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Abstract

Bus voltage regulation and accurate power sharing constitute two pivotal control objec-
tives in DC microgrids. The conventional droop control method inherently suffers from
steady-state voltage deviation. Centralized control introduces vulnerability to single-point
failures, with significantly degraded stability under abnormal operating conditions. Dis-
tributed control strategies mitigate this vulnerability but require careful balancing between
control effectiveness and communication costs. Therefore, this paper proposes a hybrid
hierarchical control architecture integrating multiple control strategies to achieve near-zero
steady-state deviation voltage regulation and precise power sharing in DC microgrids.
Capitalizing on the complementary advantages of different control methods, an operation-
condition-adaptive hierarchical control (OCAHC) strategy is proposed. The proposed
method improves reliability over centralized control under communication failures, and
achieves better performance than distributed control under normal conditions. With a fault-
detection logic module, the OCAHC framework enables automatic switching to maintain
high control performance across different operating scenarios. For the inherent trade-off
between consensus algorithm performance and communication costs, a communication
topology optimization model is established with communication cost as the objective,
subject to constraints including communication intensity, algorithm convergence under
both normal and N-1 conditions, and control performance requirements. An accelerated
optimization approach employing node-degree computation and equivalent topology re-
duction is proposed to enhance computational efficiency. Finally, case studies on a DC
microgrid with five DGs verify the effectiveness of the proposed model and methods.

Keywords: hierarchical control; communication topology planning; consensus algorithm;
voltage regulation; DC microgrids

1. Introduction

A microgrid is a decentralized network with self-generating capabilities, supporting
the integration of various distributed energy resources such as PV systems, wind turbines,
and battery energy-storage systems. By implementing microgrids, several critical issues
of the power system such as peak shaving and optimal allocation of energy of distributed
energy resources can be tackled conveniently, which contributes to the reducing of the
power loss, power fluctuation, and the emission of greenhouse gases [1]. With increasing
climate change challenges, microgrid systems have emerged as a technically viable and
sustainable solution for enabling clean, low-carbon electricity generation and consumption.
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While traditional microgrids predominantly employ AC systems, DC microgrid offers
distinct advantages for large-scale integration of distributed renewable generation. Most
of the renewable energy sources and the energy-storage devices are in a DC state, so the
DC microgrids can easily interface with these devices [2]. Thus, applying DC microgrids
can reduce the usage of inverters and converters, eliminating the power loss caused by the
devices. In addition, the use of DC microgrids helps to mitigate issues such as frequency
instability, synchronization, reactive power, harmonic currents, and the skin effect, thereby
enabling the adoption of a simpler control strategy [3].

Bus voltage regulation and accurate power sharing constitute two pivotal control
objectives in DC microgrids. The objective of voltage control is to ensure proper operation
of all integrated components, while power control aims to prevent distributed sources
from overloading that may lead to additional losses. In response to these challenges,
researchers have proposed various control methods. Droop control has been applied in
DC microgrid control [4]. This method does not rely on communication and responds
quickly during faults. However, droop control results in steady-state voltage deviation
and fails to achieve power sharing due to differences between line impedances. What is
more, in the majority of droop control scenarios, there exists a compromise between voltage
regulation and load-sharing accuracy. Choosing a smaller droop gain improves voltage
regulation but reduces current sharing accuracy. Conversely, opting for a higher droop
gain negatively impacts voltage regulation. To tackle the issue, papers [5-7] proposed
a strategy based on calculation of the virtual resistances. This method considers the
mismatched interconnecting feeder resistances, which are the primary contributors to
inaccuracies in proportional power and current sharing among the DC-DC converters. By
optimally adjusting the virtual resistance of each converter, precise power sharing even
with mismatched feeder resistances is achieved. Thus, the adverse effects of mismatched
values in the physical feeder resistances is effectively mitigated [6]. Nevertheless, this
method cannot resolve the inherent voltage deviation issue in droop control, and voltage
regulation still requires secondary control implementation.

Secondary control can be implemented in either a centralized or distributed nature.
In the centralized control, all of the local converters are submitted to a main controller,
which monitors the DC bus voltage and compares it with a reference value. A proportional-
integral (PI) controller handles the voltage deviation between the reference and the actual
value, with its output transmitted to the local controller of each converter [8]. In this way,
all of the buses can receive the global information of the system, and thus the goal of
power sharing as well as voltage control can be achieved accurately. However, the system
is fragile when meeting a single point of failure because of the over-dependence of the
central controller.

To tackle this problem, a distributed control strategy is proposed in [9] to enhance the
system’s resilience against faults. By implementing this approach, the coordinated perfor-
mance operates independently from the central controller, thereby improving the overall
system’s robustness against single-point failures. In [9], a novel distributed secondary con-
trol method that can mitigate the impact of communication noise on consensus convergence
and accuracy is proposed. The method presented in [2] can eliminate voltage deviation
while achieving total cost minimization through optimal power control. Furthermore, a
dynamic average consensus observer is proposed [10] based on bias compensation, which
addresses the issue of initial value dependency in distributed algorithms. Additionally,
the proposed method considers the effects of communication delays and ensures accurate
convergence to the average of tracked variables while tolerating bounded communica-
tion delays. Paper [11] investigates the influence of communication topology on control
performance, but it does not propose an optimal topology planning method. Through
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comparative simulations of different topologies, the study revealed that communication
topology significantly affects control convergence speed. In the final distributed control
model, the authors empirically select a topology with satisfactory control performance and
moderate communication costs, without providing quantitative principles for topology
selection. References [12,13] proposed an iterative algorithm based on edge swapping for
network topology optimization. The algorithm maintains the degree of each node while
reconnecting two selected edges, thereby improving the convergence rate and reducing
communication events without increasing the number of communication links. However,
this approach relies on predefined node-degree parameters and is mainly applicable to on-
line topology optimization of multi-agent systems, rather than achieving globally optimal
topology generation from a planning perspective during the initial construction of commu-
nication networks. Moreover, both works did not address whether the new links formed
by edge swapping can satisfy communication reliability requirements. Table 1 presents a
comparison of the constraints and conditions addressed by different studies in the context
of communication topology optimization. Currently, no existing communication planning
model has been developed that simultaneously carries out topology design during the
network framework construction stage.

Table 1. Comparison of the constraints considered by different studies.

Reference Control Qualitative Topology N-1 Communication Communication
Performance Topology Analysis ~ Planning Model Constraint Energy Consumption Link Reliability
[2] \/ X X X X X
[10] vV X X X X X
[11] v v X X X x
[] 2] \/ \/ X X \/ X
[13] Y v < . Y :

Actually, communication topology has a significant impact on the performance of
distributed control. When distributed controllers are closely interconnected, the system
exhibits faster convergence. However, this also results in higher communication costs.
Therefore, to avoid redundant communication links and reduce hardware deployment
costs, it is necessary to perform optimal communication topology planning. Furthermore,
under each topology, there exists an issue of determining the optimal parameter values.
However, previous studies have not addressed the planning of communication topologies
for consensus algorithms, nor have they proposed quantitative principles for topology
selection. In response to this, this paper addresses the contradiction between the control
performance of consensus algorithms and communication costs by proposing a distributed
device communication topology planning model.

The main contribution of this article can be summarized in three aspects.

