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ABSTRACT This paper proposes a consensus-based distributed control strategy for optimal power dispatch,
frequency control, and DC voltage regulation in islanded hybrid AC/DC microgrids (HMGs). For the
primary control, local control of AC/DC DGs is implemented using the droop-based control. Regarding
the secondary control, a coordination-based distributed optimal control approach is initially introduced.
Subsequently, control objectives, including AC frequency restoration, DC voltage regulation, and optimal
economic operation of all participating AC/DC DGs with power limit consideration in the hybrid AC/DC
microgrid, are achieved based on the proposed optimal consensus based controller. Moreover, the proposed
controller integrates frequency regulation with optimal dispatch, reactive marginal dispatch with voltage
regulation in AC microgrid (MG), and optimal dispatch with voltage regulation in DC MG, all at the
secondary control level, eliminating the need for a tertiary controller. Furthermore, a distributed active power
control method is proposed for managing multiple bi-directional interlinking converters (BICs), ensuring
proportional active power sharing for BICs to prevent overloading. Extensive simulations are conducted
using MATLAB/Simulink to showcase the effectiveness of the suggested coordination-based control.

INDEX TERMS Distributed control, economic dispatch (ED), hybrid AC/DC microgrids (HMGs), multi-

objective control, secondary control.

NOMENCLATURE VARIABLES
INDEXES w, w* Output and nominal frequency.
DG Distributed generation. P,¢g Actual active power and RMC.
BIC Bidirectional interlinking converter. kap, ka, Droop coefficients.
HMGs  Hybrid AC/DC micorgrids. Visec Secondary voltage reference.
ILCs Interlinking converters. E Output voltage.
ESSs Energy storage systems. C; DG; generation cost.
MGs Microgrids. P; Output power of DG;.
PnP Plug-and-play. a;, b;, c; Cost coefficients of DG;.
PI Proportional-integral. Api Incremental cost of ACpg;.
AC Alternating current. Vpi Incremental cost of DCpg;.
DC Direct current. Pi, 0i,V; Output active, reactive power and voltage.
RESs Renewable energy sources. Viefi reference voltage for DG;.
ED Economic dispatch. Arefi Optimal incremental cost.
DMPC  Distributed model predictive control. Prefi Optimal power generated by DG;.
IC Incremental cost. ®;j Consensus index for AC voltage sharing
RMC Reactive marginal cost. proportion.
GOP Global economic operation. m DC droop coefficient.
Yde Measured DC IC.
The associate editor coordinating the review of this manuscript and € DC voltage sharing proportion.
approving it for publication was Hao Wang Vinins Vimax  J h DG minimum and maximum voltage.
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Prp Load factor of AC/DC DGs and BICs.

T(s) PI controller for voltage loop.

J(s) PI controller for AC reactive power and DC
IC loop.

3p(j) Load factors of BIC.

op—refi  Control reference of i" BIC.

T, U Secondary control reference power signal
for BIC.

Prp Load factor of AC/DC DGs.

epic,j  Error in power sharing between BICs.

I. INTRODUCTION

The Hybrid Microgrid (HMG) represents an innovative,
cutting-edge solution for power distribution, providing the
adaptability to easily include several kinds of both AC and
DC energy storage systems (ESSs), distributed generators
(DGs), and renewable energy sources (RESs) [1]. Lately,
noticeable attention has been paid to investigating hybrid
AC/DC microgrids. This heightened interest stems from the
unique capability of HMGs to streamline and optimize the
integration of AC and DC generations, loads, and energy
storage systems within a single electrical infrastructure [2].
Usually, a hybrid AC/DC microgrid consists of both an
AC and a DC microgrid (MG), connected via a single or
multiple interlinking converters (ILCs). Figure 1 depicts a
typical hybrid AC/DC HMG configuration comprising an
AC and DC and multiple bi-directional Inverters (BICs)
operating in parallel. Due to their unique generating prop-
erties, different DGs— AC and DC, usually have varied
generation costs. Consequently, establishing a cost-efficient
strategy and optimal solution for the HMG system becomes
imperative [3]. Therefore, employing suitable DG dispatch
method is essential to optimize the total generation cost
(TGC).

Hierarchical control, encompassing primary, secondary,
and tertiary control, has been extensively employed in
governing AC and DC Microgrids [4]. For primary con-
trol, droop control methods are commonly employed to
regulate the frequency or voltage of DGs within AC/DC
sub-grids [5]. Similarly, in BICs, droop control methods
are utilized to govern the power transmission among AC
and DC sub-grids [6]. Nevertheless, the droop control
method faces limitations in addressing steady-state fre-
quency and voltage deviations and precise power dispatch
requirements.

