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A centralized secondary control is utilized in a DC islanded microgrid to fine-tune
voltage levels following the implementation of droop control. This is done to avoid
conflicts between current allocation and voltage adjustments. However, because
it introduces a single point of failure, a distributed secondary control is preferred.
This paper introduces a consensus-based secondary distributed control approach
to restore critical bus voltages to their nominal values and properly distribute
current among converters. The critical bus takes the lead in voltage adjustments,
with only connected energy resources contributing to regulation. Themicrogrid is
represented as an undirected graph to facilitate consensus building. Two
adjustment terms, δv and δi, are generated to assist in returning voltage to its
nominal level and correctly allocating current among energy resources. To
enhance consistency and improve controller performance compared to those
reported in existing literature, all buses are connected to a leader node. In the
event of the failure of all converters except one, voltage can still be effectively
restored. MATLAB-Simulink simulations are conducted on two medium-voltage
DC (MVDC) microgrids to validate the efficiency of the proposed control method.
The results confirmed that the proposed control method can effectively maintain
voltage stability and enhance the precise distribution of current among
agents by 8%.
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1 Introduction

Certainly, microgrids (Meenual and Usapein, 2021; Abdel-Rahim et al., 2022) have
gained considerable interest in the last few decades due to the flexible integration of
distributed energy resources (DERs) (Liserre et al., 2010; Zhou and Francois, 2011;
Abdel-Rahim et al., 2016; Ghiasi et al., 2019; Yousif et al., 2022a). Microgrids are
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classified into two main types: AC and DC (Abdel-Rahim et al.,
2018; Oulis Rousis et al., 2018; Dasarathan et al., 2020). They could
be distinguished by the voltage form at the common coupling point
(Sharma et al., 2022). A DC microgrid (Wang et al., 2023) has many
advantages over an AC microgrid (Zhang et al., 2023) as it handles
the issues associated with reactive power, frequency control, power
quality, enormous information processing, and complicated control
system, which in turn enhances efficiency and reliability (Katiraei
et al., 2008; Dragicevic et al., 2015; Yousif et al., 2022b; Ding et al.,
2023). Moreover, it provides a smooth and natural incorporation of
DC sources like PV and energy storage batteries (Bharath, Krishnan
Mithun and Kanakasabapathy, 2019; Pires et al., 2023), which helps
in reducing energy conversion levels (Chen et al., 2013; Abdel-
Rahim and Wang, 2020; Nawaz et al., 2023). A DC microgrid
operates in both islanded and grid-connected modes (Habibullah
et al., 2021). So it includes a hierarchical control system, like AC
microgrids (Chandorkar et al., 1993; Guerrero et al., 2011), to
manage voltage regulation, shifting between the two modes of
operation, supply of the critical load with fixed power, precise
current sharing between converters, plug and play capability,
economic operation, and optimal power flow. This structure
consists of three layers: primary, secondary, and tertiary (Bidram
and Davoudi, 2012; Albarakati et al., 2022; Ashok Kumar and
Amutha Prabha, 2022; Faragalla et al., 2022; Kumar et al., 2022).

Tertiary control deals with optimal operation and power
management in the grid-connected mode (Sun et al., 2011; Xu
and Chen, 2011). Primary control, where droop control is
implemented through the inner voltage and current control loops
without any communication link (Zhang et al., 2018; Laribi et al.,
2020; Sattianadan et al., 2020; Ashok Kumar and Amutha Prabha,
2022), maintains the voltage stability of the microgrid after islanding
(Katiraei et al., 2005). It also solves the dilemma of power sharing
(Batarseh et al., 1994; Sharma et al., 2021) from interfacing parallel
converters (Lu et al., 2014; Huang et al., 2015; Tahim et al., 2015;
Fang et al., 2019; Mohamed et al., 2021). After the droop control is
applied, the voltage diverges slightly from the nominal value,
particularly when the line resistance is negligible, which requires
a secondary control to regulate the voltage (Anand et al., 2013;
Peyghami et al., 2018; Aluko et al., 2022). This type of control must
be coordinated to perform cooperative control purposes and extra
functionalities besides the local functionalities. So communication
links between energy resources are implemented. Depending on the
type of connection between converters, it could be characterized as
centralized, decentralized, or distributed (Meng et al., 2017). In
centralized control (Wang et al., 2022), a central control unit is
employed, and bidirectional digital communication connects it with
the energy resources. Information from local controllers is collected
and sent to a central unit, where it is processed and sent back
through communication links (Rashad et al., 2018). Because the data
are gathered and treated in a single controller, it appears to be the
best mechanism to reach enhanced control functionalities, but it can
experience a single point of failure in addition to the massive data
processing, plug-and-play (PNP) unfeasibility, and other difficulties.
The data will not be transmitted if the central control or one of the
communication links is lost, and this type was proposed by Olivares
et al. (2011). A redundancy in the communication links could solve
critical applications, but cost analysis sho1uld be conducted. In
decentralized control, which combines centralized and distributed

