
https://ietresearch.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Acc72fb5b-7589-4c41-81af-0c8452c0f194&url=https%3A%2F%2Fietresearch.onlinelibrary.wiley.com%2Fhub%2Fjournal%2F17518695%2Fhomepage%2Fcfp%3Futm_medium%3Ddisplay%26utm_source%3Ddartads%26utm_content%3DIET_ePDF_call_for_papers_feb23%26utm_term%3DGTD&pubDoi=10.1049/gtd2.12556&viewOrigin=offlinePdf


Received: 10 February 2022 Revised: 12 June 2022 Accepted: 30 June 2022 IET Generation, Transmission & Distribution
DOI: 10.1049/gtd2.12556

ORIGINAL RESEARCH

Adaptive control and management of multiple nano-grids in an
islanded dc microgrid system

Seyyed Ali Ghorashi Khalil Abadi1 Tohid Khalili1 Seyed Iman Habibi1 Ali Bidram1

Joseph M. Guerrero2

1Department of Electrical & Computer Engineering,
University of New Mexico, Albuquerque, New
Mexico, USA

2Department of Energy Technology, Aalborg
University, Aalborg, Denmark

Correspondence
Seyyed Ali Ghorashi Khalil Abadi, Department of
Electrical & Computer Engineering, University of
New Mexico, MSC01 1100, Albuquerque, NM, USA.
Email: ghorashi@unm.edu

Funding information
National Science Foundation EPSCoR Program
under Award #OIA- 1757207

Abstract
This paper presents an adaptive control framework for the flexible and effective manage-
ment and control of clusteredDC nano-grids (NGs) in an islandedDCmicrogrid system. It
is assumed that each NG contains a photovoltaic (PV) system, a battery energy storage sys-
tem (BESS), local loads, and a gateway (GW) module. Each NG has a hierarchical control
system consisting of a decision-making module and low-level controllers. The decision-
making module ensures various desirable features including plug-and-play operation of
NGs, maximum utilization of PV power generations, and avoiding state of charge (SoC)
violation of batteries. Moreover, an adaptive model predictive control (AMPC) strategy
is proposed to regulate the voltage of the NG local DC buses in the presence of non-
linear loads. This approach improves the performance of the NG voltage control system
and reduces the current ripples of BESSs, thereby enhancing the lifetime of the batteries.
In addition, a smart switching consensus-based control strategy is designed that provides
flexible power sharing among the NGs to balance the SoC of BESSs in which the BESSs
altogether imitate the behaviour of a single cloud energy storage system (ESS). Finally, the
performance of the proposed control system is verified by simulating the DC microgrid in
MATLAB/Simulink.

1 INTRODUCTION

Micro-grids (MGs) are independent active distributed energy
systems that can improve the performance of traditional power
systems through increasing consumer participation, sustainable
energy resources penetration, grid resiliency, and power system
stability [1]. Designing MGs by connecting multiple nano-grids
(MNGs) promotes the modularity of MGs which in turn results
in higher flexibility, resiliency, and scalability [2]. Nano-grids
(NGs) can be defined as power distribution systems consist-
ing of local power generation and consumption units which
conventionally include a local energy storage system (ESS), a
gateway (GW) module, and a dedicated control system [3]. NGs
share lots of features with MGs such as operation in isolated
or grid connected mode. However, they have smaller scale and
simpler structure, typically, supplying a building or a single load
[3, 4]. While NGs can be AC, more recently, DC NGs have
gained much attention to minimize power conversion losses and
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reduce the system complexity [2]. MNGs have a different struc-
ture compared to conventional DC MGs requiring control and
management strategies which are well suited for their structural
features.

1.1 Power management strategies in DC
MNGs

In islanded DC MGs, typically, there are multiple distributed
energy resources (DERs) which are connected in parallel to
the MG common DC bus through power electronic convert-
ers and they are responsible for regulating the DC bus voltage
as well as for maintaining the stability of the system (i.e. grid-
forming units) [5]. The efficient and reliable operation of these
parallel grid-forming units requires appropriate power sharing
strategies that can be achieved using centralized, decentralized,
or distributed control approaches. However, the conventional
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FIGURE 1 Structure of DC MGs: (a) a typical DC MG with parallel
grid-forming units; (b) a DC MG that consists of multiple DC NGs (i.e. a DC
MNG system). MG, micro-grids; NG, nano-grids.

control and power management techniques designed for paral-
lel connected DERs may not be feasible in islanded MNGs due
to their different structure. Figure 1 compares the structure of
a typical islanded DC MG with an MNG system. As seen, in an
MNG system, there is one grid-forming unit at each NG (e.g.
a battery energy storage system [BEES]) that regulates the NG
local DC bus voltage, and the GW module is responsible for
power exchange with the upstream grid. In this structure, the
local grid-forming units are connected to different DC buses
to supply their local loads. Consequently, in an MNG, local
grid-forming units cannot directly coordinate, and the effec-
tive power sharing of MNG requires an advanced coordination
among the GW modules of different NGs. On the other hand,
the plug and play (PnP) operation of NGs is a vital requirement
for reliable and scalable operation of an MNG system. There-
fore, the effective operation of clustered NGs requires a highly
flexible and adaptive control and management system to pro-
vide a desirable power sharing among different NGs without
affecting their PnP ability [6–8].
To address the discussed challenges, a variety of centralized,

decentralized, and distributed control schemes have been sug-
gested in the literature for MNG systems. In centralized control
architectures, typically one NG or a cloud energy storage (e.g.
the community BESS) operates as a master unit to control the
voltage of theMG commonDC bus using its GW converter (i.e.
the MG grid-forming unit) and the other NGs operate as grid

following units and exchange power with each other through
their GW modules [9]. Despite simplicity, this approach may
put considerable stress on the master unit when the number
of NGs is high, and/or the NGs. Power generation and load
fluctuate a lot. Reference [10] proposes a modified centralized
control scheme for multiple NGs in an AC MG. The proposed
system contains a photovoltaic (PV)/ BESS as a master unit and
three other NGs. In this approach, to reduce the burden on the
master unit, the grid following NGs demands constant active
power. However, if the active power demand inside each NG
varies significantly over time, the accurate power sharing among
the NGs cannot be provided.
Alternatively, the decentralized and distributed control struc-

tures can be deployed to increase the flexibility and scalability
of the control system. Reference [11] proposes a decentralized
control strategy in an islanded cluster of NGs to provide flex-
ible power sharing and voltage regulation inside the system. In
this method, power exchange among the NGs is based on the
variation of the common DC bus voltage, and the participa-
tion of BESSs in voltage regulation of local DC buses is related
to their available capacity or state of charge (SoC). A decen-
tralized power sharing strategy between DC NGs based on a
non-linear I–V droop control technique is also proposed in [12].
This method improves the power sharing in the DC MNG sys-
tems and provides less steady-state voltage deviation compared
to the conventional power-sharing methods with linear droop
characteristic. Reference [13] also proposes a distributed voltage
control and power-sharing strategy in an MNG system using a
consensus control protocol. The ability of the proposed con-
trol algorithm in realizing the global power objective and voltage
profile, while mitigating different types of attacks has been stud-
ied. However, neither [11] nor [13] has addressed the battery
SoC balancing performance in different NG units.
Effective SoC balancing is of paramount value in MGs with

