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Overview of DC Distribution System in Low-Carbon
Building—Part II: Key Equipment, Coordinated
Control, and Stability Analysis

Zhiwei Wu
Shuai Shao

Abstract—Building energy consumption contributes to approx-
imately 34% of global carbon emissions. Direct current (dc) dis-
tribution technology, characterized by its significant advantages
in efficiently integrating distributed energy resources and flexible
loads, alongside high transmission efficiency, presents promising
opportunities for the low-carbon transition of the building sector.
This review systematically summarizes the key power electronic
equipment, coordinated control strategies, and stability analysis
methods within building dc distribution systems. First, itintroduces
the power electronic converters that interconnect system compo-
nents, and the dc circuit breakers responsible for fault isolation
and operational mode switching. Second, this article discusses re-
cent advancements in hierarchical control architectures (including
primary, secondary, and tertiary levels), considering the electrical
characteristics of buildings, and provides a classification thereof.
Concurrently, this review systematically covers small-signal and
large-signal stability analysis methods. Comparative analyses high-
light the existing gaps in stability criteria for multivoltage-level
systems, particularly when considering line impedance. Finally,
focusing on the requirements for building decarbonization and effi-
cient, stable operation, this review provides several future research
directions.

Index Terms—Building decarbonization, building energy
systems, dc distribution system, dc microgrid, hierarchical control,
power electronic equipment, stability analysis.
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1. INTRODUCTION

HE building sector is a major contributor to global energy
T consumption and CO, emissions, accounting for approx-
imately 32% of global final energy consumption and 34% of
global CO4 emissions [1]. Achieving low-carbon operation in
buildings is therefore crucial for addressing climate change and
mitigating environmental issues.

To achieve building decarbonization, constructing an inte-
grated and highly efficient power distribution system is essential.
While traditional buildings utilize alternating current (ac) distri-
bution systems, in recent years, direct current (dc) distribution
systems and dc microgrids have garnered significant attention
due to their advantages in energy conversion efficiency, control
flexibility, and ease of integrating photovoltaics (PV), energy
storage system (ESS), and loads [2], [3], [4], [5], [6], [7], [8].
Low-carbon building dc distribution technology, by integrating
PV generation, flexible loads, electrochemical ESS, and the
building’s inherent thermal storage into the low-voltage dc dis-
tribution system [9], [10], [11], enables the partial or complete
substitution of conventional grid power with clean energy gener-
ation and enhances energy transmission efficiency. Therefore, dc
distribution technology holds significant potential for achieving
energy savings and emission reductions in buildings [8], [12].
Part I of this review series has provided a detailed introduction
to the configuration, network topology, and application case of
low-carbon building dc distribution systems.

Key elements in low-carbon building dc distribution systems,
such as PV, ESS, and flexible loads, are interfaced with the
distribution network and achieve fault isolation via power elec-
tronic equipment [converters and dc circuit breakers (DCCBs)].
This results in a system highly dominated by power electronics,
which consequently exhibits significant nonlinear and weak
damping characteristics. Concurrently, the penetration level of
distributed generation and flexible loads in low-carbon buildings
is increasing, with their power output/consumption exhibiting
significant intermittency and volatility [13]. Furthermore, the
presence of numerous constant power loads (CPLs) introduces
negative damping effects, further degrading system stability
[14]. In summary, achieving coordinated control among the
various distributed elements within low-carbon buildings and
ensuring system stability under diverse operating conditions are
crucial for realizing low-carbon and reliable building operation.

Power electronic equipment, coordinated control, and stabil-
ity analysis are intricately related:

1) Power electronic equipment serves as the actuator for
coordinated control and is a key subject of stability anal-
ysis; its performance directly impacts system operational
efficiency and reliability [15].

2) Coordinated control strategies are implemented through
controllable power electronic equipment, and their con-
trol parameters largely determine equipment performance
while also affecting system stability [16].

3) Stability analysis is crucial for ensuring proper system
operation and serves as an important basis for configuring
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Fig. 1. Overview of low-carbon building critical equipment, coordinated
control, and stability analysis.

power electronic equipment and optimizing coordinated
control strategies.