In MGs, inside the three-tier hierarchical control structure,
each tier operates at distinct time scales [4]. The primary
level, the quickest among the three, focuses on upholding
MG stability and ensuring equitable power distribution [7].
Following this, the secondary tier rectifies alterations made
by the primary control level [2]. Lastly, the tertiary tier,
operating at the slowest pace, concentrates on economic dis-
patch, striving for the most cost-effective energy generation
while harmonizing with the main grid [8]. However, isolated
MGs are susceptible to rapid fluctuations in generation
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FIGURE 1. Architecture of hybrid AC/DC microgrid.

and demand, which the tertiary control level struggles to
promptly address. Recent studies advocate for aligning the
time scale of tertiary control with that of the secondary
level to mitigate this issue. Additionally, the slower updating
of power references from the tertiary level may lead to
exceeding the power limits of DGs. It is possible to
achieve economic dispatch, and restoration of voltage and
frequency in MGs at the secondary control level through
distributed consensus controllers that share their information
to coordinate their control sequences. In this way, in addition
to avoiding the need to have a controller for each objective,
the overall performance of the microgrid is enhanced in terms
of robustness and reliability. Recent studies on DC MGs [9],
[10], AC MGs [11], [12], and HMGs [13] have highlighted
that solitary MGs are vulnerable to rapid fluctuations in
demand and generation. Consequently, for optimal dispatch
to be effective, it should align with the secondary control
level.

Regarding secondary control, economic dispatch (ED)
control techniques can be grouped into three categories:
centralized, decentralized, and distributed control, depending
on their reliance on communication infrastructure [14].
Deploying centralized or decentralized controllers is not
advisable for MGs with many DGs and BICs, i.e., imple-
menting centralized controllers becomes impractical due
to the excessive computational load and susceptibility to
single-point failures [15], [16]. The problem with these
centralized controls is the common point of failure in the
communication network, making it vulnerable to disruptions.
Additionally, it imposes a high computational burden due
to the need for a single controller to manage all operations
also scalability require changes in the control. Moreover,
decentralized strategies for ED in MGs with cost-based
droop do not integrate the secondary control loop [17], [18].
For decentralized controllers optimal solution is difficult to
achieve.

In the previous few years, substantial efforts have been ded-
icated to research on the economic dispatch of HMGs. The
authors in [19] incorporate the generation limits of the DGs
into the centralized optimization problem. However, these
controls are prone to single points of failure. As discussed
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TABLE 1. Comparisons of different optimal control methods HMGs from the literature.

Ref. (Gl G CM | FR | VR | PL | RPD | MBICs | Mhicrogrid
Principle Structure
[21] Distributed Yes | N/A | No | No | N/A No DC MG
control
[22] Distributed No | N/A | Yes | NA | N/A No DC MG
control
(23] Distributed Yes | No | Yes | No | No No AC MG
control
[24] Distributed Yes | No | Yes | No | No No AC MG
control
[25] Distributed No | Yes | Yes | No | No No AC MG
control
[26] [27] [28] Consensus-PI Yes No No Yes No No HMG
[29] Distributed Yes | No | No | Yes | No No HMG
control
[31] Distributed No | Yes | Yes | No | No No HMG
control
[32] DMPC No Yes Yes Yes No Yes HMG
Proposed Coordination-Based Yes Yes Yes Yes Yes Yes HMG
Control Control

CM: Cost Minimization; VR: Voltage Regulation; RPD: Reactive Power Dispatch; FR: Frequency Regulation; PL: Power limits; MBICs: Multiple BICs.

above the centralized controllers are mostly suitable for
small MGs, also the scalability is requires changes in the
control. In [20], the authors propose an integrated controller
for ED, voltage, and frequency restoration. However, their
proposal does not address the communication aspect of
BICs. In [21], the authors proposed a distributed control
aiming to regulate DC DGs voltage while considering ED
within the DC MG. Similarly, in [22] the authors presented
a distributed model-based cooperative control for isolated
DC MGs. The proposed control achieved the objective of
maintaining balanced voltage at each dc—dc buck converter
in steady state, while maintain a stable synchronization
in transient state. Conversely, [23] presents a multi-level
control for AC MG to address the issue of frequency and
ED. In [24], the feasibility of multi-level control in an AC
MG is investigated. Additionally, [25] proposes a distributed
approach to ensure frequency regulation and power sharing
for AC DGs in AC MG. Nonetheless, the strategies outlined
in [21], [22], [23], [24], and [25] are specifically tailored for
individual AC or DC MGs, limiting their applicability to a
single MG configuration.