(1) Capitalizing on the complementary advantages of different control methods, an
operation-condition-adaptive hierarchical control (OCAHC) strategy is proposed. The
proposed strategy exhibits higher reliability than conventional centralized control
under communication device failures, while achieving superior control performance
compared to traditional distributed control during normal operating conditions. By
incorporating a fault-detection logic module, the OCAHC framework enables auto-
matic switching under different operating conditions, thereby ensuring enhanced
control performance.

(2) To address the trade-off between control performance and communication costs in
consensus algorithms, a distributed communication topology optimization model
is proposed. The proposed planning model formulates communication cost min-
imization as the objective function, subject to constraints including communica-
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tion intensity, algorithm convergence rate, and control performance metrics. The
model can incorporate various practical operational constraints during the offline
planning phase, meeting the communication topology design requirements for
distributed systems.

(3) During the topology generation process, an optimization strategy is proposed based
on node-degree computation and equivalent topology reduction to accelerate the
convergence of the optimization algorithm.

The remainder of this paper is organized as follows. In Section 2, the limitations of
conventional control methods are analyzed, which makes sure the subsequent control
framework designed to mitigate these weaknesses. Section 3 presents a hierarchical control
architecture incorporating control-mode-switching mechanisms. Section 4 then focuses
on the distributed control design within this framework, proposing a consensus-based
algorithm along with distributed device communication topology that satisfies all specified
operational constraints. In Section 5, a Monte Carlo simulation was conducted to quantita-
tively evaluate the reliability of different control algorithms, demonstrating the superiority
of the proposed method in terms of reliability. In Section 6, the proposed topology planning
model is applied to a DC microgrid, with discussions on both the planning outcomes and
computational efficiency of the model. A case study of a five-DG DC microgrid validates
the proposed topology planning model and hierarchical control algorithm. The complexity
cost of the planning algorithm lies in the additional hardware investment and communica-
tion energy consumption. By calculating indicators such as the cost-benefit ratio, both the
economic feasibility of the planning scheme and the rationality of its associated complexity
cost are verified. Experimental results highlight its efficacy in maintaining voltage stability
and ensuring accurate power distribution.

2. Limitations of Conventional Control Methods
2.1. Droop Control

Droop control is widely applied in control scheme of DC microgrids because of its
plug-and-play ability as well as robustness under topology variation. Droop control aims
at power sharing, and is achieved by setting droop gain, an important parameter of droop
control. As shown in Figure 1, voltage changes with current with a droop gain setting to
be 4% [14]. In this case, for every 1.0 p.u. fluctuation of current, the output deviation of
voltage will be 0.4 p.u.
A
1.00j

0.99F 4% droop gain

[o]%
70|

Voltage(p.u.)

0.97F

0.9

\ 4

0.5 1.0
Current(p.u.)

Figure 1. Basic principle of droop control.

Applying droop control in DC microgrid shown in Figure 2, the output voltage of
agent i is:
Vdei = V" = Riilgei 1)
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where i;,; and Vj,; are the output current and voltage of agent-i, V* is the reference of
voltage, Rg; is the droop gain. Thus, droop control has an inherent voltage deviation, which
is caused by virtual resistance [9]:

Avge; = Rsilgei (2)
* . vdcl
Ve lia R, | R,
v, .
. . dei *
V ldci Rsi | 'h'

v .
R den R

o
den sn linen

v

|

Figure 2. Thevenin equivalent model of an i-agent’s DC microgrid.

In addition, the load voltage v}, can also be derived from (1):
oL = V" = (Ri + Riinei)idci (3)

To agent i and agent n, the output power i4.; and ij., can be obtained as:

. V* — 0y,
P = L 4
9 Ryt + Rijnei @
. vV — (I8
gy = —————— 5
den Rsn + Rlinen ( )

In DC microgrids, it is necessary to achieve equal power sharing in order to reduce line
losses, maintain stable voltage levels and prevent certain power sources from overloading
due to excessive power output [5]. Hence, consider the current sharing error between agent

i and agent n as:
1 1

Rsi + Rlinei a Rsn + Rlinen)

From which the condition of accurate current sharing can be derived:

Nige = (V* —op)( (6)

Rsi + Riinei = Rsn + Riinen )
In this case, consider all the agents share the same droop gain:
R =Ry =...=Rsn 8)

It can be concluded from (7) and (8) that the zero-error current sharing can be achieved
if and only if the line impedance satisfies Rjjuei = Ryinej foralli,j =1,2,...,n. However,
this condition is an ideal one and is impossible to be achieved. Thus, the differences
in line impedances will lead to unbalanced power distribution, especially in large-scale
DC microgrids, causing overloading of power sources and voltage instability. Therefore,
secondary control is applied on the proposed system to achieve equal power sharing.
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2.2. Centralized Control Strategy

Primary control is in charge of voltage regulation as well as power sharing. In the
proposed system, droop control and proportional integral control are used. The proposed
primary control combined PI controller [15] and droop controller [6]:

Kic
S

d=( +Kpc) X (iref —is;) )

Lref = (% + va) x (V* + vy + 00y — vge — Rsig;) (10)

where d is the duty ratio of the PWM control. K;. and Kj, are the parameter of the current
PI controller. s is the Laplacian operator. i, is the reference of current, which is given
by the output of the voltage-control loop. K;;, and K, are the parameter of the voltage PI
controller. §V; and 4V, are the voltage deviation generated by secondary controller. The
structure of the primary control in the proposed system is shown in Figure 3.

lL i
Uy
Vi

Vic

—>

—>

. d —
Centralized =
Controller Sv. e 9 PWM =

e oy e i Converter

S

DC/DC

ov,,

A

Communication

~t

o,

DC/DC
Converter

In

Failure

Communication
Line

Figure 3. DC microgrids under centralized control.

Centralized control aims at improve the power sharing performance based on primary
control. In the centralized control, all of the local controllers are submitted to a main
controller. The outer microgrid central controller (MGCC) monitors the DC bus voltage
and compares it with a reference value. A proportional-integral (PI) controller within the
MGCC handles the voltage deviation between the reference and the actual value, and its
output is transmitted to the local controller of each converter through a communication
network. Consequently, each converter can adjust its output voltage reference in the local
controller to mitigate the DC bus voltage deviation detected by the central controller. In
this way, all of the buses can receive the global information of the system, and thus the goal
of power sharing as well as voltage control can be achieved accurately.

The structure of the centralized control strategy in the proposed system is shown in
Figure 3. PI controllers are used in both voltage regulation and power sharing [8]:

Kisc
S

601 = (=25 4 Kpse) X (ip — i) (11)
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K; _
dvy = ( ;s” + Kpso) X (Tge = V™) (12)
- 1& .

1, = HZ 11 (13)

i=1

_ 18
Ve = — ) Vi (14)

i=1

where V] and JV] are voltage deviations generated by current sharing and voltage regula-
tion, and they are directly output to the primary control. Kjs., Kpsc, Kisp, and Kpsp are the
parameters of current loop and voltage loop of PI controllers. ir; and v, are the output
current and voltage of DG;. n is the number of DGs in the microgrid.

However, compared with droop control, centralized control exhibits slower response
speed and inferior robustness under contingencies such as communication topology
changes or abrupt communication fault. Its control performance is highly susceptible
to communication latency and quality, while also being more vulnerable to systemic col-
lapse due to single-point failures. Therefore, a hierarchical control scheme is proposed to
ensure the control effect under faults in the following section.