The relationship among power electronic equipment, coordi-
nated control, and stability analysis in low-carbon dc distribution
systems is illustrated in Fig. 1.

Many research studies and review articles are available con-
cerning the power electronic equipment, coordinated control,
and stability analysis within distribution systems. Dragicevié
et al. [3] reviewed the control strategies, stability analysis meth-
ods, and stability enhancement control techniques for dc micro-
grids. Considering the specific pulsed load profiles and power
system configurations unique to ships, Xu et al. [17] reviewed
the coordinated control strategies, stability analysis, and fault
management methods for shipboard dc microgrids. Xu et al.
[18] reviewed impedance modeling and stability analysis for
more-electric aircraft power systems, with a focus on discussing
stability criteria and their applicability within more-electric
aircraft systems. Deng et al. [19] investigated the application
of microgrids integrating renewable energy sources (RESs) and
ESS in the rail transit sector, and reviewed the corresponding
system architectures and control strategies. Rivera et al. [8]
conducted a comprehensive comparative analysis of ac—dc and
dc—dc power electronic converter topologies for bipolar low-
voltage dc distribution systems. Rodrigues et al. [20] reviewed
various technologies and classifications of SSCBs, highlighting
their strong applicability in dc distribution systems. From the
perspective of existing standards. Wang et al. [21] outlined the
relevant requirements for power electronic equipment in build-
ings, providing valuable references for engineering practice.

However, for the emerging application scenario of low-carbon
building dc distribution, a comprehensive and systematic review
encompassing the analysis, classification, and summary of its
power electronic equipment, coordinated control, and stability
analysis is still lacking in the existing literature. Although previ-
ous studies on dc microgrids across various application scenarios
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TABLE I
COMPARISON OF THIS ARTICLE WITH REPRESENTATIVE REVIEW ARTICLES IN RELATED FIELDS
Reference PUb;l:::mn Electrl:;:)esystem Application domain Content
Dragitevié e Reviews control strategies for general dc microgrids.
et alg [3] 2016 DC Microgrids General e Discusses stability analysis methods.
’ e Summarizes active stabilization techniques.
e Reviews power electronics topologies in bipolar dc
Rivera . . General, focus on data rids
2021 Bipolar DC Grids ’ ; gras. . .
etal [8] P centers, EV charging e Analyzes their operational modes and relevant
technical standards.
e Reviews coordinated control architectures for dc
shipboard microgrids.
Xu DC Shipboard . . e Analyzes stability issues related to constant power
etal. [17] 2022 Microgrids Shipboard/Marine and pulsed loads.
e Summarizes protection schemes, including grounding
and fault management.
e A deep review of impedance modeling methods for
power supply systems in more-electric aircraft.
Xu 2024 AC/DC Hybrid Power More-Electric Aircraft ° Sqmn_qarlzes impedance-based stability analysis
etal. [18] Systems criteria.
e Reviews impedance shaping techniques to enhance
system stability.
- Reviews green microgrids for railway infrastructure.
D AC/DC/Hybrid . * i
eng 2025 . Y Railway Infrastructure e Covers green energy sources, ESS, and intelligent
etal. [19] Microgrids .
control strategies.
e Reviews technology standards for dc microgrids in
Wang 2025 DC Mlgrggrlds in Buildings buildings. .
etal. [21] Buildings e Covers system architecture, voltage levels, power

Low-Carbon Building
DC Distribution
Systems

This article Current year

Low-Carbon Buildings

electronics, metering, grounding, and protection.

e Provides an integrative technical review framework
for low-carbon building dc distribution systems.

e Systematically elaborates on the relationships and
latest research progress among the three coupled
domains of power electronic equipment, coordinated
control, and stability analysis.

offer valuable insights for low-carbon building dc systems, the
latter’s unique characteristics, such as building thermal storage
and flexible TCLs, introduce new dynamic behaviors and control
challenges. This review aims to systematically review the power
electronic equipment, coordinated control strategies, and stabil-
ity analysis methods within low-carbon building dc distribution
systems. It examines recent research progress in related fields
and provides a clear classification for each topic, specifically
tailored to the context of building applications. A comparison of
this article with representative review articles in related fields is
shown in Table I.

