chapter developed a coherent small-signal modeling and analysis framework for

droop-controlled DC–MGs with constant-power loading. By decomposing the system into

source, load, and network subsystems and rigorously enforcing KVL/KCL, a reduced-

order state-space model was derived that preserves the dominant electrical dynamics

while embedding fast inner-loop converter behavior through appropriate parameters. The



Chapter 3. Stability Analysis and Security Improvement 120

Ta
bl

e
3.

1:
C

om
pa

ri
so

n
of

se
le

ct
ed

C
P

L
co

m
pe

ns
at

io
n

te
ch

ni
qu

es
fo

r
D

C
di

st
ri

bu
ti

on
po

w
er

sy
st

em
s

(D
P

S
)

[8
,9

]

S
ta

b
il

iz
at

io
n

T
ec

h
-

ni
qu

e
F

ea
tu

re
s

C
ha

lle
ng

es
D

am
pi

ng
Im

pr
ov

em
en

t
in

P
re

s-
en

ce
of

C
P

L

P
as

si
ve

D
am

pi
ng

S
im

pl
e

im
pl

em
en

ta
ti

on
;

re
-

qu
ir

es
no

m
od

ifi
ca

ti
on

of
co

nt
ro

ll
oo

ps
.

H
ig

h
po

w
er

di
ss

ip
at

io
n;

in
-

cr
ea

se
s

sy
st

em
si

ze
an

d
lo

ss
es

.

C
P

L
s

in
tr

od
uc

e
ne

ga
tiv

e
in

cr
e-

m
en

ta
li

m
pe

da
nc

e,
re

du
ci

ng
sy

s-
te

m
da

m
pi

ng
.

Pa
ss

iv
e

co
m

po
-

ne
nt

s
(R

,
L

,
C

)
ar

e
ad

de
d

to
im

-
pr

ov
e

ef
fe

ct
iv

e
da

m
pi

ng
.

A
ct

iv
e

D
am

pi
ng

M
ai

nt
ai

ns
hi

gh
ef

fi
ci

en
cy

an
d

re
lia

bi
lit

y;
no

ad
di

tio
na

l
pa

ss
iv

e
lo

ss
es

.

L
im

it
ed

co
m

pe
ns

at
io

n
ra

ng
e;

m
ay

in
te

rf
er

e
w

it
h

ot
he

r
co

nt
ro

l
ob

je
ct

iv
es

;
de

pe
nd

en
t

on
sw

it
ch

in
g

fr
eq

ue
nc

y.

Sy
st

em
da

m
pi

ng
im

pr
ov

ed
by

vi
r-

tu
al

im
pe

da
nc

e
em

ul
at

io
n,

ba
nd

-
w

id
th

re
gu

la
ti

on
,o

r
st

ab
il

it
y

m
ar

-
gi

n
en

ha
nc

em
en

t.

F
ee

d
b

ac
k

L
in

-
ea

ri
za

ti
on

C
om

pe
ns

at
es

an
y

le
ve

l
of

C
P

L
po

w
er

;
en

su
re

s
la

rg
e-

si
gn

al
st

ab
il

it
y;

co
m

pa
ti

bl
e

w
it

h
li

ne
ar

co
nt

ro
ld

es
ig

n.

S
en

si
tiv

e
to

m
ea

su
re

m
en

t
no

is
e

du
e

to
di

ff
er

en
ti

at
io

n;
sl

ow
er

tr
an

si
en

t
re

sp
on

se
th

an
sl

id
in

g-
m

od
e

or
sy

ne
r-

ge
ti

c
co

nt
ro

l.

F
ee

db
ac

k
la

w
in

tr
od

uc
es

a
po

s-
it

iv
e

eq
ui

va
le

nt
im

pe
da

nc
e

to
co

un
te

ra
ct

C
PL

-i
nd

uc
ed

ne
ga

tiv
e

im
pe

da
nc

e,
re

su
lti

ng
in

im
pr

ov
ed

st
ab

il
it

y.

P
ow

er
Sh

ap
in

g
St

a-
bi

liz
at

io
n

B
as

ed
on

po
w

er
-d

om
ai

n
m

od
el

in
g;

ac
hi

ev
es

la
rg

e-
si

gn
al

st
ab

il
it

y;
re

qu
ir

es
lo

w
er

co
nt

ro
lb

an
dw

id
th

.

H
ig

he
r

co
m

pu
ta

ti
on

al
de

-
m

an
d.

In
st

ab
ili

ty
ca

us
ed

by
C

PL
s

ca
n

be
m

iti
ga

te
d

by
re

sh
ap

in
g

th
e

in
st

an
-

ta
ne

ou
s

po
w

er
ba

la
nc

e,
as

st
or

ed
ca

pa
ci

to
r

en
er

gy
is

pr
op

or
ti

on
al

to
V

2 c
.

S
ta

te
-S

p
ac

e
P

ol
e

P
la

ce
m

en
t

A
llo

w
s

pr
ec

is
e

re
lo

ca
tio

n
of

un
st

ab
le

po
le

s;
co

m
pe

ns
at

es
de

si
re

d
C

P
L

po
w

er
ra

ng
e.

R
eq

ui
re

s
fu

ll
-s

ta
te

fe
ed

ba
ck

or
ob

se
rv

er
s;

fe
ed

ba
ck

ga
in

s
m

ay
va

ry
w

it
h

lo
ad

.

Pr
op

er
ly

ch
os

en
ga

in
ve

ct
or

sh
if

ts
un

st
ab

le
po

le
s

to
de

si
re

d
lo

-
ca

ti
on

s,
im

pr
ov

in
g

cl
os

ed
-l

oo
p

da
m

pi
ng

an
d

st
ab

il
it

y.



Chapter 3. Stability Analysis and Security Improvement 121

droop mechanism was explicitly represented, revealing its dual role in voltage regulation

and proportional current sharing. The small-signal CPL representation—via negative

incremental conductance—was integrated to capture the destabilizing effect of tightly

regulated power electronic loads.

The stability interpretation linked eigenvalue locations to physical and control param-

eters, yielding clear, design-oriented conditions on droop coefficients and load stiffness.

Sensitivity results showed that increased line inductance weakens damping (poles move

toward the imaginary axis), whereas higher line resistance shifts poles leftward, enhancing

stability. These insights connect directly to energy management and power balancing in

islanded operation: small-signal models enable rapid appraisal of operating margins, in-

formed tuning of droop virtual resistances, and selection of control modes (e.g., Maximum

Power Point Tracking (MPPT) vs. voltage control) that maintain feasible equilibria under

varying demand.

Finally, principal CPL stabilization strategies—passive, active, and auxiliary-converter-

based—were reviewed, positioning droop tuning as a decentralized complement capable

of mitigating CPL-induced instabilities without compromising current-sharing objectives.

Collectively, the modeling framework and stability tools established here provide the

analytical foundation for the controller optimization, robustness evaluation, and case

studies presented in the subsequent sections.



Chapter 4

Innovative Solutions for Real-Time

Energy Management and Flexibility

Enhancement

The growing penetration of renewable energy sources in small islanded systems introduces

new challenges for power grid operation, particularly concerning dynamic security and

stability issues [165, 166]. The stability and reliability of DC-MGs rely on the capability

of the system to regulate voltage deviations and restore them within a narrow band around

the nominal value, especially after major disturbances that disrupt the balance between

power generation and demand [167]. Conventional control methods, such as droop-based

strategies, have been widely adopted to regulate the response of the electrical system by

coordinating the contribution of distributed resources and dictating the system’s resilience

to abrupt changes in the load and generation balance.

In the specific context of islanded DC-MGs, voltage regulation presents additional

challenges due to the intermittent nature of renewable-based units and the destabilizing

influence of CPLs, which exhibit negative incremental impedance and amplify instability

risks [50, 83]. The main challenges in such systems often involve regulating the voltage of

the PCC by ensuring appropriate current sharing among heterogeneous sources according

to their ratings, and managing the SoC of batteries. Adjusting the common bus voltage

is considered the primary control objective because this quantity is a global indicator of

power equilibrium across the entire system [34]. However, this task is complicated by the

stochastic profile of local demand and the intermittency in RESs generation, which can

cause frequent mismatches between supply and consumption.

122
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In this regard, the role of flexibility becomes even more critical in stand-alone oper-

ation. As defined in the previous section, flexibility denotes the ability of a DC-MGs to

accommodate sudden variations in generation and demand through adaptive coordination

of supply, storage, controllable loads, etc. Unlike grid-connected systems, where the main

grid can absorb or supply power imbalances, islanded DC-MGs must rely exclusively

on their internal resources to preserve voltage stability and ensure continuity of supply.

Consequently, the absence of external support amplifies the importance of fast and reliable

flexibility mechanisms to mitigate the effects of renewable intermittency and demand

uncertainty. A sufficiently flexible system can minimize voltage excursions, reduce stress

on storage units, and sustain secure operation even under unforeseen disturbances. This

underscores that enhancing flexibility is not only a desirable feature but a fundamental

requirement for the stable and resilient operation of islanded DC-MGs.

A further challenge of renewable-based islanded MGs lies in their lack of rotational

inertia. In conventional power systems, synchronous generators inherently provide kinetic

energy stored in their rotating masses, which acts as a buffer against sudden power

imbalances and naturally damps voltage deviations. By contrast, RESs interfaced through

power electronic converters are virtually inertia-less. This absence of physical inertia

reduces the ability of the system to withstand fast fluctuations, accelerates and amplifies

voltage transients, and makes MGs more vulnerable to abrupt changes in generation or

demand. The problem is further exacerbated in small-scale isolated systems, where the

system is disconnected from the utility grid. The main consequence of reduced system

inertia is improper electrification of the DC-MG and, in the most severe cases, an increased

risk of blackout [168]. These problems pose a significant threat to both interconnected

systems and small isolated networks.

To overcome this obstacle, batteries play a pivotal role in the fast restoration of bus volt-

age following disturbances in islanded DC-MGs. Thanks to their rapid dynamic response

and bidirectional power exchange capability, batteries can instantaneously inject or absorb

energy to counteract sudden mismatches between generation and demand [50]. Unlike

conventional generators, which are limited by mechanical inertia and ramping constraints,

BESS respond within milliseconds, thereby preventing severe voltage deviations that could

compromise sensitive electronic loads. This fast-acting support not only stabilizes the

common bus voltage but also buys time for slower-acting resources or higher-level con-

trollers to re-establish long-term equilibrium. As such, batteries serve as the primary buffer

in modern islanded MGs, enabling reliable operation under highly variable renewable
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generation and stochastic demand conditions.

Beyond voltage regulation, maintaining balanced SoCs across batteries is equally

crucial to prevent overcharging or deep discharging, both of which accelerate degradation

and reduce storage lifespan. This aspect becomes even more critical when multiple energy

storage units are deployed in the system. In other words, the aggregation of several energy

storage systems introduces the need for coordinated SoC management to avoid violations

across all battery packs and to extend their service life. To address this issue, several studies

have proposed integrating battery SoC information directly into the adaptive droop control

law, thereby dynamically adjusting the droop coefficients in response to both electrical

and storage conditions [99, 104, 140, 169]. Such SoC-aware control schemes enable more

equitable utilization of distributed storages, enhance long-term reliability, and increase the

effective hosting capacity of renewable energy resources.

Moreover, ensuring accurate current sharing among distributed sources is of paramount

importance for the secure and efficient operation of islanded DC-MGs. Inaccurate current

distribution can lead to overloading of certain units while others remain underutilized,

thereby accelerating aging, reducing overall system efficiency, and jeopardizing the grid’s

reliability [170]. This issue is particularly critical when generation units and storage

systems possess different ratings, dynamic characteristics, and operational constraints.

Proper current-sharing mechanisms not only extend the lifetime of BESSs but also prevent

thermal stress on converters of all units, which is essential during transient events and

under high-loading conditions. Advanced droop-based strategies, including adaptive

and nonlinear extensions, have been proposed to enhance current-sharing accuracy by

compensating for line impedance effects and dynamic load variations [16]. By achieving

equitable power distribution, these methods increase the robustness of voltage regulation,

improve system reliability, and longevity.

To cope with the combined challenges of voltage stability, current-sharing accuracy,

and storage management, advanced extensions of conventional droop control have been

investigated. Adaptive or nonlinear droop schemes, in particular, offer improved flexibility

by dynamically modifying virtual resistances in accordance with load levels and storage

conditions. These approaches not only improve current sharing accuracy and reduce

line-related power losses but also mitigate the destabilizing effects of converter-interfaced

loads and preserve SoC limits of distributed storages [16]. As a result, such control

strategies provide a more sophisticated and holistic response to load and generation

fluctuations, ensuring secure and reliable operation of islanded DC-MGs under highly
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uncertain conditions, while simultaneously extending the durability of storage assets and

maximizing renewable penetration.

Building upon the challenges outlined above, the remainder of this chapter introduces a

set of innovative control solutions specifically tailored for islanded DC-MGs. The proposed

methods collectively enhance system security by addressing CPL-induced instabilities,

improving flexibility, and reducing battery degradation costs. The chapter first presents a

distributed adaptive droop strategy that leverages lightweight communication to coordinate

DGs, BESSs, and controllable loads, enabling real-time energy balancing, accurate current

sharing, and reduced stress on storage units. It then advances to a fully decentralized

adaptive droop scheme that operates without any communication, relying solely on local

measurements to maintain voltage stability and fair power sharing—offering a robust and

low-cost solution ideal for remote or infrastructure-limited microgrids. Finally, a cost-

oriented adaptive droop control is introduced, incorporating battery degradation indicators

to allocate power in an economically optimal manner and extend storage lifespan. Together,

these approaches form a coherent suite of techniques that strengthen the technical and

economic resilience of isolated DC-MGs.
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4.1 Distributed Coordination of Generation Units, Bat-

tery Storages, and Loads

In this section, the focus is placed on the distributed coordination of generation units,

BESSs, and loads in islanded DC-MG, where ensuring a secure and reliable balance

between supply and demand is particularly challenging due to the intermittent nature of

RESs and the stochastic behavior of local demand. This work employs the ES topology

to enhance microgrid flexibility by intelligently managing both battery storage and load

consumption. This capability is particularly important when the generation capacity of

multiple RESs, operating under the MPPT algorithm, is insufficient to meet demand. In

such situations, ES devices dynamically adjust the consumption of non-critical loads,

thereby avoiding excessive battery cycling and reducing storage systems usage. This

strategy enables a more efficient use of available flexibility resources while preserving

voltage stability for critical loads connected to the common bus.

To ensure coordinated operation of heterogeneous units, a distributed adaptive droop-

based control scheme is introduced. The primary goal of this strategy is to balance common

bus voltage regulation with accurate current sharing among generation units, BESS, and ES

devices. The introduced distributed approach employs a low-bandwidth communication

layer among active units. Each unit exchanges essential data, such as output current and

SoC, which are then used for the adaptive adjustment of droop gains. As a result, system-

wide coordination is achieved without dependence on a single, failure-prone controller.

A key innovation of the proposed framework is the explicit use of battery capacity and

SoC information in the energy-sharing process. This ensures that charging and discharging

stress is evenly distributed across all storage units, preventing overuse of specific batteries

and extending their overall lifetime. Maintaining SoC balance during both charging

and discharging phases improves long-term reliability and reduces the total storage size

required for secure operation. Furthermore, the coordinated approach enables smooth

transitions between different operating modes, whether under generation deficit, near

balance, or surplus conditions.