Consensus-based schemes aimed at minimizing opera-
tional costs in HMGs have been presented in [26], [27], [28],
and [29]. In [26] and [27], the authors presented a distributed
ED control for hybrid microgrids, while in [28], a distributed
hybrid MCSA-ADMM algorithm is proposed for HMGs.
In [29], a consensus control for HMGs is suggested, but all
the above controls failed in restoring variables altered by the
droop control. The authors in [30] focused on the problem of
distributed machine learning. A distributed control based on
coordination-based control was suggested for HMGs in [31].
Accurate power sharing and restoration of variables were
achieved, but the control failed to achieve cost minimization
and use of multiple BICs. Similarly, in [32], the authors
presented a distributed model predictive control (DMPC)
for HMGs, which was related to proportional power sharing
rather than economic dispatch.
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Concerning the economic dispatch and distributed control
of HMGs, existing methods typically exhibit one or more of
the following primary problems: 1) Opting for a proportional
load-sharing approach over an ED approach to effectively
manage DGs within the HMG. 2) Execution of ED at the
tertiary control level rather than the secondary level. 3) Lack
of restoration for secondary variables such as AC frequency,
DC bus voltage regulation, and under-utilization of multiple
BICs. Moreover, current practices often focus solely on
optimizing active power dispatch, neglecting reactive power
dispatch. This oversight can lead to elevated operating
expenses, given that the real power capacity is constrained.
In order to remedy this, some of the apparent power capacity
is allocated to producing reactive power.

A. STATEMENT OF CONTRIBUTION

To address the identified gaps, a distributed consensus-based
secondary control technique for hybrid AC/DC is proposed
to accomplish global economic operation (GOP) and optimal
active and reactive power dispatch for all the participating
AC/DC DGs. Similarly, a distributed normalized technique
is proposed for the operation of multiple BICs to achieve
normalized power sharing for multiple BICs under their
power limits. Compared to existing control techniques, the
distinctive features of the proposed control technique are

recapitulated in Table 1. The contributions are listed below:
o A distributed optimal secondary control strategy for

islanded hybrid AC/DC is proposed, which achieves
seamless restoration of the variables (AC frequency and
DC voltage) for the hybrid AC/DC microgrid while
minimizing total operation cost. The proposed control is
introduced at the secondary control level and achieves
equal incremental costs (both active incremental cost
(IC) and reactive marginal cost (RMC)) for all AC/DC
DGs within their power limits in the HMG.

A distributed normalized control is presented for the
operation of multiple BICs, ensuring power sharing
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among BICs based on their respective power capacities
while adhering to their power limits.

« Finally, the proposed control exhibits robust perfor-
mance w.r.t. other reported controls, effectively manag-
ing load changes and facilitating plug-and-play (PnP)
operation.

B. ORGANIZATION

The rest of this paper is organized as follows: Section II offers
a comprehensive background information on the optimal
dispatch problem for hybrid AC/DC Microgrids. Section III
outlines the proposed coordination-based distributed control
for optimal dispatch in AC and DC sub-grids. Section IV
details the overall control framework for HMG. In section V,
comprehensive Matlab/Simulink tests and result are pre-
sented to validate the viability and efficacy of the suggested
approach. Finally, the paper’s conclusion is presented in
Section VI.

Il. CONSENSUS ALGORITHM AND ECONOMIC DISPATCH

IN MICROGRIDS

A. GRAPH THEORY AND CONSENSUS ALGORITHM

Graph theory is widely employed in the examination of
relationships among multiple objects. Graphs can be either
undirected or directed, depending on whether the relation-
ships between nodes are bidirectional or unidirectional. Each
diagonal member of the degree matrix represents the number
of edges connected to a particular node, or [D];, which
is a diagonal matrix. On the other hand, the adjacency
matrix, denoted as [A];;, has zeros along its diagonal. The
off-diagonal entries of [A];; are assigned a value of 1 if node
i has a connection with node j; else, they are assigned a value
of 0. The adjacency term, a;j is written as:

1 Data from DG; reaches DG; at ¢
0  Data from DG; cannot reach DG; at ¢
0 j=i

aijj ) =

ey

The consensus algorithm entails each DG exchanging
information with its neighboring DGs.

B. ACTIVE POWER DISPATCH

One of the main objectives in power dispatching within a
Microgrid is to minimize the overall total generation cost
(TGC) [33], often addressed through economic dispatch
problem (EDP). The EDP is effectively tackled by calculating
each AC or DC DG’s active power contribution according to
its cost features [17]. Factors such as fuel cost, maintenance
cost, etc, which vary by DG type, are encompassed in the
generation cost function. Generally, the cost function for EDP
is represented as quadratic polynomials.

Ci (pi) = aip? + bipi + ci, 2)
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where C; (p;) represents DG; generation cost, while, p; is the
output power of DG; while a;, b;, ¢; are the constant cost
coefficients of the DG;.

The aim of ED is to minimize the generation costs while
accounting for the capacity constraints of the DGs. It can be
formulated as follows:

. n
mmnzl,:1 Ci (pi)
i1 Pi = Pload — Ploss 3)

0<pi <p™
where pjoag is the total load power, pogs is the power loss in
power transmission, p"®* is the maximum output power of
DG, n denotes the number of DGs.

