
  

1 Abstract—Hybrid AC/DC microgrid clusters are key 

building blocks of smart grid to support sustainable and resilient 

urban power systems. Practically, in networked microgrid 

clusters, the subgrid load-priorities and power quality 

requirements for different areas vary significantly. In order to 

realize optimal power exchanges among microgrid clusters, this 

study proposes a decentralized self-optimizing power control 

scheme for interlinking converters (ILCs). First, a priority-

driven optimal power exchange model of ILCs is built that fully 

considers the priorities and capacities in subgrids. The whole 

optimization objective is to minimize the total DC-voltage/AC-

frequency state deviations of subgrids. Second, to realize the 

decentralized power flow control, an optimal-oriented quasi-

droop control strategy of ILCs is introduced. Consequently, as 

each of ILCs only monitors the local AC-side frequency and DC-

side voltage signals, the whole optimal power control of the 

wide-area microgrid clusters is achieved in a decentralized 

manner without any communication link. Thus, the proposed 

control algorithm has the features of decreased cost, increased 

scalability, reduced geographic restrictions and high resilience 

and robustness in terms of communication faults. Finally, the 

proposed method is validated by three cases in hardware-in-loop 

(HIL) environment. 

Keywords—Decentralized self-optimizing, droop control, 

hybrid microgrid, interlinking converter, networked microgrids. 

I.  INTRODUCTION 

Microgrids have become a cost-efficient solution to locally 

integrate the high penetration of distributed generations (DGs) 

and provide reliable power to customers in future urban power 

systems [1]. It can maintain the emergent operations and 

protect critical infrastructure from power outages in the event 

of physical/cyber disruptions in the utility distribution grid [2]. 

 According to the voltage type of bus supply, microgrids 

can be classified into three categories: AC microgrid, DC 

microgrid, and hybrid AC/DC microgrid [3]-[4]. In the early 

decades, AC microgrid may dominate existing distribution 
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systems with connecting distributed micro-sources or forming 

an islanded system [5]. But, recently, with the advancement of 

DC technologies and increased DC sources/loads, DC 

microgrid has been a promising structure due to the features of 

high efficiency and free of harmonics/reactive power. 

Especially, the DC sources, such as photovoltaic, fuel cell and 

storage, are directly connected to DC microgrid to avoid the 

loss of DC-AC conversions [6].  

In addition, interlinking converters (ILCs) are 

implemented to interlink the DC microgrid and AC microgrid 

together to form a hybrid microgrid [7], which has been 

regarded as the most likely future microgrid structures by 

integrating the advantages of both AC and DC microgrid [8]. 

As DC and AC sources/loads are allocated in their DC and AC 

respective subgrids, the power conversions are greatly reduced, 

and the system has the increased efficiency [9]. 
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Fig. 1. Schematic representation of networked microgrid clusters. 

Networked hybrid microgrid clusters are formed by 

interlinking the microgrids with their individual neighbors 

through ILCs, as shown in Fig. 1. Rather than focusing on a 

single microgrid, multiple microgrid clusters can further 

enhance the systematic and coordinated operation [10]. A 

single microgrid is expected to feed its local loads 

independently, however, due to the intermittency of wind/ 

solar-based renewable generations and the load uncertainty, it 

is likely that the microgrid experiences power deficiency. This 

problem can be mitigated by coupling the overloaded 

microgrid to other neighbor microgrids that have power 

surplus. Considering the sharing and supporting advantages of 
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networked microgrids, it is still a fundamental challenge to 

control and optimize the multiple functions of ILCs [11]. 

In hybrid microgrid clusters, the role and control methods 

of ILCs significantly affect the optimal power exchange [12], 

power quality [13]-[15], system stability [16], resilience 

capability [17], and ancillary services [18]-[20]. In [12], the 

power hub functions of the ILC in networked microgrids are 

comprehensively reviewed and discussed to enhance the grid 

resilience, robustness, and efficiency. In [13]-[15], the power 

quality improvement methods of the ILC are proposed on the 

harmonic and unbalance conditions. In [16], the ILC serves as 

active stabilizations to provide stability damping among 

microgrids. For the resilience enhancement, a flexible division 

and unification control method is proposed in [17]. With 

regard to ancillary services, a virtual synchronous generator 

characteristic is imitated for the ILC to provide inertia support 

in [18]. Considering the flexibility and compatibility of multi-

operation modes, two distributed uniform control strategies are 

developed for the ILC [19]-[20]. Although the aforementioned 

research promotes the multi-functional works of ILCs, they 

are mostly suitable for the hybrid microgrid with two 

symmetrical subgrids. When applied in the hybrid microgrid 

clusters with different priorities and capacities, it leads to 

some limitations because of the different requirements of 

power quality, stability region and fault-tolerance in each 

subgrid. That is, the power supply of critical subgrids with 

high-priority should be guaranteed even if have to sacrifice 

other subgrids with low-priority. Thus, the control function 

design of ILCs in microgrid clusters is more complicated from 

the system-wide optimal viewpoint. 