Finally, the feasibility and performance of the proposed distributed coordination frame-

work are validated using a PHIL platform. This Real-Time testing environment integrates

simulated components with physical hardware, accurately capturing the dynamic behavior

of batteries. The PHIL-based validation confirms that the proposed approach improves

DC-MG flexibility, maintains bus voltage within acceptable limits, balances SoC across
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Figure 4.1: The configuration of a DC-MG including electric springs.

distributed batteries, and achieves robust operation under diverse conditions, including

supply–demand imbalances and communication delays.

For clarity, the remainder of Section 4.1 is organized as follows. Subsection 4.1.1

describes the system under study. Subsection 4.1.2 outlines the design principles of the pro-

posed distributed adaptive approach under different operating conditions. Subsection 4.1.3

provides a small-signal analysis to assess the relationship between droop gains and system

stability. Subsection 4.1.4 reports PHIL-based results that validate the proposed method

under realistic scenarios. Finally, Subsection 4.1.5 offers a comparative analysis against

alternative approaches from the literature.

4.1.1 The Configuration of the Microgrid Under Consideration

The diagram of the investigated distributed DC system, together with its communication

links, is presented in Fig. 4.1. Intermittent generation units based on PV arrays, MGs,

and local loads are interconnected through a common bus to form the network. The PV

units are installed in a shunt configuration, and their connection to the system is achieved

through DC-DC converters. The maximum available power from PV units is typically

extracted by employing the MPPT algorithm [170]. In islanded networks, however, the

direct use of MPPT may not always be appropriate, since it can generate an energy surplus

that cannot be managed, leading to overvoltage or overcharging of storage devices. For

this reason, the operation of generation units is controlled either by adopting MPPT as

a unit-level strategy or by applying coordinated voltage droop control, depending on the

current operating mode of the system.

DC-ESs are employed to mitigate the power mismatch arising from intermittent PV

generation and uncertain demand profiles, thereby preserving voltage quality for loads con-
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nected to the common bus. While numerous DC-ES configurations have been introduced

in the literature [171–173], the present work concentrates on series-type DC-ESs. These

devices, as described in [171], incorporate a battery bank and a bidirectional converter,

enabling operation in both charging and discharging modes. The designation “series-type”

originates from the fact that the device is placed in series with the NC load; however, for

conciseness, this qualifier will be omitted in the remainder of this section.

As shown in Fig. 4.1, a bypass switch has been integrated at the ES output port so

that NC loads can remain supplied whenever the energy storage is unavailable due to a

fault in its power converter or similar issues. The main advantage offered by this topology

lies in its capability to actively adjust the power consumption of NC loads, which allows

supply–demand imbalances to be addressed with reduced storage capacity. Furthermore,

as highlighted in [171, 172], transient voltage deviations can be rapidly supported thanks

to the fast dynamic response of series DC-ES.

It should also be noted that the classification between NC loads and Critical Loads

varies depending on the specific utilization scenario and design priorities of the microgrid.

For instance, in some applications, certain loads may shift between critical and non-

critical categories depending on operating conditions, economic constraints, or user-defined

requirements. Such flexibility is particularly relevant in microgrids that integrate renewable

sources, where uncertainty and intermittency may influence the prioritization of loads. In

this work, however, a simplified yet conservative assumption is adopted, whereby all loads

directly connected to the PCC are treated as critical. This ensures that the continuity of

supply at the PCC is always maintained, thereby supporting system stability and reliability

under a wide range of conditions.

To facilitate coordinated operation, communication links are established between the

sources and ESs, enabling reliable information exchange through a LBC method [83, 174].

The exchanged data consist of output currents from all units and the SoC of batteries,

which are then utilized for the adaptive adjustment of droop gains and the computation of

voltage references within the coordinated droop-based control layer. This communication-

enhanced approach mitigates the drawbacks of conventional decentralized droop methods,

particularly under conditions of unequal load sharing or rapid dynamics. Moreover, by

incorporating SoC-dependent signals into the control process, the overall energy manage-

ment strategy is improved, promoting both fair utilization of storage units and extended

system lifetime.
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4.1.2 Design Principle of the Controller at Different Operating Modes

As discussed in the previous sections, it is advantageous to employ an adaptive droop gain

that prioritizes voltage regulation or accurate current sharing depending on the operating

point. This adaptive mechanism provides flexibility in maintaining bus stability under

light loading conditions while simultaneously ensuring proportional power sharing during

heavy load operation. In addition, to effectively exploit the storage capability of ESs and

extend their lifespan, the proposed droop formulation must ensure SoC balancing of the

batteries during both charging and discharging phases while preventing overcharging and

overdischarging. Such considerations are crucial, since unequal utilization of batteries may

not only degrade system efficiency but also accelerate the aging process of certain storage

units, leading to reduced overall resilience of the MG.

Accordingly, this section introduces a novel droop control strategy designed for the

different operating modes of the DC-MG. The proposed formulation incorporates Real-

Time feedback of current and SoC information to dynamically adapt droop parameters,

enabling coordinated operation of distributed units. By doing so, the strategy enhances

both voltage quality and power-sharing accuracy while embedding an inherent energy

management mechanism that preserves storage health. This subsection details the control

framework, its mathematical formulation, and the specific adaptations required for seamless

transition between grid-connected and islanded modes.

4.1.2.1 Operating at Mode I

To address voltage violations concerning the generation–demand equilibrium, the proposed

framework explicitly accounts for multiple operating scenarios to guarantee the balance

between load and supply, each characterized by distinct objectives and constraints. By

adapting the droop parameters and control priorities according to the prevailing conditions,

the system can simultaneously preserve reliability, efficiency, and storage health. In the

following analysis, four distinct operating modes are therefore considered, providing a

structured basis for the design and validation of the adaptive droop control scheme.

In this mode, representing the normal operating condition of the DC-MG, the PV

units are operated under the MPPT strategy to extract and deliver the maximum available

power to the grid. As a result, they effectively behave as Constant Power Sources (CPS),

injecting their full capacity into the common bus. Under these circumstances, the supplied

renewable energy is sufficient to satisfy the total demand, and the load is entirely sustained
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by the PV generation. Consequently, the bus voltage remains regulated within permissible

limits without necessitating any compensatory action from the ESs.

This operating condition reflects the desired steady-state scenario, as it ensures efficient

utilization of renewable resources while minimizing cycling of storage devices. Since

the ES units remain idle, their stored energy is preserved for subsequent modes where

fluctuations in generation or demand may occur. Additionally, the absence of frequent

charging and discharging cycles under this regime contributes to prolonging battery lifespan

and reducing overall system stress.

4.1.2.2 Operating at Mode II

This mode will be activated when the generation units, despite operating with the MPPT

algorithm, provide insufficient power to meet the demand. In such situations, the ESs

are required to intervene and support the common DC bus voltage by operating in the

discharging phase. Consequently, they function as Constant Voltage Sources (CVS) and

take responsibility for stabilizing the bus when generation is not sufficient. To align with

the notations outlined in the previous sections, the discharge virtual resistors of the droop

control should adapt automatically according to both the instantaneous loading level and the

individual battery specifications (i.e., SoC, etc.). This ensures that the participation of each

ES unit is proportionally coordinated. To this aim, instead of a straight-line approximation,

the droop curve can be designed in a nonlinear form by adding an exponential term to

conventional droop formula:

vn
re f =Vnom −Rn

dr

[
eα(In

out−In
max)
]
· In

out (4.1)

Here, Vnom is the grid’s nominal voltage, and vn
re f , In

out , and Rn
dr are the reference

voltage, output current, and VR (droop gain) of the n-th unit, respectively. In
out is positive

in discharging phases of ESs. Rn
dr is defined based on the maximum continuous current of

each unit (In
max) as a unit-specific characteristic, and on the permissible voltage deviation

(Vper):

|Rn
dr| ≤

∆Vmax

In
max

, ∆Vmax =Vnom −Vper (4.2)

In (4.1), the shaping parameter α modifies the curvature of the droop characteristic

in the voltage–current plane, as illustrated in Fig. 4.2. Note that an increased value of α

expands the area under the curve, thereby allowing the unit to enhance its power-exchange

capability, while a smaller α makes the unit less aggressive in contributing. Therefore, α
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Figure 4.2: The proposed droop curve in the voltage-current plane.

acts as a key tuning coefficient and must be selected carefully based on both system-level

requirements and unit-specific constraints. For each unit, α can be expressed as:

α = Gpi
|In

des − In
out |

In
des

(4.3)

where Gpi represents the transfer function of a proportional–integral (PI) controller that

improves current-sharing accuracy by mitigating current distribution disparities among

units [16]. The second term in (4.3) quantifies the normalized current-sharing error of the

n-th droop-controlled unit.

The desired output current In
des, which serves as a reference for each ES, can be obtained

as follows:

In
des =

In
max · Ireq

∑
Nu
n=1 In

max
(4.4)

In this formulation, Nu denotes the total number of droop-based ES units, while Ireq

corresponds to the required excess current in the grid. Specifically, Ireq represents the

difference between the total load current (Iload) and the cumulative contribution of CPSs

(PV units in this case). By definition, Ireq is positive during discharging phases, highlighting

the deficit that ES units must compensate:

Ireq = Iload − ICPS = In
out +Glat

Nu

∑
i̸=n

Ii
out (4.5)

It should be noted that Ireq inherently depends on measurements from all units. Hence,

the performance of the communication layer directly influences its accuracy. To capture

this effect, a latency factor Glat is incorporated, modeled as:
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Glat =
1

1+ τs
(4.6)

where τ is the delay constant associated with communication latency.

Since α determines the degree of participation of each unit, its calculation must also

incorporate the SoC of batteries to avoid imbalance. Otherwise, some units may be

overutilized while others remain underused. The SoC of the n-th ES can be estimated

using the coulomb-counting method:

SoCn = SoCn
0 −

ηn

Cn
BAT

∫ T

0
In
out(t)dt (4.7)

where SoCn
0 , Cn

BAT , and ηn denote the initial SoC, the rated capacity, and the round-trip

efficiency of the battery, respectively. Substituting (4.5) and (4.7) into the proportional

rule of (1.4), and differentiating, the dynamic evolution of SoC can be expressed as [99]:

dSoCn

dt
=

(
ηn

Cn
BAT

×
SoCn.Ireq

SoCn +Glat ∑
Nu
i ̸=n SoCi

)
(4.8)

The fraction in (4.8) acts as a normalized weighting factor, which determines how each

unit participates based on both its local SoC and the SoC states of the remaining ESs. For

normalization across heterogeneous units with different capacities, Cn
BAT is often replaced

by κn =Cn
BAT/Cmax, where Cmax is the capacity of the largest storage unit.

Considering two arbitrary ESs, ESn and ESm, equilibrium is achieved when their SoCs

converge to identical rates of change, as reflected in (4.9):

dSoCn/dt

dSoCm/dt
= 1

=
(ηn ·SoCn)/

(
κn ·
[
SoCn +Glat ∑

Nu
i̸=n SoCi

])

(ηm ·SoCm)/
(

κm ·
[
SoCm +Glat ∑

Nu
j ̸=m SoC j

])
(4.9)

Equation (4.9) confirms that whenever SoCn exceeds SoCm, the n-th unit will natu-

rally discharge at a faster rate (dSoCn/dt > dSoCm/dt). This dynamic accelerates SoC

equalization across ESs without requiring external supervisory intervention.

Accordingly, the desired current in (4.4) can be modified to include a contribution

factor CFn, yielding:
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Figure 4.3: Control logic of storage units under charging and discharging phases.

Loading = 1.35 p.u.
Loading = 1.30 p.u.
Loading = 1.25 p.u.
Loading = 1.20 p.u. Loading = 1.05 p.u.

Loading = 1.10 p.u.
Loading = 1.15 p.u.

2627 s

3070 s

3678 s

4603 s

6148 s

9206 s

16410 s

1.05 1.15 1.25 1.35

C
o

n
v

e
rg

a
n

c
e

 T
im

e
 (

s
)

Loading Point (p.u.)

Figure 4.4: SoC behavior of two ESs’ batteries to achieve a balanced state in the discharging phase.
Note that SoC1

0 = 90% and SoC2
0 = 60%. Other specifications of the batteries (e.g., CBAT , etc.) are

assumed to be identical.

In
des|dis

=
In
max ·CFn

∑
Nu
n=1 (I

n
max ·CFn)

× Ireq,

CFn =
ηn

κn ×
SoCn

SoCn +Glat ∑
Nu
i ̸=n SoCi

(4.10)

This formulation ensures that ESs with higher SoC levels contribute more aggressively,

while depleted units reduce their participation until they reach the lower SoC threshold

(e.g., SoCmin = 20%), at which point they are disconnected until recharging. Using an ex-

ponential droop law instead of a linear approximation accelerates the convergence of SoCs

across units, thereby improving system resilience. The operational flow is summarized in

Fig. 4.3, while Figs. 4.4 and 4.5 demonstrate the convergence of SoC for two ESs with

initially different charge levels.
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Figure 4.5: SoC behavior of two ESs’ batteries to achieve a balanced state in the charging phase.
Note that SoC1

0 = 30% and SoC2
0 = 10%. Other specifications of the batteries (e.g., CBAT , etc.) are

assumed to be identical.

4.1.2.3 Operating at Mode III

In this mode, although the PV units continue to operate under the MPPT algorithm to

extract maximum energy, their instantaneous generation exceeds consumption, which in

turn causes the PCC voltage to rise above its nominal value. To counteract this effect and

maintain voltage stability, ESs equipped with partially charged batteries act as dynamic

sinks to absorb the surplus power. By doing so, they effectively behave as additional

controllable loads and operate in the charging phase.

To achieve fair and coordinated utilization of storage resources, the charging current

must be properly distributed among the ES units. This is accomplished by varying the

charge droop resistances according to the loading level and the unit-specific characteristics,

following the nonlinear droop curve described in (4.1). It is worth highlighting that the

equations defined in (4.3)–(4.6) for Mode II remain valid here as well. The main difference

is the polarity of the exchanged current: during charging, Ireq and In
out take negative values,

reflecting the absorption of surplus power rather than its delivery.

Furthermore, to embed battery specifications into the power-sharing process, (4.7) is

combined with (4.9) and the proportional rule in (1.4). As a result, the dynamic rate of

change of SoC in the charging mode can be expressed as:

dSoCn

dt
=

(
ηn

Cn
BAT

×
1

SoCn · Ireq

1
SoCn +Glat ∑

Nu
i ̸=n

1
SoCi

)
(4.11)

Equation (4.11) ensures that units with lower SoC levels are assigned proportionally

higher charging currents. This mechanism gradually drives all units toward a common
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SoC value and prevents premature saturation of batteries with initially higher SoCs.

To formalize this principle, the storage contribution factor CFn and the desired charging

current In
des|char for each unit are defined as:

In
des|char

=
In
max ·CFn

∑
Nu
n=1 (I

n
max ·CFn)

× Ireq

∀n ∈ Nu :CFn =
ηn

κn ×
1

SoCn

1
SoCn +Glat ∑

Nu
i̸=n

1
SoCi

(4.12)

Here, CFn weights the participation of each unit according to both its SoC and normal-

ized capacity κn. Consequently, batteries with lower SoCs naturally attract a larger share

of the charging current until the fleet converges to a uniform SoC distribution.

The charging control logic is depicted in Fig. 4.3. As illustrated, once a battery is

reactivated in charging mode, its droop gain is scaled proportionally to its SoC. When the

upper bound SoCmax (e.g., 95%) is reached, the unit is isolated from the charging process

and transitions to an idle state, waiting for the next discharging cycle. The SoC convergence

behavior of two representative ESs initialized at unequal charge levels is shown in Fig. 4.5,

where the unit with the lower SoC charges faster. Moreover, under lighter load conditions,

the convergence time decreases in an exponential fashion, consistent with the nonlinear

droop relation defined in (4.1).