multiple ESSs to increase their efficiency and MG’s reliability
[14]. The SoC balancing control strategies in DC microgrids
with parallel distributed ESSs have been widely discussed in
the literature [15–17]. In these methods, the contribution of an
ESS to voltage regulation of the MG DC bus is conventionally
related to its available capacity or SoC. However, as discussed
before, the ESSs are connected to different DC links (i.e. each
ESS is responsible for voltage regulation of its local DC bus) in
MNG systems and the direct coordination among the ESSs is
not available. In addition, the local loads and generation units
in different NGs may have considerably different power pro-
files. This can provide situations in which a BESS in one NG
is charging while a BESS in another NG is discharging. More-
over, the NGs should be able to safely disconnect and connect
to the MGDC bus at any time (i.e. PnP operation) [7]. When an
NG is connected to MG common DC bus, it can share power
with other NGs through its GW module to balance the SoC
of its BESS with them. But, if the NG is isolated, it may still
continue to supply its local loads without the ability of power
exchange with its neighbouring NGs. So, the battery SoC bal-
ancing strategies in MNGs should be highly adaptable to the
operational modes of the NGs to ensure the PnP operation of
them. In conclusion, due to the different structure of MNGs,
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ABADI ET AL. 1801

the conventional power-sharing methods designed for parallel
BESSs in conventional DC MGs are not feasible for battery
SoC balancing in MNG systems [18, 19]. To address this issue,
an additional control layer (e.g. a supervisory control system) is
suggested to improve the flexibility of the system by adjusting
the control setting of the NGs based on the system conditions
[18]. For instance, a decentralized adaptive droop control strat-
egy is proposed in [18] which provides a communication-less
coordination among NGs to balance the SoC of BESSs. The
NGs contain a PV, household loads, and a BESS that regulates
the NG local DC bus voltage. In this method, there is a super-
visory controller that selects the operational mode of the NGs
with respect to the SoC of their local BESS and common DC
bus voltage. Despite the high level of scalability and flexibility,
this approach has the following drawbacks: The proposed I–V
droop control approach may cause relatively high voltage devi-
ation on the MG DC link (i.e. %5) as well as inaccurate power
sharing among NGs which are the intrinsic limitations of the
decentralized droop control techniques [20, 21].

1.2 Voltage regulation of local DC buses

In addition to the importance of incorporating a flexible bat-
tery SoC balancing and power-sharing strategy among NGs,
designing an effective control technique for regulating NG’s
local DC bus voltage is of paramount value. Generally, there is
one grid-forming unit at each NG (e.g. a BESS) that regulates
the NG local DC bus voltage (i.e. the local grid-forming unit).
The NG local DC bus voltage control system generally con-
sists of two cascaded proportional-integral (PI) controllers and
a pulse width modulator (PWM) which is similar to the con-
ventional primary control layer of DC MGs. In this structure,
the reference voltage for the PI voltage controller is typically
a constant value (i.e. the nominal voltage of the NG DC bus).
However, when a DC MG that consists of multiple NGs (i.e. an
MNG system) is islanded, at least one of the NGs should regu-
late the MG common DC bus voltage through its GW module
to maintain the stability of the islanded MG. In this case, the
GW module is seen as a constant power load (CPL) or a con-
stant power source (CPS) from its NG local DC bus point of
view based on the direction of its output current. Consequently,
the DCNGs intrinsically face with the CPL issue that cannot be
effectively addressed with the conventional PI voltage regula-
tors [22–24]. Due to the small size of NGs, this CPL issue does
not usually destabilize the NG. But it may cause low marginal
stability and some voltage oscillations on the NG local DC bus,
especially if the DC NG contains some local CPLs [25]. These
voltage oscillations can produce large current ripples of the
local grid-forming DER. Knowing that the local grid-forming
unit in DC NGs is typically a BESS, these current ripples can
significantly reduce BESS lifetime [26, 27]. Therefore, a more
advanced NG voltage control strategy is desirable to increase
the system efficiency and reliability.
To tackle this challenge, model predictive controllers (MPC)

can be utilized to regulate the NG’s local DC bus voltage. MPC
techniques are among the alternatives of PI controllers in sys-

FIGURE 2 Control structure of the local grid-forming DER in DC MGs:
(a) conventional PI control structure; (b) direct or FCS-MPC method; (c) the
proposed AMPC-PI method. AMPC, adaptive model predictive control; DER,
distributed energy resources; FCS, finite control set; MPC, model predictive
controllers; PI, proportional-integral.

tems with CPLs that can provide an optimal tradeoff between
voltage variation, modification of load impedance, and the cur-
rent ripples of energy storages [28–30]. Thus, implementation
of an appropriate MPC algorithm can improve the transient
response and dynamic stability of the NGs as well as increasing
the life-time of the BESS compared to the regular PI controllers.
The key idea of the MPC is to utilize a dynamical model of the
system to predict its future response and apply it to compute a
sequence of future control input actions. To this end, typically,
the linearized model of the system around an operating point is
utilized to predict the future responses [28]. Among many avail-
able MPC techniques, direct MPC with reference tracking which
is also known as finite control set MPC (FCS-MPC) is the most
popular method in the literature for DC power applications
because of its intuitive design procedure and straightforward
implementation [31, 32]. This approach does not incorporate
any modulator (e.g. pulse width modulation [PWM] unit) and it
aims to achieve the regulation of output variables (e.g. output
voltage or current) along their reference trajectories by directly
manipulating the converter switches. However, this method
may lead to computationally interactable optimization problems
due to its computational complexity [33]. Additionally, due to
the removal of the PWM unit, the direct MPC method suf-
fers from a variable switching frequency which complicates the
design of converter’s output filters [34]. Moreover, as illustrated
in Figure 2, the required sampling time for the direct MPC
approach is in the range of few microseconds which demands
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1802 ABADI ET AL.

significantly more sophisticated hardware for real-time appli-
cations compared to the conventional PI voltage regulators.
Consequently, the implementation of this technique requires a
major restructuring of the local grid-forming control and mea-
surement systems that may not be always viable. Furthermore,
because the output power of the GW module varies signifi-
cantly over time, the DC NG has a non-linear time-varying
dynamic behaviour. Thus, the effective and reliable operation of
the DCNGmay not be ensured using linear control (e.g. PI con-
trollers) or conventional MPC techniques. To tackle this issue
and improve the performance of the NG voltage control sys-
tem, adapting the NG voltage controller is needed with respect
to the system changes [35].

1.3 Contribution and scope

To address the discussed challenges, this paper proposes an
adaptive and flexible distributed control framework for a cluster
of NGs in an islanded DC microgrid. The contributions of this
paper are threefold

1) To increase the flexibility of the MG voltage control and
power management system, ensure the PnP operation of
the NGs, maximize PV power generation, and avoid battery
SoC violation, an advanced rule-based supervisory control
system (a decision-making module) is designed for each
DC NG. The supervisory controller adjusts the operational
mode of the NG components (e.g. GW, BESS, PV, and load)
with respect to system conditions (or based on some pre-
define rules) to achieve the system objectives. The discrete
logic of the supervisory controller is designed using a unified
modelling language (UML) state diagram. This framework
has the ability to represent the nested states and concurrent
operation of the NG components that significantly reduces
the complexity of system design compared to conventional
finite state machines with sequential Boolean logics. In
another word, the proposed UML structure facilitates the
design of more advanced logic for the NGmanagement sys-
tems, thereby improving the flexibility and adaptability of
the NGs in a distributed and scalable manner. As a result,
the proposed NGmanagement strategy supports a variety of
features such as autonomous PnP operation of NGs, maxi-
mizing PV power generation and BESS SoC management.