3. Operation-Condition-Adaptive Hierarchical Control

The centralized control has better performance in transient overshoot, converge speed,
and steady-state error, but it is fragile under single point fault. Therefore, to enhance the
stability of system while ensuring its control effect and efficiency, a hierarchical control
scheme is proposed. In the proposed scheme, both centralized and distributed method
are used. Centralized and distributed algorithms share the same underlying hardware
infrastructure but execute distinct control laws. Generally, the system works under central-
ized control in order to achieve high power quality. However, when a fault occurs in the
communication bus of the microgrid, the control system will detect the fault and switch to
distributed control automatically to sustain the stability of the system. In practical opera-
tion, centralized control offers superior voltage and current regulation, with steady-state
errors typically lower than those of distributed control under normal operating conditions.
Therefore, following fault recovery, the system should switch back to centralized control to
ensure effective voltage and current regulation during long-term operation.

The main structure of the proposed OCAHC strategy is shown in Figure 4. The control
system includes centralized controller and local controllers. The centralized controller
includes a controller module and a control-mode-setting module, which are used to achieve
centralized control and the operation-condition-adaptive function separately. Each local
controller consists of fault-detect module, dynamic consensus module and primary control
module, which are used to detect the fault of communication network, apply the distributed
control based on consensus algorithm and perform primary control. Both centralized and
distributed control are secondary control, which are based on primary control and share
the same primary control module in the proposed system. The control logic of the OCAHC
framework is illustrated by a decision tree, as shown in Figure 5.
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Figure 4. Structure of proposed operation-condition-adaptive hierarchical control.

‘ State of the System ‘

/\

‘ System Operating Normally‘ ‘ Controllers/ Links Fault ‘
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‘ Centralized Control ‘ Latency/packet loss Latency/packet loss
within threshold exceeds threshold
‘ Distributed Control ‘ Topology
Reconfiguration

Figure 5. Decision tree within the OCAHC framework.

The structure of the operation-condition-adaptive strategy is shown in Figure 6. Where
Ujj and [;; is the voltage and current of agent i’s neighbor. N); is the number of agent i s
neighbors. a is a threshold close to 0, considering the minor detect and control error. If the
condition |0v1| < a is meet, it means that the input signal is zero, which may imply that
the receiver i has failed. b and c are the current and voltage thresholds. If the condition
|Ui — Uij] > b is met, it means that the voltage of agent i is remarkably different from
one of its neighbor agent j. If the both the two conditions above are meet, it shows that
although the system fails to maintain the voltage, there is no deviation command given to
agent i. In this situation, it can be determined that the component i is faulty, and the system
should switch to distributed control. In the simulations, the fault detection thresholds
are introduced to prevent spurious triggering caused by measurement noise. In practical
applications, the thresholds are typically set to 2 to 3 times the maximum RMS measurement
noise, with default values in the range of 0.05-0.1 p.u.
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Figure 6. Control logic of operation-condition-adaptive strategy.

4. Distributed Control Strategy

4.1. Graph Theo

Ty

We consider a undirected graph G = (U, E) to describe the communication topology
of the DC microgrids. U = {uy,uy, ..., un} is the vertex set, in which each node represents

a distributed agent. E = {1, X2, .., Xk} is the edge set, which reveals the communication

link between different agents. As shown in Figure 7, x; denotes that agent 17 and agent 14

are neighbors, and the two agents will share the voltage and current information under

the distributed control mode [16]. Describe the adjacency matrix as A = [a;;], with the

matrix elements calculated by the following rule: If u; and u; are neighbors, a;; = a;; = 1.

Otherwise, a;; = a;; = 0.

N

U,

X

s

4

Figure 7. Communication topology.
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Define the Laplacian matrix as L, which can be written as [9]:

Z alj —a1n
jEM;

L=| @ (15)
—a1n PN Z an]-
j€Mn
where Mj, ..., My denote the set of neighbors of agent 1, .. ., n.

Consider A; as the i-th smallest eigenvalue of matrix (1 < i < n). A, is the Fiedler
eigenvalue, which is also called algebraic connectivity, quantitatively reflecting the con-
nectivity of the graph. A, is the spectral radius of L, which reveals the stability of
the graph.

4.2. Control Strategy Design

Distributed control aims to improve power-sharing performance under communica-
tion faults. The structure of the distributed control strategy based on dynamic consensus
algorithm is shown in Figure 8. The main purpose of the dynamic consensus algorithm is
managing a set of agents to reach an agreement, which specifically in this case, is to control
the [voltage, current] vector of all of the agents to achieve consensus. The basic principle of
the dynamic consensus algorithm can be described as following equations [11], in which
(16) is the continuous form and (17) is the discrete one.

xi(t) =Y a- (x5(t) — xi(t)) (16)
jeM;
xi(k+1) = x;(k) +e- ZA:A ajj - (xj(k) — xi(k)) (17)
JEM;

where x;(k)= [U4,11;] is the state variable of the agent i, which denotes the reference
voltage and current at time k.

" Distributed Controller

f x.Ak)-»é

Neighbouring ) - ( —> 1 o,
States :
¢ )

Figure 8. Structure of proposed distributed control.

—>

N | =
A

Ny

N | —

Communication
Failure

The discrete form of consensus algorithm applied in the system can be described as
follow [11]:

xi(k+1) =x;(0) +¢ Z 5ij(k+1) (18)
JEM;
Sij(k+1) = 6 (k) + aj; - (xj(k) — x;(k)) (19)

where §;;(k) works as a storage of the cumulative difference between agent i and agent
j. In the simulations, 4;;(0) = 0 was adopted as the default setting. For practical applica-
tions, saturation or leakage techniques can be employed to prevent numerical divergence.
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Since no accumulator explosion was observed in our simulations, no additional anti-drift
mechanism was explicitly introduced in this study.

Different from the centralized algorithm, the consensus algorithm is based on com-
munication between neighbor agents. For each agent in the system, the state variables
of its neighbors x]-(k), oo, x1(k) (G, ..., 1 € M;) work as input of the local distributed con-
troller. By applying the consensus algorithm, the distributed controllers then generate
the instructions x;(k) for local primary control. As shown in Figure 8, we assume that a
communication fault occurs between agent and agent Ny, and it is obvious that agent
i can still receive information from Nj; — 1 agents. In this scenario, although communi-
cation failures may affect the convergence speed of the algorithm to some extent, they
will not lead to control failure with appropriate communication topology design. The
consensus-algorithm-based control system exhibits strong robustness under faults. Since
both the control performance and convergence speed are closely related to the communica-
tion topology, this paper will provide a detailed introduction to the planning method of
communication topology in the next section.

4.3. Communication Topology Optimization

The communication topology significantly impacts the effectiveness of distributed
control. In this section, a communication topology planning model to minimize the com-
munication costs is established. The model considers constraints such as communication
intensity, algorithm convergence under normal operating conditions and N-1 fault scenar-
ios, and control performance. The planning objective is to seek the topology with the lowest
possible communication costs, while also calculating the parameter values that result in the
optimal control performance.