4.1.2.4 Operating at Mode IV

Once the storage units reach full charge, they can no longer act as supplementary loads.

If, under these circumstances, renewable generation continues to exceed the demand,

the surplus power has no storage path, and the PCC voltage begins to rise beyond the

acceptable range. To counter this effect, the PV converters are transitioned from the MPPT

phase to the proposed droop control strategy, thereby curtailing their output power in a

controlled manner. In this operating mode, the PV units act as Constant Voltage Sources

(CVS), regulating the common bus voltage by proportionally reducing their injected power.

Since the ES batteries remain inactive, their SoC-dependent characteristics are excluded

from the control scheme in this mode. The responsibility of voltage regulation is therefore

fully delegated to the generating units. Consequently, the droop equation governing their

operation directly follows equations (4.1)–(4.6) [16], ensuring that the system maintains

both stability and voltage compliance despite the absence of storage participation.

This mode highlights the intrinsic flexibility of the proposed control strategy, as it



Chapter 4. Innovative Solutions for Real-Time Energy Management and Flexibility
Enhancement 136

enables a seamless shift in the operational role of PV converters—from maximizing energy

harvesting under normal conditions to actively contributing to voltage regulation when

storage saturation occurs.

4.1.2.5 Specifying the α limit

As discussed earlier, the PCC voltage reflects the instantaneous power balance condition

of the DC-MG. A generation shortfall leads to the discharge of the equivalent DC bus

capacitor, resulting in a voltage drop, whereas a surplus of generation charges the capacitor

and raises the voltage. This direct coupling between the bus capacitor dynamics and

voltage deviations provides a rigorous basis for defining the feasible range of the droop

curvature coefficient α, which acts as the dominant parameter in the proposed control

method.

It is important to note that when α = 0 in (4.1), the conventional linear droop law

in (1.1) is exactly recovered, as shown in Fig. 4.2. Thus, α not only generalizes the

traditional droop law but also enables a tunable nonlinear mapping that influences both

transient and steady-state performance. The derivation of the admissible upper bound of α

is provided below.

Depending on the operating mode of the DC-MG, sources may behave either as CPS

units (PV generators under MPPT) or as CVS units (storage devices under droop control).

When functioning as CVS, the output voltage reference is governed by the nonlinear droop

law, and the PCC voltage evolution can be written as:

Vpcc =
1

Cbus

∫ ( Nu

∑
n=1

In
out +(ICPS − Iload)

)
dt (4.13)

where Cbus is the common bus capacitance. By substituting (4.1) into (4.13) and differenti-

ating, the following expression is obtained:

Cbus
dVpcc

dt
=

Nu

∑
n=1

Vnom − vn
re f

ℜn
dr

+(ICPS − Iload) ,

ℜn
dr = Rn

dr

[
eα(In

out−In
max)
] (4.14)

Assuming ideal conditions—namely, negligible line voltage drops, ideal battery char-

acteristics (no significant voltage variation across SoC), and perfect control response as

in [99]—it follows that vn
re f ≃ Vpcc and ℜn

dr = β1ℜ1
dr = β2ℜ2

dr = · · · = βNuℜNu
dr . Under

these assumptions, the dynamic response of Vpcc reduces to a first-order system with
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aggregated scaling factor λn = β1 +β2 + · · ·+1+ · · ·+βNu:

Vpcc(t) =

(
Vnom +(ICPS − Iload)

ℜn
dr

λn

)(
1− exp

(
−

λnt

Cbusℜ
n
dr

))
. (4.15)

From (4.15), the PCC voltage time constant is obtained as τv ≈
Cbusℜdr

λ
, which directly

links the system’s dynamic response to the droop parameters. Since ℜdr = Rdreα(Iout−Imax),

in the practical operating region where Iout ≪ Imax, the exponential term keeps ℜdr rela-

tively small, leading to a faster response.

At steady state (t → ∞), the deviation of Vpcc from Vnom becomes:

∆V =Vnom − lim
t→∞

Vpcc(t) = (Iload − ICPS)
ℜn

dr

λn . (4.16)

Equation (4.16) clearly reveals that smaller values of ℜn
dr enhance voltage regulation

by minimizing steady-state deviations. Finally, substituting (1.2) into (4.16), the absolute

feasible range of α can be determined as:

α ≤

∣∣∣∣
ln(In

max/([Iload − ICPS] .λ
n))

In
out − In

max

∣∣∣∣ (4.17)

This bound ensures that α is selected such that the exponential droop function does not

compromise either bus voltage regulation or system stability. In other words, the feasible

range of α provides a direct trade-off between voltage quality, current sharing accuracy,

and dynamic response speed.

4.1.2.6 Coordinated Operation Between In-service Units

The common bus voltage deviation can also serve as an information signal to enable

seamless transitions between different operating modes, as illustrated in Fig. 4.6. Since the

PV units operate in MPPT mode during the first three states, their coordination with the

storage systems is achieved through a hysteresis cycle [3, 4]. This mechanism is shown in

Fig. 4.7(a), where the voltage band corresponding to normal operation (Mode I) is shaded

in red. Whenever the demand exceeds the available generation and the voltage drops below

the lower threshold (Vper,lower), the converters switch from Mode I to Mode II; the reverse

transition occurs once conditions are restored.

Although the proposed framework employs the ES concept to maintain continuous

electrification with minimal battery use—thereby excluding load shedding from its primary

scope—prolonged supply–demand imbalances may reduce the SoC below critical levels. In
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Figure 4.6: Mode transition diagram.

such cases, load shedding becomes unavoidable. Representative strategies for this purpose

can be found in [175] and could be integrated into future extensions of the framework to

further enhance resilience under severe operating conditions.

On the other hand, the transition from Mode I to Mode III is triggered by over-

generation, when the voltage rises above the upper permissible threshold (Vper,upper), with

the reverse transition occurring once the condition is alleviated. If the batteries are fully

charged, the converters inevitably switch to Mode IV, where PV units operate in CVS

mode to curtail excess generation. As illustrated in Fig. 4.7(b), to mitigate noise-related

measurement errors and avoid spurious switching between modes, a cost-effective low-pass

filter based on exponential smoothing is employed:

V t
filt = γV t +(1− γ)V t−1

filt , (4.18)

where γ is the smoothing factor, V t is the observed voltage at time step t, and V t
filt and

V t−1
filt denote the current and previous filtered voltages, respectively. The filtering strength

can be tuned by adjusting γ within the range [0,1]: maximum smoothing occurs at γ = 0,

while no filtering is applied at γ = 1. Based on preliminary experiments, γ = 0.1 is adopted

to provide effective smoothing while minimizing delay in mode detection.

Fig. 4.8 presents the complete control framework of the DC-MG units. The output

power of both ESs and PVs is regulated through an outer voltage controller combined

with an inner current controller. In Fig. 4.8(a), the ES control block is depicted, where the
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Figure 4.7: Coordinated operation of PV units and energy storage systems under supply–demand
imbalance.
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Figure 4.8: Complete control scheme of the units across different modes. (a) ES converter, (b) PV
converter, (c) Equivalent circuit of the grid for each mode.

proposed approach generates the reference voltage for the outer loop in Modes II and III

based on real-time current data and SoC information exchanged with other active units.

This design enables coordinated participation of ES converters, ensuring voltage support

and balanced battery utilization.

Fig. 4.8(b) shows the PV converter control structure. As discussed earlier, an MPPT

algorithm is used to determine the reference voltage for the outer controller and maximize

power extraction under normal operating conditions. In Mode IV, when the SoC thresholds
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Figure 4.9: DC-MG with several units and different loads at Mode IV.

of the storage systems are reached, the CVS block is activated to regulate the DC bus

voltage according to current data from the in-service units. For clarity, Fig. 4.8(c) illustrates

the equivalent circuit of the DC-MG under each control mode, highlighting the functional

role of each converter.

During over-current conditions, the PI controller integrator may saturate, attempting to

increase its output despite the presence of a limiter. To prevent windup, an anti-windup

mechanism based on [176] is implemented. This strategy ensures that the controller is

released from saturation, restoring stable operation without excessive overshoot. Conse-

quently, the robustness of the system is improved under transient conditions, and reliable

mode transitions are maintained.

4.1.3 Stability Evaluation

The stability of the DC-MG can be evaluated using small-signal analysis, which provides

valuable insight into the dynamic behavior of the system under perturbations around an

equilibrium point. The method adopted in this section follows the reduced-order modeling

approach proposed in [134]. Fig. 4.9 illustrates the system model, consisting of generation

units, interconnecting lines, and loads, with the main parameters summarized in Table 4.1.

As described in Section IV-C, the units can operate either as Constant Power Sources (CPS)

or Constant Voltage Sources (CVS), depending on the selected mode.

Loads are classified as purely resistive or CPLs. The latter are particularly critical, as

CPLs maintain constant power consumption regardless of the applied voltage. As discussed

in [130], an ideal CPL can be linearized around its operating point and represented as a

negative resistance (RCPL) in parallel with a current source (ICPL):
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Table 4.1: DC Microgrid Parameters in Distributed Control Structure.

Parameters Symbol Value

Nominal Voltage Vnom 48 V
Permissible Voltage Variation Vper ±5% Vnom

Max. Current (PV1 & PV2) Imax 8 A
Max. Current (PV3) Imax 5 A
Max. Current (ES1 & ES2) Imax 10 A
Initial SoC (ES1 & ES2) SoC1

0 , SoC2
0 %80, %50

Line Res., Induc. (PV1) Rline,1, lline,1 0.15 Ω,0.2 mH
Line Res., Induc. (PV2) Rline,2, lline,2 0.1 Ω,0.1 mH
Line Res., Induc. (PV3) Rline,3, lline,3 0.3 Ω,0.3 mH
Line Res., Induc. (ES1 & ES2) Rline,4;5, lline,4;5 0.25, 0.3 Ω,0.05 mH
NC Loads Conn. to ES1 & ES2 Rnc1;2 15.5 Ω

Other Resistive Loads Rresis, 15 Ω

RCPL =−
V 2

CPL

PCPL
, ICPL = 2

PCPL

VCPL
, (4.19)

where PCPL denotes the demanded power.

By contrast, when units operate as CPS, their equivalent model is represented by a

current source in series with a positive resistance. While the current source itself does not in-

fluence small-signal stability, the resistive term directly affects system damping [170, 177].

Specifically, positive resistance improves stability margins, whereas negative resistance

degrades them [136].

Consequently, in the presence of CPLs, the microgrid becomes more vulnerable to

instability during Mode IV, since no CPS units are available to inject positive resistance and

improve damping. This risk is particularly pronounced under light-load conditions, where

the destabilizing influence of CPLs dominates. Because PV units employ the proposed

droop-based control in this mode, a detailed stability investigation is essential. It should be

noted, however, that practical factors such as finite converter efficiency, limited closed-loop

gain, and bandwidth constraints reduce the destabilizing effect of real CPLs compared to

their idealized representation [170]. Thus, if stability is guaranteed under the conservative

assumption of ideal CPLs, the actual system can also be considered stable.

According to the literature, droop controllers typically operate at relatively low sam-

pling rates, whereas inner current loops and outer voltage controllers exhibit higher

bandwidths and significantly faster dynamics [178]. For simplification, these fast dynamics

can be neglected in the stability analysis, leading to a reduced-order model [134]. Under

this assumption, the n-th converter output voltage can be approximated as vn
out ≈ vn

re f [96].
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Considering vn
out = f (In

out) in (4.1), applying a small perturbation at an arbitrarily operating

point (In
out , vn

out)
∣∣
o.p. gives:

În
out = In

out − In
out

∣∣
o.p.

v̂n
out = vn

out − vn
out

∣∣
o.p.

(4.20)

where the hat symbol (;̂ ;) denotes perturbed variables. Accordingly, Linearizing (4.1)

yields:

v̂n
out =−Dn · În

out ,

Dn = Rn
dr × eα(In

out−In
max)× (1+α · In

out)
(4.21)

Considering the equivalent inductance and resistance of the interconnecting lines and

the lumped load models in Fig. 4.9, Kirchhoff’s laws can be applied and linearized to

obtain:

v̂n
out −V̂pcc = Rn

lineÎn
out + ln

line
dÎn

out

dt
. (4.22)

Substituting (4.21) into (4.22), and sorting the equation with respect to v̂n
out gives:

dv̂n
out

dt
=−

Dn +Rn
line

ln
line

v̂n
out +

Dn

ln
line

V̂pcc. (4.23)

To incorporate Vpcc dynamics, the DC bus capacitor Cbus is included. From (4.21) and

Kirchhoff’s current law at the PCC, the total output current equals the sum of capacitor

and load currents. Applying small-signal perturbation gives:

Cbus
dV̂pcc

dt
=

Nu

∑
n=1

(
−

v̂n
out

Dn

)
− Îload (4.24)

For the lumped load model, where resistive loads and CPLs are connected in parallel,

the small-signal current is:

Îload = Îresis + ÎCPL =

(
1

Rresis
−

1
RCPL

)
V̂pcc. (4.25)

Substituting (4.25) into (4.24) yields:

dV̂pcc

dt
=−

1
Cbus

Nu

∑
n=1

v̂n
out

Dn −
1

Cbus

(
1

Rresis
−

1
RCPL

)
V̂pcc (4.26)

Equations (4.23) and (4.26) can be expressed in compact state-space form as:
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d

dt

[
v̂out

V̂pcc

]
=

[
Aii Aiv

Avi Avv

][
v̂out

V̂pcc

]
(4.27)

with:

Aii =




−
D1 +R1

line

l1
line

0 · · · 0

0 −
D2 +R2

line

l2
line

· · · 0

...
...

. . .
...

0 0 · · · −
DNu +RNu

line

lNu
line




∈ R
Nu×Nu

Aiv =

[
D1

l1
line

D2

l2
line

· · ·
DNu

lNu
line

]⊤
∈ R

Nu×1

Avi =

[
−

1
CbusD1 −

1
CbusD2 · · · −

1
CbusDNu

]
∈ R

1×Nu

Avv =

[
−

1
Cbus

(
1

Rresis
−

1
RCPL

)]
∈ R

1×1

Fig. 4.10 presents root locus plots under different parameter variations. Since the

proposed nonlinear droop modifies the effective gain dynamically, its influence is reflected

in all scenarios. In Fig. 4.10(a), increasing line resistance by 10% (in 10 steps) pushes

eigenvalues deeper into the left half-plane, thus improving damping and enhancing stability.

Conversely, Fig. 4.10(b) shows that higher line inductance shifts poles toward the right

half-plane, reducing stability margins.

The impact of load variations is shown in Fig. 4.10(c) and Fig. 4.10(d). In Fig. 4.10(c),

when the resistive load rises from 15 Ω (light loading), the eigenvalue locations shift

but remain in the stable region, confirming robustness. Fig. 4.10(d) illustrates the effect

of increasing CPL power from 50 W to 550 W. As expected, higher CPL shares drive

poles closer to instability. However, increasing the droop gain up to eightfold successfully

counteracts this destabilizing effect.

These results confirm that CPLs are most detrimental under high-demand conditions,

where their relative share is significant. In such cases, large droop gains provide a practical

stabilization mechanism, which aligns with the proposed nonlinear droop law in (4.1) (see
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Figure 4.10: Root locus families under different parameter variations: (a) line resistance, (b) line
inductance, (c) resistive loads, (d) CPLs.

also Fig. 4.2). Overall, higher droop gains guarantee robust small-signal stability across a

wide range of scenarios, validating the effectiveness of the proposed control scheme.