2) An adaptive distributed power-sharing strategy is proposed
based on a smart switching averaging consensus protocol to
promote the system flexibility and efficiency by offering an
accurate battery SoC balancing among different NGs while
maintaining the PnP operation of NGs. In this method,
the BESSs of all NGs that are not isolated maintain the
same SoC value at their steady-state operation. Thereby, the
BESSs imitate the behaviour of a single-cloud energy storage
whose capacity is equal to the summation of all the BESSs’
energy storage capacities. Moreover, this approach provides
a significantly less voltage deviation on the MG’s common
DC bus compared to the decentralized adaptive droop con-
trol techniques. One of the main differences of the proposed
smart switching consensus algorithm with other switching

consensus techniques is that in this method the communica-
tion network is fixed but the signals that agents transfer via
the communication network are changed based on prede-
fined rules using a rule-based supervisory controller to track
the changes on the electrical network and system objectives.
Therefore, the communication network is less complex, but
it is smart and more flexible. Table 1 clarifies the advantage
of the proposed adaptive distributed SoC balancing method
and compares it with the discussed power-sharing strategies
in the DC MNG systems.

3) An adaptive model predictive control (AMPC) algorithm is
utilized to regulate the voltage of the NGs’ local DC bus
in the presence of time varying and non-linear behaviour
of the GW modules as well as the local CPLs. This method
maintains the structure of the conventional NG voltage con-
trol system, but the PI voltage regulator is replaced by an
AMPC controller. In this approach, the AMPC controller
is cascaded with a PI current regulator, and indirectly reg-
ulates the NG local DC voltage by computing a reference
trajectory for the current regulator. In addition, the required
sampling time for the AMPC controller is in the range of a
millisecond which is approximately similar to the sampling
time of the conventional digital PI voltage regulators in DC
NG applications. In addition, the design of converter out-
put filter remains similar to the conventional cascaded PI
controllers with PWM techniques. Consequently, the imple-
mentation of this technique does not require a noticeably
more sophisticated hardware or a major restructuring of the
conventional NG voltage control systems. Finally, the sim-
ulation results show that the proposed control strategy can
reduce the stress on the BESS module compared to the reg-
ular PI voltage controllers as well as improving the transient
response of the system. Figure 2 compares the structure
of the proposed technique with the conventional PI and
direct MPC methods, and Table 2 clarifies the advantage of
the proposed technique compared to the existing methods
discussed in the literature review.

The rest of this paper is organized as follows: Section 2
discusses the main control challenges in islanded DC MNGs,
Section 3 describes the proposed system architecture. Section 4
discusses the designed supervisory controller (i.e. the internal
logic of the agents). Section 5 first formulates an AMPC algo-
rithm for regulating the voltage of the NGs’ local DC buses,
and then presents a distributed control strategy for power shar-
ing (or battery SoC balancing) and regulating the voltage of the
MG common DC bus. The proposed multiagent-based control
strategy is verified through computer simulation in Section 6.
Section 7 discusses the future research direction, and Section 8
concludes the paper.

2 CONTROL CHALLENGES IN
ISLANDED DC MNGS

This section discusses the specific control challenges in islanded
DC MNGs including the GW behaviour as a CPL or a
CPS in local DC buses as well as the flexible power-sharing
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ABADI ET AL. 1803

TABLE 1 Different power sharing and battery SoC balancing strategies in MNG systems

Structure METHOD Advantage Disadvantage

Centralized Centralized management for optimal
operation [9].

Optimal/economical power sharing. Low scalability, low reliability, high stress on
the master unit.

Modified centralized method with constant
active power exchange [10].

Reduced stress on the master unit. Inaccurate power/current sharing.

Decentralized Self-sustained decentralized power exchange
[12].

Reliable, communication-less, easily scalable. Steady-state voltage deviation, inaccurate
current sharing.

Adaptive decentralized power sharing for
battery SoC balancing [19].

PnP operation of NGs is provided, reliable,
communication-less.

High steady-state voltage deviation.

Decentralized non-linear I–V droop
technique for power exchange in clustered
DC NGs [13].

PnP operation of NGs, reliable,
communication-less.

Degraded performance in large-scale
systems.

Distributed Secured consensus-based distributed control
of clustered DC NGs [14].

Reliable, robust against cyber-attack,
accurate current sharing.

PnP operation of NGs is not provided.

This paper’s proposed adaptive distributed
power sharing and battery SoC balancing
method.

Flexible to system changes, autonomous
PnP operation of NGs, accurate current
sharing, high-quality voltage.

Relatively complex decision logic.

TABLE 2 Characteristics of the conventional PI and MPC control techniques for the grid-forming unit of DC MGs

Strategy Switching frequency Sampling rate Flexibility CPL tolerance

Conventional cascaded PI Fixed (simple filtering). 0.1–1 ms Relatively flexible to system changes. Poor transient response or instability.

Direct or FCS-MPC Variable (complex filtering). <50 µs Prediction model cannot be updated
(inflexible).

Accurate response for CPLs around
nominal operating point. The
performance can be affected if the
CPLs significantly vary overtime.

Proposed AMPC-PI Fixed (simple filtering). 0.1–1 ms Prediction model is updated based
on system changes (flexible).

Acceptable transient response for
different CPL/CPS values.

challenges. The rest of this paper will focus on addressing these
challenges.

2.1 CPL and CPS behaviour of the GW in
local DC buses

As illustrated in Figure 1b, there is a local grid-forming DER
(e.g. a BESS) at each NG that is responsible for regulat-
ing the local DC bus voltage. In addition, the DC NGs can
share/exchange power in the MNG network through their GW
modules. In another word, the GW converters connect the local
DC buses to MG common DC to support the power sharing
between DERs of different NGs. Moreover, in islanded DC
MNGs, at least one of the NGs should operate as the network
grid-forming unit to regulate the MG common DC bus voltage
through its GW module. Therefore, the GW units play two dif-
ferent roles at the same time. From the MG DC link point of
view (see Figure 1b), they behave similar to a controlled voltage
source to regulate the MG DC link voltage. On the other hand,
from their local DC buses, they operate like a current source
that demands or injects power regardless of the transient volt-
age variation at the NG local DC bus. Therefore, from the local

FIGURE 3 The simplified schematic model of grid-forming GWs in MG
and NG DC buses. GW, gateway.

DC bus point of view, the GW module behaves as a CPL, or a
CPS based on the direction of its output power. Figure 3 shows
the schematic model of the GW from local and common DC
buses point of view. Based on this model, and assuming the line
inductance is negligible, the output power of the GW is obtained
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1804 ABADI ET AL.

as

P j
GW ≃

vMG
j (vMG

j − vMG
j−1)

Rm
+

vMG
j (vMG

j − vMG
j+1)

Rm
(1)

where vMG
j represents the output voltage of the GW converter

of NGj and Rm is the line resistance. Also, vMG
j−1 and vMG

j+1 show
the output voltage of the GW modules of the neighbouring
NGs. Equation (1) clearly shows that the power transferred by
GW from the NG local DC bus to the MG DC link is not
related to the local DC bus voltage. This means that, from
the local DC bus point of view, the GW module is seen as a
CPL if P j

GW > 0 and it will be seen as a CPS if P j
GW < 0. It

should be noted that the output power of the GW which also
represents the amount of power exchanged among NGs is typ-
ically controlled by adjusting the reference voltage of the GW
converters (i.e. vrefj ) through the MNG energy management or

power-sharing system (Note: at steady state vrefj ≃ vMG
j ).

The discussed behaviour of the GW modules may cause
some major voltage stability issues in local DC buses that are
explained as follows:

∙ In the case of CPL operation of GWs, they significantly
reduce the marginal voltage stability of their local DC bus due
to their negative incremental resistance, thereby impacting
the functionality of conventional PI controllers. This means
that voltage control techniques should be utilized that can
effectively address the CPL issue.

∙ TheGWmodules cause a significant variation on the nominal
operating point of DC NGs. For instance, they may operate
as a CPS when they are transferring power to the local DC
bus and a few hours later they may behave like a CPL when
they are sending power to the MG DC link. Therefore, due
to the fact that the CPL units and CPS units have opposite
impacts on the dynamic behaviour of DC power systems, the
voltage control techniques that utilize the linear approxima-
tion of the system’ s model around a fixed nominal point
(i.e. linear controllers or conventional MPC methods) will
be dysfunctional. This means that voltage control techniques
should be implemented which can adapt themselves to the
ever-changing behaviour of the system.