4.3.1. Objective Function

For the topology planning model, the decision variables are the interconnecting link
relationship of local controllers, corresponding to the linkage status of branches between
every two nodes in the graph. In the proposed model, binary decision variables e;; € {0,1}
determine if branch (i, ) is activated. The optimization objective of the model is to minimize
the cost of the communication system. In this work, we adopt the classical LEACH energy
consumption model proposed by Heinzelman et al. [17]. As shown in (20), not only
the energy consumption cost of the communication system but also its hardware and
maintenance costs are considered. Csys is the total cost of ownership for the system, and
Chw, Cmt, Cre represent the hardware cost, maintenance cost, and hardware redundancy
cost. The final term in (20) represents the energy consumption cost of the communication
system over its entire operational lifecycle, while the engineering significance of (21) is
the system’s communication energy consumption per second. For a system of a given
node scale, the costs associated with various hardware modules and their maintenance are
deterministic. It follows that the minimization of the total cost of ownership is functionally
equivalent to minimizing the energy consumption cost of the communication system. On
this basis, (21) is defined as the objective function.

Cetec Tlife & &
MZ Z ei]'(ETx,ij + Eerj + Ede,]') (20)

CS]/S - Chw + Cmt + Cre + T
CA  i=1j=1,j#i

=]

. 1 -
minf = T Y ei(Eryij + Erxj + Ede;) (21)
CA =1 j=1,j#i

Ciuo = Cetr + Cotw + Cguo + 11X Cg + Cpg + Cs + 1.1 X Ceg X Loy +20 % o (22)
Cunt = 1M7aChap (23)
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Cre = myeCpyy (24)

EryiP*1 +€+,D;i?l, D;; < Dy
Ero i — Eqo.lec L pomp _ Tx,i fsHij br 25
Tedj = BTwij T 5T {ETx,ipul +empDyi*l, Djj > Dy 2
ERx,j = Erx,j’1 (26)
Egej = Ege, " (27)

3

Do = | -2 (28)

gmlg

where C,, refers to the unit electricity price, and Tj;, is the operational lifecycle of the
communication system. Cctr, Csw, Cow, C fds C, are the cost of central controller, switch,
gateway, communication fault detection module, and power supply unit. C,4, C¢; and
Cty denote the unit cost of the wireless communication agent, optical cable line, and
its terminals. Lg;y, is the total length of the optical cable line. m,, and m,, denote the
hardware maintenance rate and the redundancy rate, respectively. Er, ;; represents the
energy consumption generated when controller i sends data to controller j. Eryjand Eg
denote the energy consumption of controller j for receiving and processing the data. The
system adopts a periodic polling communication scheme, where T4 is the sampling period.
Ety,ij is calculated using the communication energy consumption model established in [15].
For transmission energy consumption, both free-space and multipath fading channel
models are considered, as shown in (25). When the communication distance is below
Dy, the free-space model is applied. Otherwise, the multipath fading model is used to
compute the transmission energy consumption of the transmitter i. E7, ;/* is the per-bit
transmission energy consumption (in pJ/bit) of transmitter i. | is the packet size (in bit).
D;; is the communication distance. &g (in pJ/bit/ m?) and emp (in pJ/bit/ m?) are the
energy parameters for the free-space and multipath fading models, respectively. Dy is
the predefined communication distance threshold, which can be calculated by (24). For
the receiver, the reception energy consumption Eg, ; and processing energy consumption
Eg,; are computed by (26) and (27), where Eg,j’" and Eg, ;" represent the per-bit energy
consumption for data reception and processing (in pJ/bit) at controller j, respectively.

4.3.2. Convergence Conditions

To ensure the stability of consensus algorithm, the convergence conditions must be
discussed. The consensus algorithm can be written in matrix form as [9]:

x(k+1) = W-x(k) (29)

where x(k) = [x1(k), x2(k), ..., xn(k)]" is the state vector. Consider ¢ as the constant edge
weight used to tune the dynamic of the consensus algorithm, weight matrix W can be
written as:

W=I-¢L (30)

The control algorithm converges when the following conditions are satisfied [11]:

. ok 1-17
limx(k) = lim W*x(0) = (

k—o0 k—0c0 n

)x(0) (31)

where 1 represents an all-ones vector. As derived by Lin Xiao et al., the control algorithm
converges if and only if (32)-(34) are satisfied, based on which the convergence constraint
of the topology is established:

1T w=17 (32)
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W.1=1 (33)

1-17
p(W — - ) <1 (34)

where p(+) denotes the spectral radius of a matrix.

4.3.3. N-1 Resilient Topology Constraints

To ensure the stability of the system under N-1 contingency, it is essential to maintain
the convergence of the algorithm under any single-link (N-1) communication failure.
Building upon the constraints (32)—(34), we further verify whether the weight matrix W’
under N-1 conditions still satisfies (32)—(34). Considering that only four elements are
modified under N-1 contingency, this paper proposes an incremental verification method
for N-1 verification, eliminating the need for complete matrix recalculation. Specifically,
if a communication fault occurs between controller i and j, four elements in the weight
matrix W, namely W;; Wj;, Wj;, and Wj;, are altered. By analyzing the constraints (32) and
(33) satisfied by the original W, it is noted that the sum of elements in each row and each
column is equal to 1. Therefore, the satisfaction of constraints (32) and (33) is equivalent to
the unity summation condition on the specified rows/columns:

YWy =1V95€12,...,n 5)
YW, =1,¥g€1,2,...,n
YW, ' =1Y5€12,...,n )
YW, =1,¥g€1,2,...,n

where Wl-q’ denotes the element in the i-th row and g-th column of matrix W'.
In addition, let AW € R™™" denote the symmetric perturbation matrix induced by
element-wise modifications:
W =W+ AW (37)

By the properties of symmetric matrices, the following triangle inequality holds:

1-17 1-17

o(W — +AW) < p(W —

) +p(AW) (38)
Based on the above, we first verify whether constraint (39) is satisfied:

1-17
n

Pp(AW) <1 —p(W — ) (39)
where AW is a sparse perturbation matrix with only 4 non-zero elements. For high-
dimensional networks, constraint (39) reduces the eigenvalue computation of the dense
matrix (W —1-17/n) to that of a sparse matrix AW, significantly cutting
computational costs.

Constraint (39) is a sufficient but non-necessary condition for constraint (40). During
optimization, we first check constraint (39). If satisfied, constraint (40) is automatically met;
otherwise, explicit validation of constraint (40) is required:

1-17
p(W—

+AW) <1 (40)

For convergence verification, conditions (35), (36), and (40) constitute the necessary
and sufficient criteria for system stability under N-1 contingencies, whereas condition (39)
is a sufficient but not necessary condition implied by (40). Given that o(W —1-17 /n) has
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already been computed in the algorithm and that AW is a symmetric sparse matrix with
only four nonzero elements, the evaluation of condition (39) incurs a computational cost of
O(kca), where k., denotes the number of iterations and typically satisfies k., < n in such
sparse cases. In contrast, verifying condition (40) requires eigenvalue computation of the
n-dimensional matrix W, with a complexity of O(kcan2), which is substantially higher than
that of (39). Therefore, for each N-1 contingency topology, constraints (35)—(36) are verified
first. If these are satisfied, condition (39) is subsequently checked. If the matrix also satisfies
(39), the N-1 topology is deemed convergent; otherwise, condition (40) is explicitly verified
to ensure that no feasible solution is incorrectly excluded. This hierarchical strategy, which
combines fast screening with exact verification, substantially reduces the computational
burden by minimizing spectral radius evaluations.