control (Iyer et al., 2010; Kim et al., 2011), the data are sent through
the power lines, which is the only communication method. It acts
like a master and slave; one of the DERs acts as the master, and the
other units follow it as slaves (virtual central unit) to achieve a
common goal besides the local control. Anand et al. (2013)
demonstrated a decentralized control to handle the limitation of
local and centralized control. A mathematical model is derived, and
stability analysis is illustrated using eigenvalues. Since the
decentralized control does not have redundancy, it may also face
a failure bottleneck. Therefore, distributed control is introduced.
The power sources can exchange data with connected neighboring
sources only via a spare communication network, and there is no
central unit. In this case, failure occurs if any connection is lost,
provided the network is still connected. This type of control has been
proposed in the literature (Lu et al., 2013; Lu et al., 2013; Zha et al.,
2019; Liu et al., 2020; Li and Zhao, 2021) where DC output voltage
and current in each module could be transferred to the other
modules through the low-bandwidth communication (LBC)
network. Average voltage and current controllers are used locally
as the distributed secondary controllers in each converter to enhance
the current-sharing accuracy and restore the DC bus voltage
simultaneously. In contrast to other developed algorithms of
secondary control, Guo et al. (2018) illustrated a control relying
only on the bus voltage’s feedback and a few neighbors’ data to
determine the distributed secondary input and send it to the primary
bus control. Further simplicity could be achieved by using a pinning
control to send the bus voltage to only one bus. Wan and Zheng
(2022) introduced a distributed cooperative secondary control
scheme for DC microgrids controlled by a droop controller to
ensure proper current sharing and voltage restoration. The
voltage and current regulators include a PI controller and
observer that use a reduced gain function. This helps eliminate
the effect of communication noise on reaching consensus.
Furthermore, Liu et al. (2023) demonstrated a distributed
controller to justify the voltage drop and emphasize the current
division between DERs in the case of load change. This secondary
controller can effectively justify the droop coefficient and improve
the altered voltage to handle the voltage sag resulting from the
primary control. To study the system’s stability under several
environmental circumstances, the authors presented the root
locus and zero-pole diagram. In addition, a distributed secondary
controller based on fuzzy logic was suggested by Onaolapo et al.
(2023). By communicating with one another via a communication
network, the proposed controller in each DS simultaneously
provides balanced current sharing and maintains DC bus voltage
at the reference value. The authors also presented stability analysis to
properly select the control parameters. A novel distributed
secondary control approach was presented by Xing et al. (2021)
that can provide an adjustable current-sharing ratio among DC
converters by imposing a time-varying droop gain and setting the
“virtual voltage drop.” In addition, the impact of time delay on
control performance is examined. Aluko et al. (2022) presented a
distributed secondary control approach to regulate the voltage and
reach accurate current sharing. If some portion of the
communication link in the cyber layer breaks, the dispersed
approach keeps the whole system’s reliability intact. The
suggested controller employs type-II fuzzy logic to adaptively
choose the secondary control settings for a better controller
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response. Poudel et al. (2020) utilized a distributed secondary
control for critical bus voltage regulation in the recognition and
relief of false data injection using a consensus algorithm. The voltage
and current errors, generated to modify the voltage and current
allocation exactitude after the primary control application, are
established using the consensus meaning only. Furthermore, only
one bus is linked to the crucial load to accomplish its regulation.