The remainder of this article is organized as follows. Section IT
introduces the key power electronic equipment in low-carbon
building dc distribution systems, including converters and SS-
CBs. Section III reviews the hierarchical control architecture
(i.e., primary, secondary, and tertiary control) for coordinated
control, elaborates on the latest research advancements, and
provides the classification of coordinated control strategies.
Section IV discusses the small-signal and large-signal stability
analysis methods applicable to low-carbon building dc distribu-
tion systems and presents their classification. Finally, Section V
concludes this article and outlines future research directions.

II. POWER ELECTRONIC EQUIPMENT

Power electronic equipment plays a pivotal role in building dc
distribution systems, being responsible for energy conversion,

control, and optimization. This equipment is crucial for ensuring
stable system operation, efficient energy conversion, and reliable
protection control. Power electronic equipment within building
dc distribution systems is primarily categorized into two main
types: converters and DCCBs. Converters, in turn, can be further
subdivided into dc—dc converters and ac—dc converters [7].

A. Power Electronic Converters

1) DC-DC Converters:

a) PV converters: PV converters serve as the critical in-
terface between the PV array and the dc bus, performing voltage
conversion and maximum power point tracking (MPPT) to max-
imize solar energy utilization [22]. Nonisolated unidirectional
dc—dc topologies are commonly employed for PV converters. To
achieve high voltage gain, cascaded structures or input-parallel
output-series configurations can be utilized [23].

b) ESS converters: ESS converters act as the crucial inter-
face connecting energy storage units to the dc bus, enabling
bidirectional energy flow to smooth power fluctuations and
enhance system stability [24]. Bidirectional dc—dc ESS con-
verters primarily comprise isolated and nonisolated topologies.
Nonisolated types are often realized by modifying traditional
Buck-Boost or Cuk circuits, typically through the addition of a
fully-controlled power semiconductor device [25].

Isolated topologies utilize a high-frequency transformer for
galvanic isolation and voltage matching, potentially offering
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Fig.2.  Schematic diagram of an IBPFC for flexible interconnection of multiple
building DC systems.

higher voltage gains and wider regulation ranges via turns ratio
adjustment [26]. The DAB is a representative isolated bidi-
rectional converter, widely adopted due to its high efficiency
and power density. Furthermore, simplifying the primary and
secondary full-bridge structures of the DAB to half-bridges
yields derivative topologies like the dual half bridge (DHB).
These aim to reduce the switch count, simplify control, and
optimize efficiency under specific operating conditions [27].

c) DC load converters: DC load converters supply the
required voltage levels for various dc loads within buildings,
such as LED lighting and dc appliances. Common topologies
include the Buck-Boost converter and the FSBB converter [28].
To enhance efficiency, techniques such as synchronous rectifi-
cation and soft switching are commonly implemented [29].

d) Bidirectional interlinking converters: The BICs are
employed to connect dc buses operating at different voltage lev-
els, facilitating bidirectional power flow and voltage matching.
BICs enhance the flexibility and reliability of dc distribution
systems by enabling bidirectional energy transfer between buses
with different voltages, thereby optimizing overall system oper-
ation [30]. For safety considerations in low-carbon dc buildings,
isolated bidirectional dc—dc converters are frequently utilized.
Representative topologies include the DAB and LLC resonant
dc—dc converters.

e) Interbuilding power flow controllers: The IBPFCs con-
nect the dc distribution systems of multiple buildings, forming
building clusters to enable energy sharing and optimization
among them [31]. The schematic diagram is shown in Fig. 2.