Then, the increments for AC and DC DGs in AC/DC MGs

are given by:

dcC (P;)
pi = T = 2a;P; + b;. 4)
While for DGs in DC MG, we have,
dcC (P;)
Yoi = —p = 2aiPi +bi )

A; is supposed as the incremental cost (IC) of ACpg;. While
for the DC microgrid y; is assumed as the IC of DCpg;. The
power limits for the DGs in AC MG is given by:

2 a;P™" + by, P; < PMP
2 aiP; + bj, PM™ < P; < P (6)
2 aip;nax =+ bi, P; > P;nax

Ap =

where P is the generation limit of the i-th DG in the AC
subgrid. While for DC DGs is given by.

2 cl,'P?]in + b;, P; < lein
2 aiP; + b;, P"" < P; < PP (7
2 aiP;nax + b;, P; > P;nax

yP:

where, P"™ is the generation limit of the i-th DG in the DC
subgrid.

AC subgrid- Local economic operation:

®)
)‘pl :"':)\p[:"'z)"pnz)"ac
DC subgrid- Local economic operation: ©)
Yol == Vpj =" = Vpn = Vdc

When the ICs of all AC/DC DGs are the same, global
economic operation (GEO) can be attained. Consequently, the
TGC will be reduced to meet eq. 10.

Aac = Vde (10)

C. REACTIVE POWER DISPATCH

Since the TGC of AC DGs is influenced by both the active and
reactive power supplied, optimizing reactive power within the
AC subgrid becomes crucial. To achieve this objective, as the
active power IC’s concept explained in Section II-B above,
the total cost and the RMC are in eq. 11 and 12 are presented
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to reduce the generation of reactive power in distributed
manner, where Q; and S; are the reactive and apparent power
capacity of ACpg;, respectively i.e., S; = S’E””—X*S‘ [34].

i—max

C(Q) = aiSiQ} + biQ; + ¢ (11)
_dC©Q)
¢Q = dO; = 2a;5;0; + b; (12)

The cost coefficients a; and b; depends on the parameters
presented in section II-B. To achieve optimal reactive power
dispatch for AC DGs, it is imperative that they attain uniform
RMC, denoted as: ¢g1 = ¢pi = ¢g;.

lll. OPTIMAL CONTROL FOR AC MICROGRID

A. PRIMARY CONTROL

Droop-based control is adopted for the AC DG’s primary
control level in AC MG. The droop equations are written as:

w=0"— kdp(P - Preﬁ)a (13)

here, w is the frequency while kg, is droop coefficient,
and P is active power. Additionally, the reference power
denoted by P,;, which comes from the secondary controller.
Furthermore, the reactive power is expressed as follows and
makes use of the V/Q droop:

E = Vigec — kdq¢Q- (14)

Here, E is the voltage’s amplitude, k4, is the coefficient for
droop, and ¢¢ is the RMC. V. is the secondary reference
signal.

B. SECONDARY CONTROL

1) FOR IC CONSENSUS IN AC SUBGRID

The goal of the coordination strategy is to acheive equal IC,
which is accomplished using the consensus algorithm below.

n
Arefi = M) + ¢ Z —li jyhg) (D),
Jj=1 (15)
Airef - ,Bi
20[[' '
where Ay = 2a;P; + b;. Here A is the index for IC
proportion while A, and P, are the optimal IC and optimal
power generated by DGi. Moreover, k denotes the time step,
and [;; is the 7™ row and jth column element of the laplacian
matrix L. Also, ¢ is a scalar number for tuning.
Now given the limitations on power generation, the
distributed algorithm for ED is outlined as follows.

Preﬁ=

n
Mrefi = My + € D —laphi(®),
=1
] Pimin, ritk + 1) < Aimin, (16)
Arefi — Bi .
Prefi = %» Aimin < Arefi < Aimax,
i
Pimax, )\reﬁ > Mimax

where Aipin = 20ipimin + Bi and Ajpax = 2QiPimax + Bi Tor
alli=1,2,...,n.
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FIGURE 2. Optimal control for AC DGs in AC MG..

2) FOR RMC AND VOLTAGE BALANCING

The other objectives of the coordination technique are voltage
regulation and RMC, which are accomplished by applying the
consensus strategy below.

brofi = QD —lijbij) (), (17)

j=1

where ¢y = 2a;S;+ Q; + b;. Here ¢;) is index for RMC while
¢rer 1s the reference for RMC of DGi.

5 = Simmax = 5i
Si—max
Also,
n
Vi) = Vilt) + 11 D L o0, (18)
j=1
where ¢;) = Ai=Vmin_While, @) 18 the voltage sharing

max — Vmin

index. V; is the output voltage. So,

vi

k
Vie(t) = (Vrated - Viref(t) + ¢reﬁ*) (kvp - T) s (19)

where, @refiv = PrefiN (s) is the compensating signal for RMC
kyp and ky; are the terms of the PI controller M(s). Vx(k) is
the compensating signal for voltage regulation. Finally,

Visee(t) = Viated + ¢reﬁ* + Vix(2). (20

Here Vi (f) is the control reference for voltage of DGi.
Where ¢ and V+(¢) are the compensating signals for the
RMC and voltage regulation. The reference (Vigec ) is gen-
erated and sent to the primary controller. The comprehensive
control for AC DGs is shown in Fig. 2.
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FIGURE 3. Optimal control for DC DGs in DC MG.