2.2 Flexible power sharing and PnP
operation of NGs

As discussed in Section 1.1, due to the fact that the local BESSs
of different NGs are connected to different DC buses, the
conventional droop-based techniques cannot achieve desirable
power sharing among BESSs to balance their SoC values (see
the MNG structure in Figure 1). To effectively balance the SoC
of BESSs additional information exchange among NGs such as
SoC of BESSs and connection status of NGs are required. Typi-
cally, this coordination can be achieved using centralized control
architectures in which all DC NGs inside the system com-
municate with the centralized supervisory control and energy

management system (EMS). However, the centralized technolo-
gies cause low reliability, lack of scalability, and vulnerability to
a single point of failure. The decentralized DC bus signalling
methods can also provide a seam-less coordination between the
NGs, but they generate a large voltage deviation on the MG
common DC link (e.g. 2%–5%) [18]. On the other hand, the
conventional averaging consensus algorithms with fixed net-
work topology, which are widely used for distributed control
techniques in DC MGs, are not suitable for SoC balancing of
BESSs in DCMNGs because the available NGs for power shar-
ing or the number of grid-forming GW units can be changed
during the system operation. To address this issue, communica-
tion network topology of the system should be able to follow
the system changes and switches to the new configurations
according to the system conditions. Therefore, consensus-based
algorithms with switching topologies are needed. Yet, chang-
ing the network topology is not the only issue in DC MNG
systems. The power sharing and BESS SoC balancing can be
more complicated in these systems if the PnP operation of NGs
is an objective of the control system. The reason is that the
distributed power sharing among NGs is realized by adjust-
ing the reference voltage of the grid-forming GW modules
based on the SoC value of BESSs. However, assume a case
that an isolated DC NG immediately reconnects to the MG
common DC link. If the BESS’s SoC of that NG significantly
differs from the other NGs who are currently connected to the
MG DC link, which is highly probable, the distributed power-
sharing algorithms may compute a large voltage deviation that
can destabilize the system or activate the protection relays.
Therefore, an additional intelligent control layer (i.e. a real-time
decision-making module) at each NG is required to not only
change the operating mode of the NG components but also
adjust the switching consensus algorithm based on the sequence
of previous actions of the NG components and neighbouring
agents as well as the current system conditions. In another word,
to guarantee the smooth PnP operation of NGs, the distributed
consensus algorithm and NG management system needs some
intelligence with high-level adaption. On the other hand, due
to the concurrent behaviour of NG components, designing the
required advanced logic of the decision-making system by stan-
dard techniques such as FSMs or state flow charts can be a
tedious task. Therefore, it is highly desirable to use heuristic
techniques to reduce the complexity of designing the logic of
the NGs’ real-time decision-making systems.

3 OVERVIEW OF THE CASE STUDY
SYSTEM

As seen in Figure 4, the islanded DC MG is considered as a
cluster of DC NGs (i.e. an MNG system) with a ring topol-
ogy1 architecture. The structure of a single NG is also shown
in Figure 5. The NG contains a GW unit, a PV unit, a BESS,
and a group of AC and DC CPLs. In this paper, NGs are

1 The ring topology architecture is not a necessary requirement in this work. The DC MG
can have any other single-bus topologies.
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ABADI ET AL. 1805

FIGURE 4 The islanded DC MG consisting of a cluster of NGs with ring
topology architecture

FIGURE 5 The schematic model of a DC NG in this work

designed as intelligent reactive agents that can change their
dynamic behaviour and control objectives upon satisfying a pre-
defined condition. Here, every single NG has a control unit
containing two levels of controllers and a data-processing mod-
ule. The data-processing module (see Figure 5) receives internal
data from local measurements and external data through com-
munication with neighbouring NGs. The higher-level controller
is a decision-making module (i.e. a supervisory controller). This
module is responsible for identifying the operational mode of
NG (e.g. MG voltage control, SoC balancing etc.) and helps with
avoiding SoC violation in BESSs, maximizing the PV power
generation, and providing PnP capability for NGs. The lower
level contains a group of controllers that compute references for
the current regulators of power electronic converters to achieve
the system objective at each operating mode. The NG control
system is discussed in what follows.

4 NGS’ DECISION-MAKING MODULE

To increase the flexibility and adaptability of the system, each
NG is designed as an intelligent reactive agent that can change

the dynamic behaviour of its components (e.g. control objec-
tive, communication, or electrical connection) with respect to
the system conditions. To this end, a discrete-event supervi-
sory controller (i.e. decision-making module) is designed for
each DC NG that selects the operational mode of the NG
subsystems (e.g. PV, GW, BESS, load) based on predefined
rules.

4.1 Communication and GW module
sequence of actions

Let assume an NG (e.g. NGj) has two neighbouring NGs (e.g.
NGj-1, NGj+1) that can share some information with them.
The external inputs that NGj receives from its neighbours are
defined as

Uj = {y( j−1, j ), y( j+1, j ),m
GW
j−1 ,m

GW
j+1} (2)

where y( j−1, j ) and y( j+1, j ) are the output signals of NGj-1 and
NGj+1 sent to NGj . m

GW
j−1 and mGW

j+1 also represent the operating
mode of the GW of the neighbouring NGs. The output signals
of the NGj are also defined as

Yj = {y( j , j−1), y( j , j+1),m
GW
j } (3)

where y( j , j−1) and y( j , j+1) are the signals sent by NGj to
NGj-1 and NGj+1, respectively. mGW

j is also the operating
mode of the GW in NGj. The NG sends its consensus protocol
state (i.e. 𝜓 j ) to the neighbouring NGs when its GW is in
MG voltage control mode (i.e. y( j , j−1) = y( j , j+1) = 𝜓 j ). In this
operating mode, the GW operates as a MG grid-forming unit
and regulates the MG common DC bus voltage. Once the GW
module of the NG leaves this mode of operation, the NG passes
the output signals of its neighbouring agents to each other (i.e.
y( j , j−1) = y( j+1, j ),y( j , j+1) = y( j−1, j )). So, the output signals of
the NG depend on the operational mode of the GW converter.
It will be shown in Section 5 that by implementing this smart
switching communication technique, the consensus protocols’
value (i.e. 𝜓∗j ) becomes always equal to the average SoC of the
BESSs in NGs whose GW is in MG voltage control mode (i.e.
grid-forming NGs) regardless of the operating mode of NGs.
Additionally, S represents the connection status of the NG, with
‘0’ denoting isolated mode and ‘1’ denoting MG-connected
mode. When NG becomes islanded (i.e. S = 0), GW switches
to the idle mode. In addition, to return to the grid-forming
mode (i.e. MG voltage control mode), the GW first switches to
a transient operational mode (i.e. battery charging or discharg-
ing) and operates as a grid following unit to charge/discharge
the battery and reduce the difference between the BESS’s SoC
and the consensus value (i.e. |SoCj − 𝜓∗j |). Once this value
becomes very small (i.e. less than 0.01), the GWmodule returns
to the MG voltage control mode. It will be discussed later that
this strategy is essential to maintain the smooth PnP operation
of the NGs. In addition, to guarantee that at least half of the
NGs which are connected to the MG common DC bus operate
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1806 ABADI ET AL.

FIGURE 6 UML state diagram of the decision-making module. UML,
unified modelling language.

as MG grid-forming units2, NGj cannot switch to the transient
modes (i.e. battery charging or discharging) if its neighbouring
NGs are in a transient mode (see e1 and e2 in Figure 6).