These converters employ coordinated control strategies to
flexibly regulate interbuilding power flow, thereby maximizing
the utilization of RESs and ESS [32], while concurrently
enhancing system reliability and emergency response
capabilities [33]. Given the potentially large capacity of
building electrical systems, stringent requirements regarding
efficiency and safety are imposed on these controllers. Common
topologies include isolated bidirectional dc—dc converters. The
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DAB converter is a mature and widely used topology for
IBPFCs [34], leveraging advantages such as high-frequency
electrical isolation, high efficiency, and flexible bidirectional
power flow control. Additionally, the DHB converter offers
significant techno-economic advantages, primarily due to its
low component count. The QAB converter, meanwhile, is
well-suited for interfacing with bipolar dc systems. Both of
these topologies have found relevant applications in IBPFC [27],
[35]. Furthermore, nonisolated bidirectional FSBB converters
represent another viable option for IBPFC [28].

2) AC-DC Converters:

a) Bidirectional grid-connected converters: The BGCCs
serve as the crucial link between the building dc system and the
ac grid. It facilitates bidirectional power flow between the ac
grid and the dc bus, enabling the building dc system to draw
power from the grid and inject surplus power back into it [36].
To comply with grid interconnection standards, the BGCCs are
required to exhibit low harmonic distortion and fast dynamic
response capabilities. Furthermore, it may possess low-voltage
ride-through and high-voltage ride-through capabilities to en-
sure stable operation during grid faults [37], [38], [39].

Fig. 3 illustrates three different voltage-level topologies of
BGCC employed in building dc distribution systems.

The two-level VSC represents a widely utilized topology. For
building dc distribution systems requiring a bipolar configu-
ration, a balancer can be incorporated to establish the neutral
connection, thereby forming the bipolar system; in contrast,
such a balancer is unnecessary for unipolar dc systems [7].
The 3L-NPC converter provides a wide output voltage range. Its
capability to generate three voltage levels on the ac side enhances
voltage quality and contributes to meeting grid connection re-
quirements [40]. Based on the specific polarity and performance
demands of the building dc distribution system, a balancer
may optionally be integrated within the 3L-NPC configuration
[8]. The neutral point potential balancing issue in 3L-NPC
converters significantly impacts the operational reliability of
semiconductor devices and the overall system voltage quality
[41]. MMCs, owing to their advantages such as high scalability,
superior power quality, high efficiency, and low switching fre-
quency operation [42], also represent a viable topology option
for BGICs. However, their inherent module redundancy leads to
higher initial investment costs [43].

b) AC load converters: To ensure the operational compat-
ibility of existing ac equipment within low-carbon dc buildings,
ac load inverters are required to supply power to such equip-
ment. Such inverters can employ either unidirectional isolated
or nonisolated topologies.

B. DC Circuit Breakers

Unlike ac systems, which leverage the natural zero-crossing
of current for interruption, low-carbon building dc distribution
systems, being converter-dominated, face significant challenges
due to the absence of natural zero-crossings and their inherent
fast dynamics. This leads to rapidly rising fault currents, thereby
imposing more stringent requirements on system protection.

Within building dc distribution systems, DCCBs are utilized
to manage operational mode transitions and limit the propaga-
tion of faults.
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Currently, fast DCCBs commonly used in building appli-
cations mainly include air-type, hybrid, and solid-state types.
Among these, SSCBs are the most widely adopted type of
fast-acting dc protection equipment for building applications.
Fig. 4 shows a schematic diagram of its typical structure.

SSCBs have advantages in LVDC systems. Their fundamen-
tal operating principle relies on leveraging the fast-switching
characteristics of power electronic equipment to achieve circuit
interruption and connection control [20], [44]. Unlike traditional
mechanical DCCBs, which rely on the principle of establishing
and then extinguishing an arc, SSCBs offer higher reliability and
a longer operational lifespan due to the absence of mechanical
contacts, thereby eliminating wear issues. More importantly,
their fast switching capability effectively mitigates the impact
of fault currents on the system, consequently enhancing the
operational efficiency and safety of the dc grid.

A SSCB primarily consists of two core components: a main
power semiconductor switching unit and an energy absorption
unit. The switching unit is the heart of the SSCB, built with
power semiconductor devices to perform the current interrup-
tion. The energy absorption unit complements this by absorbing
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and dissipating the energy stored in the external circuit during
the interruption process, thereby constraining the voltage stress
experienced by the power electronic devices at turn-OFF.