This paper proposes consensus-based distributed secondary
control for proper current sharing between converters and
voltage regulation for the critical bus in DC islanded microgrids.
Consensus algorithms in multi-agent systems like microgrids enable
the connected agents to reach a general target. Due to the absence of
a central unit, the data of local controllers should be processed in a

way that makes them aware of the global system. In other words, if
two units are connected, they only receive their own data. Thus, the
consensus algorithm is implemented in local controllers, where the
algebraic differences between their data and the data of their
neighboring controllers are continuously summed up (Spanos
et al., 2005; Lashhab, 2020; Mosaad et al., 2023) to calculate an
average value. This cooperation is maintained using a sparse
communication graph, which helps reduce the messages passing
through the converters. Each local controller includes voltage and
current integral regulators to generate two correction terms,
δv and δi, to regulate the voltage of all buses including the critical
bus and solve the current-sharing problem. These two correction
terms have been adjusted to be more accurate related to the
literature. The nodes that know about the critical bus voltage,
which is also the leader, help regulate it. In the case of
connecting one node only to the leader, the regulation will not
be maintained if this connection is lost. So the authors suggest
connecting all the nodes to the leader bus to boost performance and
reach better and more precise current sharing. Moreover, a
comparison between the proposed method and the literature has
been introduced by introducing two cases for each system. The
results confirmed that the proposed technique may successfully
maintain the voltage regulation of the critical bus in the event
that all DERs fail, except for one DER. Furthermore, the
proposed controller’s performance is improved in comparison to
the literature. In addition, if the system is attacked while carrying
light loads, the secondary control can successfully restore the
nominal voltage.

The disadvantages of the proposed technique are as follows: due
to the additional communication links, the system is more expensive
than that reported in the literature. Each DER also includes current
and voltage controls. Moreover, there should only be one essential
load on the system, otherwise certain adjustments need to be made.
Finally, cybersecurity needs to be researched and taken into account
due to the implementation of communication links. The correction
terms help effectively achieve fast convergence for all converters to
the nominal voltage and proper current allocation between them,
especially when the impedance of lines is very small compared to the
virtual resistance and could be excluded.

FIGURE 1
DER model.

FIGURE 2
Two parallel sources sharing the same load Rload.

FIGURE 3
Droop specifications.
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The remainder of the paper is organized as follows: Section 2
explains the primary control using conventional droop control.
Section 3 describes the dynamic consensus and graph theory.
Section 4 describes the distributed secondary cooperative control.
In Section 5, two medium-voltage DCmicrogrids are simulated, and
the effectiveness of the control scheme is verified. Section 6 is
devoted to final conclusion.

2 DER model and primary control

A DC microgrid enables renewable energy resources to be
connected simply without cascaded conversions using DC–DC
converters, as shown in Figure 1. The efficiency and reliability of
the system operation are maintained by interface converters. If
two sources of voltages, V1 and V2, with the same rating, are

FIGURE 4
Distributed control.

FIGURE 5
Distributed voltage control with all nodes connected to the leader.
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connected in parallel with lines R1 and R2 (as shown in Figure 2),
it is assumed that the load Rload is shared equally between them.
However, this does not happen due to the voltage difference,
which causes unequal power sharing between them. Hence,
appropriate coordination for current sharing respective to
their ratings is required. Droop control can effectively achieve
that by implementing a virtual resistance (Papadimitriou et al.,
2015; GAO et al., 2019) to the PI inner voltage and current
control loops as follows:

v* � vn − rdio, (1)
where v* is the reference input of the voltage controller

produced by the droop control that determines the duty cycle
for the converter. vn is the droop reference, rd is the virtual
resistance of the DER or the droop control coefficient, and io is
the DER current.