With regard to the control framework, the power control 

strategies of ILCs are classified into three categories: 

centralized [21]-[23], distributed [24]-[26] and decentralized 

[27]-[33], according to the communication dependency. In the 

central communication-based methods, the demand response 

[21], load shedding [22], and energy management [23] can be 

easily achieved by high-bandwidth communication network 

for mass information exchange within microgrid clusters. 

However, the central controller processor has the single-point-

failure problem and has significant computational burden. As 

the number of distributed generations and microgrids increase, 

the computational complexity increases exponentially, which 

largely decreases the reliability and limits the system scale. 

Then, distributed communication-based methods are proposed 

by avoiding a central station [24]-[26]. Although agents work 

autonomously in a cooperative way to reach a global control 

objective, a tight neighbor communication network is required 

for information sharing, and thus the communication-

depended delay, packet-loss, and failure problems decreases 

system stability, reliability and resilience. 

Presently, decentralized power control of the ILC has been 

increasingly studied in [27]-[33] and provides an alternative 

solution to manage complex microgrid structures without 

communication. In [27]-[29], a decentralized autonomous 

power sharing control was firstly proposed for hybrid AC/DC 

microgrid by leveraging the advantages of both AC-frequency 

and DC-voltage deviations. In steady-state, it equalizes the 

AC-side normalized frequency and DC-side normalized 

voltage, and determine the power reference for ILC. As a 

result, ILC functions as a ‘virtual power wire’, and the power 

can autonomously flow from under-loaded subgrid to over-

loaded subgrid. Then, a generalized fac-PILC-Vdc three-

dimensional power control method of the ILC is proposed in 

[30] for standalone hybrid microgrid to reduce the control 

mode switching. In [31], a decentralized multi-time scale 

power control strategy is proposed to make the interlinked 

subgrids operate in coordination and support each other under 

the source/load power fluctuations. Besides, the decentralized 

control strategies for economic optimization have been 

expanded in [32]-[33] considering the global operation cost. 

On the whole, the aforementioned decentralized power control 

methods mainly focus on either global equal sharing operation 

[27]-[31] or decentralized economic operation [32]-[33]. They 

do not consider the diverse subgrids with different power 

priorities and capacities. When the power deficiency of 

microgrid clusters occurs due to the uncertainty of renewable 

generations, the power supply and power quality of critical 

subgrid with sensitive loads cannot be ensured. Therefore, the 

optimal coordination and support control among subgrids via 

ILCs are very crucial for the stable and resilient operation of 

the hybrid microgrid clusters. 

To fill the gap of priority-driven decentralized operation, 

this study proposes a self-optimizing power control scheme of 

ILCs to guarantee the autonomous power exchange among 

microgrid clusters with different priorities and capacities. 

Compared with the communication-based methods [21]-[22], 

[25]-[26], the proposed optimal power control is achieved in a 

decentralized manner without any communication link. Thus, 

the proposed control algorithm has the features of decreased 

cost, increased scalability, reduced geographic restrictions and 

high resilience and robustness in terms of communication 

faults for industrial application. Moreover, compared with the 

existing decentralized control of ILCs [27]-[31], the core 

operation idea of interlinked-subgrid-coordination is 

progressed from “global-equal sharing” to “priority-driven 

optimizing”.  This study has two main works as below:  

 Priority-driven optimal power exchange model of ILCs in 

decentralized manner. In [27]-[31], the autonomous 

operation mechanism of the ILC is inherently the “global-

equal sharing” idea for only two microgrids. When the 

power shortage occurs, the power demand of critical 

microgrid with sensitive load cannot be guaranteed. 

Alternatively in this study, the flexible power flow principle 

for ILCs is built to supply the diverse subgrid demands. The 

optimal solution is indicated by fully considering the 

subgrid capacities and priorities. Specially, for a small-

capacity subgrid with critical load, its power supply and 

voltage quality is prioritized, such as in the applications of 

hospital, bank, police and data-center. Thus, the proposed 

method is based on the “priority-driven optimizing” idea. 

 Optimal-oriented decentralized quasi-droop control of 

ILCs. To achieve the self-optimal power exchange control, 

an optimal-oriented quasi-droop control strategy of ILCs is 

developed in a decentralized manner. The voltage and 



frequency references of the ILC are obtained with local 

information. Compared with the current-controlled methods 

[27]-[31], an ancillary function of voltage regulation of ILCs 

is also provided in this study. When the AC voltage sources 

fail in AC subgrid, the ILC can provide a voltage regulation 

and the system has the fault-ride-through capability. 
TABLE I 

Comparison of ILC Control Methods in Different Control Manners for Hybrid Microgrids 

Category 
Refere

nce 

1) Optimal power 

control 
2) Other functions 3) Comparison with existing methods 

Comm. 

dependency 
 

Global 

equal 

sharing 

Priority-

driven 

optimizing 

Consider 

subgrid 

priority & 

capacity 

Accomm

-odate 

multiple 

subgrids 

DG power 

uncertainty 

complemen

-tarity 

Autonom

-ous load 

shedding 

[21-22], [25-26] are communication-based methods. 