4.1.4 Performance Evaluation based on Power-Hardware-In-the-Loop

To evaluate the effectiveness of the proposed approach, a PHIL-based testbed was devel-

oped to model a five-unit microgrid comprising three PV arrays and two ESs, as shown in

Fig. 4.1. The main parameters of the DC-MG are reported in Table 4.1: two PV arrays are

rated at 384 W, while the third is rated at 240 W. This PHIL platform enables the validation

of the control strategy under realistic operating conditions, particularly in handling a

physical storage unit [171]. The ES model presented in [171] is adopted here, and a default

communication delay of 30 ms is considered to account for data transfer and processing

latencies.

PHIL simulation allows the integration of real hardware components with real-time

digital environments, thereby reproducing testing conditions that closely approximate

those of a physical prototype of the complete system [179]. As highlighted in [180], this

technology combines the advantages of numerical simulation and experimental testing,
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Figure 4.11: PHIL test set-up. (a) configuration, (b) equipment.

offering high-fidelity validation of algorithms and control schemes. Fully simulated tests

are useful for verifying the theoretical functionality of the adaptive droop controller, but

they may not fully capture the nonlinearities, losses, and dynamic effects of real devices.

By incorporating an actual battery into the PHIL loop, electrochemical characteristics and

dynamic responses are inherently preserved, leading to more representative and reliable test

results [181]. Not to mention that the dynamic network model was created so that it could

be integrated into a PHIL-type RT simulation. It was developed in the Matlab/Simulink

environment to be connected to the PHIL simulation platform of the Politecnico di Bari,

based on the use of an OPAL RT5600 digital RT simulator.

In the present setup, both the DC-MG and the distributed adaptive droop controller were

implemented in real time. One of the two ES units was replaced with a physical LiFePO4

battery pack, interfaced through a Triphase PM15A30F60 switching power amplifier. The

experimental configuration is depicted in Fig. 4.11. In this arrangement, the amplifier

operates as a voltage source, emulating the dynamics of the DC-MG at the PCC, while
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the real battery injects or absorbs current accordingly. This current is fed back into the

real-time simulation, thereby achieving bidirectional coupling between the physical and

simulated domains.

To ensure proper integration, appropriate scaling was applied so that the physical

battery’s capacity and ratings matched those of its simulated counterpart. Signal exchange

for PHIL coupling was established via an optical fiber link between the OPAL-RT simulator

and the amplifier controller, ensuring fast and reliable communication. The amplifier was

managed by a dedicated controller responsible for synchronization and real-time data

exchange.

The proposed droop control algorithm was also executed in real time on the simulator,

generating current set-points for both the simulated storage units and the physical ES bat-

tery. For the latter, the current set-points were transmitted via a wired Ethernet connection

to the battery pack. This setup guaranteed accurate implementation of the distributed con-

trol logic while subjecting the physical ES unit to realistic operating conditions. Overall,

the PHIL platform provided a rigorous and high-fidelity environment for assessing the

stability, adaptability, and practicality of the proposed control scheme under conditions

closely resembling real-world deployment.

4.1.4.1 Mode I–Normal Operation

In Mode I, the PV arrays operate under the MPPT algorithm, extracting the maximum

available energy from the incident irradiance. Under this condition, it is assumed that the

generated power approximately matches the load demand, with only a negligible mismatch.

As illustrated in Fig. 4.12(a), both the terminal currents and the PCC voltage remain stable,

with the bus voltage regulated within its permissible range. Since the power balance is

inherently satisfied by PV generation alone, the ES batteries remain inactive and neither

charge nor discharge. During this balanced condition, the non-critical (NC) loads are

directly supplied by the grid, while the storage units remain on standby, ready to participate

whenever a deviation between supply and demand arises.

4.1.4.2 Transition From Mode I to Mode II

When the power generated by the RESs (operating under MPPT) becomes insufficient to

meet the load demand (at t = 3 s), the PCC voltage begins to decline due to the supply

deficit. Once the voltage reaches the predefined threshold of 45.5 V, the DC-MG transitions

into Mode II (see Fig. 4.6), where the ESs act as suspension springs by discharging to
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Figure 4.12: Results: (a) Mode I. (b) Transition from Mode I to Mode II. (c) Smart loads power
dissipation in Mode II. (d) Transition from Mode I to Mode III with identical SoC of ESs’ batteries.
(e) Transition from Mode I to Mode III with different SoCs of ESs’ batteries. (f) Transition from

Mode III to Mode IV.

stabilize the DC bus voltage. As shown in Fig. 4.12(b), this corrective action restores the

PCC voltage to approximately 48 V, thereby maintaining system reliability under stressed

operating conditions.

The figure also highlights the current-sharing mechanism between two ESs initialized

with different SoC levels (SoC1
0 = 80% and SoC2

0 = 50%). In line with the proposed droop-

based strategy, the unit with the lower SoC supplies less current than the one with the

higher SoC, thus preventing deep discharge and promoting natural SoC equalization. Over

time, this process drives the SoCs of both units toward convergence, ensuring long-term

balance across the storage fleet.

An additional benefit of the ES concept is illustrated in Fig. 4.12(c). Once the support

function is activated, the NC load connected in series with the battery pack dynamically
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adapts its consumption in response to both the external demand profile and the internal

ES dynamics. This adaptive mechanism enhances overall system flexibility while re-

ducing unnecessary battery cycling, which is particularly advantageous during extended

supply–demand imbalances in Mode II.

4.1.4.3 Transition From Mode I to Mode III

In the reverse operating condition, when PV generation exceeds the instantaneous demand,

the DC bus capacitor accumulates surplus energy, resulting in a rise in bus voltage. Once

the PCC voltage surpasses the upper threshold of 50.5 V, the DC-MG transitions into

Mode III, in which the ESs operate in the charging phase. In this mode, the ES units act as

controllable loads, absorbing excess power to restore system balance and protect the grid

from overvoltage.

Fig. 4.12(d) illustrates the case where both ES batteries start with identical SoCs

(SoC1
0 = SoC2

0 = 50%). Since the units are initially balanced, they absorb equal charging

currents, and the PCC voltage stabilizes around 49.5 V while the PV arrays continue

operating at their MPPT points. This scenario confirms the effectiveness of the droop-

based charging control in evenly distributing surplus energy when the storage units have

similar states of charge.

A more practical case is shown in Fig. 4.12(e), where the ES batteries begin with

unequal initial charge levels (SoC1
0 = 80% and SoC2

0 = 50%). Here, the unit with the

higher SoC is assigned a smaller share of the charging current, while the unit with the

lower SoC absorbs a greater portion. This adaptive current distribution promotes gradual

convergence of the SoC levels over time, ensuring balanced utilization of the storage fleet

and preventing overcharging of already saturated batteries.

4.1.4.4 Transition From Mode III to Mode IV

Once the ES batteries reach full charge capacity, they are deactivated to prevent over-

charging, while PV generation continues to exceed the demand. Under this condition, the

surplus power must be directly regulated by the PV units themselves. To achieve this, the

PV converters switch their control strategy from MPPT to CVS at t = 3 s, marking the

transition of the DC-MG from Mode III to Mode IV (see Fig. 4.6).

The corresponding system response is shown in Fig. 4.12(f). The two equally rated

PV units exhibit effective current sharing, with only minor deviations attributed to line

impedance. Meanwhile, the PCC voltage is maintained at approximately 49 V, well within
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(a) (b)

Figure 4.13: Current sharing of droop-controlled units in Mode II under: (a) Normal operation, (b)
Communication failure. Note that SoC1

0 = 80% and SoC2
0 = 50%. Other specifications of the

batteries (i.e., CBAT , η, and Imax) are assumed to be identical.

the permissible deviation band. This confirms that even in the absence of ES participation,

the coordinated droop-based operation of PV converters can ensure bus voltage stability

and fair load distribution under sustained surplus-generation conditions.

The robustness of the proposed control can also be assessed under communication

constraints. Fig. 4.13 compares the current-sharing performance of two ES units in

Mode II during (a) normal operation and (b) communication failure. Although a temporary

mismatch in current allocation arises in case (b), the system remains stable, and the droop

mechanism continues to deliver acceptable performance. This demonstrates the resilience

of the proposed approach to practical limitations in communication infrastructure.

4.1.4.5 Evaluation of the Sensitivity to Communication Interruptions

The distributed nature of the proposed control architecture inherently enhances resilience

against communication failures. In the event of a low-bandwidth communication loss, each

unit seamlessly reverts to local droop control based on its most recently updated parameter

values. This fallback mechanism ensures that the PCC voltage remains stable, though it

temporarily sacrifices the benefits of optimal current sharing and SoC balancing across the

ES fleet.

To validate this feature, an analysis was conducted under a scenario where communica-

tion is lost during the transition from Mode I to Mode II. The ES units (operating under

droop control) were initialized with different SoCs (SoC1
0 = 80% and SoC2

0 = 50%), while

all other parameters (e.g., CBAT , η, and Imax) were assumed identical. The corresponding

system response is presented in Fig. 4.13.

The results confirm that, even without communication, the proposed control scheme
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maintains the PCC voltage within the permissible range, thereby ensuring system stability.

However, a comparison of Fig. 4.13(a) and Fig. 4.13(b) highlights an important distinction:

under normal operation, current sharing adapts to the SoC levels, whereas in the absence of

communication, the ESs rely solely on local information. Since all other battery parameters

are equal, both units end up sharing the current equally according to (4.10), irrespective of

their initial SoC values.

This outcome emphasizes the robustness of the proposed architecture, as stability

and voltage regulation are guaranteed even under communication interruptions. At the

same time, it illustrates a fundamental trade-off between resilience and optimality: while

communication enables fairness and extended battery life through SoC-aware current

sharing, its loss leads to a simpler, equal-current distribution that, although less optimal,

remains stable and reliable.

4.1.5 Demonstration of Performance privilege

In this section, the performance of the proposed method is further evaluated through a

comparative study against three benchmarks: (i) conventional droop control with constant

virtual resistances, (ii) the adaptive droop-based method in [3], and (iii) the SoC-oriented

approach in [4]. All methods are tested on the sameDC-MG configuration operating in

Mode II, where the ES units are active in the discharging phase. The comparison focuses

on two critical control objectives for islanded DC-MGs:

• Bus voltage regulation, which ensures the PCC voltage remains within the permis-

sible deviation band.

• Current-sharing accuracy, which reflects the degree of SoC balancing among

active ES batteries with respect to their unit-specific characteristics.

For the conventional droop case, two gain settings are examined to highlight the

inherent trade-off: a low gain (0.2 for ESs) and a high gain (2 for ESs). To clearly illustrate

current-sharing performance, identical battery specifications are assumed.

The results in Fig. 4.14 and Table 4.2 highlight the intrinsic trade-off between voltage

regulation and current-sharing accuracy across different droop-based strategies, under a

surplus demand of 550 W beyond the PV generation.

In Fig. 4.14(a), conventional droop control with a high gain achieves excellent current

sharing (error of only 0.63%), but this comes at the expense of poor voltage regulation,
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Figure 4.14: Comparison of different droop-based control methods in Mode II under a step-like
intermittent operating pattern of theDC-MG. (a) Conventional droop control with high gain, (b)

Conventional droop control with low gain, (c) Reference [3], (d) Reference [4], (e) Proposed
algorithm.

Table 4.2: Comparison of droop-based control methods in Mode II under a 550 W surplus demand
beyond the available power from PVs.

Control Method
Vpcc deviation
from Vnom (%)

Iout difference between two units
with identical specifications (%)

Conventional (high gain) 9.74 0.63
Conventional (low gain) 0.54 17.63
[3] 4.28 3.88
[4] 3.64 5.28
Proposed 2.29 1.31

with a deviation of 9.74%. This occurs because, according to (4.1), a large droop gain

drives the reference voltage (vre f ) significantly away from its nominal value (Vnom).

In contrast, the low-gain case in Fig. 4.14(b) results in good bus voltage regulation,

reducing the deviation to just 0.54%. However, the price is poor current-sharing accuracy,

with a mismatch of 17.63%.

The approaches in [3] and [4] provide a more balanced compromise, with voltage devi-

ations of 4.28% and 3.64% and current-sharing errors of 3.88% and 5.28%, respectively,
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as shown in Figs. 4.14(c)–(d).

Finally, the proposed distributed method achieves superior results in both objectives

simultaneously. As presented in Fig. 4.14(e), it limits voltage deviation to 2.29% while

maintaining current-sharing disparity at just 1.31%.

These findings clearly demonstrate that the proposed scheme reconciles the conflicting

requirements of bus voltage stability and accurate current distribution, outperforming

existing approaches. Its advantage arises from the distributed control structure, which

combines local droop control with lightweight communication to adapt droop parameters

dynamically. This mechanism, formalized in (4.3)–(4.10), enables the ES units to adjust

their contributions according to both their own conditions and system-level demand,

thereby ensuring efficient and reliable operation of islanded DC-MGs.

4.2 Decentralized Adaptive Control in the Presence of

Constant Power Loads

While distributed control strategies have proven effective in enhancing flexibility and

improving supply–demand balancing in MGs, they inevitably rely on communication links

among units. This dependency can increase implementation complexity and require costly

ICT infrastructure. In particular, in rural or remote areas—where stand-alone DC-MGs are

often deployed—such infrastructure is either unavailable or economically impractical to

maintain. Consequently, decentralized control schemes emerge as a practical alternative,

as they rely solely on local measurements and unit-level decisions without requiring global

data exchange.

A decentralized approach offers several advantages in this context. First, it enhances

reliability, since each unit can independently regulate its contribution to the common bus

voltage and current sharing, eliminating vulnerabilities associated with central controllers

or communication failures. Second, it reduces costs and maintenance requirements, which

is essential for off-grid MGs in low-resource settings. Third, by leveraging local voltage

and current signals, decentralized schemes can still achieve effective power balancing and

voltage regulation, especially when adaptive droop control formulations are employed to

account for nonlinearities, line impedances, and varying loading conditions. Last but not

least, their inherent modularity facilitates the seamless addition to or removal of DG/ESS

units from the MG without requiring system-wide reconfiguration or reprogramming.
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Therefore, a decentralized strategy is well-suited for rural DC-MGs, where simplicity,

robustness, and low deployment cost are crucial. Building on these motivations, the

following section presents a decentralized adaptive droop-based methodology designed to

enhance flexibility, ensure reliable voltage regulation, and achieve accurate current sharing

without relying on communication networks.

Apart from the control structure, as discussed in Section III, the integration of CPLs

introduces additional challenges due to their negative incremental impedance characteristic.

When the terminal voltage decreases, the load current increases to maintain constant power

consumption, effectively exhibiting a negative resistance behavior. This phenomenon

reduces system damping—commonly referred to as the negative damping effect—and

can significantly compromise small-signal stability. In practical terms, the power–voltage

interaction of CPLs tends to oppose the natural voltage recovery mechanisms of the sources,

thereby amplifying voltage oscillations following disturbances. With the growing use of

power electronic interfaces, CPLs have become increasingly prevalent in modern DC-MGs,

typical examples being DC–DC converters, motor drives, and information technology

equipment.

When CPLs are connected to droop-controlled converters, their negative impedance

interacts with the converters’ virtual impedance, potentially inducing undesirable dynamic

coupling. This interaction can distort the intended droop characteristics and amplify

voltage perturbations, resulting in oscillatory or even unstable behavior if not properly

mitigated. The severity of this effect increases with both the proportion of CPLs in the

load composition and the magnitude of droop gains, as both factors reduce the effective

damping margin of the microgrid.