As the value of the droop coefficient increases, as depicted in
Figure 3, the gap between the converter’s current reduces, and
accurate sharing is enhanced, which is the primary objective. This
resistance balances the difference between the voltage references,

which may produce a circulating current between them. At no
load, the voltage of reference is equal to the output voltage;
however, when the load increases, the reference voltage
decreases. As a result, the voltage deviates from the nominal
value (Abbasi et al., 2023). So the design of virtual resistance is a
compromise between high-voltage control and precise current
sharing.

The virtual resistance is selected based on the current ratings of
the converter, as shown in the following equation:

rd1i1max � rdninmax , (2)
where inmax is the nth DER current rating.
If the DC microgrid contains lines with low resistances that can

be ignored, then

io1
i1max

� ion
inmax

. (3)

To ensure that the voltage at the boost converter’s terminals will
not exceed the acceptable deviation limit, the droop coefficient must
satisfy the following condition:

FIGURE 6
Distributed cooperative voltage control with only one node connected to the leader.

FIGURE 7
Five-bus MVDC.
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rdn#
Δvnmax

inmax
, (4)

where Δvnmax is the maximum allowable DER terminal voltage
deviation.

3 Graph theory and consensus
algorithm

Graph theory is a mathematical form that could be used to
demonstrate interactions between items. The graph consists of

nodes (vertices) and edges (links) that connect the vertices with
each other. A graph could be expressed as a pair, G = (V, E), where V
is the nonempty finite vertices set, E is the edges set, and their pair is
unordered. Therefore, E ⊆ x, y{ } |x, y ∈V2and x ≠ y{ }. The
adjacency matrix is a square matrix n × n, A � [aij] ∈ RN×N,
which demonstrates the connections between nodes. aij indicates
that there is a connection between node i and node j. This means
that they are adjacent, exchange data with each other, and is
substituted by 1. In contrast, it takes the value 0 when they are
not adjacent. In addition, it gives an indication of the edge weight.
The diagonal matrix D � diag di{ } ∈ RN×N gives the number of
links connected to each node with di � ∑j∈Ni

aij. The Laplacian
matrix, which is the admittance matrix, is expressed as L � D − A
(Macana et al., 2022).

The microgrid is represented as an undirected graph with
bidirectional communication links, allowing for cooperative
control of DERs. In this graph, DERs are represented as vertices,
and the connections between them are depicted as edges.
Importantly, the cyber connection topology does not need to
mirror the physical layout, indicating that not all distributed
generators need to be directly linked.

Consensus algorithms, which are commonly employed in
computer science and multi-agent systems like microgrids, play a
vital role in enabling distributed energy resources to collaboratively
reach agreements on shared data using the available communication
network. It is worth noting that in this context, the dynamics of
DERs on the communication graph are assumed to be scalar, first-
order, and single integrators.

_xi � u, (5)
u � ∑

j∈Ni
aij xj − xi( ), (6)

where i� 1, 2, 3 . . . ..n, n is the number of neighbors in total, xi is
the data from DER measurements, xj is the neighboring DERs’

FIGURE 8
Communication graph of four DERs in case A.

FIGURE 9
Critical bus voltage.
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measured data, and aij refers to the status of the connection between
i and jDERs. The local control is denoted by u, which demonstrates
the cooperative implication as it depends only on the DER and its
connected neighboring sources at that instant. Its concept depends
on calculating the difference between the adjacent data and the agent
data. If u� 0, it means that the steady-state consensus value is
achieved. So the essential algorithm in continuous time can be
described as follows (Olfati-Saber and Murray, 2004; Bidram et al.,
2017):

_xi � ∑
j∈Ni

aij xj − xi( ), (7)
_xi� −xi ∑j∈Ni

aij+∑
j∈Ni

aijxj, (8)

_xi� −dijxi + ai1 . . . ..aiN[ ]
x1
.
xN

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦, (9)

_xi� −Dx + Ax. (10)

Each DER’s dynamics can be written as follows:

FIGURE 10
DERs Voltages.

FIGURE 11
DERs currents.
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_xi� −lx, (11)
u� −lx, (12)

where l is the Laplacian matrix that affects the speed of
convergence. In a microgrid, the Laplacian matrix is designed to
be symmetric as aij � aji.