The selection of the power semiconductor device for the
switching unit is critical and involves several trade-offs. These
devices, which can complete switching actions within microsec-
onds or even hundreds of nanoseconds [45], [46], are typically
fully controlled devices such as IGBTs, MOSFETs, and IGCTs.
However, as most SSCBs primarily rely on these fully controlled
devices, they generally incur high manufacturing costs.

Thyristors, offering both cost-effectiveness and high surge
current withstand capability, are considered a viable alternative;
however, the challenge of achieving reliable turn-OFF due to
their semicontrolled nature must be overcome [47], [48]. Ex-
isting literature [49], [50], [51] explores various thyristor-based
SSCB topologies that employ carefully designed commutation
circuits to achieve forced turn-OFF, thereby enhancing their
cost-effectiveness.

Furthermore, a general limitation of conventional silicon-
based SSCBs is their relatively high on-state losses, which
constrain their thermal performance [52]. To address this,
WBG semiconductor devices, primarily SiC and GaN, offer a
promising solution. Their inherent advantages, such as high-
temperature tolerance and lower losses, can effectively mitigate
the thermal performance limitations inherent in conventional
SSCBs [53], [54], [55], [56].

Table II shows the key power electronic equipment and its
characteristics.

III. COORDINATED CONTROL

DC power distribution systems in low-carbon buildings com-
prising PV generation, ESS, and flexible loads; consequently,
coordinated control strategies developed for dc microgrids are
applicable. Key challenges associated with these converter-
dominated systems include stability issues, a fast dynamic re-
sponse, high susceptibility to load disturbances, and inherent
uncertainties [57], [58], [59]. Coordinated control strategies are
designed to address these challenges, ensuring stable operation
and enhancing the system’s low-carbon performance.

Operational objectives for building dc distribution systems
include:
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TABLE II
KEY POWER ELECTRONIC EQUIPMENT FOR BUILDING DC DISTRIBUTION SYSTEMS

Equipment Topology Function Technical feature
Unidirectional de—dc converter Interface PV array to dc bus, e MPPT
PV converters [22], [23] (nonisolated), performing MPPT and voltage e High voltage gain

ESS converters [24], [25]

DC Load Converters [28], [29]

BICs [30]

IBPFCs [31], [32], [33]

BGCCs [36], [37]

AC Load Converters

e.g., Boost, Cascaded Boost
Bidirectional dc—dc converter
(nonisolated/isolated),
e.g., Buck-Boost, DAB
Unidirectional dc—dc converter
(nonisolated),
e.g., Buck-Boost/FSBB

Bidirectional dc—dc converter
(isolated),
e.g., DAB, LLC

Bidirectional dc—dc converter
(Nonisolated/isolated),
e.g., DAB, DHB

Bidirectional ac—dc converter
(isolated/nonisolated),
e.g., 2L-VSC, 3L-NPC, MMC
Unidirectional ac—dc converter
(nonisolated),

step-up
Interface energy storage unit with
dc bus, managing bidirectional
energy flow

Provide regulated voltage/current
supply to dc loads

Interconnect dc buses of
different voltage levels, enabling
bidirectional power transfer and

voltage adaptation
Interconnect multiple building
dc systems for interbuilding
energy optimization and
scheduling
Interface dc bus with ac grid
for bidirectional power exchange

and grid ancillary services

Supply power to ac loads

Device stress optimization

Bidirectional power flow control
Charge/discharge management

Precise output regulation
High efficiency

Bidirectional power flow control
Voltage/current regulation
Coordinated control among
multiple units

Bidirectional power flow control
High efficiency

Low harmonic distortion
Fault ride-through capability
Overload capability

Low output harmonics

e.g., Full-Bridge

DCCBs [20], [44], [45], [46] Air/Hybrid/Solid-State

High interruption speed
Thermal management

Economic improvement
Bidirectional breaking capability

Fast fault current interruption,
protection, and system
reconfiguration
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Fig. 5. Hierarchical control architecture.

1) achieving effective voltage support and power allocation
under various operating modes;

2) maximizing the local utilization of PV generation through
effective energy management strategies, thereby realizing
economic benefits and low-carbon operation.