IV. OPTIMAL CONTROL FOR DC MICROGRID

A. PRIMARY CONTROL

Droop control is utilized in DC microgrid and is presented as
follow.

V= Vref — MYdc, 21

here, V is the output voltage while m is for droop coefficient
and yg. for the measured IC. Also, Vi is the secondary
reference signal.

The droop coefficient can be written in the form of
maximum available power from the converter P, and the
maximum voltage drop AV, as shown in 22.

AV
Prax

. (22)

B. SECONDARY CONTROL

The control objectives for the DC MG, 1) achieving average
voltage restoration and 2) economic dispatch, are described
as follows.

R
IILH% ; Zl Vi = Vief| = Viatea V1 =T, (23)
=
lim [y; —y|=0 Vi>T, (24)
t—T

here, T is the settling time limit.
The proposed voltage consensus control is given below.

n
Viseeret = Vi(t) + 6 D I je(t). (25)
j=1
where g, = % Here, &(;) is the voltage sharing index.
The DC economic dispatch can be attained by regulating the
IC of the DGs. The power loop is designed to balance the IC
of DGs and the control input of the power control loop for
DG; is formulated according to the deviation of its IC.
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The output of the proposed IC based secondary controller
is shown in 25.

n
Yrefi =1 D —Lijy vk, (26)
J=1

where y(;) = 2a;P; + b;. Here y(; is the IC index while 1 is a
positive scalar number for convergence. While the generating
constraints are given as.

Aimax if (Ai > A;nax)
M= Aimin i O < A 27)
Ais others
Also,
Vrefi* @) = Vrefi-](s)’ (28)

here y,ef+(¢) is the compensatory IC signal. C(s) is the PI
controller. Now from figure 3,

Viedex (1) = (Vrated — ViSec-ref + Vreﬁ*(t)) (T(s)).  (29)

here T(s) is the PI controller. From eq. 28 and 29 we have:
Viet = Viated + Vi—de* (k) + Vreix(1). (30)

where V;_g4.+(k) and y;«(f) are the compensating signals for
the voltage regulation and IC. The reference signal V. is
sent to the primary control. The comprehensive control for
DC DGs in DC MG is depicted in Fig. 3.

C. ECONOMIC POWER INTERACTION AMONG AC/DC MGs
1) SINGLE BIC

Our primary focus here is on the power interaction between
AC/DC subgrids facilitated by BICs. The incremental cost
of all AC/DC DGs in the two MGs must be equal to
attain the HMG’s overall optimal economic operation. BICs
oversee the power transfer among the MGs, thereby adjusting
the total power generation in both subgrids and balancing
their incremental costs. A practical approach to ensure
Aac = VYde involves feeding their difference into a PI
controller. The PI controller dictates the interaction of power
among the two MGs. By modulating the interaction of
power, the total power generation in both subgrids can be
adjusted, subsequently influencing their incremental costs to
attain equality. For this purpose, A, and y, are acquired
by the BIC via communication links and transmitted to
the BIC controller. This transmission is achieved using a
PI controller.

k .
mw{@—fym—mx 31)

where k), and kj; are the respective terms of the PI controller
D(s).
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FIGURE 5. Flow of overall control for HMG.

2) MULTIPLE BICs

The goal of the coordination strategy for BICs is to achieve
consistent incremental costs for all AC/DC DGs in HMG and
to facilitate power transfer among the BICs according to their
individual power capacities. The strategy also aims to sustain
uniform load factors in order to mitigate the risk of overload
in any of the BICs. Therefore, We propose the distributed
control based on the communication of BICs as:

n
op—refi =K D —LijSp (1), (32)

J=1
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be the load factor of BICs. gp_ . is the control reference of
i BIC. Now based on the eq. 32 from subsection (C(1)) we
can write it for multiple BICs as:

kpi
APgic = | kpp — ) esic (33)
where,
egicj = T(Api — Vpi) + v(QP—refi) 34
n
epicj = tOpi — vpi) + vk D~ =lipdpp(), (35

j=1
here T and v are positive coefficients associated with global
IC consensus. While the right hand term ep,c ; represents the
error in power sharing between BICs, which will diminish to
zero as the HMG approaches in steady state. Also, the first
term will go to zero due to the PI controller when the gp_ ¢
terms converge to zero.

The overall control for multiple BICs can be seen
in Fig. 4. Also, the flowchart of the overall distributed
coordination-based economic dispatch with multiple BICs
is shown in Fig.5. The IC control signals A,; and y,; from
the secondary control of AC/DC sub-grids are communicated
to the BICs. Using that, the BICs perform the coordination
strategy, and thus, the goal of distributed coordination-based
economic dispatch is achieved.