4.2 PV, BESS, and load sequence of actions

The proposed logic can accommodate maximum PV power
generation in the NGs. As seen in Figure 6, the PV unit only
leaves the MPPT mode to balance the PV power generation
and load if there is no capacity to store the extra generated
power. This can occur when the NGj is isolated, and its BESS
is fully charged or NGj is connected to the MG common DC
bus and all the BESS of the MG grid-forming NGs are fully
charged. The latter can be recognized by an individual NG since
the power-sharing strategy among NGs proposed in Section 5.2
provides the same SoC value for all the BESSs in NGs whose
GW is in MG voltage control mode (i.e. MG grid-forming
units). Moreover, when the SoC of BESS becomes lower than a
specific value (i.e. SoC j < 0.25) the load unit switches to the
load shedding mode by disconnecting the non-critical loads.
If the load shedding action is not sufficient for maintaining

2 MG grid-forming units (or grid-forming NGs) are the NGs whose GW converter
regulates the MG common DC bus voltage.

the SoC of BESS higher than a minimum threshold value (i.e.
SoC j < 0.20), to maintain the system’s stability the loads are
disconnected and the system switches to the recovery (i.e. no
load) mode to charge the batteries.

4.3 Evaluating the complexity and
flexibility of the decision logic

As discussed in the previous section, the UML-based logic
design provides a framework that can capture the concurrent
behaviour of the NG components including communication
system, GW, BESS, PV, and loads. Therefore, it intrinsically
supports the process of the system states and switching con-
ditions in a parallel manner, so that it facilitates the design of
the supervisory controller. It can be easily shown that under the
proposed method, each NG may react to the system changes
by performing 72 different operating modes representing a
high flexibility and adaptability of the NG control systems.
To design this logic in the UML framework, it is just needed
to define 13 substates for NG components which includes
three substates for loads, three substates for PV, a single sub-
state for BESS, four substates for GW, and two substates for
the communication system. However, in the case of designing
this logic with classical sequential frameworks such as finite
state machines (FSMs) or state-flow charts, it is required to
define 72 states which are equal to the number of operating
modes of the NGs. In addition, to design and represent the
proposed logic in classical FSMs it is needed to define 160
state transitions while the proposed UML method just requires
defining 15 state transitions. Moreover, due to the modular rep-
resentation of states, the UML methods support distributed or
parallel execution of states, thereby increasing the scalability
of the supervisory controller. Table 3 summarizes the advan-
tages of the proposed UML strategy over the classical FSM
methods.

5 LOW-LEVEL CONTROLLERS

The low-level controllers of the NGs calculate reference val-
ues for the current regulators of the converters to achieve
the system objectives at each operating mode. In the follow-
ing, first, the proposed control strategies in PV and BESS
are discussed. Then, the control structure of GW unit is
proposed.

5.1 PV and BESS control systems

As discussed in Section 4, the BESS is responsible for regulat-
ing the voltage of the NG local DC bus. From the NG local
DC bus side, the other units (i.e. PV, load, and GW) operate as
a CPL or a CPS according to the direction of their output cur-
rent. Without loss of generality, it is assumed that BESS utilizes a
bidirectional DC–DC buck converter. Figure 7 shows the circuit
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ABADI ET AL. 1807

TABLE 3 Comparing the proposed UML-based logic design with its equivalent FSM framework.a

Framework Processing method State definition NT
b NS

c

FSM Sequential Single layer, unscalable 160 72

UML Parallel–concurrent computation Hierarchical, modular, and scalable 15 13

aEach NG may perform 72 different operational modes under the proposed rule-based supervisory controller (in both FSM and UML).
bNT is the total number of state-transition required to represent/implement the logic of the supervisory controller in each framework.
cNS is the total number of substates required to represent/implement the logic of the supervisory controller in each framework.

FIGURE 7 (a) The averaged dynamic circuit model of an NG local DC
bus; (b) BESS and load/source converters replaced by their equivalent model
at a given operating mode. (R, L, and C are the resistance, inductance, and
capacitance of the converter’s output filter, respectively)

model of the NG forms the point of view of BESS power elec-
tronic converter (i.e. the local grid-forming unit) that is adopted
from [36]. In this model, only the averaged dynamics are consid-
ered, and the high frequency switching dynamics are ignored. In
addition, the impedance of the NG DC link is neglected. The
overall current of the parallel connected load/source convert-
ers in an NG (i.e. PV, load, and GW) is represented by io that is
obtained as

io =
PCP
vNG

(4)

where PCP is the total power of the constant power units (i.e.
load/source converters) and it is obtained as

PCP = PGW + PLoad − PPV (5)

where PLoad, PPV, and P in
GW are the power of the load, PV,

and GW units at a given operating point, respectively. Thus,
if PCP < 0, the buck converter is supplied by a CPS. Alterna-

tively, if PCP > 0, the power electronic converter is loaded by
a CPL that can cause some stability issues due to the negative
incremental impedance of CPLs [28]. The equivalent linearized
model of the constant power units at a given operating point can
be also obtained as

io =

(
−

PCP
V 2
NG

)
× vNG + 2

PCP
VNG

(6)

where VNG is the voltage of NG DC bus at that given
operating point. Equation (6) indicates that, at a given oper-
ating mode, the constant power units can be approximated
by a resistance parallel with a constant current source as
follows:

⎧⎪⎪⎨⎪⎪⎩
ICP = 2

PCP
VNG

RCP = −
V 2
NG

PCP

(7)

Figure 7b shows the equivalent circuit model of the NG.
Therefore, the averaged dynamic model of the NG, at a given
operating point, can be obtained as follows:

⎧⎪⎪⎨⎪⎪⎩
L

dib
dt

= vin ×Duty − Rib − vNG

C
dvNG

dt
= ib −

vNG

RCP
− ICP

(8)

where ib is the output current of the BESS (see Figure 7) and
vNG is the voltage of the NG local DC bus. R, L, and C are also
the resistance, inductance, and capacitance of the converter’s
output filter, respectively. Figure 8 shows the control structure
of the BESS unit. To regulate the voltage of the NG local DC
bus (i.e. vNG), an AMPC algorithm is employed to compute a
reference signal (i.e. iref) for the current regulator of the DC–DC
converter of the BESS unit. The current regulator is a PI con-
troller that calculates the duty cycle (i.e. Duty) of the converter
to regulate its output current (i.e. ib) to the reference value (i.e.
iref). By adding the dynamics of the current regulator to
Equation (8) and defining Duty = kp(iref − ib ) +

 17518695, 2023, 8, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.12556, W

iley O
nline Library on [30/05/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



1808 ABADI ET AL.

FIGURE 8 Block diagram of the BESS control system (i.e. the proposed
NG local DC bus voltage control system). BESS, battery energy storage
system.

ki ∫ (iref − ib )dt 3, where kp and ki are the proportional and
integral gain of the PI current regulator, the linear time varying
(LTV) dynamic model of the NG can be obtained in a state
space form as {

ẋ(t ) = A(t )x(t ) + B(t )u(t )

y(t ) = Cx(t )
(9)

where x = [ib, vNG, eint]
T , u = [ umv umd ]

T
. eint is defined as the

integral of the error (i.e. eint = ∫ (iref − ib )dt ). Also, umv(t ) = iref
is the control input (or manipulated variable) and umd(t ) = ICP
is the measured disturbance. A, B, and C are defined as

A =

⎡⎢⎢⎢⎣
−
(
R + kpvin(t )

)
∕L −1∕L kivin(t )∕L

1∕C −1∕
(
RCP(t )C

)
0

−1 0 0

⎤⎥⎥⎥⎦ (10)

B =

⎡⎢⎢⎢⎣
kP vin(t )∕L 0

0 −1∕C

1 0

⎤⎥⎥⎥⎦ (11)