4.3.4. Control Performance Constraints

According to the derivation by Lin Xiao et al. [18], the fastest converge speed is
obtained when ¢ is assigned values according to the following principles:
2
INOEZH )
The derivation in reference [18] reveals that the spectral radius of matrix (W —1-17 /n)
can also characterize the convergence rate of the algorithm:

1
- (llx(t) xIIz)t 1-17
T W) = sup lim ( =p(W— (42)
asym( ) x(o)zyt%m HX(O) _x||2 P( n )
1
asym — T3 7~ 43
Tasy I ooy (43)

where 745, is defined as asymptotic convergence factor, and 75y, represents the number
of steps to achieve convergence. Based on the derivation above, the convergence time
constraint is established as:

T
- €A S Tcon (44)

Ig(p(W — %) + €ca)

where T.on is the convergence time threshold. Let ¢, be a sufficiently small positive
number. Since the spectral radius of the fully connected matrix p(W —1-17/n) is zero,
parameter €, needs to be properly set to ensure correct computation of the communication
delay constraints.

4.3.5. Communication Link Reliability Constraint

Communication quality is measured by the channel gain between any two controllers.
Considering large-scale fading in wireless channels caused by changes in the distance of
communication links, the communication link reliability constraint is as follow [19]:

B = 1005(50) 4 1 > g — M(1 ) o)
where f represents the logarithm of the average channel gain at the reference point Dy r. az
is the path loss exponent, and #, represents the shadowing component, which is a random
variable following a Gaussian distribution N(0,03%). gmin is the channel gain threshold.
Communication distances that do not meet this constraint will result in increased packet
loss rates, excessive communication delays, and other related issues. Since the formulation
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involves random variables, it is difficult to determine a tight lower bound. Therefore,
a sufficiently large constant M is adopted in this work, with e;; serving as an indicator
variable. Specifically, when the link ¢;; = 1, the constraint is activated.

4.3.6. Efficient Solving Strategy for Planning Models

The graph should also satisfy some basic constraints including topological connectivity
constraint and node-degree constraint:

Ay >0 (46)

L;>2Y¥i=12,...,n (47)

Actually, the constraint established in this section serves as a necessary but not suffi-
cient condition for the constraints in Sections 4.3.2—4.3.5, while its computational complexity
is significantly lower than the matrix operations in the constraints above. Therefore, the
introduction of this constraint aims to provide preliminary validation for the preceding
constraints, thereby reducing the computational burden of the optimization model.

Furthermore, the most computationally intensive components of the planning model
are the verification of convergence conditions and N-1 resilient topology constraints. To
tackle the problem, an equivalent topology reduction strategy is proposed to enhance the
computational efficiency of the model.

In graph theory, nodes are termed exchangeable if their permutation does not affect the
graph’s probability distribution or topological structure [20]. Two graphs are isomorphic
if their adjacency relations become identical through vertex relabeling. In the proposed
system, nodes do not satisfy exchangeability due to parameter discrepancies. However, the
evaluation of constraints (32)—(34) and (39) and (40) is independent of actual grid parame-
ters. Thus, nodes can be treated as exchangeable while validating these constraints. During
model solving, all topologies that have undergone convergence tests for constraints (32)—
(34) and (39) and (40) are stored, and isomorphic graph recognition is employed to achieve
equivalent topology reduction. This strategy replaces repeated eigenvalue computations
with a lookup-table approach, significantly improving computational efficiency.

In the proposed method, genetic algorithm (GA) is employed to solve the model. The
flowchart of the proposed model-solving process is shown in Figure 9. Chromosomes rep-
resent communication links between system nodes and are mapped to the upper-triangular
part of the adjacency matrix, which is then symmetrized to obtain the full adjacency matrix.
During population initialization, a minimum spanning tree with N-1 edges is first gener-
ated using Prim’s algorithm, after which a small number of redundant edges are added
randomly to complete the individual initialization. During the optimization process, graph
signatures are first generated based on node and edge features to rapidly filter historical
graphs with matching characteristics, thereby reducing the search space for isomorphism
checking. Subsequently, VF2 algorithm (in NetworkX) is applied for exact graph isomor-
phism verification. If the current graph is isomorphic to any graph in the historical library,
the associated cost information is returned directly. If not, the edge weight & corresponding
to the fastest convergence rate under this topology is first computed online based on (41).
The current graph is then verified against all imposed constraints. Individuals violating any
constraint are assigned a large penalty, whereas those satisfying all constraints have their
objective function evaluated. Subsequently, the chromosome, cost, and penalty information
of the current graph are recorded in the historical graph repository. The next-generation
population is then produced via selection, crossover, and mutation. A DFS algorithm is em-
ployed to verify the connectivity of individuals in the new population, and any individuals
containing multiple disconnected components are repaired using a random reconnection
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strategy. The algorithm iterates repeatedly and is considered to have converged when no
improvement is observed over Gmax consecutive generations.

Start

v

Population Initialization

>i
Filter Historical Graph by
Matching Signature

v

Isomorphism Verification

Update Population by VF2 Algorithm
Is isomorphism of graph in Y
history library?
Repair Disconnected N
Individuals

Calculate Edge Weight &
\ 4

l Return Cost

Selection, Crossover, Constraint Verification
and Mutation onstra erifieatio

A i
Add Current Graph to
History Library
I

N The convergence criterion is
satisfied?

|

End

Figure 9. Flowchart of the model-solving process.

The number of labeled and non-isomorphic graphs for systems of varying node scales
are presented in Table 2 [21]. As evidenced, non-isomorphic graphs are substantially fewer
than labeled graphs for a given system scale. Consequently, isomorphic graph recognition
not only reduces computational complexity but also minimizes the storage footprint of
tabulated information.

Table 2. Number of labeled and non-isomorphic graphs.

Number of Agent(s) Number of Labeled Graph(s) Number of Non-Isomorphic Graph(s)

1 20=1 1

2 2l=2 2

3 25=8 4

4 20 =64 11

5 210 = 1024 34

6 215 = 32,768 156

7 221 = 2,097,152 1044

8 228 = 268,435,456 12,346

9 236 = 68,719,476,736 274,668

—_
o

24 = 35,184,372,088,832 12,005,168




Electronics 2025, 14, 3797

17 of 31

1.02
1.01

0.99
0.98
0.97
0.96
0.95

System Availability

5. Reliability Analysis and MTBF Assessment

To quantitatively assess the reliability differences among various control strategies
over long-term operation, this section employs a Monte Carlo simulation [22] approach
to estimate system availability and mean time between failures (MTBF). The considered
failure sources include MGCC units, the bus, communication links, as well as latency
exceedance events. Each device is represented using a two-state reliability model, as
illustrated in Figure 10. It is assumed that a hardware equipment can only reside in one
of two states: operational or failed. Upon failure, the equipment immediately undergoes
repair. Figure 10 illustrates the two-state transition diagram of the equipment, where Sy;
denotes the operational state and Sp represents the failed state. The symbol A4, denotes
the failure rate of the equipment, and 4, denotes its repair rate [23].

/Ide lu

de
S, JeE—— §,
Figure 10. Two-state model for repairable equipment.