Building upon previous studies on islanded DC-MGs, this section introduces a com-

plementary paradigm—decentralized control. The main contribution lies in the design

of a cost-effective adaptive droop control scheme that achieves reliable voltage regula-

tion and accurate power sharing without relying on communication links. By removing

the dependency on data exchange, the proposed approach simplifies implementation, re-

duces cost, and becomes particularly suitable for rural or remote stand-alone MGs where

communication infrastructure is limited or unavailable.

Addressing the destabilizing influence of CPLs is essential to ensure reliable and stable

operation. Hence, the proposed scheme not only adjusts droop gains according to system

demands but also explicitly considers stability constraints to guarantee precise voltage

regulation, equitable current sharing, and sufficient damping margins in the presence of
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CPLs.

In addition to communication independence, the method ensures modularity and

scalability, enabling DG units, ESS systems, and ESs to be seamlessly integrated or

removed without reprogramming or centralized coordination. The introduction of an

adaptive nonlinear droop formulation further enhances robustness under diverse loading

conditions and explicitly accounts for line impedance effects, thereby maintaining stable

performance even in heavily loaded scenarios.

The effectiveness of the proposed decentralized strategy is validated through detailed

simulation studies, demonstrating its ability to balance supply and demand, maintain bus

voltage stability, and improve overall system flexibility—all while reducing reliance on

large-scale BESS installations.

The remainder of this Section is organized as follows. Section 4.2.1 introduces the

system configuration adopted in this study and outlines the proposed decentralized adaptive

droop control scheme. It also develops the control formulation in detail, including the volt-

age regulation mechanism and the adaptive nonlinear droop characteristics. Section 4.2.2

is dedicated to conducting the stability analysis of the proposed approach against small

perturbations. Finally, Section 4.2.3 evaluates the performance of the proposed method

through simulation studies under diverse operating scenarios, demonstrating its effective-

ness in bus voltage regulation, accurate power sharing, and flexibility enhancement in

stand-alone DC-MG environments.

4.2.1 The Design Principle on the improved Decentralized approach

Building on the previous Section, which introduced a distributed adaptive coordination

framework for enhancing flexibility in stand-alone DC-MGs, this Section examines a

decentralized alternative. As in the distributed scheme, the MG under study integrates

RES units (e.g., PV arrays), storage devices, and an ES interfaced with NC loads. The

Electric Spring continues to play a central role by enabling demand-side participation

and reducing reliance on large BESS banks, thereby increasing system flexibility. In

contrast to the distributed approach, however, the decentralized strategy eliminates the

need for communication infrastructure. Each unit operates solely on locally measured

signals—specifically, terminal voltage and current.

Conventional droop control provides a simple mechanism for current sharing and

voltage regulation by linearly decreasing the reference voltage as current rises. However,

its accuracy deteriorates under heavy loading, especially in the presence of line impedance
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Figure 4.15: Schematic of a standalone DC-MG including some exemplary means of local energy
resources, and electric springs.

and CPLs. To address these shortcomings, the proposed method introduces a nonlinear

adaptive droop formulation in which the droop slope adjusts dynamically with the load

level. Under light loading, the slope remains small, ensuring accurate voltage regulation

and reduced power losses. As the load increases and the system approaches its generation

capacity, the slope automatically rises, thereby improving current-sharing precision and

mitigating the destabilizing effects of CPLs.

Through this adaptive formulation, the decentralized strategy achieves a balanced trade-

off between bus voltage regulation and current sharing, while requiring no communication

links. Moreover, the control law is applied uniformly across RES generators and the

ES, ensuring modularity and scalability: units can be added or removed without global

reconfiguration. In this way, the decentralized design almost preserves the same MG

configuration presented in the previous Section but offers a simpler, communication-free

implementation that enhances flexibility, improves reliability, and provides a cost-effective

solution for off-grid applications. This configuration is illustrated in Fig. 4.15.

4.2.1.1 Adaptive Droop control Formulation

To comprehensively assess the performance of a DC-MG, several aspects must be evaluated

simultaneously. These include bus voltage regulation, current-sharing accuracy with

respect to the rated capacity of individual units, total power dissipation associated with line

impedances, and the destabilizing influence of CPLs. The latter are particularly challenging

since CPLs attempt to draw fixed power regardless of bus voltage fluctuations, thereby

exhibiting a negative incremental resistance that can compromise system stability [16].

Earlier studies [4, 16, 83] have shown that larger droop gains improve current-sharing
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Figure 4.16: The droop curve of the proposed adaptive control approach.

accuracy and mitigate the destabilizing impact of CPLs. Conversely, smaller droop gains

enhance voltage regulation and reduce steady-state power losses by keeping the reference

voltage closer to its nominal value. From these findings, practical guidelines can be derived.

Under light loading conditions, where available generation capacity significantly exceeds

demand, CPL effects are negligible and current sharing is less critical. In this case, small

droop gains are preferable to achieve accurate voltage regulation and minimize losses.

Under heavy loading conditions, when demand approaches the maximum generation

capacity and CPLs exert stronger influence, larger droop gains become more beneficial, as

they improve current-sharing precision and strengthen overall system stability.

These observations motivate the adoption of an adaptive droop curve instead of a

conventional linear droop with fixed slope. The proposed nonlinear formulation preserves

low droop gains under light loading and gradually increases them as load rises, thereby

combining the advantages of both operating regimes. To achieve this behavior, the Conven-

tional droop formula with a fixed slope can be reformulated by introducing a logarithmic

term:

vn
re f =Vnom −Rn

dr · ln

(
1+

(
In
out

In
max

)α)
· In

out ,

Rn
dr ≤

∆Vmax

In
max

, ∆Vmax =Vnom −Vper

(4.28)

where α > 0 is a shaping coefficient that determines the position of the nonlinear droop

curve in the v–i plane (see Fig. 4.16). Its value depends on the unit’s current-handling

capability and the impedance of its connecting line.

For the n-th unit, the equivalent droop gain Rn
eq is given by the slope of the tangent to
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the curve at the operating point. Differentiating (4.28) with respect to In
out yields:

Rn
eq =

∂vn
re f

∂In
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=−Rn
dr ·
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α ·
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)α
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max ·

(
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(
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)α)

+ ln

(
1+

(
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out
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)α)]
.

(4.29)

The negative sign reflects the descending nature of the characteristic. For a given

loading condition, the intersection of the tangent with the voltage axis defines the voltage

shift ∆V n required to compensate the line drop and maintain the PCC voltage close to

nominal. This can be expressed as:

∆V n = Rn
dr ·

[
α
(

In
out

In
max

)α

In
max

(
1+
(

In
out

In
max

)α)
]
· In

out . (4.30)

It is evident that ∆V n, which corresponds to the effective voltage drop across the

connection line, reaches its maximum under heavy loading when In
out approaches In

max.

At this operating point, the maximum equivalent droop gain Rn
eq,max can be obtained.

On the other side, it is highlighted in previous literature that increasing the droop gain

enhances current-sharing accuracy among in-service units with unequal power ratings [182].

However, as demonstrated in Section III, this improvement should not reduce system

damping or increase the risk of voltage instability. In particular, the stability of a droop-

controlled DC-MG with a considerable aggregation of CPLs can be guaranteed if the

following condition is satisfied:

1−
Rn

eq,max

RCPL
≥ 0 (4.31)

According to this stability criterion and the analytical demonstrations presented in [170,

183], voltage stability within a droop-controlled DC-MG can be ensured by allowing the

value of Rn
eq,max to increase with the loading level, provided that it does not exceed the

equivalent resistance of the CPLs connected to the microgrid, (i.e., Rn
eq,max ≤ RCPL). This

condition guarantees that the system’s impedance remains positive, thereby preventing

the destabilizing effect commonly associated with CPLs, which behave as negative incre-

mental resistances around their operating point. The detailed mathematical derivation and
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eigenvalue-based verification of this condition have already been presented in Section III

and are therefore omitted here for brevity.

Furthermore, considering the heterogeneous generation capacities among active sources,

it follows that the unit with the smallest nominal current capacity (i.e., the lowest Imax)

must be assigned the highest Req,max value in order to preserve proportional current sharing

across all participating units, as described in (3.18). This ensures that smaller-rated units

experience appropriately limited current stress under heavy loading, while higher-capacity

units contribute a greater share of the total demand. Consequently, satisfying this condition

for the smallest-rated unit inherently guarantees compliance for all other units within the

system, thereby maintaining both current-sharing accuracy and voltage stability across

the entire DC-MG. Consequently, by substituting this condition into (4.29), the shaping

coefficient α can be calculated as follows:

α =

(
Rn

eq,max

Rn
dr

− ln(2)

)
·2 · In

max. (4.32)

This relation provides a systematic tuning rule, linking the adaptive droop parameter α

with the nominal current rating and desired maximum equivalent droop gain of each unit.

4.2.1.2 Contribution of Storage Systems

To maximize the efficiency and lifespan of the ESSs, the proposed droop control strategy

must ensure proper SoC balancing during both charging and discharging modes while

preventing overcharging and deep discharging. The integration of multiple ESs with

different capacities and initial SoCs can adversely affect their long-term performance, as

batteries with lower SoC levels are more susceptible to deep discharges, whereas those

with higher SoC levels face a greater risk of overcharging [184]. Such imbalance not only

accelerates capacity fading but also shortens the overall service life of the energy storage

system.

In this work, the stored energy of each battery is regulated through a unified modified

droop control principle that operates seamlessly in both charging and discharging modes.

As illustrated in Fig. 4.16, the terminal current of each battery is governed by its corre-

sponding droop gain. To promote SoC equalization and enhance the aggregate lifetime of

the storage subsystem, the droop gain is adaptively adjusted in real time according to the

individual characteristics of each ES unit. Specifically, during discharging, batteries with

higher SoC values are required to deliver larger currents and are therefore assigned smaller
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virtual resistances. Conversely, during charging, batteries with lower SoC levels are given

smaller virtual resistances, allowing them to absorb charge at a faster rate. This reciprocal

mechanism ensures progressive SoC equalization among all units over time [185]. The

corresponding relationship is defined as follows:





Discharging: Rn
dr,dis =

kn
dis

SoCn ,

Charging: Rn
dr,char = kn

char ·SoCn.

(4.33)

Furthermore, employing a logarithmic droop characteristic instead of a linear one

accelerates SoC equalization, ensuring smoother convergence among storage units while

maintaining robust voltage regulation. This approach mitigates abrupt current transitions

and enhances the dynamic coordination of multiple batteries during load variations.

The PCC voltage inherently reflects the instantaneous power balance of the DC-MG:

a generation deficit causes the equivalent DC bus capacitor to discharge, resulting in a

voltage drop, whereas surplus generation leads to a voltage rise [185]. This relationship

can be exploited to define appropriate values for kn
char and kn

dis, ensuring effective SoC

balancing under both operational modes.

When the generation capacity of RESs either falls short of or exceeds the load demand,

the corresponding current imbalance must be compensated by the ESs. The PCC voltage

can therefore be expressed as:

Vpcc =
1

Cpcc

∫ ( Nes

∑
n=1

In
out +(IRES − Iload)

)
dt, (4.34)

where Nes denotes the total number of ES units and Cpcc represents the equivalent bus

capacitance. Differentiating (4.34) and substituting from (4.28) yields:

Cpcc
dVpcc

dt
=

Nes

∑
n=1

Vnom − vn
re f

ℜn
dr

+(IRES − Iload) ,

ℜn
dr = Rn

dr · ln

(
1+

(
In
out

In
max

)α)
,

(4.35)

where ℜn
dr denotes the effective virtual resistance of the n-th ES unit.

Assuming an ideal controller and following the demonstration in [99], where line

resistances are designed to render voltage drops negligible, it is reasonable to consider

vn
re f ≃Vpcc. Furthermore, under coordinated operation, the effective resistances of all ES

units can be expressed proportionally as
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ℜn
dr = β1ℜ1

dr = β2ℜ2
dr = · · ·= βNesℜ

Nes
dr , (4.36)

where βn denotes the current-sharing coefficient associated with the n-th ES unit. Under

these assumptions, the dynamic behavior of the PCC voltage can be expressed as:

Vpcc(t) =

(
Vnom +(IRES − Iload)

ℜn
dr

λn

)(
1− e

− λnt
Cbusℜn

dr

)
, (4.37)

where λn = β1 +β2 + · · ·+1+ · · ·+βNes .

At steady state (t → ∞), the voltage deviation from the nominal value is given by:

∆V =Vnom − lim
t→∞

Vpcc(t) = (Iload − IRES)
ℜn

dr

λn . (4.38)

Equation (4.38) indicates that smaller values of ℜn
dr mitigate voltage fluctuations and

enhance system stability. Substituting (4.28) into (4.38), the feasible ranges for kn
char and

kn
dis ensuring voltage deviation within acceptable limits can be derived as:

kn
dis ≤

SoCn∆Vmaxλn

(Iload − IRES) ln
(

1+
(

In
out

In
max

)α) ,

kn
char ≤

∆Vmaxλn

SoCn (Iload − IRES) ln
(

1+
(

In
out

In
max

)α) .
(4.39)

The above inequalities define the admissible tuning boundaries for the droop coeffi-

cients during charging and discharging, ensuring both SoC balancing and voltage stability

within the defined 5% tolerance band. These relations serve as practical design guide-

lines for implementing the proposed adaptive droop strategy in multi-battery DC-MG

configurations.

4.2.1.3 Voltage Regulation Mechanism

Building upon the preceding formulation, Fig. 4.17 illustrates the control architecture

adopted for the power converters of the DC-MG units, namely DGs and ESS systems. The

scheme employs a cascaded arrangement, in which terminal voltages are regulated by an

inner current loop combined with an outer voltage loop. The reference signal for the outer

loop, vre f , is determined according to (4.28), thereby allowing the droop characteristic to

adapt dynamically to varying load and generation conditions. This hierarchical structure

enhances robustness by decoupling fast current dynamics from slower voltage regulation,
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Figure 4.17: Control of in-service units, (a) Control block diagram of power converters, (b) control
mechanism.

ensuring stable operation across a broad range of operating points.

During over-current events, the PI controller output may approach saturation as it

attempts to restore the voltage, leading to integrator windup, degraded transient perfor-

mance, and in some cases oscillatory behavior. An anti-windup mechanism, implemented

following the approach in [186], is embedded within the loop to address this issue. This

strategy prevents the accumulation of error in the integrator state when saturation occurs,

thereby releasing the controller once normal conditions are restored and improving both

transient response and overall stability.

The overall operation of the proposed adaptive strategy can be interpreted in two

sequential stages. In the first stage, the DGs apply the adaptive droop control to regulate

the PCC voltage while simultaneously sharing current among the generating units. This

constitutes the primary control layer of the DC-MG, ensuring both voltage quality and

proportional load sharing under normal operating conditions. In the second stage, if the

aggregate DG capacity cannot fully satisfy the demand and the PCC voltage deviates

beyond the admissible band, the ESS system is automatically activated. In this mode, the

ESS units participate through the same adaptive droop law, thereby reinforcing voltage

regulation and contributing to supply–demand balance. This coordinated activation ensures

that the storage units are utilized only when strictly necessary, thereby extending battery

lifetime and enhancing overall system resilience.

According to Table 4.3, the admissible PCC voltage deviation is limited to 5%. The

effectiveness of the proposed scheme in satisfying this requirement, while simultaneously
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Table 4.3: DC Microgrid Parameters in Decentralized Control Structure.