4 Distributed cooperative secondary
voltage control

A centralized secondary control is employed to circumvent the
dilemma between voltage regulation and the precision of current

sharing. In this approach, local controllers interface with a
centralized command center to relay measured data and receive
control instructions after processing. However, if the
communication links between these components are disrupted, it
could lead to a catastrophic system failure. To address this concern,
this study introduces a consensus-based distributed control
approach. In distributed control, DERs communicate among
themselves through a sparse communication network, which can
be modeled as an undirected graph. The proposed control strategy
focuses on regulating the critical or leader bus, which lacks a DER, by
implementing a proportional–integral (PI) inner voltage control
scheme, outlined as follows:

iref � kp v* − vcrtical( ) + ki ∫ v* − vcritical( )dt, (13)

where kpandki are the PI control’s proportional and integral
constants, respectively, vcritical is the critical bus voltage, and iref is
the voltage controller output for the buses connected to the leader.
The current controller reference is expressed as follows:

Duty cycle � kp iref − io( ) + ki ∫ iref − io( )dt, (14)

where iref is the voltage controller output.
Cooperative control can be segmented into two primary

challenges: consensus and tracking issues. The consensus
problem entails devising a local control algorithm that enables all
DERs to converge to a common steady-state value, especially when a
spanning tree exists within the communication graph. On the other
hand, the tracking problem is concerned with maintaining
regulation over this consensus value.

The protocol for distributed voltage control, which determines
the droop reference, is derived by taking its derivative to convert the
grid into a first-order multi-agent system. This transformation
process is detailed as follows:

FIGURE 12
Communication graph of four DERs in case B.

FIGURE 13
DERs output currents.
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d vn( )
dt

� d v*( )
dt

+ rdiiimax
d iiratio( )

dt
, (15)

iiratio � ioi
iimax

,

_vn � u.

(16)

As a result, the droop control reference is established using the
DER neighboring tracing error for voltage and current ratio as
follows:

vn� ∫u� ∫c δvi + δii( ), (17)

where c represents the fixed control gain, δvi represents the
voltage tracking error, and δii represents the current tracking error.

Instead of calculating the tracing error of voltage directly from
the consensus algorithm, each DER estimates the average voltage
using its measured voltage and the voltage of its linked neighbors as
shown in the following equation (Shafiee et al., 2014):

FIGURE 14
Critical load voltage.

FIGURE 15
DERs output voltage.
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vi � ∑
j∈Ni

aij vj − vi( ) + gi vcrtical − vi( )[ ] + vi, (18)

where vi is the mean voltage of ith agent, aij refers to the state of
the connection between i and jDERs, vi is the DER voltage, vj is the
neighboring voltage, and gi is the pinning gain. gi ≥ 0 if the DER has
pinned the crucial bus link. The consensus could not be carried out
unless vcritical and vi are equal.

Then the inaccuracy in neighboring voltage tracking is computed
exactly by subtracting from the reference voltage, and the first
correction term to adjust the converter’s terminal voltage is as follows:

δvi � vn − vi( ). (19)
The current ratio local consensus error will then be calculated to

correct for current-sharing accuracy as follows:

FIGURE 16
Nine-bus MVDC microgrid.

FIGURE 17
Communication graph of eight DERs in case A.
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δii � ∑
j∈Ni

rdiiimaxaij ijratio − iiratio( )( ), (20)

where aij refers to the connection status between i and j, iiratio is
the output current divided by the rating, and ijratio is the same ratio
for the neighbors. The obtained droop control is shown in Figure 4.

v* � vn+∫c δvi + δii( ) − rDio. (21)

4.1 The leader node

The leader node is not a physical converter, as shown in Figure 5.
However, it is a virtual leader that leads the buses to regulate the
voltage as it contains the critical load. This is an only method
employed to show buses that contribute to voltage regulation. The
nodes connected to the leader play a role in voltage control and vice
versa for the unconnected nodes. If only one node is connected to

FIGURE 18
Critical load voltage.