V. RESULTS AND DISCUSSION

To assess the performance of the suggested control technique,
the HMG with parameters outlined in Table 2 was simulated.
The simulated system comprises nine units: 3 AC DGs, 3 DC
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TABLE 2. Parameters for AC/DC MGs and BICS.

For AC Subgrid
DG1 DG2 DG3
Pn =6 kW Pn = 10 kW Pn = 14 kW
Vn =311V Vn =311V Vn =311V
f =50 Hz f =50 Hz f =50 Hz
Riaci = 0.1 +j3¢™ 3 | Rpace = 0.1 +j3e =3 [ Rpacg = 0.1 + j3e—3
For DC Subgrid
DG1 DG2 DG3
Radel = 0.30hm Radez = 0.50hm Rgc2 = 0.80hm
Pn=5kW Pn =6 kW Pn = 8kW
Kn = 400 V Vn = 400 V Vn = 400 V
For BICs
BIC1 BIC2 BIC3
Pn = 3kW Pa = 4kW Pn=5kW
R1 = 0.025 Rz = 0.025 Rz = 0.025
Rri=le T 4+j2e 3 |Ra=1le T +j2e 3| Rz = le I +j2¢=3

TABLE 3. Parameters for AC/DC MGs for all case scenarios.

For all case scenarios
For AC Subgrid
DG1 DG2 DG3
Piaxy = 6kW | Ppax = 10kW | Py = 14kW
Poin = OkW Ppin = OkW Ppin = 0kW
a1 =1.2¢72 | az =15¢"2 | a3 = 1.8¢"2
by =5.19e 1| by =5.20e" T | by = 5.21e” !
c1 =10 co =12 c3 =14
(=1le 2 (=1le 2 (=1le" 2
Q=1le"1 Q=1le"1 Q=1le"1
pw=>5e"1 pw=>5e"1 pw=>5e"1
For DC Subgrid
DG1 DG2 DG3
Pinax = DkW Pinax = 6kW Prax = 8kW
Ppin = OkW Pin = OkW Ppin = OkW
a; = 1.9e=2 as = 2.3e2 a3z = 2.7e=2
by = 5.52e 1 [ by = 5.525e 1 | by = 5.529¢ !
c1 =18 co = 22 c3 = 26
n = lel n = lel n = lel
0=3e"1 0=3e"1 6=3e"1

DC Subgrid Common dc Bus Common ac Bus

de ac
S >I—F Ri1 RL1 DG
// Dgl \ Rider _-—|<}+ RLaa If 'l\
N
(/ B \
\

AC Subgrid

\
|
|

\ /

|
|
> de I_I Re ™ RLz\l II| e <
- —-—-| —_—
DG,/ | Rue2 'l RLa.z | DG,
|
|
|

/ I / \
| | (’ Be, / |
|\ /’ \ // /;
-
W ode ’I Rs ll::} RLs \\ ac ¥
DG, Ruses RL. DG,
P,
dc Load = “ » ac Load

FIGURE 6. Simulated HMG system.

DGs, and three (3) BICs. The cost parameters are listed in
Table 3. The simulated HMG is depicted in Fig. 6.

A. TEST NO. 1: OPERATION TEST
In this scenario, different controller parts are activated

successively to emphasize the effect of various terms. The
total load of the HMG is 12kW, with 7kW on the AC and
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5kW on the DC side, respectively while the reactive load is
5kVAR on the AC side. The outcomes of this test are depicted
in Figure 7.

The test initiates with the activation of the inner, pri-
mary, and secondary controllers. Concerning the proposed
secondary control, only the optimal control within each
subgrid, taking into account the operational limit constraints,
is enabled. For 0 s < t < 7 s, the DGs operate inside their
limits. It is observed that consensus is achieved on both the
IC and RMC, and active and reactive power is economically
redistributed (refer to Fig. 7b and Fig. 7d). Hence, both active
(P) and reactive power (Q) are optimally re-dispatched, taking
into account the generation costs of the DGs. The load factors
for power-limits constraint of AC/DC DGs are within limits,
i.e., 1 (see Fig. 7k for AC and DC DGs load factor). The AC
voltage, frequency and DC voltage is properly regulated, (see
Fig. 7f and Fig. 7h for AC DGs/bus frequency and voltage
while Fig. 7i for DC DGs and bus-voltage). Also, the power
transfer by the BICs is zero (see Fig. 7e). The Ap and yp
consensus are achieved within each MG (see Fig. 7a). The
RMC consensus (¢p) is achieved and can be seen in Fig. 7c.
The load factor is defined here for convenience.

Prp=—, (36)

where Prr represents the load factor of AC/DC DGs and
the BICs. Here P; is the instantaneous power while Pp; is
the rated power capacity of the respective AC/DC DGs or
BICs.