This study and [27-31] are communication-less methods. 

Centralized 

comm. 
[21-22]        Depending on high-bandwidth comm. networks;  

 Comm. delay, packet-loss, and failure decreases 

system stability, reliability and resilience; 

 Optimal objectives are easily achieved. 
Distributed 

comm. 

[25]       

[26]       

Decentralized 

without comm. 

[27-31]       

 Without considering subgrid capacity and priority; 

 For only two microgrids; 

 Other functions are limited. 

This 

study 
      

 Fully considering subgrid capacity and priority; 

 Decentralized manner without central comm.; 

 Improved resilience and robustness; reduced cost; 

 Subgrid plug-play and increased scalability. 

 

To further highlight the contribution of the proposed 

decentralized self-optimizing power exchange control scheme, 

a comprehensive comparison with aforementioned control 

methods is presented in Table I, where control functions of 

ILC are discussed in different control manners. Comparatively, 

the proposed method has some merits: 1) self-optimizing 

power exchange control without communication; 2) ancillary 

service of quasi-droop-controlled voltage support for AC grid; 

3) considering different subgrid priorities and capacities; 4) 

accommodating multiple subgrids; 5) features of uncertainty 

complementarity and autonomous load shedding. 

The rest of this paper is organized as follows. In section II, 

the configuration of hybrid microgrid clusters and basic 

control are described. The proposed priority-driven self-

optimizing power control scheme is presented in section III. 

Control model and system stability are analyzed to adjust the 

parameters in section IV. In section V, three cases of HIL 

results are provided.  Finally, the conclusion and future work 

follow in Section VI. 
TABLE II 

Operation Practice and Requisite of Different Real-world Microgrids[15],[34]-[35] 

Load feature 

within each 

microgrid 

Microgrid scenario 

examples 

Voltage 

deviation of 

Power quality 

requirement 

Sub-grid 

priority 

index 

Class A: 
 Critical load 

Hospital/bank/police/data 

center microgrid 
|V/ferror | < 0.5% 

High  

✩✩✩ 

Class B:  
Fixed non-

critical load 

Industrial/commercial 

microgrid 
|V/ferror | < 3% 

Medium 

✩✩ 

Class C:  
Flexible non-

critical load 

Residential midrogrid/ |V/ferror | < 5% 
Low  

✩ 

II.  HYBRID MICROGRID CLUSTERS AND BASIC CONTROL 

A. Configuration of Hybrid Microgrid Clusters 

Fig. 2 shows the typical configuration of hybrid microgrid 

clusters with four AC and DC microgrids. These subgrids are 

composed of various loads, dispatchable DGs, including 

storages, fuel cell, micro-turbine, etc., and non-dispatchable 

renewable generations. Four subgrids are interlinked by 

bidirectional ILCs, which includes DC/DC, DC/AC, and 

AC/AC ILCs for linking different microgrid types. Without 

loss of generality, this study focuses on the control 

technologies of DC/AC ILCs for hybrid AC/DC microgrid 

clusters. 

 
Fig. 2. A typical configuration of hybrid AC/DC microgrid clusters with 

different capacities and priorities. 

Practically, in networked microgrid clusters, the subgrid 

load-priorities and power quality requirements for different 

areas can be different as shown in Table II. In our work, the 

microgrids are divided into three categories according to their 

individual fed-load features and priorities, namely Class A-

microgrid with critical load, Class B-microgrid with fixed 

non-critical load, and Class C-microgrid with flexible non-

critical load [15], [34]-[35]. On this basis, the concept of 

subgrid priority index (important weight) is introduced to 

evaluate the importance of each subgrid, which lays a solid 

foundation of the optimal power exchange model in hybrid 

microgrid clusters. It is noted that the flexible load part of the 

low-priority subgrid could be curtailed or shifted according to 

the hierarchical segment of AC-frequency and DC-voltage 

deviations under the power shortage. 



B. Desired Self-organizing Operation Mechanism of Hybrid 

Microgrid Clusters 

To control and manage the complex hybrid microgrid 

clusters, a self-organizing operation mechanism is necessary 

for a transition from a centralized system to a decentralized 

system [36]. In this study, a simple self-organizing operation 

rule is formed based on the proposed self-optimizing power 

flow principle. Some main features of self-organizing 

resilience operation are as follows: 

 Decentralized self-optimizing manner. The decentralized 

self-optimizing power exchange control scheme of ILCs 

should be achieved by only local information, which is off-

line designed without requiring a central controller and has 

high system resilience to communication failure. 

 Reserved dispatchable source sharing. All dispatchable 

sources of microgrid clusters should be shared with each 

other according to the predesigned subgrid priorities. 

 Mutual uncertainty complementarity. Due to the 

intermittency of wind/solar-based renewable generations 

and the load uncertainty in each subgrid, it is likely that the 

microgrid experiences power sufficiency and deficiency. To 

achieve mutual uncertainty complementarity, we should 

control the power flows of ILCs from the power-sufficiency 

subgrid to the power-deficiency subgrid. 