FIGURE 19
DER currents of the nine-bus system in case A.
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the leader and it is missed, as depicted in Figure 6, the voltage
adjustment will fail. So connecting the leader node to all other nodes,
as depicted in Figure 5, maintains the highest reliability, which is
introduced in this paper. In addition, if the leader is connected to
one bus, the adequate current sharing will fail, and the efficiency of
the regulation will decrease.

5 Results

In the following sections, two MVDC microgrids are
simulated to verify the performance of the suggested
secondary distributed cooperative control. The first
microgrid consists of four DERs and five loads, including the

FIGURE 20
DER voltages of the nine-bus system in case A.

FIGURE 21
Communication graph of eight DERs in case B.
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critical load. The second microgrid includes eight DERs and
nine loads, including the critical load. Two cases are introduced
for each microgrid. Case A links only one converter to the
leader, which already exists in the literature, and case B
connects all converters to the critical bus, which is proposed
in this paper.

5.1 The first microgrid

The power system shown in Figure 7 reproduces a standard
MVDC ship. The loads and generators are selected according to
IEEE (2018). This system, which involves four DERs and five loads,
is simulated using MATLAB-Simulink. The reference voltage is

FIGURE 22
DER currents of the nine-bus system in case B.

FIGURE 23
Critical load voltage.
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tuned to 1,500 V, and kp and ki are adjusted to 0.0085 and 0.75,
respectively. The droop coefficients of the DERS are as follows:
r1 � r3 � r8 � r6 = 3Ω; r2 � r4 � r5 � r7� 6Ω. The control gain is
set to c� 10, and the pinning constant is set to gi� 1. All loads are set
to 200 Ω, while the critical load set to 150 Ω. The resistances of lines
1 and 4 are 0.105Ω, whereas The resistances of lines 2 and 3 are
0.21Ω . The rated power for DERs 1 and 4 is 60 kW, while that for
DERs 2 and 3 is 30 KW. The rated current for DERs 1 and 4 is 4 0 A,
while that for DERs 2 and 3 is 20 A. All DERs have a rated voltage of
1,500 V.

5.1.1 When only one bus knows about the critical
bus voltage

The DERs within the microgrid communicate according to
the communication graph, as illustrated in Figure 8. Initially,
when the microgrid is in islanded mode, the droop control is
applied. While current distribution between converters is
maintained, it is not extremely precise. DER 1 contributes
approximately 0.357 of the total current, and DER
4 contributes approximately 0.306, as depicted in Figure 11.
Simultaneously, DERs 2 and 3 share an equal amount of
approximately 0.1667, as shown in Figure 11. Due to the
influence of the droop coefficient, the voltage of all converters
deviates from the nominal voltage, reaching approximately
1,440 V, as shown in the figures. Figure 9 shows the critical
bus voltage, while Figure 10 displays individual DER voltages.

At t = 2 s, the distributed secondary cooperative control is
implemented. Notably, the critical bus voltage is precisely
adjusted to the nominal voltage, as shown in Figure 9, which
is a key objective of the proposed control system. Furthermore,
the voltage of all DERs successfully stabilizes at the nominal value
of 1,500 V, as shown in Figure 10. The accurate division of
current sharing between converters is achieved, as depicted in

Figure 11, although not with absolute precision. There exists a
slight disparity, particularly between DER 1’s current and DER
4’s current. DER 1 contributes approximately 14.6 A, while DER
4 provides 13 A. Meanwhile, DERs 2 and 3 equally share 6.9 A, as
shown in Figure 11.

5.1.2 When all buses know about the critical bus
voltage

In this scenario, the DERs establish communication through the
communication graph, as shown in Figure 12. Initially, the
microgrid is in an islanded state, and the droop control is
applied. The droop control effectively maintains precise power
sharing, with DER 1 and DER 4 sharing an equal current ratio of
0.33 of the total current. Figure 13 illustrates the current for DERs
1 and 4. Concurrently, DERs 2 and 3 equally share half the current
ratio of DERs 1 and 4, which is 0.166, as indicated in the same figure.
However, the voltage deviates from the nominal value due to virtual
resistance, reaching 1,440 V for all buses, as shown in the figures.
Figure 14 shows the critical bus voltage, while Figure 15 displays
individual DER voltages.