Parameters Symbol Value

Nominal Voltage Vnom 48 V
Permissible Voltage Variation Vper ±5%Vnom

Max. Current (PV1 & PV2) Imax 8 A
Max. Current (PV3) Imax 5 A
Max. Current (ES1 & ES2) Imax 10 A
Initial SoC (ES1 & ES2) SoC0

1 , SoC0
2 %80, %50

Line Res., Induc.(PV1) Rline,1, lline,1 0.15 Ω,0.2 mH
Line Res., Induc. (PV2) Rline,2, lline,2 0.1 Ω,0.1 mH
Line Res., Induc. (PV3) Rline,3, lline,3 0.3 Ω,0.3 mH
Line Res., Induc. (ES1 & ES2) Rline,4;5, lline,4;5 0.25 Ω,0.05 mH
Total Resistive Load, CPL Rresis, RCPL 15 Ω,10 Ω

PV PV
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ES
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Figure 4.18: Equivalent circuit diagram of the proposed droop-controlled DC-MG.

ensuring reliable current sharing among all active units, is demonstrated through the

performance assessment presented in the following section.

4.2.2 Small-Signal Stability Analysis

The situation here closely parallels the stability discussion presented in the previous section.

As previously noted, the stability of a DC-MG can be effectively assessed using small-

signal analysis. Based on the linearized small-signal model of an ideal CPL given in (3.35),

it has been shown in [184] that while the negative incremental resistance of CPLs introduces

a destabilizing effect on the grid, the current-source component itself does not significantly

affect system stability. It is also important to consider that practical factors—such as

converter efficiency, closed-loop gain, and bandwidth—tend to mitigate the destabilizing

influence of real CPLs compared to their idealized representations [3, 184, 187]. Therefore,
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if the system remains stable under ideal CPL conditions, it can be reasonably expected to

maintain stability under practical operating scenarios as well.

Furthermore, as discussed in the previous section, droop controllers typically operate

at a lower sampling rate than the inner current and outer voltage controllers, which are

designed for higher bandwidth and faster dynamic response [185]. Consequently, the

dynamics of these faster control loops can be neglected, simplifying the system model by

reducing its order [98]. Under such idealized assumptions, the output voltage of the n-th

converter can be approximated as equal to its reference voltage (i.e., vn
out = vn

re f ) [183].

Perturbations around the equilibrium point are then applied to derive linearized system

equations, providing analytical insight into the small-signal dynamics. Following the same

approach, and considering the same as the Section 4.1.3, the dynamic equations can be

expressed by applying a small perturbation to (4.28):

v̂out
n =−Dn · Î

out
n ,

Dn =−Rn
dr

[
ln(1+ x)+

αx

1+ x

]
, x =

(
In
out

In
max

)α (4.40)

In (4.40), the symbol (;̂ ;) also denotes a variable perturbed around the operating

point. Fig. 4.18 presents the equivalent diagram of the tested DC-MG. As shown in that

figure, by accounting for the equivalent inductance and resistance of the lines and the

equivalent lumped load model, Kirchhoff’s laws can be derived and then linearized using a

small-signal approximation:

v̂n
out−v̂pcc = Rn

line În
out + ln

line
dÎn

out

dt
,

v̂pcc =Rload,eq

Nu

∑
n=1

În
out ,

Rload,eq = Rresis ∥ RCPL.

(4.41)

Substituting (4.40) into (4.41) yields:

dÎn
out

dt
=−

Dn +Rload,eq +Rn
line

Ln
line

· În
out −

Rload,eq

Ln
line

Nu

∑
j=1
j ̸=n

Î j
out . (4.42)

The above formulation can also be expressed in matrix form:

dÎout

dt
= A Îout (4.43)
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Figure 4.19: Family of root locus while changing different parameters. (a) Line resistance, (b) line
inductance, (c) resistive loads, (d) CPLs.

where Îout is the column vector of perturbed output currents, and A is given by:

A =




−
D1 +Rload,eq +R1

line

L1
line

−
Rload,eq

L2
line

· · · −
Rload,eq

Ln
line

−
Rload,eq

L1
line

−
D2 +Rload,eq +R2

line

L2
line

· · · −
Rload,eq

Ln
line

...
. . .

...

−
Rload,eq

L1
line

−
Rload,eq

L2
line

· · · −
Dn +Rload,eq +Rn

line

Ln
line




Figure 4.19 illustrates the root locus trajectories obtained under variations of key system

parameters. Since the proposed control law adaptively adjusts the droop gain with the

operating point, this effect is inherently captured in all plots. In Fig. 4.19(a), the eigenvalue

distribution is shown as the line resistance is increased in ten increments of 10%. The

additional resistance shifts the poles deeper into the left half-plane, thereby improving the

overall stability margin. The opposite tendency is observed in Fig. 4.19(b), where larger
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line inductance drives the poles toward the right half-plane, reducing stability.

As shown in Fig. 4.19(c), increasing the resistive load from 15 Ω (light loading)

alters the eigenvalue locations but does not compromise stability. In contrast, Fig. 4.19(d)

highlights the destabilizing influence of CPLs: raising their power demand from 50 to

550 W moves the poles toward the right half-plane, gradually pushing the system toward

instability. Importantly, the plots confirm that higher droop gains—up to ×24—can

effectively counteract this adverse effect.

It is worth noting that the destabilizing impact of CPLs is most pronounced under

high-demand conditions, where their share of the total load is significant. In such scenarios,

increasing the droop gain provides a practical stabilization mechanism, consistent with

the adaptive nonlinear droop curve defined in (4.28) (see also Fig. 4.16). Overall, the

results across all subfigures consistently demonstrate that larger droop gains enhance the

robustness of the DC-MG small-signal response.

4.2.3 Performance Evaluation

In this section, the performance of the proposed scheme is assessed using the test DC-MG

depicted in Fig. 4.15, modeled in the MATLAB® environment. The system includes three

DG units: DG1 and DG2 emulate two PV arrays with identical power ratings, whereas

DG3 represents a smaller PV array that generates half the power of each of the other

two units. The main parameters are summarized in Table 4.3. As discussed before,

the ES employed in this study adopts a half-bridge inverter configuration, illustrated in

Fig. 2.7, with detailed specifications provided in Table 2.3. The ES enhances overall

system flexibility by participating in bus voltage support (i.e., through surplus energy

provision) and demand-side management, by dynamically modulating NC loads under

stressed conditions.

To validate the effectiveness of the proposed adaptive droop control, a comparative

study is carried out against conventional droop control schemes with fixed low and high VR.

These two benchmark cases are widely adopted in the literature and represent the inherent

trade-off between voltage regulation and current-sharing precision in fixed-parameter

approaches. The evaluation therefore focuses on whether the adaptive law can overcome

the limitations of each extreme case.

The analysis considers four key performance metrics:

• PCC voltage regulation, to assess the ability of the controller to maintain bus voltage
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deviations within the admissible band;

• Current-sharing accuracy among heterogeneous DG units, ensuring proportionality

to their rated capacities under both light and heavy loading;

• Total power losses associated with line resistances, reflecting the efficiency implica-

tions of different droop strategies; and

• The ES’s capability to stabilize the PCC voltage under overload conditions, highlight-

ing the contribution of storage and demand-side participation to system resilience.

This comprehensive framework enables a fair and transparent comparison of the

proposed adaptive droop method against conventional approaches, providing quantitative

evidence of its superiority in balancing voltage quality, current-sharing fairness, efficiency,

and flexibility.

Two control strategies are compared in this study: (i) the proposed adaptive droop

control and (ii) conventional droop control with constant VR. For the latter, two distinct

gain settings are considered to reflect typical design trade-offs: low gains (0.3 for DG1 and

DG2, 0.4 for DG3, and 0.2 for ESs) and high gains (3 for DG1 and DG2, 4 for DG3, and 2

for ESs). These cases will capture the inherent limitations of fixed-parameter droop control,

where small gains lead to poor current sharing, while large gains improve proportionality

at the expense of voltage quality.

An intermittent step-like demand profile is applied to evaluate the effectiveness of the

proposed method. The total demand is assumed to remain within the generation capacity

of the DGs, ensuring that no overloading occurs (i.e., In
out ≤ In

max). This scenario serves

as a benchmark to examine how the system reacts to abrupt load variations under normal

conditions.

The analysis focuses on three critical aspects:

• PCC voltage recovery speed, as an indicator of the system’s dynamic response and

stability;

• Accuracy of current sharing among DG units, to assess fairness in load distribution

relative to nominal capacities; and

• Prevention of unnecessary ES activation, which reflects the ability of the scheme to

preserve stored energy for genuine contingencies rather than routine fluctuations.
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Figure 4.20: DG units’ response to the variable demand profile using the proposed method.

The corresponding simulation outcomes are reported in Figs. 4.20-4.22 and are ana-

lyzed in detail in the following subsections.

Fig. 4.20 illustrates the terminal currents and voltages of the units under the proposed

control strategy at different loading levels. The system demonstrates a rapid dynamic

response to step changes, while PCC voltage deviations remain within the prescribed

band. Furthermore, current distribution among the DG units follows their nominal ratings,

ensuring accurate proportional sharing under both light and heavy loading. Since the

terminal voltages never drop below the defined threshold, the ESs remain deactivated

throughout the test. This behavior is desirable, as it preserves the stored energy of the ESs

for future contingencies such as overloads or generation shortages.

For comparison, Fig. 4.21 presents the results of conventional droop control with low

VR. In this case, voltage excursions do not exceed acceptable limits, indicating satisfactory

regulation capability. However, current-sharing accuracy is poor: DG1 and DG2, despite

having identical nominal capacities, supply noticeably different currents. This mismatch

highlights the inadequacy of small fixed droop gains in ensuring fairness and voltage

stability simultaneously.

A different behavior is observed when conventional droop control is applied with
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Figure 4.21: DG units’ response to the variable demand profile using conventional droop control
with low gains.

high VR, as shown in Fig. 4.22. Here, current-sharing accuracy is substantially improved

compared to the low-gain case, as the steeper droop slopes enforce closer proportionality

among units. However, this improvement comes at the expense of significant voltage

violations, which in turn trigger the activation of the ESs. Nevertheless, it can be seen

here that effective voltage correction is not achieved, even though the ESs’ engagement

is properly aligned with their characteristics (i.e., the unit with a lower SoC contributes

less than that with a higher SoC). It is mainly due to the fact that the large droop gains

introduce considerable deviations of the reference voltage (vre f ) from the nominal bus

voltage (Vnom), as demonstrated in Fig. 4.16. As a result, the ES is forced into unnecessary

operation, dissipating its energy without contributing meaningful stabilization. Such

inefficient utilization of battery resources underscores the drawback of fixed high-gain

droop control.

For a deeper analysis, the voltage regulation capability of the proposed control approach

is benchmarked against conventional droop control with fixed small and large gains,

irrespective of load conditions. To quantify this metric, the following general expression is

employed:
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Without ES

With ES

Figure 4.22: DG units’ response to the variable demand profile using conventional droop control
with high gains.

Vreg(%) =
Vnom −Vpcc

Vnom
×100 (4.44)

where Vpcc denotes the measured common bus voltage under varying load levels. The

comparative results, shown in Fig. 4.23, confirm that the use of constant large droop

gains significantly deteriorates voltage regulation by driving vre f further away from Vnom.

Conversely, the proposed adaptive scheme maintains the bus voltage within the prescribed

permissible band while still yielding a sufficiently large equivalent droop gain at heavy

loading. This demonstrates its ability to combine the strengths of both small- and large-gain

strategies while avoiding their inherent drawbacks.

To further examine current-sharing performance, the following error index is defined:

Ierr(%) =
|In

des − In
out |

In
des

×100, (4.45)

where the desired output current of the n-th unit is calculated as:

In
des =

In
max

∑
Nu
n=1 In

max

× ILoad, ILoad =
Nu

∑
n=1

In
out , (4.46)
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Figure 4.23: Voltage regulation comparison of proposed adaptive control approach and
conventional droop control.
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Figure 4.24: The comparison of the current-sharing error of the proposed control approach and that
of the conventional droop control.

and Nu represents the total number of units.

Fig. 4.24 illustrates the average current-sharing accuracy across different operating

modes. As observed, large droop gains provide relatively precise current distribution among

multiple units across different demand levels, whereas small droop gains fail to guarantee

fair distribution, leading to significant deviations even among units with identical nominal

ratings. This imbalance may cause smaller DGs to approach their maximum generation

limits while others operate well below capacity, thereby compromising the safe operation

of the system under high-load conditions. In contrast, although the proposed adaptive

method lacks sufficient accuracy in light loadings, it can achieve accurate proportional

sharing, with notable improvements at high load levels, where precise distribution is most

critical to prevent potential over-generation and mitigate thermal stress on small DGs. This

result underscores the capability of the adaptive formulation to dynamically tune VR in a

manner that balances current-sharing fairness with robust voltage regulation.

Fig. 4.25 illustrates the impact of three droop-based strategies on the total power losses
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Figure 4.25: Total power losses in the DC-MG using the proposed control approach and
conventional droop control.

of the DC-MG, which primarily originate from resistive dissipation along distribution lines.

At light loading, the curves corresponding to all approaches nearly overlap, confirming

that differences in VR settings have minimal influence when current levels are small. As

the demand increases, however, discrepancies become more evident. In particular, smaller

droop gains consistently yield lower power losses across all load levels, since the reduced

voltage deviations translate into lower injected currents.

Nevertheless, the advantage of small fixed gains is offset by their inability to ensure fair

current sharing, as shown earlier. Under heavy loading conditions—where higher droop

gains are typically required to achieve proportional current distribution—the proposed

adaptive method strikes an effective balance. Specifically, it achieves reduced total losses

compared with the conventional case employing fixed large gains, while simultaneously

maintaining accurate sharing and acceptable voltage regulation. This result highlights

one of the key benefits of the adaptive strategy: it improves efficiency without compro-

mising reliability, thereby reconciling two objectives that are typically in conflict under

conventional droop control.

To investigate the role of the ES in enhancing MG flexibility and ensuring voltage

stability under overloading conditions, an intermittent power profile is applied. During

the first stage of the test, demand remains relatively constant and within the generation

capacity of the RES units. At t = 5 s, however, an additional dynamic load is introduced to

emulate an unscheduled surge that pushes the overall demand beyond the rated capacity of

the DGs. This setup allows for a realistic evaluation of the ES’s contribution under stressed

operating conditions.

Fig. 4.26(a) confirms that the ESs remain inactive during the initial stage, since

RES units are sufficient to support the baseline demand. Once the new load is applied,
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Figure 4.26: Simulation results over the impact of ES’s bouncing reaction for voltage stability. (a)
Terminal currents, (b) Terminal voltages, (c) Smart load power dissipation.

Fig. 4.26(b) shows that the ESs are promptly activated to compensate for the imbalance

between generation and demand with respect to their unit-specific characteristics (i.e.,

SoCs), regulating the PCC voltage. It can be observed from Fig. 4.26(a) that the ES with

higher SoC injects more current into the MG (please see Table 4.3). So, it can be said

that the ES effectively behaves like a suspension spring, counteracting fluctuations and

maintaining the voltage within the permissible band.

Beyond voltage stabilization, the ES also contributes to demand-side management.

As illustrated in Fig. 4.26(c), the ES dynamically controls the power consumption of NC

loads. Through its “bouncing” behavior, the ES modulates load dissipation in response to
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real-time conditions, thereby alleviating stress on generation units and preserving voltage

stability. This dual functionality—supporting supply-side regulation and coordinating

demand-side flexibility—reduces reliance on oversized BESS banks and enhances overall

system efficiency. Consequently, the ES emerges as a valuable asset for improving the

adaptability, resilience, and energy efficiency of DC-MG operation under uncertain and

variable demand.