 Autonomous load shedding. The less-priority microgrid 

should shed load automatically by judging real-time 

frequency/voltage deviation when total power is in deficit.  

 One-ILC-fault redundancy. The proposed control 

principle can accommodate one-ILC-failure. 

C. Basic Control of AC and DC Subgrids 

Many advanced control strategies for individual AC or DC 

microgrid have been maturely proposed in [41]-[43]. The 

normal operations of AC and DC subgrids mainly rely on 

parallel converters as well as the corresponding controller 

designs, which ensure the sufficient stability margin and 

dynamic responses. However, these damping controller 

designs just affect the dynamic operation without interfacing 

with the steady-state performance. For this paper, the focus is 

on the proposed priority-driven self-optimizing power control 

for ILCs in microgrid clusters, thus the compensation 

controller designs for AC and DC subgrids would not be 

discussed here in detail.  

1) Control of non-dispatchable sources: To maximize the 

renewable energy harvest, power conversion control mode of 

renewable generations always works in maximum-power-

point-tracking (MPPT), except for the extreme light-load 

conditions. Various MPPT control methods for different 

renewable power generations have been maturely developed. 

For the simplicity of demonstration, MPPT-controlled 

renewable power generations are considered as negative loads 

in this study. 

2) Control for dispatchable sources: To establish AC and 

DC subgrid voltage and support MPPT-controlled renewable 

power generations, some dispatchable generators and energy 

storages are mostly needed to work in voltage control mode. 

Especially in islanded microgrid, one key challenge is the 

demand power sharing among dispatchable sources. To this 

issue, a classic droop control method has been proposed to 

realize decentralized power sharing objective based on the 

droop gains design [3]-[4]. Similarly, the decentralized droop 

control structure for proportional power sharing among all 

dispatchable resources is also applied in this study. To focus 

on the power exchange control scheme of ILCs for hybrid 

microgrid clusters, the droop-controlled dispatchable power 

sources in AC and DC subgrids are combined as one AC and 

one DC main voltage source for each subgrid. 

In this section, classic droop control strategies for AC and 

DC subgrids are firstly introduced to regulate the power flow 

within each-subgrid separately. For AC subgrid, the droop 

control characteristic is shown in Fig. 3. The frequency 

reference fac and the voltage amplitude reference Vac are 

presented as follows 

max min
max ,

ac,max ac,min

,  ac ac dispat

f f
f f mP m

P P


  


               (1) 

ac,max ac,min

,max ,

ac,max ac,min

,  ac ac ac dispat

V V
V V nQ n

Q Q


  


           (2) 

where m and n are the P-f and Q-V droop coefficients, 

respectively. Pac,dispat and Qac,dispat are the output active and 

reactive power of dispatchable source in AC subgrid. From 

Fig. 3, fmax and fmin are the maximum and minimum values of 

permissible frequency. Vac,max and Vac,min are the maximum and 

minimum values of permissible voltage amplitude. 
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Fig. 3. Classic droop control for AC subgrid. (a) P-f droop. (b) Q-V droop. 
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Fig. 4. Classic P-V droop control for DC subgrid. 

As shown in Fig. 4, the P-V droop control characteristic for 

DC subgrid is given by 

dc,max dc,min

,max ,

dc,max dc,min

,  dc dc dc dispat

V V
V V kP k

P P


  


               (3)                       

where Pdc,dispat is the output active power of dispatchable 

source in DC subgrid. k is the P-V droop coefficient. From Fig. 

4, Vdc,max and Vdc,min are the maximum and minimum values of 

permissible bus voltage amplitude. 



D. Control Problem Description of ILCs 

According to the droop equations (1)-(3), the increase of 

load-demand within each-subgrid will lead to a decrease of the 

AC-subgrid frequency or DC-subgrid voltage. So, the relative 

deviations of AC-frequency and DC-voltage with respect to 

the rated-values are favorable indications of the real-time 

operation state-deviation in each-subgrid [27]-[29]. In this way, 

the normalized AC-frequency and DC-voltage are given by 

 

 

max min

max min

,max ,min

,

,max ,min

0.5( )
 1,  1

0.5( )

0.5( )
 1,  1

0.5( )

ac
pu

dc dc dc

dc pu

dc dc

f f f
f

f f

V V V
V

V V

 
   


 

   
 

    (4) 

Then, a uniformpu,i of operation state deviation index for 

i-th AC or DC subgrid is given by 

,

,

, ,

For AC subgrid #

For DC subgrid #

;        
 

;     

pu i

pu i

dc pu i

f

V

i

i



 



         (5) 

Equation (5) is intended to unify expression forms of 

power sufficiency-deficiency states of AC-type and DC-type 

subgrid. For AC-type subgrid#i, pu,i =fpu,i. For DC-type 

subgrid#i, pu,i =Vdc,pu,i. This unified form can be used for a 

more convenient expression of the following optimal problem 

regardless of whether it's AC or DC subgrid. From (4)-(5), 

pu,i =1 represents power-sufficiency  operation state; pu,i =-

1 represents fully power-deficiency operation state; pu,i =0 

represents nominal-load operation state of i-th subgrid. 