C = [ 0 1 0 ] (12)

As seen, the NG system has a time-varying dynamic
behaviour. Specially, the PCP (or RCP) may vary in a wide
range during the NG operation. Consequently, the typical MPC
techniques that employ the linear time invariant (LTI) approx-
imation of the system cannot achieve the desired operation
of the NG due to the inaccurate prediction model. However,
AMPC control techniques have an interesting feature which
is updating the prediction model at each control interval. As

3 In practice, the current regulator is a digital controller that has a much lower sampling time
than its higher-level discrete-time NG voltage regulator. So, from the NG voltage controller
point of view, it can be approximated by a continuous-time system.

a result, the LTI approximation of the system at each con-
trol interval is more accurate. Also, AMPC is intrinsically a
discrete-time controller. So, the AMPC requires a discrete-time
approximation of the system (e.g. a discrete-time predictive
model). Consequently, after updating the model parameters
(e.g. RCP, vin) at each control interval, the AMPC con-
troller utilizes the following discrete-time approximation of the
system: {

xd(k + 1) = Adxd(k) + Bdud(k)

yd(k) = Cxd(k)
(13)

where xd, ud = [ udmv udmd ]
T
, and ydare discrete time approx-

imation of the system states, inputs, and output, respectively.
Also, Ad and Bd are directly computed as

Ad = eATs ,Bd =

(
∫

Ts

𝜏=0
eA𝜏d𝜏

)
B = A−1 (Ad − I )B (14)

where Ts is the AMPC sampling time. Then, the AMPC algo-
rithm solves a quadratic programming (QP) formulation using
an active set optimization method to compute the sequence of
future control actions (i.e. the reference current). To this end, it
minimizes the following cost function, at each time step (i.e. k):

J =

Hp∑
i=1

𝜂e
(
vref(k + i|k) − yd(k + i|k))2

+

Hc∑
i=1

𝜂c
(
udmv(k + i|k) − udmv(k + i − 1|k))2

(15)

subject to

−inomb ≤ ud(k + i|k)
1.1

≤ inomb ,i ∈ {1, … ,Hc} (16)

where Hp and Hc are the prediction and control horizon and
Hc < Hp. vref is the reference voltage and ∀k, vref(k) = vnom.
udmvis the manipulated variable andudmv(k) = iref(k). 𝜂e and 𝜂c
are also the weights of the error and manipulated variable move,
respectively. So, by adjusting 𝜂e∕𝜂c , one can provide an optimal
tradeoff between voltage regulation of the NG local DC bus
and current ripples of the BESS. Finally, after computing the
sequence of future control actions, the AMPC imposes the first
one and goes for the next time step.
As seen, the proposed AMPC controller indirectly regulates

the output voltage of the BESS converter (or NG local DC bus
voltage) by calculating a reference trajectory for its lower-hand
PI current regulator. This structure is relatively similar to the
conventional NG control strategies in which a PI voltage con-
troller computes a reference value for its cascaded PI current
regulator. Therefore, the AMPC control interval (or sampling
time) can be similar to the sampling time of conventional PI
voltage regulators in NG applications which is in the range of a
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ABADI ET AL. 1809

FIGURE 9 Block diagram of the PV control system. PV, photovoltaic.

FIGURE 10 The structure of the parallel connected NGs in the DC MG
system

millisecond. However, the conventional direct MPC techniques
(e.g. FCS-MPC) typically require a sampling time in the range
of a few microseconds. Thus, the direct MPC methods should
carry out approximately the same number of computations in
a significantly shorter time frame compared to the proposed
AMPC technique. Hence, in terms of hardware requirements,
the proposed approach is considerably less demanding than the
direct MPC methods and it may be more comparable with the
conventional NG PI voltage controllers. In addition, the pro-
posed approach maintains the structure of the conventional
NG voltage control systems (i.e. two cascaded controllers and
a PWM). Consequently, the implementation of this technique
does not require a major restructuring of the conventional NG
voltage control system.
Figure 9 shows the control structure of the PV unit. The PV

unit has three different operating modes including an MPPT,
an idle, and a load following mode. During the load following
mode, the output power of the PV is approximately equal to the
demanded power by the GW and load (i.e. PPV ≃ P in

GW + PLoad).
Thus, when PV switches to this mode, the output current of
the BESS becomes nearly zero to avoid battery SoC violation.
In addition, the PV module will switch to the idle mode if the
available solar irradiance power becomes less than a threshold
value (i.e. Pir < Pmin).

5.2 GW control systems

The GW converter of an NG has four different operating
modes including an MG voltage control (i.e. MG grid-forming
mode), two transient modes, and an idle mode. Figure 10 illus-

FIGURE 11 Adaptive communication network topology of NGs. (a) All
the NGs operate the battery SoC balancing mode (i.e. all the GW modules are
in MG voltage control mode), (b) an NG (e.g. NG1) switches to the message
passing mode. SoC, state of charge.

trates the structure of the parallel connected NGs in the MNG
system where vMG

j and ioutGW j
are the output voltage and cur-

rent of the NGj .Rm and Lm are also resistance and inductance
of the DC link between two neighbouring NGs. During the
MG voltage control mode, the NGs communicate with each
other based on a consensus protocol to regulate the voltage
of the MG common DC bus (i.e. vMG

j ) as well as sharing
power. In this approach, all the grid-forming NGs balance
the SoC of their BESS unit with each other. The agents (i.e.
NGs) have an undirected ring communication network topol-
ogy illustrated in Figure 11a. Define  as the set of all agents,
and G ⊆ as the set of grid-forming NGs. Also, consider
Nj as the set of neighbours of NGj that can be obtained
as

Nj =

⎧⎪⎨⎪⎩
{n, 2} , j = 1

{ j − 1, j + 1} , 2 ≤ j ≤ n − 1

{n − 1, 1} , j = n

(17)

So, ∀ j ∈ , the number of elements in Nj is two (i.e. |Nj | =
2). The protocol state of the NGj (i.e. 𝜓 j ) is defined as follows:

𝜓̇ j (t ) = −2𝜆𝜓 j + 𝜆
∑

i∈Nj

y(i, j ) (18)

where y(i, j ) is the output signal of the NGi sent to the NGj,
and 𝜆 is the gain of communication network.
First, assume that all the GW units are in the MG voltage

control mode (i.e. G = ). As discussed in Section 4, when
the GW unit of NGj is in grid-forming mode, it sends its pro-
tocol state to the neighbouring agents (i.e. y( j , i ) = 𝜓 j , i ∈ Nj ).
Consequently, ∀ j ∈ , (18) is reformulated as

𝜓̇ j (t ) = −2𝜆𝜓 j + 𝜆
∑

i∈Nj

𝜓i (19)

Equation (19) can be represented in the state space form as

𝜓̇(t ) = −L𝜓(t ) (20)
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1810 ABADI ET AL.

where 𝜓 = [𝜓1, 𝜓2 … ,𝜓n]
T and L = [l ji ]n×n

is the graph
Laplacian matrix of the network that is obtained as

l ji =

{
−𝜆,i ∈ Nj

2𝜆,i = j
(21)

Equations (19) to (21) represent a standard static averag-
ing consensus algorithm. By reinitializing 𝜓 j (0) = SoCj (kT ′

s )
at each sampling time (i.e. k), it can be shown if 𝜆 is enough
large, all the protocol states will converge to a consensus value
[37] (i.e. ∀ j ∈ , 𝜓∗j = SoC ∗) that is obtained as