At t = 2 seconds, the proposed distributed secondary
cooperative control is activated. Consequently, the voltage of
the critical bus, which carries the critical load, is precisely
regulated to the nominal voltage of 1,500 V, fulfilling the
primary objective of the control system, as depicted in
Figure 16. Additionally, the voltages of all other buses, as
shown in Figure 17, are adjusted to their normal values.

Ultimately, each agent contributes to the current sharing more
accurately than in the previous case. The currents of DERs 1 and
4 are both 13.8 A, as shown in Figure 18, while the currents of DERs
2 and 3 are both 6.9 A, as shown in the same figure. This
demonstrates the effective and enhanced performance of the
proposed control scheme.

FIGURE 24
DER voltages of the nine-bus system in case B.

Frontiers in Energy Research frontiersin.org14

Mosaad et al. 10.3389/fenrg.2023.1277198

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1277198


5.2 The second microgrid

The system (Figure 16), consisting of eight DERs and nine loads,
including the critical load, is simulated using MATLAB-Simulink.
The reference voltage is set to 1,500 V, and kp and ki are adjusted to
0.0085 and 0.75, respectively. The droop coefficients of the DERs are
as follows: rd1 � rd4 = rd5 = rd8 = 6 Ω; rd2 � rd3 � rd6 � rd7� 3Ω.
The control gain is set to c� 10, and the pinning constant is set to
gi� 1. All the loads have a resistance of 200Ω, except for the critical
load, which has a resistance of 75Ω.

The resistances of lines 1, 4, 5, and 8 are 0.21 Ω, whereas the
resistances of lines 2, 3, 6, and 7 are 0.105 Ω. The rated power for
DERs 1, 3, 6, and 8 is 60 kW, while that for DERs 2, 4, 5, and 7 is
30 kW. The rated current for DERs 1, 3, 6, and 8 is 40 A, while that
for DERs 2, 4, 5, and 7 is 20 A. All DERs have a rated voltage of
1,500 V.

5.2.1 When only one bus knows about the critical
bus voltage

In this scenario, DERs communicate using the communication
graph, as depicted in Figure 17. Initially, at t = 0, the microgrid is in
an islanded state, and the droop control is implemented. The current
participation ratio of each converter depends on its maximum
capacity but cannot be achieved perfectly. Specifically, DERs 2, 4,
5, and 7 each share the same ratio of 0.083. DERs 1, 6, and 8 all share
a ratio of 0.162 of the total current, as depicted in Figure 19. DER 3,
however, slightly deviates from the expected sharing ratio,
participating with 0.1811 of the total current, as shown in the
same figure. These current disparities reflect a deviation from the
ideal distribution based on maximum values.

Additionally, due to the influence of the droop coefficient, the
critical bus voltage cannot be precisely restored to the nominal
voltage and instead reaches 1,440 V, as displayed in Figure 18.
Furthermore, it was not possible to restore the voltages of all
converters to the reference voltage. Figure 20 displays the
following individual DER voltages: DER 1 voltage, DER
2 voltage, DER 3 voltage, DER 4 voltage, DER 5 voltage, DER
6 voltage, DER 7 voltage, and DER 8 voltage.

At t = 2 s, the distributed secondary cooperative control is
activated. This results in the synchronization of the critical bus
voltage to 1,500 V, as depicted in Figure 18, successfully achieving
the primary objective of the proposed control technique.
Furthermore, all other bus voltages are nearly regulated to the
nominal value of 1,500 V, as shown in Figure 20. Finally, when it
comes to the precise distribution of current among converters, there
is a noticeable imbalance among DERs that have identical power
ratings, as depicted in Figure 19.