The power exchange between microgrid clusters is 

coordinated by the ILC, as shown in Fig. 5. Different from the 

“global-equal sharing” concept in [27]-[29], this study focuses 

on two issues from the “priority-driven optimizing” 

perspective: 1) how to build the optimal power exchange 

model and manage the power flow among microgrid clusters 

by ILCs? 2) How to realize the control algorithm for ILCs in a 

decentralized manner to avoid the need of central controller 

and communication?  
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Fig. 5. Key control problem description of ILCs. 

III.  DECENTRALIZED SELF-OPTIMIZING POWER 

EXCHANGE CONTROL SCHEME OF ILCS 

In this section, a priority-driven optimal power exchange 

model of ILCs is firstly introduced, and then optimal-oriented 

primary quasi-droop control of ILCs is implemented. The self-

optimizing power control scheme indicates the power 

exchange reference value for the primary control of the ILC. 

And the primary control is utilized to achieve the accurate 

tracking performances by dual-voltage-current closed loops. 

A. Flexible Priority-Driven Optimal Power Exchange Model 

of ILCs Considering the Subgrid Priorities and Capacities 

For this first issue, the question is how much power should 

be exchanged through ILC from the one subgrid to the other 

subgrid. Herein, a flexible priority-driven principle is 

introduced to address the optimal power exchange problem 

through ILCs. This optimal problem is summarized in (6). 

In (6), PILC,ij is the real power exchange of the ILC from the 

i-th subgrid to j-th subgrid. wi is the important weight 

coefficient of i-th subgrid priority. pu,i is the deviation index 

of operation state for i-th subgrid, which implies the load-

levels of light-load or over-load. N is the total subgrid number 

in hybrid microgrid clusters. i represents the physically 

interlinked subgrids with the i-th subgrid. Pload,i is the actual 

load demand of the i-th subgrid. Pdispat,i is output power of 

droop-controlled dispatchable sources in i-th subgrid. 
max

,dispat iP  

is maximum power capacity of dispatchable sources in i-th 

subgrid.  Pnon-dispat,i is output power of MPPT-controlled non-

dispatchable sources in i-th subgrid, which can be treated as 

negative loads in the optimal model.  
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Equation (6) means the optimization objective by 

minimizing the total normalized DC-voltage/AC-frequency 

state deviations of microgrid clusters with different priorities. 

Equations (6a) and (6b) represent the supply-demand power 

balance of the i-th subgrid and j-th subgrid. Equations (6c) 

represent the supply-demand power balance of the whole N 

microgrid clusters. Equation (6d) are deduced according to the 

normalization feature of droop-controlled subgrid from (1)-(5). 

Then, a simplified mathematical description of optimal 

problem is obtained from (6)-(6d) 

2
,
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max
, ,
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1

min( )                                 
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            (7) 

where Puncertainty implies the equivalent load demands due to 
the uncertainty of renewable sources and load-feeding. 

From (6)-(7), the optimization objective J is the quadratic 

function of variablepu,i, and the second derivative Hessian 

Matrix 1 2[2= 2 2 ]( ) NJ di wg wa wH  is a positive 

definite matrix. So, the objective function J is convex. Besides, 

the optimization constraint of (7) is a first-order function of 



variablepu,i, and the feasible region is a plane, which is 

convex. In brief, the optimization problem is convex, and a 

single minimum exists. Meanwhile, it is noted that this 

optimization problem focuses on the optimized power 

exchanges of ILCs from one subgrid to the other subgrid. The 

power loss of the line impedance and the node power equation 

within each subgrid are ignored. 

Accordingly, the Lagrange function [37] is adopted to find 

the optimal solution in (7) as follow: 

max
, ,2

, uncertainty

1 1

(1 )

2

N N
dispat i pu i

i pu i

i i

P
L w P


 

 

 
   
 
 

    (8) 

where  is Lagrange multiplier. Therefore, the optimum 
solution is obtained by solving the following equation: 

,1 ,2 ,

max
, ,
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1

0,  0, ,  0
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0

2
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N
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i
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
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       (9) 

Simplifying (9) yields the necessary condition (10) for the 

optimality. 

1 2
,1 ,2 ,max max max

,1 ,2 ,

= = N
pu pu pu N

dispat dispat dispat N

ww w

P P P
         (10) 

From (10), although the value of PILC,ij is difficult to be 

directly solved due to the load uncertainty, it can be easily 

obtained that the minimum of objective function (6) can be 

achieved autonomously when the condition (10) is met. As the 

microgrid clusters are physically connected by all ILCs, (10) 

can be held by controlling each ILC in a decentralized manner. 

Moreover, the steady-state operation deviation index pu,i  is a 

constant value. Thus, the desired power reference for each ILC 

can be designed by a proportional-integral (PI) controller with 

steady-state zero-error to guarantee (10) hold. 