To achieve the aforementioned operational objectives, a hier-
archical control architecture is often employed. This architecture
enhances system robustness and reliability by introducing func-
tional independence among different control levels, allowing
the system to maintain basic operation even if certain com-
munication or control units fail. A typical hierarchical control
architecture is illustrated in Fig. 5 [16].

The primary control is responsible for the initial power al-
location; the secondary control aims to compensate for voltage
deviations resulting from the primary control and to improve
power quality; while the tertiary control focuses on optimizing
system energy management, achieving low-carbon objectives,
and performing economic dispatch [60], [61], [62], [63]. The

time scales of these control levels progressively increase from
primary to tertiary control.

A. Primary Control

In building dc distribution systems, the primary control di-
rectly actuates the power electronic converters responsible for
energy conversion between sources and loads. Its core objective
is to achieve rapid power response and initial power allocation
within very short time scales. Primary control typically com-
prises fast inner control loops and a droop control loop. A typical
structure is depicted in Fig. 6.

Droop control enhances reliability as it facilitates autonomous
closed-loop operation using solely local measurements. In low-
voltage distribution systems characterized by predominantly
resistive line impedance (a category that includes all dc networks
and most ac microgrids), active power flow is strongly coupled
with voltage magnitude. Leveraging this physical principle,
establishing an active power-voltage (P-V) droop characteristic
serves as a robust method for achieving autonomous power
sharing. That is, power sharing among units is achieved by
adjusting the local dc voltage, which indirectly controls the
power output.

1) Conventional Linear Droop Control: Fig. 7 shows the
linear droop control characteristics of a two-unit parallel system.
Under this strategy, each unit utilizes local measurements to
achieve dc bus voltage regulation and preliminary power sharing.
This approach enables the system to adapt to dynamic source and
load variations without relying on communication links.

Conventional linear droop control in dc distribution systems is
generally categorized into two main types: current/power-mode
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droop and voltage-mode droop. The former comprises current-
voltage (I-V) and power-voltage (P-V) droop strategies, while
the latter includes voltage-current (V-I) and voltage-power (V-P)
droop strategies [64].

Current-mode droop (e.g., I-V or P-V strategies) utilizes the
locally measured dc voltage to compute the desired injected dc
current reference. This current reference is calculated based on
a predefined current-voltage (I-V) droop characteristic and the
real-time measured dc voltage value.

Vo - Vdc

I =~ M
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where V,, is the nominal dc bus voltage, V. is the measured dc
voltage, I4." is the calculated dc current reference, and k is the
droop gain.

Voltage-mode droop (e.g., V-I or V-P strategies), conversely,
employs a voltage-current (V-I) droop characteristic. It utilizes
the measured dc output current of the unit to generate the
corresponding terminal voltage reference.

Vae = Vo — klae 2

where V,, is the nominal dc bus voltage, k is the droop gain, /4.
is the measured dc current, and V. * is the calculated dc voltage
reference.

Although conventional linear droop control is widely used in
dc microgrids due to its simplicity, communication-less nature,
and plug-and-play capability, it has several inherent limitations
that have spurred the research into more advanced control
strategies.

1) A trade-off between power sharing accuracy and voltage
regulation: Linear droop control involves an inherent com-
promise. Under heavy load conditions, achieving accu-
rate power sharing requires a large droop coefficient, but
this leads to a significant steady-state voltage deviation.
Conversely, under light load conditions, maintaining pre-
cise voltage regulation requires a small droop coefficient,
which in turn sacrifices power sharing accuracy.

2) Limited dynamic response performance: Faced with the
inherent randomness and volatility of photovoltaic gener-
ation and building loads, the transient response of conven-
tional linear droop control is slow. When abrupt changes in
load or power sources occur, the system may experience a
long regulation time, which is not conducive to achieving
a rapid dynamic balance between sources and loads.