At t = 7s, optimization between every DG and the BICs
is enabled, but initially only the BICs control is activated
but the BICs consensus objective is still disabled. In order to
achieve global economic dispatch, the BICs equalize the ICs
on both sub MGs. However, as shown in Fig. 7j, they do not
distribute proportionate power to their power capacity, which
may result in excess loading in the BICs. The frequency
and voltage are regulated (see Fig. 7f and Fig. 7h for AC
DGs/bus frequency and voltage while Fig. 7i for DC DGs
and bus-voltage). As can be shown in Fig. 7j at ¢+ = 13s,
all participating BICs transfer power proportionate to their
rated power when the proposed control for BICs is enabled at
t = 13s. In this scenario, all the BICs and DGs are working
within their power limits. The summary of the operation test
no. 1 is given in Table 4.

B. TEST 2: LOAD-STEPS

The effectiveness of the suggested strategy in relation to
load steps is now examined. The same system (Hybrid
AC/DC microgrid) that was utilized in the prior test, with the
parameters and adjacency matrix (communication network)
remaining the same. The HMG’s starting total load (12 kW-
7 kW on the AC side and 5 kW on the DC side) is the same
as it was in the prior test. The outcomes are displayed in
Figure 8. All of the controls and the power limit constraints
are turned on at the start of the simulation, meaning that the
HMG is fully optimized. The DGs are attaining Ap and yp
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FIGURE 7. Case 1: Operation Test:(a) Incremental costs of AC and DC DGs, (b) Active power of Ac and DC DGs, (c) RMC for AC
DGs, d) Reactive power of AC DGs, (e) Power for BICs, (f) AC DGs and bus frequency, and (g) Voltage of AC DGs, (h) DC DGs and

bus voltage, (i) Load factor of BICs, (j) Load factor of AC and DC DGs.

consensus for 0s < t < 7s, while the BICs are obtaining
dp consensus (see Fig. 8i). The secondary variables (voltage,

VOLUME 12, 2024

DC, and AC bus frequency) are regulated as depicted in
Fig. 8f, 8g, and 8h.
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FIGURE 8. Case 2: Load Steps:(a) Incremental costs of AC and DC DGs, (b) Active power of Ac and DC DGs, (c) RMC for AC DGs, d)
Reactive power of AC DGs, (e) Power for BICs, (f) AC DGs and bus frequency, and (g) Voltage of AC DGs, (h) DC DGs and bus
voltage, (i) Load factor of BICs, (j) Load factor of AC and DC DGs.

At t
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7s, a load change is introduced at the AC side
and is 9 kW, 5 kVAR. As a result of the load power change,
the HMG still achieves the Ap and yp consensus. Moreover,

the load factors of AC/DC DGs and the BICs are within the
limits (see Fig. 8j and Fig. 8i). The reactive marginal cost
consensus A is also achieved and can be seen in Fig. 8c.
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TABLE 4. Summary for operation test no. 1.

Operating condition Time Results
Only optimization within Ezg;? zcctl;/ebztrll\(/i Cr}e(z;;:ﬁlv)e
the subgrids (within AC b= y
and DC subgrid) is 0to 7 sec power are re-dispatched
enabled optimally for both sub-
grids locally
(}Jg/r]n)léa:iin ::il:::g The BICs equalize the ICs
SUDBIIAS 1S 7to 13 sec | onboth MGs to
enabled (BICs control is .
enabled) attain global ED
Full optimization All the participatir'lg BICs
including BIC consensus | 13 to 20 sec transfers proportionate
is enabled power to their
rating

Because AC DGs are less expensive, they may transmit more
power via the BICs (see Fig. 8e) and reach the optimal
dispatch point (see Fig. 8b). The DGs achieve the IC and
RMC consensus, and the secondary variables are constantly
regulated.

At t = 13s, another load change is introduced at the DC
side and is increased by 4 kW. Due to the change in the load,
ACpg reaches its capacity limit i.e., the power limit, and it
goes out of the IC consensus. It can be seen in Fig. 8a and
Fig. 8b that the ACpg is out of the IC consensus, but the
remaining 5 DGs (2 AC and 3 DC DGs) are still operating
and achieving the IC consensus. The load factors of AC/DC
DGs and the BICs is shown in Fig. 8j and Fig. 8i. It can be
seen in Fig. 8j that the load factor/ power limit of ACpg is
restricted at it’s maximum value that is 1. All the other units
are operating within their power limits. One more time, the
Ap and yp consensus are attained by the DGs (Fig. 8a) and by
the BICs (see Fig. 8i).

This case scenario demonstrates the effectiveness of the
proposed control strategy in maintaining consensus and
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regulation under varying load conditions in the HMG. Despite
load changes at both the AC and DC sides, the system
achieved consensus for primary and secondary variables.
The control strategy ensures optimized and stable microgrid
performance even with dynamic load variations.

C. TEST 3: PnP

This scenario validates the proposed distributed control’s
performance in PnP case. The outcomes are displayed in
Figure 9. All of the controls and the power limit constraints
are turned on at the start of the simulation.