*
, , ,max max

, ,

( )( )
ji i

I LC ij p pu i pu j

dispat i dispat j

wk w
P k

s P P
       (11) 

where
*

,I LC ijP  implies the optimized power exchange value of 

the ILCij from the i-th subgrid to j-th subgrid. 

From (10)-(11), it is noted that the priority weight wi and the 

maximum dispatchable power capacity 
max

,dispat iP of the i-th 

subgrid can be calculated off-line according to their individual 

subgrid priority and capacity. Hereby, the proposed power 

flow principle is flexible and can be designed according to the 

application scenarios of hybrid microgrid clusters. 

Practically, the concept of subgrids' priority weights are 

introduced to evaluate the load importance classes of each 

subgrid, which can be defined as the proportion of important 

customers to total customers in a certain subgrid [38]-[39]. 

And these weight values are normally designed according to 

the voltage deviation criteria of power quality requirement for 

different subgrids, as shown in Table II. For a better 

understanding, a simple design procedure is illustrated in Fig. 

6. For simplicity, we assume three subgrids with same power 

capacities. From the optimum solution of (10), the steady-state 

equation 1 ,1 2 ,2 3 ,3=pu pu puw w w   must be firstly guaranteed. 

Then, according to the voltage deviation requirement of power 

quality in Table II, we set the high-priority subgrid-1 with 

|V/ferror,1 | < 0.5%, the medium-priority subgrid-2 with |V/ferror,2 | 

< 3%, and the low-priority subgrid-3 with |V/ferror,2 | < 5%. As a 

result, ,1 ,2 ,3 2,1 , ,3/: : : : 0.5 : 5/ 3 :/erropu pu p r error eu rrorV f V f V f     . And 

1 2 3: :  10 :1.66 :1w w w   is derived. 
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Fig. 6. Simplified design diagram of subgrids with different priority weights. 

From Fig. 6, a higher weight wi implies a higher priority of 

power demand and higher voltage quality. Specially, the 

power supply and voltage quality of the high-priority subgrid-

1 would be guaranteed while the low-priority subgrid-3 can be 

compromised. Under the power over-shortage, the 

voltage/frequency state deviation of the low-priority subgrid-3 

is relatively large, and the flexible load part of the subgrid-3 

could be curtailed or shifted by under-frequency/voltage load-

shedding. It is noted that the autonomous load shedding is 

carried out by judging local frequency/voltage deviation 

within each subgrid, and the deviations are not shared among 

subgrids. For overall microgrid clusters, the autonomous load 

shedding can be equivalent to cutting off part of the load to 

guarantee the priority-driven power supply, which does not 

affect the effectiveness of our proposed method.  

B. Optimal-Oriented Decentralized Quasi-Droop Control 

Realization of ILCs 

To achieve the control objective in (10)-(11), a quasi-

droop control is proposed for the ILCij. 

,* *
, , , ,( )( )

ILCi ij
ILC ij ILC ILCp ij I LC ij ILC ij

k
f f k P P

s
        (12) 

, ,max , ,ILC ij ILC ILC ij ILC ijV V n Q                        (13) 

where kILCp,ij and kILCi,ij are the PI coefficients of P-f quasi-

droop, respectively. nILC,ij is the Q-V quasi-droop coefficient. 

PILC,ij is the active power exchange of the ILC from the i-th 

subgrid to j-th subgrid, and PILC,ij= PILC,ji. The power flow 

direction of a positive active power is assumed from i-th DC 

side to j-th AC side.  When the power value is more than zero, 

the ILC works in inverter mode, and when less than zero, the 

ILC works in rectifier mode. QILC,ij is the output reactive 

power of the ILC from the i-th DC subgrid to j-th AC subgrid. 



VILC,ij is the voltage amplitude reference of the ILCij. In (12), 

the frequency reference is generated according to the real-time 

operation states of interlinked AC and DC subgrids. Due to the 

steady state zero-error of PI controller, *
, ,I LC ij ILC ijP P  

and , ,max max
, ,

ji
pu i pu j

dispat i dispat j

ww

P P
   in steady-state, and the above optimal 

principle (6)-(10) is achieved autonomously. In (13), the Q-V 

droop control is adopted for the voltage control and reactive 

power compensation to AC subgrid. The detailed voltage-

based control scheme for the ILCij is shown in Fig. 7. The 

proposed control (12)-(13) is used to indicate the inner voltage 

reference for dual-voltage-current closed loops. The voltage 

and current references are tracked by the proportional-resonant 

(PR) control. 

Moreover, it is noted that the interlinking converters can 

operate as a voltage-controlled-source or current-controlled 

source. The control mode is always chosen according to the 

practical requirements of current dynamic response, power 

quality and the stability of grid strengths [44]. Comparatively, 

the voltage-controlled mode for ILCs can work in the weak 

grid condition, and provide an ancillary function of voltage 

regulation. 
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Fig. 7. Proposed voltage-based quasi-droop control for ILCij. 