For each component, both failure and repair processes are modeled by exponential
distributions. Based on this modeling framework, the system availability and MTBF are
then calculated as: U

A = Sum (48)
TY
MTBF = t1g (49)

where U, represents the cumulative duration of system availability within that trial, Ty
refers to the total simulation horizon, which is set to 8760 h in this study, and t7r denotes
the time of the first transition of the system to an unavailable state in a single trial. A total
of 500 Monte Carlo simulations were performed for each of the four scenarios:

Case 1: Centralized control without controller redundancy.

Case 2: Centralized control with 1 + 1 redundancy for the central controller.

Case 3: Distributed control under a topology that does not satisfy N-1 convergence.

Case 4: Distributed control under a topology that satisfies N-1 convergence.

The simulation results for availability and MTBF are presented in Figure 11. The
overall system availability in all cases is close to 1. For centralized control, adopting a
1 + 1 controller redundancy strategy improves reliability but still results in lower avail-
ability compared with distributed control. Among all cases, distributed control with a
topology that ensures convergence under N-1 communication failures achieves the highest
system availability.

T T T 10,000 T T T T

1.001

8000 b

6000 - b

MTBF

4000} _

2000 b

Case 1

Case 2 Case 3 Case 4 0 Case 1 Case 2 Case 3 Case 4

(a) System availability (b) MTBF

Figure 11. Simulation results for availability and MTBF under different cases.
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The availability of different types of control systems was evaluated using an analytical
calculation model, and the analytical results are compared with the Monte Carlo simulation
outcomes in Table 3. It is shown that among the four scenarios, case 4 exhibits the largest
MTBF value. A larger MTBF indicates that failures occur less frequently, meaning the
system can operate for longer periods without interruption. This finding reinforces that
case 4 not only achieves the highest availability but also offers superior long-term reliability
compared with the other scenarios.

Table 3. Availability and MTBF under different cases.

Case 1 Case 2 Case 3 Case 4

Availability (Analytical Results) 0.9974 0.9976 0.9996 1.0000
Availability (MC Results) 0.9984 0.9986 0.9996 1.0000
MTBF (MC Results)/h 5352.60 5609.50 6711.40 8760.00

According to foregoing analysis, even with 1 + 1 controller redundancy, the reliability
of centralized control remains inferior to that of distributed control. By contrast, in dis-
tributed control, adopting a communication topology that ensures convergence under N-1
failures can increase system availability to 1, virtually eliminating the risk of control failure.

Above all, both the analytical model and the Monte Carlo simulation suggest that
adopting distributed control with topology adjustments that ensure convergence under
N-1 contingencies can provide the highest level of system stability.

6. Case Study

In order to verify the effectiveness of the proposed model and control method, a DC
microgrid model is established in MATLAB/Simulink environment. The configuration
and communication topology of the microgrid is shown in Figure 12. Parameters of the
system and controllers are chosen in Tables 4—7. The system parameters are selected with
reference to previous studies [10], while incorporating variations to reflect the inherent
differences in actual line impedances. The parameters of the PI controllers were selected
empirically following conventional tuning practices, which are consistent with commonly
adopted settings in related studies [8,11]. The computer used is a PC with an 12th Gen
Intel(R) Core(TM) i5-12400F and 16 GB of RAM.

Table 4. Simulation parameters of DC microgrid.

System Parameters Value
Viated 80V
Rs 0.010 O
C 22x103F
Riine1 0.010 O
Riine2 0.020 O
Riines 0.015 Q)
Riinea 0.030 O
Riines 0.040 O
Ry 200
Ri2 200
Tca 10 us

time step 1 pus
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Figure 12. Configuration of the DC microgrid.
Table 5. Geographical distance between buses.
From Bus To Bus Distance/m
DG1 DG2 87
DG1 DG3 134
DG1 DG4 111
DG1 DG5 158
DG2 DG3 87
DG2 DG4 64
DG2 DG5 111
DG3 DG4 53
DG3 DG5 100
DG4 DG5 68
Table 6. Simulation parameters of controllers.
Control Parameters Value
Kic 97
Kpc 1
Kiv 800
KpV 4
Kisc 8
KPSC 0.4
Kisv 80
KpSV 0.4
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Table 7. Parameters related to cost function.

Unit Cost Value Unit Cost Value
Celec 0.15 (USD/kWh) Cim 3 (USD)
Cetr 70 (USD) Mya 0.1
Cow 30 (USD) Mye 0.05
Cow 55 (USD) Er, P 50 (n]/bit)
Chd 10 (USD) Egy P 50 (nJ/bit)
Ceq 20 (USD) Egei™ 5 (nJ/bit)
Cs 50 (USD) £fs 10 (pJ /bit/m?)
Cea 1.20 (USD/m) Emp 0.0013 (pJ /bit/m?)

6.1. Analysis of Topology Planning

This paper employs GA to solve the planning model, with parameter configurations
including a population size of 150, crossover rate of 0.9, and mutation rate of 0.1. Table 8
presents the computational time required for topology planning solutions of systems with
varying node scales. Results demonstrate that the proposed model maintains high solving
efficiency even for 25-node systems, fully meeting the requirements for microgrid offline
planning. Moreover, if higher computational efficiency is required, the solution process can
be further accelerated through parallel computing techniques.

Table 8. Convergence speed of topology planning.

Convergence Speed/s Convergence Speed/s

Number of Agents (with Isomorphic Graph Recognition) (g:;l;ﬁuliiig;g:ﬂ;:;
5 0.4607 0.6122
10 25.9661 58.1719
15 365.7051 921.1013
20 4603.6499 17,021.6014
25 7854.5825 63,264.7821

In addition, a comparison of experimental results before and after implementing the
equivalent topology reduction strategy demonstrates that incorporating isomorphic graph
recognition can effectively reduce the algorithm’s runtime. From the perspective of the
proportion of isomorphic graphs, the convergence time savings are expected to become
more pronounced as the system size increases. However, our experiments also reveal that
in larger-scale systems, the memory required to store historical isomorphic graphs grows
substantially, and the time consumed in matching a new graph against the stored set also
increases. These factors may, to some extent, offset the expected gains in convergence
speed. Nevertheless, the overall findings indicate that the equivalent topology reduction
strategy can still achieve a notable reduction in runtime and thereby accelerate the topology
planning process.

The model was solved for a 5-node system using GA, Tabu Search Algorithm (TSA),
and Simulated Annealing Algorithm (SAA). For each algorithm, 100 independent ex-
perimental trials were conducted. The corresponding results are presented in Figure 13.
Statistical analysis was performed using the Kruskal-Wallis test followed by post hoc
Mann-Whitney U tests to evaluate differences among the three groups. The results re-
vealed statistically significant differences (p < 0.001), indicating the superior convergence
efficiency of the GA compared to the two conventional algorithms.
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Figure 13. Convergence time of different algorithms.