It can be seen from Fig. 9a and Fig. 96 that the ACpg3 and
DCpgs in the AC/DC subgrids are initially plugged out. The
DCpgs3 is plugged IN at r+ = 7s, and as depicted in Fig. 9a
that the IC of the hybrid AC/DC microgrid is decreased; also,
the power of AC/DC DGs is decreased. Similarly, at 14s, the
ACpg3 is plugged IN, and as depicted in Fig. 9a, the IC of
the HMG is decreased further; also, the power of AC and DC
DGs is decreased as can be seen in Fig. 9b. Similarly, for the
BICs, it can be seen that at + = 10s, the BIC 3 is plugged
OUT from the system of 3 BICs as depicted in Fig. 9c.
The remaining 2 BICs share its power in a way that BICs
consensus is still achieved between the remaining two BICs
and can be seen in Fig. 9c, while the load factor/ power limits
of the BICs are still in their respective limits and can be seen
in Fig. 9d.

The proposed control effectively manages PnP scenarios,
maintaining system optimization while keeping power limits
within constraints.

D. TEST 4: COMPARISON TEST

The suggested control method and the documented method
in [35] are contrasted in this section. The suggested approach
in [35] restores secondary variables to their nominal values
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FIGURE 10. Case 4: Comparison test (left side are results with [35] while right hand are results with proposed control:(a)(b) TGC
of hybrid AC/DC microgrid, (c)(d) Active power of AC and DC DGs, (e)(f) Reactive power of AC DGs, (g)(h) AC bus frequency,
(i)(§) DC DGs and bus voltage.

while sharing proportionate without taking into account the The loading condition and load changes in HMG are the same
DGs’ generating costs. Both the suggested control and the for both strategies: from r = 0 to 5s, the load on the AC side is
control in [35] begin the test with every feature turned ON. 7 kW, 5kVAR, while on the DC side is 5 kW. Now, att = 7s,
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TABLE 5. Comparison of total generation cost.

Time step | Proposed Control | Ref. [35]

(sec) Cost $/h Cost $/h
t=0-7 108.4 110.9
t=7-—13 112.5 116.4
t=13-20 114.9 119.9

the load on AC side is increased by 7 kW, SkVAR, and finally,
at t = 13, the DC load stepped up by 4 kW.

Fig. 10 illustrates the comparison results for TGC for
both control schemes. Now, with full load connected, the
TGC is decreased by 4.2%, i.e., from 119.9$/h to 114.9$/h,
as depicted in Fig. 10a and Fig. 10b. Also, Fig. 10c,
Fig. 10d, Fig. 10e, and Fig. 10f depicts the results of
active of AC/DC DGs and reactive power of AC DGs in
HMG for both controls. The active and reactive powers with
proposed control are re-dispatched according to their cost
where the cheap DG and cheap MG shares more power
thereby reducing the total generation cost. In comparison to
the control presented in [35], the proposed control reduces
the TGC because the power is re-dispatched according to the
AC/DC DGs cost i.e., The TGC is reduced from 119.9$ /A to
114.9$/h. Similarly, Fig. 10g, Fig. 10h, Fig. 10i, and Fig. 10j
depicts the results for AC bus frequency and DC DGs and bus
voltages for both controls. Table 5 shows the comparison of
TGC for proposed control and control presented in [35].

The proposed control strategy optimizes power dispatch
based on cost, resulting in more efficient power sharing and
cost savings. While the cost reduction of 4.2% in TGC may
appear modest due to the small scale of the HMG, it could
hold a substantial impact in a larger HMG context.

VI. CONCLUSION

This paper introduced a consensus-based distributed sec-
ondary control strategy for optimal power dispatch, frequency
regulation, and DC voltage control within islanded hybrid
AC/DC microgrids. The primary control framework featured
local control for AC/DC DGs through droop-based control.
Considering power limitations, a secondary control based on
a distributed coordination approach is utilized for AC/DC
DGs in a HMG. The suggested control successfully achieves
AC frequency restoration, DC voltage regulation, and optimal
economic operation of both active and reactive marginal costs
for all participating AC/DC DGs. Additionally, a distributed
active power control method is proposed to manage mul-
tiple BICs, ensuring proportional power sharing to prevent
overloading. The dynamic performance of the proposed
control is rigorously evaluated and addressed under various
scenarios, including load changes and PnP. Comparative
analysis against existing control techniques validates the
strategy’s superiority, resulting in a noteworthy reduction of
HMG operation costs.

In large-scale microgrids, increasing DGs challenge
the scalability of distributed control strategies and pose
cyber-security risks like cyber-attacks and network conges-
tion. These are some of the major aspects and points to be
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considered in the future studies. Our future research will
focus on developing efficient distributed optimization algo-
rithms, cyber-attack mitigation strategies, and event-triggered
control methods. The authors will validate the proposed
control strategy using HIL and RT-Lab testing, with plans for
real-time implementation in the future study.
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