IV.  STABILITY ANALYSIS OF ILCS 

Stability analysis and controller designs are essential for 

the normal operation of the interlinking converters. Thus the 

small signal stability analysis for the ILCs is carried out in this 

section. Several basic assumptions are highlighted before 

modeling the ILCs. i) The dynamics of dual-voltage-current 

closed control loops (hundreds of hertz) are overlooked, 

considering the timescale of interest in this study is focused on 

the power exchange control dynamics (typically 2∼15 hertz). 

ii) The resistive component and electromagnetic transients in 

the line circuit are neglected. iii) The voltage amplitude of the 

ILC can be treated as a constant due to the salient time-scale 

separation between the dynamics of frequency control and 

voltage control. iv) The DC-link and AC-link bus dynamics of 

the ILC are assumed to the droop controlled features of (1), (3) 

with feeding constant power loads. 

A. Overall Control Model of the ILC 

First, the power transmission model of the ILC is built. 

 sinILC ac
ILC ILC ac

link

V V
P

Z
                          (14) 

where ILCV and ILC  are the voltage magnitude and angle of 

the ILC, respectively.
 acV  and

 ac  are the voltage magnitude 

and angle of  the AC-link connection bus, respectively. 

linkZ is the line reactance between the ILC and AC-link bus. 

Then, linearizing (1), (3)-(6), (11)-(12) and (14) around the 

steady state points yields 
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where ‘~’ denotes small perturbation around equilibrium 

points. And 
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Rewriting (15) in matrix form, the state-space equations of 

the power control stability of the ILC is presented as 
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where max ( )ILC ILC dcp V acp fa P w a k w a m  . 
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B. Eigenvalue Analysis 

The eigenvalues of matrix AILC in (18) can be used to 

study the stability of the ILC around the state of equilibrium. 

For the HIL test system to be described later in Section V, the 

root-locus plots of matrix AILC for the ILC#12 are shown in 

Fig. 8 while varying the control parameters, kILCp and kILCi. 



Fig. 8(a) shows the root locus with the proportional 

parameter kILCp changing from 1e-5 to 1e-3. In Fig. 8(a), 

there is a simple eigenvalue at zero corresponding to 

rotational symmetry, which has been proven in [40]. And 

the rest eigenvalues are in the left half-plane when 

kILCp>3e-5. With kILCp increases in Fig. 8(a), the dominant 

eigenvalues ( λ1 and λ2) gradually move away from the 

imaginary axis. Meanwhile,  the eigenvalue λ3 moves close 

to the imaginary axis, which makes the system more easy 

to become unstable. Therefore, it is important to choose a 

suitable value of the proportional parameter kILCp to ensure 

the stability of the ILC. Fig. 8(b) shows the root locus as 

the integral parameter kILCi increases from 1e-5 to 3e-3. In 

this case, there also exists an eigenvalue at zero [40]. 

When the value of kILCi becomes large, the dominant pole 

λ1 moves away from the imaginary axis. And λ2 and λ3 

gradually move away from the real axis, which decreases 

the damping ratio of the system. Thus, it is important to 

choose a suitable value of the integral parameter kILCi to 

ensure the satisfactory dynamic response of the system. 
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Fig. 8. Eigenvalues of state-space matrix AILC for the ILC#12. (a) 1e-5< kILCp 

<1e-3, (b) 1e-5< kILCi <3e-3. 

V.  HARDWARE-IN-LOOP (HIL) TESTS  

The proposed priority-driven self-optimizing power flow 

control scheme of ILCs is verified by real-time HIL tests. As 

shown in Fig. 9, the HIL system includes two parts: physical 

main circuits and algorithm controller. The physical circuits 

are realized by the real-time simulator OP5600 with 20s 

time-step, which can accurately and effectively mimic the 

dynamics of the power electronic components. The algorithm 

controller is the real-hardware dSPACE1202 Microlab-box, 

and the sampling frequency is 20 kHz. 

 
(a) Setup of the HIL test platform. 
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(b) Diagram of the HIL test platform. 

Fig. 9. Hardware-in-loop (HIL) test platform. 

TABLE III 

HIL System Parameters 

Description Symbol Value 

 Physical parameters of four subgrids 

DC subgrid voltage 

AC subgrid frequency 
AC subgrid voltage 

Priority weight 

Max. dispat. power cap. 

Nom. dispat. power cap. 

Nom. load active power  
Nom. load reactive power 

Vdc,max / V
*
dc/ Vdc,min 

fmax/ f
*/ fmin 

Vac,max/ V
*
ac/ Vac,min 

w1/ w2 / w3 / w4 

Pmax
dispat,1 Pmax

dispat,4 

P*
dispat,1 P*

dispat,4 

P*
load,1 P*

load,4 

Q*
load,1 Q*

load,4 

700/ 685/ 670  V 

50.5/ 50/ 49.5  Hz 
321/ 311/ 301 V 

3/ 1/ 1/ 1 

5/  5/  10/ 10 kW 

2.5/ 2.5/ 5/ 5 kW 

2.5/ 2.5/ 5/ 5 kW 

0/   2/  0/  3 kVar 
 

Control parameters of ILCs 

Ref. voltage/ frequency 
Q-V droop coefficient 

P-f droop PI coefficient 

Power control Coefficient 

VILC, max / f
*

ILC 
nILC 

kILCp / kILCi 

kp/ ki 

321 V/ 50 Hz 
    3e-3 

   2e-4 / 1e-4 

  5e2 / 1e4 
 

 AC subgrid-4:  w4=1. 