5.2.2 When all buses know about the critical bus
voltage

In this case, the DERs exchange data using the communication
graph, as illustrated in Figure 21. Initially, the microgrid is in the
islanded state, and the droop control is applied. The droop control
could successfully maintain the exactness of power sharing. Each of
DERs 2, 4, 5, and 7 shares a current ratio of 0.083, as shown in
Figure 22, while each of DERs 1, 3, 6, and 8 shares a current ratio of
0.1667 of the total current, as depicted in the same figure. For
voltages, there is a reduction of 60 V compared with the nominal
value for the critical bus in addition to all other buses, as shown in
Figures 23, 24.

At t = 2 seconds, the proposed distributed secondary cooperative
control is employed. As a result, the voltage of the leader bus is
restored to 1,500 V, as depicted in Figure 23. This meets the most
important objective of the control structure. Additionally, the
voltages, as shown in Figure 24, are adjusted to the normal
voltage, which is 1,500 V. Finally, each DER participated in
current sharing more accurately depending on its maximum
current value than in the case of only one node connected to the
leader, as depicted in Figure 22. Each of DERs 2, 4, 5, and
7 participates with 6.9 A, while each of DERs 1, 3, 6, and
8 participate with 13.8 A. This proves the effective performance
of the proposed control arrangement. A comparison between both
cases is provided in Table 1.

6 Conclusion

This paper introduces a novel approach to regulate the voltage of
a critical bus and ensure precise power distribution among
converters within an islanded DC microgrid. The critical bus
plays a central role, guiding the control process, and agents
connected to it actively participate in voltage regulation. A multi-
agent system framework is employed for DERs in the microgrid,
leveraging graph theory to facilitate consensus among these agents.
The consensus algorithm is instrumental in achieving a steady-state
global value across all DERs, leading to the creation of two crucial
modification terms, namely, δv and δi. These terms are highly
effective in restoring voltage to its nominal value and ensuring
equitable power distribution among agents based on their power
ratings.

In this approach, all DERs are interconnected with the leader,
contributing to voltage adjustments. This design significantly
enhances the reliability of the proposed control scheme and
greatly improves the accuracy of current sharing among agents.
To validate the effectiveness of the control strategy, simulations were

TABLE 1 Comparison between literature and the proposed technique.

Poudel et al. (2020) The enhanced control (second case)

Voltage regulation Maintained successfully Maintained successfully

Current sharing Achieved but not very accurate 100% was attained with an improved performance of approximately 8%

Cost Lower Higher

Vulnerability to cyber attacks Vulnerable Vulnerable
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conducted using MATLAB-Simulink on two distinct MVDC ship
microgrids. The first microgrid comprised five buses, while the
second had nine buses. Two scenarios were evaluated for each
microgrid: case A, where only one converter was linked to the
leader bus, and case B, where all converters were connected to the
leader bus.

The findings revealed a notable improvement in performance
when all buses were linked to the critical bus, with an 8%
enhancement attributed to more precise and accurate current
contributions from DERs compared to the single-bus connection
scenario. Furthermore, the critical bus and all other buses swiftly
converged to the reference voltage of 1,500 V, highlighting the
effectiveness and efficiency of the proposed control approach.

The primary and distributed secondary cooperative control
strategy demonstrates its capability to regulate critical bus voltage
and ensure precise power distribution in an islanded DC microgrid.
This approach offers enhanced performance, particularly when all
converters are connected to the critical bus, showcasing its potential
for practical application in microgrid systems.
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Nomenclature

A Adjacency matrix

C Fixed control gain

D Diagonal matrix

E Edges

iiratio Current ratio of ith DER

inmax Nth DER current rating

io DER current

iref Voltage controller output

G Graph

gi Pinning gain

ki Integral constant

kp Proportional constant

L Laplacian matrix

n Total number of neighbors

rd Droop coefficient

u Local control

V Vertices

v* Voltage controller reference

vi Average voltage of ith agent

vj Neighboring voltage

vi DER voltage

vn Droop reference

vcrtical Critical bus voltage

xi DER measured data

xj Measured data of the neighboring DERs

Greek symbols

δii Current tracking error

δvi Voltage tracking error

Abbreviations

AC Alternating current

DC Direct current

DERs Distributed energy resources

MVDC Medium-voltage DC microgrid

PI Proportional–integral

PNP Plug and play
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