SoC ∗ =
1|| ∑

j∈
SoCj (kT ′

s ) =
1
n

n∑
j=1

SoCj (kT ′
s ) (22)

where || = n is the total number of NGs and T ′
s is the

sampling period. So, if G =  and 𝜆 is enough large, the
steady-state values of protocol states at each sampling period
(i.e. 𝜓∗j ) are equal to the average SoC of all BESSs.
Now, assume that an NG (e.g. NG1) switches to one of the

transient or idle modes (i.e. G =  − {1}). So, the communi-
cation module of NG1 switches to the message passing mode
(see Figure 6). In this case, NG1 passes the outputs of its neigh-
bouring agents (i.e. {n, 2} ∈ N1) to each other (i.e. y(1, 2) =
𝜓n,y(1, n) = 𝜓2). Figure 11b shows the equivalent communica-
tion network when NG1 is in the message passing mode. In this
case, the protocol states can be obtained as

𝜓̇(t ) = −L′𝜓(t ) (23)

where the new Laplacian matrix, L′, is obtained as

L′ =

⎡⎢⎢⎢⎢⎢⎣

2𝜆 −𝜆 0 … − 𝜆

0

⋮

0

⎡⎢⎢⎣l ′ ji∈G

⎤⎥⎥⎦
⎤⎥⎥⎥⎥⎥⎦n×n

(24)

where ∀i j ∈ G ,l
′

ji = l ′i j and
∑

i∈G
l ′ ji = 0. Thus, by reini-

tializing𝜓 j (0) = SoCj (kT ′
s ) at each sampling time, the protocol

states of all the MG grid-forming units converge to a con-
sensus value (i.e. ∀ j ∈ G , 𝜓

∗
j = SoC ∗) that is obtained as

follows:

SoC ∗ =
1|G | ∑

j∈G

SoCj (kT ′
s ) =

1
n − 1

n∑
j=2

SoCj (kT ′
s ) (25)

where |G | = n − 1 is the total number of grid-forming NGs.
Also, based on (24), 𝜓∗1 is obtained as

𝜓∗1 =
1
2

∑
j∈N1

𝜓∗j =
𝜓∗2 + 𝜓∗n

2
= SoC ∗ (26)

FIGURE 12 Block diagram of the GW control system in a DC NG (e.g.
NGj)

So, based on the proposed approach, the protocol states of all
NGs always reach a consensus value that is equal to the average
SoC of all the batteries in the grid-forming NGs regardless of
the NGs operating mode. This can be represented as follows:

∀ j ∈ , 𝜓∗j = 1|G | ∑
j∈G

SoCj (kT ′
s ) (27)

𝜓∗j is then used by the GW units of the NGs to balance the
SoC of the BESSs with each other.
Figure 12 shows the control structure of the GW module in

NGj. When the GW is in the MG voltage control mode, it mea-
sures the error between the SoC of its BESS and the average
SoC of all the grid-forming units (i.e. 𝜓∗j ) and then sends the
error to the proportional derivative (PD) controller. In this case,
if the error (i.e. 𝜓∗j − SoCj ) increases, the PD controller slightly

reduces the voltage reference of the GW module (i.e. vrefj ) to
deliver more electrical power to the NG and charges the bat-
tery. On the other hand, if the SoC of BESS becomes higher
than the average SoC of the grid-forming NGs, the outputs of
the PD controller (i.e. δj) decrease to increase the output power
of the NG and discharge the battery. It will be shown in Sec-
tion 6 that this technique can balance the SoC of the BESSs
in all grid-forming units. In addition, when NG is isolated, the
GW module switches to the idle mode and delivers no power.
In this mode, the NG cannot balance the SoC of BESS with
other NGs. Thus, if the NG directly switches from the isolated
mode to the MG voltage control mode, the error between the
consensus value and SoC of BESS (i.e. 𝜓∗j − SoCj ) will be large.
Consequently, the PD controller’s output may be very large (i.e.|𝛿 j | ≫ 0) that can cause a significant voltage deviation on the
MG common DC bus. In addition, it may deliver a significant
power to the NG which may destabilize the system. To improve
the PnP ability of the NGs and provide a bump less transition
to the grid-forming mode, the NG first switches to a transient
mode (see the internal logic of NGs in Figure 6). In the transient
mode, the GW operates as a grid following unit and delivers
power to the NG that charges/discharges the BESS with its
nominal value (i.e. inomb ). Once the error becomes very low (i.e.|𝜓∗j − SoCj | ≤ 0.01) the GW switches to the MG voltage con-
trol mode. It should be noted there is not any community load
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ABADI ET AL. 1811

TABLE 4 System parameters

Symbol DESCRIPTION Value

vNG
nom Nominal voltage of NGs’ DC bus 100 V

vMG
nom Nominal voltage at MG DC bus 750 V

inomb Nominal output current of the BESSs 100 A

Q Nominal charge time of the batteries 3 h

Pnom
load Nominal load power at each NG 10 kW

Pnom
PV Nominal PV power generation 10 kW

Pnom
b Nominal power of BESS 10 kW

𝜆 Gain of communication network 5

kPDp Proportional gain of the PD controller 400

kPDd Derivative gain of the PD controller 10

Nd Filter coefficient of the PD controller 1

Rm Resistance of the MG DC link 10m�

Lm Inductance of the MG DC link 5mH

kC
p Proportional gain of current regulator 0.8

kC
i Integral gain of current regulator 4

kV
p Proportional gain of voltage regulator 4

kV
i Integral gain of voltage regulator 50

Ts AMPC controllers. sampling time 1 ms

Hp Prediction horizon of AMPC 10

Hc Control horizon of AMPC 2

𝜂e Weight of error minimization 0.75

𝜂c Weight of manipulated variable move 0.066

or CPL on the MG common DC link, so the conventional cas-
caded PI controllers can provide a good voltage regulation at
MG common DC link.
In conclusion, the system computes the average SoC of all

the batteries that are in grid-forming NGs using a switching
averaging consensus protocol regardless of the NGs’ operating
mode representing a high-level flexibility. The consensus value
is then used as a reference SoC by the GW module of the MG
grid-forming units to balance the SoC of their batteries with
each other. The consensus value is also used by the supervisory
controllers of all units to select the operational mode of the sys-
tem and ensure the safe automatic connection of the NGs to
the MG common DC bus. It will be shown in Section 6 that
the proposed adaptive distributed power-sharing technique can
accurately balance the SoC of the BESS in different NGs while
maintaining the PnP ability of NGs.

6 SIMULATION RESULTS

The performance of the proposed control system is evaluated
by simulating a test system using MATLAB/Simulink. The test
system is an islanded MNG which consists of four similar DC
NGs. The BESSs are also similar, and they are lithium-ion type.
The system parameters are illustrated in Table 4.