4.3 Cost-Based Coordination of Battery Energy Storage

Systems

In the previous Sections, energy coordination among multiple ESSs was achieved through

a SoC-based sharing mechanism. This strategy effectively balanced the energy levels of

individual batteries, preventing overuse of particular units and thereby extending their

overall lifespan. Nevertheless, although SoC balancing ensures technical fairness in energy

utilization, it does not inherently guarantee economic optimality—especially in systems

where batteries differ in type, capacity, or degradation behavior. In practice, each BESS

exhibits a unique correlation between its charge–discharge cycles and degradation rate,

leading to unequal aging patterns and replacement costs even when the supplied energy is

the same. Given that battery degradation constitutes a major portion of a DC-MG’s total

capital cost, control strategies relying exclusively on SoC may inadvertently accelerate

wear in more expensive or short-lived units, ultimately increasing long-term operating

expenses.

To address this shortcoming, this work proposes a cost-oriented adaptive droop control

strategy that allocates the power contribution of each BESS according to its degradation

cost rather than its instantaneous SoC. The concept of Incremental Cost (IC) is adopted

to the cost-benefit analysis as a real-time metric representing each battery’s marginal

degradation cost, derived from its cycle-life characteristics and capital investment. By

enforcing an equal-IC condition across all BESSs, the proposed approach ensures an

economically optimal distribution of power. Consequently, batteries with lower degradation

costs are utilized more intensively, while the operation of costlier or shorter-lived units is

moderated. This adaptive framework not only minimizes the total capital cost associated

with energy storage but also extends the effective service life of the entire system, thereby

enhancing both the economic efficiency and sustainability of isolated DC-MGs. So, it can
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be concluded that:

• In previous approaches: Adaptive droop control ensures SoC balance by solely

equalizing energy utilization among storage units.

• Now: Adaptive droop control ensures economic balance by explicitly considering

battery degradation cost and extending the control objective from BESSs’ energy

usage reduction to cost reduction.

It is also worth highlighting that in contrast to other previous sections, where the

Electric Spring was incorporated as an active flexibility resource for balancing demand

and supply, in this section the focus is placed solely on the BESS units. This simplification

is intentional, as the primary objective here is not to enhance system-level flexibility,

but rather to reduce the total usage and degradation cost of the batteries themselves. By

considering the BESSs as the exclusive flexibility providers, the analysis directly targets

the economic efficiency of energy storage utilization within the DC-MG.

The remainder of this section is organized as follows. Section 4.3.1 introduces the

cost-based droop control design, where the fundamental principles of droop control for

BESSs are reviewed and the formulation of the cost-based adaptive droop control is

presented. The degradation characteristics of each battery are incorporated through an

IC model derived from its cycle-life data and capital cost. The relationship between the

IC, SoC, and output current is then established. Section 4.3.2 elaborates on the power

contribution mechanism of the storage units and describes the overall control architecture

of the DC-MG, including the hierarchical operation between renewable generation units

and BESSs. Finally, Section 4.3.3 presents the performance evaluation, where the proposed

approach is tested on a simulated DC-MG comprising multiple BESSs and renewable

generators. Comparative results with conventional SoC-based droop methods are provided

to demonstrate the superiority of the cost-based approach in minimizing total degradation

costs, improving voltage regulation, and achieving balanced power sharing.

4.3.1 Cost-based Droop Control Design

In two previous Sections, the fundamentals of droop control and its adaptive extensions

were examined within the framework of SoC-based coordination. In that approach, the

droop slope was continuously adjusted to balance the SoC among multiple BESS units at

different operating modes (i.e., in discharge mode, batteries with higher SoC are allocated
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Figure 4.27: Generic configuration of a DC Microgrid.

lower VR to supply greater current, whereas in charging mode, units with lower SoC

receive smaller VR to promote faster charging and achieve SoC balancing). Nevertheless,

as previously discussed, maintaining identical SoC levels across heterogeneous batteries

does not necessarily represent their actual economic condition or degradation dynamics.

Units with different capacities, chemical structure, or cycle-life characteristics experience

unequal wear and replacement costs, even when they supply equivalent amounts of energy.

To enhance the economic efficiency of the MG, the droop control formulation can be

extended beyond energy-centric indicators by including cost-related data, in such a way

that the VR of each storage unit is adaptively tuned based on its incremental degradation

cost information.

For doing so, the proposed approach preserves the fundamental voltage–current droop

principle but redefines the adaptive slope as a function of each battery’s IC rather than its

SoC. Under this configuration, batteries exhibiting lower degradation costs automatically

contribute a larger share of current, while those with higher degradation costs proportionally

reduce their participation. This behavior minimizes the overall operating and replacement

costs of the energy storage system without compromising voltage stability or system

reliability. The following subsections derive the mathematical formulation of the cost-

based droop control, present the degradation-cost modeling as a function of Depth of

Discharge (DoD) and SoC, and describe the implementation of the equal-IC condition that

governs proper operation of the proposed scheme.

The rationale for employing a nonlinear droop curve with an adaptive slope—one

that remains gradual under light loading and becomes progressively steeper as the load

increases—has been established in earlier sections. In this context, an alternative nonlinear

droop formulation is introduced, primarily aimed at achieving comparable adaptive behav-
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Figure 4.28: Lifetime cycles of a BESS versus depth of discharge.

ior while reducing the computational effort required to incorporate cost-related parameters

into the droop gain calculation:

vre f ,i =Vnom −Rdr,i Iα
out,i (4.47)

In addition, the droop resistance Rdr,i of the i-th storage unit can be constrained accord-

ing to the permissible voltage deviation, ensuring that the terminal voltage remains within

the predefined upper and lower limits (Vmax and Vmin) during charging and discharging,

respectively. This constraint can be expressed as:

∣∣∣Rchar
dr,i

∣∣∣≤ Vnom −Vmax

Iα
max,i ·SoCi

(4.48)

∣∣∣Rdis
dr,i

∣∣∣≤ (Vnom −Vmin) ·SoCi

Iα
max,i

(4.49)

where Rchar
dr,i and Rdis

dr,i denote the effective droop resistances of the i-th unit during charging

and discharging phases, respectively. The other parameters are the same as those already

defined in similar equations.

Here, the parameter α for each battery unit is adjusted according to its individual

degradation cost, ensuring a prolonged operational lifespan and minimizing the overall

ESS expenditure. The subsequent discussion presents the methodology for determining

this critical parameter.

A representative relationship between a battery’s cycle life and its depth of discharge

(DoD) is illustrated in Fig. 4.28. The cycle life denotes the maximum number of complete
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charge–discharge cycles a battery can undergo before reaching its End of Life (EoL).

As shown, increasing the DoD—corresponding to deeper discharge levels—results in

a substantial reduction in the attainable cycle count [139]. This inverse relationship

highlights the critical trade-off between energy utilization and long-term durability in

battery operation.

Even when identical energy exchanges occur among different BESS units, their degra-

dation costs may vary significantly due to differences in intrinsic cycle-life character-

istics. In addition to DoD, other aging-related factors—such as ambient temperature,

charge/discharge rates, sustained operation at extreme SoC levels, and current ripple—can

further influence degradation behavior. Nevertheless, these secondary factors can typically

be mitigated through proper converter-level control, adequate thermal regulation, and

optimized operating strategies. For this reason, the present analysis focuses exclusively on

degradation mechanisms associated with DoD, which constitute the dominant contributor

to long-term capacity fade and cost of ownership.

To embed the effect of battery cycle life into the proposed control scheme, it is first

necessary to establish a mathematical relationship between the battery’s lifetime and its

depth of discharge (DoD). This dependence can be represented using an empirical model

that approximates the typical cycle-life curve [172]:

Li = β0,i ×DoD
−β1,i
i × eβ2,i(1−DoDi) (4.50)

where Li denotes the cycle life of the i-th battery, and β0,i, β1,i, and β2,i are empirical

coefficients determined from manufacturer data or experimental characterization. These

parameters capture the specific degradation behavior of each battery type, thereby allowing

the control strategy to account for heterogeneous lifetime characteristics among different

BESS units.

In (4.50), the coefficients β0,i, β1,i, and β2,i are curve-fitting parameters specific to

i-th battery type and are typically obtained from manufacturer data. Since the (DoD) is

defined as DoD = 1−SoC, a single discharge event—from full charge to a given SoC

level—incurs a degradation cost that can be related to the Total Capital Cost (TCC) of

the battery (Ctot) and its corresponding cycle life L(SoC), which denotes the total number

of charge–discharge cycles achievable when operating at that SoClevel. When the SoC

decreases from an initial value SoCa to a lower value SoCb, the degradation cost associated

with this partial discharge (i.e., a half-cycle) can be estimated as
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Cdeg =
1
2

(
Ctot

L(SoCb)
−

Ctot

L(SoCa)

)
. (4.51)

This relationship implies that deeper discharges (i.e., smaller SoCb values) lead to

higher degradation costs, since the achievable cycle life decreases exponentially with

increasing DoD (See Fig. 4.28). Building on this concept, the incremental cost (IC) of

BESS degradation can be derived as the derivative of the inverse cycle life with respect to

SoC:

ICi =−
Ctot,i

2CBAT,i
·

d(1/Li)

dSoCi

=
Ctot,i

2CBAT,iβ0,i
e−β2,iSoCi

[
β1,i(1−SoCi)

β1,i−1 +β2,i(1−SoCi)
β1,i

] (4.52)

Equation (4.52) describes the degradation cost per unit of exchanged energy (i.e.,

in $/kWh), which varies as a function of the battery’s SoC. In other words, this equation

quantifies how the instantaneous degradation cost of each battery evolves with its SoC.

Batteries exhibiting lower IC values can therefore be assigned larger power contributions,

enabling cost-effective operation and balanced degradation across the entire storage fleet.

It is important to note that, although (4.51) and (4.52) are formulated for the discharge

phase, the same relationships remain valid during charging, provided that the direction of

the SoC variation is reversed.

On the other hand, the link between a battery’s SoC and its output current can be

established through the well-known Coulomb counting method, which expresses the SoC

as a function of the accumulated charge exchanged over time. Note that the Coulomb

counting equation is already defined in Subsection 4.1.2 (refer to equation (4.7)) According

to (4.7), the SoC of each battery evolves as a function of its output current. Consequently,

the IC can be expressed as a dynamic function of Iout,i by substituting the SoC variation

into (4.52):

ICi = f (Iout,i) (4.53)

In classical economic dispatch formulations, when transmission losses are negligible

and DG outputs are unconstrained, the optimal operating condition is achieved when all

generators exhibit identical incremental costs (ICs), ensuring that total generation precisely

meets system demand. This is widely recognized as the equal incremental cost (equal-IC)
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principle [188]. In the context of small, isolated DC-MGs, distribution line losses are

typically minimal due to short feeder lengths and low resistances. Moreover, as reported

in [189], these resistances can be intentionally designed to maintain negligible loss levels

through appropriate conductor sizing and layout optimization. Consequently, the equal-IC

principle can be effectively extended to determine the optimal power (or current) allocation

among BESSs [172].

In this framework, the IC of each BESS inherently represents its degradation-related

cost, which depends on factors such as the SoC, DoD, and battery chemical nature. There-

fore, equalizing the ICs across all units ensures an economically optimal discharge pattern,

minimizing the overall degradation rate while maintaining energy balance. This condition

is achieved provided that the aggregate output current of all BESS units collectively satis-

fies the system’s required compensating current demand. The economic dispatch condition

for optimal current sharing can thus be obtained provided that the following criterion is

satisfied:





IC1 = IC2 = · · ·= ICi, ∀i ∈ Nu,

∑
Nu
i=1 Iout,i = Ireq

(4.54)

where Nu represents the total number of in-service batteries, and Ireq denotes the total

required current that should be compensated by the storage units.

Fig. 4.29 presents the IC characteristics of the BESS units under various loading

conditions. Due to inherent differences in their cycle-life profiles, capacity ratings, and

installation costs, each battery exhibits a distinct IC curve. As depicted, one storage unit

(e.g., BESS2) may incur lower degradation costs within specific current ranges, whereas

another unit (e.g., BESS1) becomes more cost-effective under other operating conditions.

These nonidentical IC profiles capture the practical heterogeneity of real-world storage

systems, where variations in battery characteristics (e.g., age, type, usage history, etc.)

affect the marginal cost of energy delivery.

In accordance with (4.54), the economically optimal operating point corresponds to the

intersection where the aggregate output current of all batteries equals the system’s required

surplus demand. At this equilibrium, the incremental costs of all participating BESS units

are equalized, and the corresponding optimal current contribution of each unit, denoted as

Ides,i, can be determined. This target current is then used to adapt the droop coefficient α

dynamically, following the relation:
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Figure 4.29: The concept of equal ICs for grid support.

α = Gpi

∣∣Ides,i − Iout,i
∣∣

Ides,i
, (4.55)

The PI action continuously minimizes the deviation between the desired (Ides,i) and

actual (Iout,i) output currents of each BESS, thereby refining current-sharing accuracy

while steering the system toward the economic equilibrium point [141]. This formulation

enables decentralized implementation, as each unit locally adjusts its droop gain based on

measurable current feedback and predefined cost characteristics.

It is important to emphasize that the economically optimal currents Ides,i derived

from the equal-IC principle do not necessarily correspond to equal SoC levels across the

storage units. This distinction highlights that, from an economic optimization perspective,

enforcing uniform SoC among heterogeneous batteries may not yield the most cost-efficient

operation for the overall ESS. Instead, each unit contributes according to its marginal cost

characteristics, leading to an operation that minimizes total degradation and extends the

collective lifetime of the BESS fleet.

4.3.2 Units’ Power Contribution Mechanism

Based on the preceding formulations, the overall control framework for the DC-MG energy

storage units is illustrated in Fig. 4.30. The proposed control system operates through two

hierarchical layers that jointly ensure stable voltage regulation, efficient power sharing,

and coordinated participation of distributed resources.

In the first layer, the RESs autonomously maintain the voltage at the PCC, taking into
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Figure 4.30: Flowchart diagram of the proposed control scheme.

account their generation capacities, the available solar irradiance, and the instantaneous

demand profile. This stage constitutes the primary voltage regulation mechanism of the

DC-MG. Power sharing among the RES units is achieved through a conventional droop-

based approach, as described in [183], which adheres to the voltage–current characteristic

defined in (1.1).

In the second layer, when the power delivered by the RESs becomes insufficient to

meet the total demand—resulting in a PCC voltage drop below the lower permissible

limit—the BESSs are automatically engaged. Once activated, these units operate under the

proposed cost-based adaptive droop control strategy, dynamically adjusting their droop

coefficients in response to real-time voltage and current measurements. This mechanism

enables the BESSs to compensate for power imbalances, restore the DC bus voltage, and

maintain system stability under variable load and generation conditions.

As summarized in Table 4.4, a voltage deviation within 5% of the nominal value is

considered acceptable under the proposed hierarchical framework. The reference voltage

vre f for each BESS converter is determined using the adaptive droop formulation in (4.47),

which incorporates both instantaneous system states and economic dispatch considerations.

4.3.3 Effectiveness Evaluation in Reducing Total Degradation Costs

To evaluate the effectiveness of the proposed control strategy, a test configuration of the

DC-MG, illustrated in Fig. 4.27, was developed in the MATLAB®/Simulink environment.

The system comprises two BESS units (Nu = 2) and three distributed generation (DG) units.