2) Improved Droop Control Strategies: To overcome the
inherent limitations of the conventional linear droop control
methods previously discussed, researchers have developed en-
hanced droop control strategies. Nonlinear droop control rep-
resents a key approach among these advancements, aiming to
significantly improve the overall system performance in terms
of voltage regulation precision, power sharing accuracy, and
voltage deviation mitigation. The advantages of nonlinear droop
control include [65]:

1) improved power sharing accuracy under heavy load con-

ditions;

2) more precise voltage regulation under light load condi-
tions;

3) reduced steady-state voltage deviations.

Nonlinear droop control can be broadly classified into two
main categories: high-order droop and piecewise linear droop.
The latter can be further subdivided into continuous piecewise
and discrete piecewise droop strategies. Chen et al. [65] com-
prehensively investigated the design of nonlinear droop control
in dc distribution systems, specifically evaluating its perfor-
mance concerning power sharing, voltage regulation, system
efficiency, and stability. Furthermore, it proposed a general-
ized polynomial expression to unify various droop equations.
Zhao et al. [66] proposed a decentralized adaptive discrete
piecewise droop control strategy. This strategy enables effective
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approximation of continuous command regulation using discrete
steps and can robustly handle variations in system parameters
and complex load characteristics. Zhang et al. [67] simplified
the control structure for /-V droop control by eliminating the
need for an outer PI controller, thereby achieving faster bus
voltage transient response. Yang et al. [68] introduced an im-
proved nonlinear droop control strategy. This strategy utilizes
the difference between the square of the nominal voltage and
the square of the actual dc voltage as the input to the droop
controller. Li et al. [69] proposed a V?-P control method.
This approach integrates bus voltage regulation and power
sharing functions within a single control structure, achieving
smooth transitions and stable regulation across various operating
modes.

While prior research on nonlinear droop control has made
progress in improving power sharing accuracy and reducing
voltage deviations, addressing the inherent randomness and
volatility of PV generation and building loads within low-carbon
building dc systems underscores the importance of developing
droop control strategies with faster transient response. Such
strategies are crucial for facilitating rapid dynamic balance
between sources and loads, particularly in systems integrat-
ing substantial PV capacity, thereby enhancing overall system
stability.

3) Optimization and Improvement of Droop Parameters:
Conventional droop control faces an inherent trade-off between
power sharing accuracy and bus voltage deviation: increasing the
droop gain improves power sharing accuracy but simultaneously
leads to larger bus voltage deviations. Given the critical impact of
the droop gain on both power sharing accuracy and bus voltage
deviation, its optimization has become a significant research
focus.

Adaptive droop control methods dynamically adjust the droop
gain to maintain both the dc voltage deviation and the unit
loading level within predefined safe limits [70], [71]. Specifi-
cally for ESS in low-carbon building dc systems, Lu et al. [72]
proposed an adaptive droop strategy where the droop gain is
proportional to the nth power of the ESS unit’s SoC, aiming to
balance the SoC levels among different ESS units. Khorsandi
et al. [73], furthermore, considered the impact of SoC variations
during ESS charging/discharging cycles and the effect of line
resistances, proposing a stage-wise adaptive design method for
the droop gain.

The control objectives of droop control regarding power shar-
ing accuracy and voltage regulation are inherently conflicting,
presenting a multiobjective optimization challenge. With the
significant advancements in computational power and the con-
tinuous development and optimization of algorithms, Al offers
promising avenues for optimizing droop gain design, potentially
simplifying the design process. Among Al-based optimization
methods for droop gain, metaheuristic algorithms and machine
learning techniques have garnered considerable attention and
application. For instance, the authors in [74] and [75] considered
factors such as load conditions and line impedances, employing
PSO techniques to determine the optimal droop gain design.
Hussaini et al. [76] proposed an optimal droop gain design
method based on ANN, which is claimed to feature advantages
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Fig. 8.  Principle of voltage restoration via secondary control.

such as low implementation complexity, good real-time control
performance, and reduced computational burden.

Al techniques can enable adaptive tuning of the droop gain
under various operating conditions and respond in real-time
to changing system conditions, thereby enhancing the control
system’s dynamic performance [77], [78]. Consequently, these
techniques are particularly suitable for low-carbon building dc
systems characterized by frequent fluctuations in power gener-
ation and load demand.