Figure 14 displays the convergence characteristics, showing that the GA consistently
achieves convergence. Figure 15 shows the optimal cost of different scale systems. Sta-
tistical properties of the 500 solutions are summarized in Table 9, where C,, represents
the mean optimal cost. s? indicates the variance of optimal costs. G,, denotes the average
convergence generation. pmax represents the modal solution’s occurrence frequency in

500 trials.
1150 T T T T T
5000 fr A

1100 R 3000
2 i - -
o Trial 1 17 Trial 1 i
< 1050 Tral2 | | - S 4000 Trial 2
S : = i
= Trial 500 | = Trial 500
.2 1000 1 S 3000 B
2 ' g
E 950 1 g
g P S— £ 2000 P ]
o 6 8 10 12 14 16 O 75 100 125 150 175 200

900 E

1000 i
850 L 1 1 1 1
0 50 100 150 200 0 200 400 600 800 1000
Generation Generation
(a) 5-node system (b) 10-node system

Figure 14. Convergence curve of topology planning. (Only three representative lines are shown in
the legend, while all other lines denote individual experiments.)
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Figure 15. Optimal cost of different scale systems.

Table 9. Statistical characteristics of 5-agents’ topology planning.

Statistical Characteristics Value
Cop 894.35
s? 1.29 x 1026
Gao 1.36
Pmax 100%

The repeated solving experiments confirm that the GA ensures both precision and
rapid optimization. The optimal communication topology derived from model solutions is
illustrated in Figure 12, which will be adopted for subsequent simulation validations.
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An economic analysis was conducted for the topologies generated by the proposed
planning model. As indicated by the analysis of Equations (20) and (21), minimizing the
planning and operational cost in this model is equivalent to minimizing the unit power
consumption, which serves as the objective function of this study. Accordingly, the unit
power consumption is taken as the cost of each topology, while the MTBF index is used
to quantitatively evaluate their reliability. Based on these two metrics, the cost—benefit
ratio is calculated for each topology. In addition, using Scheme 1 as the reference, the
marginal cost of Schemes 2—4 is also computed. The four corresponding topologies are
illustrated in Figure 16, where Scheme 2 represents the optimal topology derived from the
proposed model. As shown in Table 10, among all candidate topologies, Scheme 2 achieves
the lowest cost—benefit ratio and the lowest marginal cost, indicating that it is the most
economical solution.

(a) Scheme 1 (b) Scheme 2 (c) Scheme 3 (d) Scheme 4

Figure 16. Topology of different schemes.

Table 10. Economic analysis of topologies.

Scheme 1 Scheme 2 Scheme 3 Scheme 4
Unit Power Consumption 749.22 894.35 1000.81 1145.93
MTBF/h 6711.40 8745.10 8745.10 8760.00
Marginal Cost - 0.0714 0.1228 0.1937
Cost-Benefit Ratio 0.1116 0.1023 0.1142 0.1308

6.2. Performance of Conventional Control Method

In the proposed microgrid, primary control, centralized control, and distributed con-
trol are applied, respectively, and compared in terms of their performance. The simulation
results of primary control are presented in Figure 17. In this case, a sudden load change
occurs at f = 0.2 s. As shown in Figure 17a, the primary control exhibits strong voltage
stability under load-step changes, resulting in only a 0.25% voltage deviation. However,
as demonstrated in Figure 17b, the power control capability of the system is weak when
relying solely on primary control. Due to the variation in line impedances, significant
imbalances in current distribution among DGs are observed. The steady-state current error
is 47.50%, signifying a notable deviation from the expected current value.

To address these limitations, distributed control is implemented in the proposed
system, and the corresponding simulation results are shown in Figure 18. The simulation
is divided into two stages. During Stage 1 (0 ~ 0.2 s), only primary control is applied,
resulting in poor current sharing performance. Att = 0.2 s, distributed control is activated,
and the current of all DGs rapidly converges to the ideal value. Despite the load-step
change at t = 0.2 s, the distributed control demonstrates excellent voltage and current
control performance, with voltage overshoot not exceeding 0.04% and current overshoot
not exceeding 13.91%. Additionally, under distributed control, the voltages and currents of
all DGs reach steady state within 2 and 9 sampling steps, respectively, corresponding to
20 us and 90 us, demonstrating significantly faster convergence than primary control.
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Figure 17. Performance of primary control.
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Figure 18. Performance of distributed control.

Furthermore, centralized control is implemented in the proposed system with control
parameters listed in Table 6. The simulation results are presented in Figure 19. Two faults
are predetermined in the simulation. Att = 0.2 s, a sudden current change occurs in
Load 1. Att = 0.6 s, a communication fault occurs between the central controller and DG5.
The simulation results indicate that both voltage and current can rapidly converge and
remain stable under load-step changes. By implementing centralized control, the current
achieves a steady-state control precision of 0.08%, which outperforms both primary and
distributed control strategies. However, under the communication fault condition, DG5
experiences significant current instability, with a steady-state current deviation of up to
37.38%. This highlights the limited robustness of centralized control under single-point
failures. In a centralized control system, communication faults can disrupt current control
performance and introduce significant risks to system safety and stability.

6.3. Validation of Proposed Method
6.3.1. N-1 Condition

The robustness of algorithm under N-1 contingency is examined through simulations,
with results displayed in Figure 20. Att = 0.2's, a communication interruption occurs
between DG5 and the centralized controller, simulating an N-1 fault. Communication is
restored at t = 0.6 s seconds. The simulation results indicate that the system maintains
stable operation, with both voltage and current converging to ideal values throughout the
fault and subsequent recovery periods. In comparison with centralized control strategies,
the proposed framework demonstrates superior performance under communication faults.
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During the fault, the system maintains control precision, with voltage and current devi-
ations remaining within acceptable limits (3.15%). Post-recovery, transient fluctuations
are minimal. The system reaches steady state within 31 and 87 sampling steps for voltage
and current, respectively, corresponding to 310 ys and 870 us. This persistent performance
validates the robustness of proposed algorithm in ensuring grid stability under severe
contingency scenarios.
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Figure 19. Performance of centralized control.
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Figure 20. Performance of proposed control under communication fault.

6.3.2. Step-Varying Load

The ability of proposed control method to handle sudden load changes is further
evaluated in Figure 21. A step change of 1A in current demand occurs at t = 0.2 s, which
then returns to normal levels by ¢t = 0.6 s. Simulation results highlight the strong transient
response characteristics of the system, with the voltage and current reaching steady state
within 25 and 1 sampling steps, corresponding to 250 us and 10 us, respectively. During
the transient phase, overshoots are tightly controlled, with voltage exceeding steady-state
values by 0.05%. This performance closely resembles an ideal step response, which indicates
the well-damped dynamic behavior of the control system. In steady-state conditions, the
system maintains high precision. By maintaining steady-state voltage and current errors
within 0.04% and 0.02%, the algorithm ensures optimal operational performance.
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Figure 21. Performance of proposed control under step-varying load.
6.3.3. Slow-Varying Load
Finally, the system’s performance under slowly varying load conditions is analyzed.
The variation curve of load current is shown in Figure 22, with simulation results shown in
Figure 23. A communication interruption occurs between DG5 and centralized controller at
t = 0.2 s, which recovers at t = 0.6 s. The simulation results demonstrate that the control
system maintains effective voltage regulation. Although the precision is slightly reduced
compared to steady-state conditions, it remains within acceptable limits throughout the
load variation period.
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Figure 22. Variation in load current.
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Figure 23. Performance of proposed control under slow-varying load and communication fault.
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Under communication faults, voltage-control overshoots are constrained to 0.09%.
The convergence of the algorithm is achieved within 560 us. The error between actual and
target currents is maintained at 0.06%, demonstrating the system’s capability for voltage
regulation. Notably, current responses across all DGs remain synchronized, aligning closely
with the slow load variations. Overall, the comprehensive simulation results validate the
effectiveness of the proposed hierarchical hybrid control algorithm across various chal-
lenging operating conditions. Through adaptive voltage regulation and accurate current
sharing, the proposed algorithm ensures the reliability and efficiency of DC microgrids.