6.1 AMPC performance evaluation

Figure 13 illustrates the performance of the proposed AMPC
technique compared to a conventional NG voltage control sys-
tem (i.e. a regular PI voltage controller represented in Figure 2).
It is believed that this comparison is reasonable because both
control systems have the same structure in which the voltage
controllers (i.e. AMPC and PI) calculate a reference signal for
the current regulator of the bidirectional DC–DC converter (i.e.
the current controller of the BESS unit). They also have a sim-
ilar saturation limit that is equal to 1.1inomb (i.e. |iref| < 1.1inomb )
and a same sampling time (i.e. Ts = 1ms). In addition, they uti-
lize an exactly similar PWM technique and use similar converter
output filters. To consider the operational saturation limits, the
PI voltage controller uses a back calculation anti-windup tech-
nique. On the other hand, the AMPC minimizes the proposed
cost function in (15) subject to the saturation constraint (see
(15) and (16)). As discussed before, PCP represents the total
power of the constant power units that is defined in (5). If
PCP > 0, the DC–DC converter of the BESS unit will supply
a CPL that can provide some stability concerns caused by the
negative incremental impedance of CPLs [1, 22]. In the case
study system, the maximum CPL is 10 kW (i.e. |PCP| < 10 kW).
Figure 13a represents the variation of PCP in the test system.
Figure 13b shows the transient voltage variation of the NG
local DC bus during PCP changes. The conventional PI con-
troller causes more voltage variation on the NG local DC
bus compared to the proposed AMPC technique. Particularly,
at maximum CPL (i.e. t ∈ T1), the PI controller has a small
marginal stability that causes a poor transient response and sig-
nificant voltage oscillation on the NG local DC bus. Figure 13b
also shows that in higher CPL values, the system experiences
significantly worse transient response in the PI voltage con-
trol technique, while the AMPC performance is not affected by
the large CPL values. Figure 13c represents the output current
of the BESS in both control techniques. The AMPC provides
fewer current ripples compared to the PI controller. So, due
to the limited life cycle of the BESSs, the AMPC algorithm
can also increase the efficiency of the system by increasing
the lifetime of the BESSs. In conclusion, the proposed AMPC
approach considerably overperformed the regular PI voltage
controller results in more reliability (i.e. better voltage regu-
lation) and more efficiency (i.e. increasing the lifetime of the
BESSs).

6.2 Battery SoC balancing (power sharing)

The battery SoC balancing performance of the proposed
approach is studied in this section. The net power is defined
as the difference between generation power and load consump-
tion in each NG (i.e. Pnet = PPV − PLoad). Figure 14 shows the
so-called net power profiles in the DC MG system during the
5-h simulation interval. The PV power generation in NG2 is
higher than the load consumption (i.e. PPV > PLoad), while the
net power in the other NGs has a negative value. Figure 15
illustrates the SoC of BESSs in two different scenarios. In both
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1812 ABADI ET AL.

FIGURE 13 The performance of the proposed AMPC technique compared to a PI voltage controller: (a) CPP changes, (b) voltage variation of the NG local
DC bus, (c) output current of the BESS (i.e. bi)

FIGURE 14 The net power profile in different NGs during the
simulation interval

FIGURE 15 Battery SoC balancing performance of the proposed
approach. (a) First scenario, (b) second scenario

scenarios, all the NGs initially have a same SoC value. In the
first scenario, all the NGs are isolated and share no power with
each other. In the second scenario, it is assumed that all the
NGs are connected to the MG common DC bus and all the
GW modules are in MG grid-forming mode (i.e. grid-forming

FIGURE 16 Voltage and current variations in MG common DC bus. (a)
Output voltages of GW converters, (b) output currents of GW converters

NGs). Due to the similar power generation and load values (i.e.
similar net power), the average SoC of BESSs in both scenar-
ios are the same. However, as seen in Figure 15b, in the second
scenario, the SoCs of all BESSs are balanced with each other
that verifies the effectiveness of the distributed power-sharing
approach. Consequently, the BESSs altogether behave similar
to a cloud ESS (e.g. a community BESS). This BESS aggrega-
tion is highly beneficial that results in maximum utilization of
BESSs capacities and increases the MNG reliability. Figure 16
also represents the voltage deviation of the MG DC common
DC bus and the output current of the GW units (i.e. ioutGW)
under the proposed control approach (i.e. second scenario). As
seen, the voltage deviation on MG common DC link is very
low, and it can be negligible. Thus, the proposed distributed
power-sharing method does not affect the voltage regulation of
the MG common DC bus. However, the decentralized droop-
based techniques usually generate 2% to 5% steady-state voltage
deviations.
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ABADI ET AL. 1813

FIGURE 17 Plug and play operation of NG. (a) Sequence of actions, (b)
SoC variation of the NGs, (c) voltage variation of MG common DC bus at t =
t2, (d) voltage variation of MG common DC bus at t = t3

6.3 PnP operation of NGs

This section investigates the PnP ability of the DC NGs.
Figure 17a shows the sequence of actions in PnP operation of
an NG. In this test case, all the NGs are initially connected to
the MG common DC bus and all the GW units are in MG
voltage control mode (i.e. grid-forming NGs4). In addition, the
net power at each NG is like the test cases in Section 6.2. At
t = t1, NG4 becomes isolated, and its GW module switches to
the idle mode. During the isolated mode, NG4 does not share
power and its SoC value cannot be balanced with other NGs. In
this mode, instead of its protocol state (i.e. 𝜓4), NG4 sends the
protocol state of NG3 (i.e. 𝜓3) to NG1 and 𝜓1 to NG3. Thus,
the protocol states of all NGs converge to the average SoC of

4 Remember that the grid-forming NGs (or MG grid-forming NGs) are those whose GW
module regulates the MG common DC bus voltage.

grid-forming NGs (i.e. NG1, NG2, and NG3). Therefore, the
grid-forming NGs balance their SoC value with each other. At
t = t2, the NG4 becomes connected to the MG DC link. So, its
GWmodule switches to the battery charging transient mode (i.e.
grid following) to charge the BESS with its nominal power (i.e.
inomb ) during T = [ t2 t3 ] time interval. Since at t = t3, the dif-
ference between the battery SoC and the consensus value (i.e.
𝜓∗4 ) becomes very small (i.e. |𝜓∗4 − SoC4| < 0.01), the GW unit
of NG4 switches to the MG voltage control mode and balances
the SoC of its BESS with other NGs. The SoC variation of all
BESS is illustrated in Figure 17b.
The transient voltage variation on the MG common DC bus

in t2 and t3 switching instances is also illustrated in Figures 17c
and 17d, respectively. These voltage variations in both switch-
ing instances are insignificant compared to the nominal voltage
of the MG common DC bus (i.e. 750 V). In conclusion, each
NG can be isolated and then safely connected to MG common
DC bus without any manual modification on the voltage con-
trol system and power-sharing algorithm, representing the PnP
ability of the NGs.

7 DISCUSSION

The proposed adaptive battery SoC balancing strategy provides
the same SoC value for all the BESSs inside the MG. Conse-
quently, the BESSs altogether behave like a community BESS
or a cloud ESS whose capacity is equal to the summation of
all the BESSs capacities. Consequently, the proposed approach
can improve the overall efficiency of the system by utilizing the
maximum energy storage capacity of batteries. Compared to
the centralized cloud energy storages, the proposed distributed
technique can enhance the resiliency and flexibility of the sys-
tem by enabling the DC NGs to utilize their local BESS in
the isolated mode. However, it may increase the initial cost of
the system. Thus, based on the system objectives, further cost-
benefit analysis should be applied to compare the centralized
cloud energy storage technologies with the proposed distributed
technique in different clustered NG applications.

8 CONCLUSION

An adaptive multiagent-based control strategy is presented to
provide effective and flexible voltage regulation and power shar-
ing in an MNG system. The performance of the proposed
approach is validated using MATLAB/Simulink. Each NG is
designed as a reactive agent that has a hierarchical control sys-
tem. The top level is a discrete-event supervisory controller that
selects the operational mode of the agent based on predefined
rules. The supervisory control layer ensures the PnP ability of
the NGs as well as the effective operation of the system. The
low-level controllers are responsible for power sharing and volt-
age regulation with respect to the operational mode of the agent.
To regulate the voltage of the NGs local DC bus, an adaptive
model predictive controller is deployed providing better tran-
sient response, and fewer current ripples compared to regular
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1814 ABADI ET AL.

PI voltage controllers. Additionally, a switching consensus con-
trol algorithm is presented that strongly regulates the voltage
of MG common DC bus as well as offering accurate power
sharing among the NGs by balancing the SoC of all BESS in
different NGs while maintaining the PnP operation of them.
Consequently, the proposed adaptive multi-agent control strat-
egy provides effective cooperation of the clustered NGs as well
as maintaining the scalability and flexibility of the system.
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