B. Secondary Control

Due to the influence of line impedance, primary control in-
evitably introduces bus voltage deviations. Considering critical
factors such as the efficiency of the dc distribution system,
grounding scheme design, and user power quality, the technical
report IEC TR 63282:2024 specifies the permissible line voltage
drops for specific voltage levels in dc distribution systems [79],
as detailed in Table III.

To maintain the bus voltage near its nominal value and com-
pensate for the voltage deviations introduced by primary control,
implementing secondary control is necessary. Secondary control
operates hierarchically above the primary control layer, regulat-
ing its output [57], [80]. Fig. 8 shows the fundamental principle
of secondary control.

Under primary control alone, a load current iq.; causes the
bus voltage to drop from the nominal value v, to v, (operating
point OP1). If the load increases to i4.2, the voltage further
decreases to v,2 (operating point OP2). With the introduction
of secondary control, the operating point is shifted from OP1 to
OPlge. and from OP2 to OP2.. by adjusting the reference of
the primary controller. This action restores and maintains the dc
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bus voltage at its nominal value v,, [16]. Based on the underlying
communication architecture, secondary control strategies can
be classified into three main types: centralized, distributed, and
decentralized [81], [82], as shown in Fig. 9.

1) Decentralized Control: To overcome the challenges of
cost, reliability, and scalability associated with communica-
tion networks, advanced communication-less control algorithms
have become a significant research direction in the field of dc
microgrids. These algorithms primarily rely on local measure-
ments, using innovative control strategies to achieve secondary
control objectives such as voltage restoration and accurate power
sharing, which traditionally require communication.

One mainstream approach is the signal injection-based control
strategy, which utilizes the power line as an inherent channel to
broadcast global control information. For instance, Kirakosyan
etal. [83] propose acommunication-free current sharing strategy
where a pilot converter injects an ac signal with a frequency
related to its own terminal voltage. Other converters detect this
global frequency to estimate and share a common steady-state
voltage feedback signal, thereby eliminating the impact of line
impedance mismatches on current sharing accuracy. Zhao et al.
[84] introduce an adaptive virtual resistance method to address
the limitations of the traditional superimposed frequency droop
method. The method uses a PI regulator to generate a virtual
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resistance term to adjust the voltage and resolves key issues
such as limited loading capability, severe voltage drop, and large
output current ripple.

Another important category is the local parameter self-
adaptation strategy, which adjusts local controller parameters
in response to system state changes to enhance control accu-
racy and performance. Montegiglio et al. [85] present a de-
centralized power and voltage regulation approach based on
an auto-adaptive virtual resistance. It formulates the control
as a multiobjective optimization problem solved using Lya-
punov theory, allowing each converter to dynamically adjust
its droop slope to not only track specific power setpoints but
also cooperatively constrain the bus voltage within a predefined
range. For PV-ESS hybrid microgrids, Li and Ho [86] propose
a decentralized coordination control that decouples the ESS
controller into high-pass and low-pass paths. Even when the
BES is saturated in steady-state, the HPF path can still provide
transient dynamic compensation, which significantly improves
voltage regulation and dynamic response in PV-dominated op-
erating modes. Gao et al. [87] propose a communication-less
decentralized voltage compensation method, which adjusts the
reference voltage based on locally measured load current. This
method permits the use of larger droop gain, enabling more
accurate and faster dynamic load response. Sharma et al. [88]
propose a decentralized secondary control method for meshed
dc microgrid topologies based on k-partite graphs. This method
utilizes a dynamic voltage compensation mechanism to over-
come the adverse effects of cable resistance on current sharing
accuracy.

2) Centralized Control: In a centralized control architecture,
each local controller is connected via communication links
to a central controller. This central controller gathers system-
wide information, computes unified control commands, and
dispatches them to the respective local controllers for execution.
Targeting islanded microgrid applications, Mehdi et al. [89]
proposed a centralized control method that considers communi-
cation network delays, demonstrating good voltage stability. For
rural dc microgrids, Samende et al. [90] introduced a centralized
control a