6.3.4. Long-Term Load Variation

This section validates the proposed algorithm using field-measured load data from
a region in China. Due to the sampling interval limitation of the actual measurements,
high-resolution load curves were constructed through interpolation for dynamic simulation,
ensuring consistency with the overall trend of measured data. Random fluctuations were
then superimposed on the curves to emulate high-frequency variations at short timescales.
The daily load profile of the Chinese region generated by the proposed method is illustrated
in Figure 24. Since transient response processes in power systems typically complete within
seconds to tens of seconds, a 30 s time-domain simulation window was adopted in this
study, which sufficiently covers the dynamic convergence characteristics of controllers.
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(a) Daily load profile. (b) Load curve for the simulation period.

Figure 24. Actual load profile of a Chinese region.

As shown in Figure 25, during long-term load fluctuations, the voltage-control
overshoot remains limited to 1.74%, while the algorithm achieves convergence within
1500 us. The deviation between reference and measured currents is restricted to just 0.06%,
highlighting the high precision of current regulation. Moreover, the current responses of all
DG units remain well synchronized and consistently track the long-term load variations,
indicating that the system sustains reliable control performance over extended time scales.
These results collectively confirm that the proposed hierarchical hybrid control strategy
performs effectively under diverse and demanding operating conditions. By enabling
adaptive voltage stabilization and precise current sharing, the strategy enhances both the
reliability and efficiency of DC microgrid operation.

6.3.5. Validation of Fault Detection Logic

Subsequently, the effectiveness of the proposed fault detection logic is analyzed.
Statistical evaluation was conducted across all predefined simulation scenarios, which
include N-1 and N-2 contingencies as well as load disturbances. The proposed detection
logic yields a false-positive rate of 0% and a false-negative rate of 11.11%. The missed
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detections occurred primarily in cases where DG1 and DG3 experienced N-1 faults, and
the corresponding voltage and current waveforms are illustrated in Figures 26 and 27. In
the first missed detection case, the maximum deviations of voltage and current were 0.04%
and 6.26%, respectively, while in the second case, the maximum deviations were 0.04%
and 3.91%. It can be observed that the deviations in these scenarios are relatively small,
which explains the occurrence of missed detections; however, they did not compromise
the system’s stable operation. Overall, the proposed detection logic can effectively identify
severe faults that pose significant risks to the system, thereby ensuring satisfactory voltage
and current control performance.
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Figure 25. Performance of proposed control under long-term load variation.
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Figure 26. Performance of proposed control under missed detection case 1.

6.3.6. Overall Performance

The effectiveness comparison of primary control, centralized control, distributed
control, and the proposed control algorithm is presented in Figures 28-30. Due to the
significant variation in voltage and current regulation performance under different op-
erating conditions, the vertical axes in Figures 28-30 are plotted on a logarithmic scale.
It can be observed that, under normal operating conditions, centralized control achieves
higher control precision, with a steady-state error of no more than 0.08% in current sharing.
Compared with centralized control, primary control and distributed control exhibit slightly
inferior steady-state performance. Specifically, the steady-state error of primary control
is 47.50%, while that of distributed control is 3.16%. However, as shown in Figure 28,
the centralized control strategy demonstrates a convergence time of 19,983 us under com-
munication fault, which is substantially longer than that of the primary and distributed
control approaches (105 us and 869 us, respectively). What is more, as demonstrated in
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Figures 29 and 30, centralized control exhibits an overshoot of 37.39% and a steady-state
error of 37.38%, both of which are significantly higher than those observed in distributed
control and hierarchical hybrid control, indicating poor robustness under N-1 operating
scenarios. In contrast, the proposed algorithm demonstrates the best control performance
under fault conditions, with a steady-state error of 3.15% and an overshoot of 9.05%.
Although the proposed algorithm demonstrates inferior convergence speed compared
to primary control, Figures 29 and 30 reveals its substantially superior control accuracy.
Overall, the proposed hierarchical control framework excels in multiple aspects, including
control precision, fault robustness, and convergence speed, providing an effective solution
for microgrid control.
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Figure 27. Performance of proposed control under missed detection case 2.
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Figure 28. Convergence speed of voltage and current regulation under different algorithms.

6.3.7. Scalability and Robustness Discussion

The experimental results confirm the effectiveness of the proposed methodology in
systems of varying scales. A further question is whether the planning model and control
algorithm remain applicable in much larger microgrid systems. Based on the analysis
above, both the planning model and the distributed control algorithm can be extended to
larger-scale microgrid systems. The main challenge of scaling up the planning model lies in
the increased computational burden, as the optimization problem requires longer solving
time and slower convergence. Nevertheless, as demonstrated in Section 6.1, systems of
different scales were tested, and the results show that the convergence of the planning
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model remains within an acceptable range, thereby satisfying the requirements for topology
design in microgrids planning.
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Figure 29. Steady-state error of voltage and current regulation under different algorithms.
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Figure 30. Overshoot of voltage and current regulation under different algorithms.

For systems with a larger number of nodes, the distributed consensus algorithm
primarily faces challenges such as communication delays and link failures. To address
these issues, communication links with excessive delays or high packet-loss probabilities
are already excluded during the planning stage through dedicated constraints. In addition,
potential single-point failures are mitigated by incorporating N-1 convergence constraints
into the proposed model. Consequently, the core challenges that may arise in large-scale
microgrid systems are effectively addressed through topology design at the offline planning
stage, which significantly enhances the applicability and reliability of the proposed control
framework in practical large-scale systems.

7. Conclusions

In this article, the voltage-control and power-regulation algorithms of DC microgrids
are studied. A hybrid hierarchical control architecture integrating multiple control strategies
is proposed to achieve deviation-free voltage regulation and precise power sharing in
DC microgrids. For the inherent trade-off between consensus algorithm performance
and communication costs, a communication topology optimization model is established
with communication cost as the objective, subject to constraints including communication
intensity, algorithm convergence, and control performance requirements. Through iterative
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model verification via repeated solutions, the feasibility of the proposed communication
planning model is demonstrated. Applying the optimal topologies obtained from solutions,
simulations of the proposed control algorithms in MATLAB/Simulink are conducted to
verify the superior performance of the developed control strategies. The experimental
results confirm that the proposed control framework enables automatic switching across
different operating conditions, while maintaining robust control performance under fault
scenarios, with maximum steady-state error |ess| < 3.15%, convergence time t. < 1500 ys,
and maximum overshoot M, < 10%.

In future research, we plan to build upon the current simulation-based analysis by
developing a hardware-in-the-loop experimental platform. This will enable us to conduct
empirical validation of the improved algorithm under more realistic operating conditions,
thereby bridging the gap between simulation and practical implementation. Such exper-
imental studies will provide stronger evidence for the algorithm’s effectiveness in real
microgrid systems and further enhance the credibility and applicability of the proposed
control framework.
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