Specifically, DG1 and DG2 emulate identical PV arrays, while DG3 represents another
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Table 4.4: DC Microgrid Parameters

Parameters Symbol Value

Nominal Voltage Vnom 48 V
Permissible Voltage Variation Vper ±5%Vnom

Max. Current (PV1 & PV2) Imax 8 A
Max. Current (PV3) Imax 5 A
Max. Current (BESSs) Imax 5 A
Initial SoC (BESSs) SoC0 % 80
Energy Cap. (BESSs) Cap 10 kWh
Capital Cost (BESSs) Ctot,1, Ctot,2 $ 5500, $ 2800
Line Res., Induc.(PV1) Rline,1, lline,1 0.15 Ω,0.2 mH
Line Res., Induc. (PV2) Rline,2, lline,2 0.1 Ω,0.1 mH
Line Res., Induc. (PV3) Rline,3, lline,3 0.3 Ω,0.3 mH
Line Res., Induc. (BESSs) Rline,4;5, lline,4;5 0.25 Ω,0.05 mH
Total Resistive Load Rresis 15 Ω

Table 4.5: Life Cycle Characteristics of Batteries

Battery No. rrrrrr rrrrrr rrrrrr rrrrrr β0 β1 β2

1 rrrrrr rrrrrr rrrrrr rrrrrr 2732 0.68 1.64
2 rrrrrr rrrrrr rrrrrr rrrrrr 1591 2.09 0

(a) (b)

Figure 4.31: ICs convergence of two BESSs in (a) discharging and (b) charging.

photovoltaic panel with a generation capacity about half that of the others. The DC-MG

operates at a nominal voltage of 48 V, with a permissible deviation of ±5%. The principal

system parameters are listed in Table 4.4, and the life-cycle characteristics of the BESS

units are summarized in Table 4.5. These parameters were selected to reflect realistic

ratings of small-scale renewable-based DC networks typically found in stand-alone or

hybrid MG applications.

The convergence behavior of the IC for the BESS units during both discharging and

charging phases is depicted in Figs. 4.31a and 4.31b, respectively. It can be observed

that the IC values of the batteries progressively converge to a common value over time,
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Figure 4.32: BESSs’ response to the variable loading conditions using the proposed method. (a)
DC bus voltage (b) Terminal currents.

demonstrating that the proposed adaptive droop-based control successfully enforces the

equal-IC condition derived in (4.54). This convergence signifies that each storage unit

autonomously adjusts its output current such that its marginal degradation cost matches that

of the others, regardless of differences in capacity, cost coefficients, or aging characteristics.

The results confirm that the proposed control strategy achieves both technical coor-

dination—by maintaining stable voltage regulation and balanced current sharing—and

economic optimality—by distributing the total power exchange in proportion to each unit’s

degradation-related cost. Consequently, the method ensures fair utilization of heteroge-

neous BESS units, minimizes long-term degradation costs, and enhances the overall energy

efficiency and lifetime of the DC-MG.

To further demonstrate the benefits of the proposed adaptive droop control strategy,
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a comparative study is carried out against the conventional droop method that employs

fixed virtual resistances. As outlined before, the DG units are governed by the droop-based

control framework described in [183], following the same formulation as in (1.1). For

comparison, the conventional control approach is applied exclusively to the BESS units,

where SoC balancing—rather than IC equalization—is adopted as the main coordination

criterion [135]. Two gain configurations are examined to capture the behavior under

extreme operating conditions: a low-droop gain (0.4 for each BESS converter) and a

high-droop gain (4 for each BESS converter). The former prioritizes voltage regulation

but compromises current-sharing precision, while the latter enhances current-sharing

uniformity at the expense of larger voltage deviations.

To assess system performance, the net load is varied in a stepwise pattern while ensuring

that total demand remains within the DG generation capacity (i.e., Iout,i ≤ Imax,i), except

during the interval t = [3−5] s, when an intentional overload condition is introduced. This

scenario allows evaluation of both steady-state and transient performance of the control

strategy under realistic disturbances. The dynamic responses of the system under these

varying load conditions are depicted in Fig. 4.32.

The simulation results reveal that the proposed adaptive control method responds

rapidly to load variations while maintaining the PCC voltage within acceptable limits.

The bus voltage recovers smoothly after each step change without exhibiting overshoot

or oscillatory behavior, confirming the effectiveness of the adaptive droop mechanism

in mitigating transient disturbances. Furthermore, the BESS units share the output cur-

rent proportionally, consistent with the equal-IC principle established in (4.54) (see also

Fig. 4.29). This proportional sharing ensures that each battery contributes according to its

degradation-related cost, leading to an economically optimal discharge pattern.

It is also observed that the BESS units remain inactive as long as the PCC voltage

exceeds the lower threshold, thereby conserving stored energy and avoiding unnecessary

cycling. Once the voltage falls below the permissible limit during t = [3−5] s, the BESSs

are automatically activated and inject compensation currents that are adaptively modulated

according to their IC characteristics. Minor deviations in current sharing can be attributed

primarily to the influence of line resistances and parameter mismatches, which introduce

slight voltage drops across feeders. Nonetheless, the system quickly restores equilibrium,

validating the robustness and practical feasibility of the proposed approach under varying

load and network conditions.

For comparison purposes, the same operating scenario is applied to the BESS units
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Figure 4.33: BESSs’ response to the variable loading conditions using conventional droop control
with high gains. (a) DC bus voltage (b) Terminal currents.

using a conventional droop control strategy with fixed high virtual resistances. In this

configuration, the degradation characteristics of the batteries are disregarded, and the droop

gains are assigned solely based on their SoC levels [183, 185]. Since both batteries possess

identical electrical and capacity specifications, as summarized in Table 4.4, equal current

contribution is expected under ideal conditions. This behavior is confirmed in Fig. 4.33,

where the output currents of the two BESS units exhibit nearly perfect proportionality

during the test period.

However, despite achieving accurate current sharing, the elevated droop gain signif-

icantly amplifies the deviation of the reference voltage (vref) from the nominal voltage

(Vnom). As a result, the terminal voltage exceeds the permissible deviation range even

after the BESSs are activated. This voltage violation indicates that while high droop gains
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Figure 4.34: BESSs’ response to the variable loading conditions using conventional droop control
with low gains. (a) DC bus voltage (b) Terminal currents.

improve proportionality among storage units, they simultaneously deteriorate voltage regu-

lation performance. The high virtual resistance effectively reduces the control sensitivity

to voltage fluctuations, limiting the batteries’ ability to compensate for power imbalances

and undermining the overall stability of the DC-MG.

Conversely, when low virtual resistances are employed—as shown in Fig. 4.34—the

PCC voltage remains within acceptable limits across all tested load conditions, confirming

enhanced voltage regulation capability. Nevertheless, this improvement comes at the

expense of degraded current-sharing precision. The two BESS units, despite identical

ratings, display noticeable current mismatch as the load varies, resulting in unequal

utilization and potential imbalance in charge–discharge cycles over time.

This comparative analysis highlights the inherent trade-off in conventional droop con-
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Table 4.6: Comparison of annual degradation costs.

Battery
No.

Degradation Cost (k$)
Conv. low droop gain Conv. high droop gain Proposed

1 2.750 2.780 2.761
2 0.845 0.826 0.828

Total 3,595 3,606 3,589

trol strategies between maintaining tight voltage regulation and ensuring accurate current

distribution among storage units. The inability to satisfy both objectives simultaneously

underscores the need for an adaptive mechanism—such as the proposed IC-based droop

approach—that dynamically tunes virtual resistances to preserve voltage stability while

achieving economically coordinated power sharing.

For additional validation, Table 4.6 compares the annual degradation costs obtained

from the control strategies discussed earlier under an excess-demand condition that fol-

lows the same pattern as in previous cases for a year. Although the degradation cost of

individual BESS units may increase slightly in certain instances, the aggregate degradation

cost across all batteries is notably lower when using the proposed approach. This outcome

demonstrates that the cost-based adaptive droop control effectively minimizes the total

degradation expenditure of the storage system, even when individual units contribute

unevenly to power delivery. The results thus confirm the economic advantage and en-

hanced long-term sustainability of the proposed control strategy compared to conventional

methods.

4.4 Summary of the Chapter

This chapter has presented a suite of innovative control frameworks for islanded DC

microgrids, designed to enhance their autonomy, resilience, and cost-effectiveness. The

research has progressively evolved from distributed coordination schemes requiring low-

bandwidth communication, through fully decentralized configurations relying solely on

local information, to a cost-oriented adaptive control strategy that integrates economic

considerations directly into the power-sharing mechanism. Together, these developments

form a coherent trajectory toward intelligent, self-organizing, and economically sustainable

microgrid operation.

In Section 4.1.1, a distributed adaptive droop-based control strategy was introduced

to achieve coordinated operation among DGs, BESSs, and controllable loads. The key
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innovation lies in the dynamic adaptation of droop gains based on each unit’s SoC and

capacity, exchanged via a lightweight communication layer. This mechanism enabled real-

time balancing of energy resources, equitable current sharing, and bus voltage stabilization

without reliance on a centralized controller. The inclusion of SoC-dependent energy

sharing and capacity awareness also mitigated overcycling of storage units, extending their

operational lifespan. In essence, this distributed framework established a communication-

assisted yet fault-tolerant approach to flexible energy coordination in complex multi-unit

microgrids.

Building on these foundations, Section 4.2.1 advanced the concept toward a fully

decentralized adaptive droop control scheme, removing the dependency on any com-

munication infrastructure. By relying solely on locally measured voltage and current

signals, each unit autonomously regulated its power output while collectively maintain-

ing voltage stability and accurate current distribution. The elimination of data exchange

drastically simplified implementation, reduced cost, and enhanced reliability—particularly

advantageous for rural and stand-alone DC microgrids where ICT infrastructure is lim-

ited. Despite its communication-free nature, the proposed control achieved comparable

power-sharing accuracy to the distributed method through the design of adaptive droop

laws that compensate for line impedances and nonlinearities. Hence, while the distributed

strategy prioritized coordination accuracy and flexibility, the decentralized one empha-

sized robustness, modularity, and practical deployability. The comparison between these

two schemes underscores the trade-off between communication-assisted precision and

communication-free resilience.

Finally, Section 4.3.1 extended the technical discussion into the economic domain

by incorporating battery degradation awareness into the control layer. The cost-oriented

adaptive droop control introduced the concept of IC as a real-time indicator of each battery’s

marginal degradation expense. By enforcing an equal-IC condition among heterogeneous

BESS units, the controller dynamically allocated power in a way that minimized total

degradation cost and prolonged system lifetime. This represents a significant step beyond

traditional SoC-based balancing, which ensures energy fairness but neglects economic

heterogeneity among storage units. The cost-aware design therefore harmonizes technical

fairness, economic rationality, and asset longevity—achieving optimal utilization of energy

storage resources from both engineering and financial perspectives.

When viewed together, these three control paradigms illustrate a clear methodological

evolution. The distributed strategy provides an intelligent cooperative framework leverag-



Chapter 4. Innovative Solutions for Real-Time Energy Management and Flexibility
Enhancement 189

ing limited communication for optimal coordination; the decentralized scheme achieves

autonomy and fault tolerance through purely local decisions; and the cost-oriented control

introduces an additional layer of intelligence by embedding economic self-optimization into

the physical control loop. Their comparative evaluation reveals that increasing autonomy

and economic awareness can be achieved without compromising stability or performance,

provided that adaptive droop mechanisms are appropriately formulated. Collectively, the

innovations presented in this chapter advance the state of the art in microgrid control by

unifying distributed intelligence, communication independence, and cost-efficiency within

a scalable and practical operational paradigm. These findings lay a robust foundation

for future research aimed at integrating predictive optimization and cooperative energy

management within interconnected multi-microgrid ecosystems.



Conclusion

In this thesis, some tools and methodologies have been proposed to facilitate the implemen-

tation of MGs in power systems, with a particular focus on increasing the hosting capacity

of RESs in isolated or weakly connected networks. The work specifically addressed the

operational and control challenges of small Italian islands, where high fuel costs, logistical

constraints, and dependence on fossil-based generation impose significant economic and

environmental burdens. Within this context, the study sought to identify and develop tech-

nical solutions that can accelerate decarbonization and improve system resilience while

maintaining stability and cost efficiency. Given the suitable potential of solar irradiation in

Italy, this thesis has focused on the deployment of solar systems as the main RES in this

study.

Enabling greater penetration of renewable energy in isolated MGs requires a careful

orchestration of distributed generation, storage, and demand-side resources. This thesis

has presented a structured approach to achieving that goal, through contributions that span

the entire control hierarchy—from long-term operational planning to real-time energy

balancing and flexibility enhancement.

A major outcome of this research is the development of innovative adaptive control

architectures designed to ensure the secure, autonomous, and economically sustainable

operation of islanded DC MGs. The methodological evolution presented in Chapter 4

represents the core of this advancement.

First, a distributed adaptive droop-based coordination framework was introduced

to enable real-time cooperation among distributed generators, BESSs, and controllable

loads. This strategy dynamically adjusts droop parameters based on each unit’s state of

charge (SoC) and rated capacity, exchanged via a low-bandwidth communication network

(LBC). The outcome is a communication-assisted yet decentralized control structure that

achieves accurate current sharing, smooth voltage regulation, and improved battery lifetime.

Validation through PHIL experiments confirmed the practical feasibility of this approach

190



Conclusion

and its resilience under partial communication failures.

Building upon this foundation, a fully decentralized adaptive droop control method was

proposed to remove any dependence on communication links. Relying solely on locally

measured quantities, each unit autonomously modulates its droop coefficient to achieve

power-sharing precision and voltage stability. Despite the absence of data exchange, the

control design preserved performance parity with distributed architectures, demonstrating a

significant leap in autonomy, modularity, and reliability. This communication-free strategy

is particularly suited for rural and remote MGs, where robust operation with minimal

infrastructure is essential.

The third innovation integrated an economic dimension into the control layer through a

cost-oriented adaptive droop mechanism. By introducing the IC (Incremental Cost) index

as a real-time indicator of each storage unit’s degradation rate, the proposed controller

achieved minimum total degradation cost across heterogeneous battery units. This design

harmonized technical fairness, economic rationality, and asset longevity, marking a crucial

step beyond traditional SoC-based balancing methods. The approach effectively minimized

cumulative aging while preserving operational stability—offering a pragmatic solution for

long-term sustainability of BESS fleets in isolated systems.

Together, these three frameworks—distributed, decentralized, and cost-aware—form

a coherent trajectory toward next-generation MGs characterized by intelligence, self-

organization, and cost efficiency. They collectively demonstrate that it is possible to

achieve flexible coordination, resilience to faults, and economic optimization within

the same control paradigm, thus bridging the gap between centralized intelligence and

autonomous operation. Through comprehensive small-signal stability analyses, nonlinear

simulations, and real-time experimental validation, this work has confirmed the robustness

and scalability of the proposed methodologies.

Beyond their technical merits, the results of this research also provide actionable

insights for policy and system planners targeting the transition of remote and islanded grids

toward higher shares of renewables. The combination of flexibility resources, adaptive

droop strategies, and HIL validation frameworks lays a strong foundation for extending

these principles to multi-MG and interconnected MG environments, where communication,

control, and economic interactions must coexist seamlessly.

Future developments stemming from this thesis may focus on integrating predictive

optimization and learning-based coordination into the proposed adaptive control schemes.

Moreover, the generalization of these frameworks to networked or hierarchical MG systems
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could enable cooperative energy exchange, resilience enhancement, and grid restoration

capabilities following major contingencies.

In conclusion, the methodologies and control architectures developed in this work

advance the state of the art in secure and flexible operation of isolated DC MGs, bridging

the gap between theoretical modeling and practical implementation. By strengthening the

stability, autonomy, and cost-effectiveness of MGs, the proposed solutions contribute to

a sustainable energy transition, reducing the reliance on fossil fuels and supporting the

decarbonization goals of isolated and weakly connected regions.
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