Dispatch. (Droop)

Pdc,1

Pload,1: PILC,12 

QILC,12
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Pac,2
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max *
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2.5kW

Zlink,12
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max *
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high priority

PILC,14 
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Zlink,14 = 
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max *
,4 ,4=10 kW =5 kWdispat dispatP P；
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Qload,4

: 2 kW 
to 8 kW
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Fig. 10. Studied system model of four hybrid AC/DC microgrids. 

The studied system model of four hybrid AC/DC 

microgrids is described in Fig. 10. Subgrid-1 and subgrid-3 are 

DC type. Subgrid-2 and subgrid-4 are AC type. There are four 

H-bridge-based bidirectional ILCs to interlink the four 

subgrids, ILC#12, ILC#32, ILC#34 and ILC#14. The 

proposed decentralized quasi-droop control scheme of four 

ILCs is shown in Fig. 8. The power flow direction reference of 



a positive active power is assumed from DC side to AC side. 

For example, PILC,12 implies the power exchange value of 

ILC#12 from subgrid-1 to subgrid-2. When the power value is 

more than zero, the ILC works in inverter mode, and when 

less than zero, the ILC works in rectifier mode.  

The physical and control parameters in HIL system are 

listed in Table III. The priority weights wi of four subgrids are 

3, 1, 1, and 1, respectively. The DC subgrid-1 has a high 

priority of power supply and high requirement of voltage 

deviation. Besides, the dispacthable power capacity of 

subgrid-3/subgrid-4 is twice as much as that of subgrid-1/ 

subgrid-2. The nominal power capacities of four subgrids are 

2.5, 2.5, 5, and 5 kW, respectively. From the optimal solution 

in (10), the following theoretical condition should be enabled 

in test results to minimize the optimization objection (6). 
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        (19) 

To verify the priority-driven optimizing result of this study, 

a comparison with existing “global equal sharing” method 

[27]-[29] is carried out in Case I. Then, to further verify the 

redundancy of single point of ILC failure, Case II is built 

under ILC#14 failure. To analysis the impact of a large 

difference between priority weights on the transient process, 

Case III with w1=5 is tested under the load-change condition. 

A. Case I: Proposed Priority-driven Self-optimizing Power 

Control and Its Comparison with Existing Global Equal-

sharing Method [27]-[29] 

Fig. 11 shows the test waveforms of Case I. The detailed 

steady-state values are concluded and analyzed in Table IV. 

The load of subgrid-4 increases from 2 kW to 8 kW at t=4s. 

The load of the other three subgrids are in nominal values, 

whose values are 2.5 kW, 2.5 kW, and 5 kW, respectively. 

Before 4s, the total nominal dispatchable power capacity of 

four subgrids is 15 kW, and actual active power of total load 

demand is 12 kW. Thus, the total active power is surplus (in 

power-sufficiency), and the operation state deviation indexes 

of four subgrids are positive in Fig. 11 (f.1)-(f.2). After 4s, the 

total load power becomes 18 kW, which is more than 15 kW 

at a power deficit state (in power-dificiency), and then the 

operation state deviation indexes of four subgrids becomes 

negative in Fig. 11 (f.1)-(f.2). From Table IV, the steady-state 

deviation indexespu,i of four subgrids are 0.04/ 0.12/ 0.24/ 

0.24 at t[0, 4s] and -0.04/ -0.12/ -0.24/ -0.24 at t[4s, 10s] 

under the proposed method. Clearly, two different operation 

states are opposite and symmetrical based on the nominal 

operation state. And thus, they have the same optimized object. 

In the existing global equal-sharing method [27]-[29], Fig. 11 

(f.2) and Table IV show that the steady-state deviation 

indexespu,i of four subgrids are 0.2/ 0.2/ 0.2/ 0.2 at t[0, 4s] 

and -0.2/ -0.2/ -0.2/ -0.2 at t[4s, 10s]. All indexes of four 

subgrids are always same because of the same priority weight 

before and after 4s.  

From Table IV and Fig. 11 (f.1)-(f.2), some connotations 

about state indexes are drawn under the proposed method: 

1) The ratiopu,1:pu,2:pu,3:pu,4 =1:3:6:6,  which reveals 

that equation (19) always holds, which verify the 

effectiveness of the above theoretical optimal mode and 

proposed control scheme. 

2) Compared with the global equal-sharing method, we can 

see that, subgrid-1 with high priority weight has a highest 

voltage quality index and a high priority of power 

demand, which verifies the proposed priority-driven 

optimizing concept. 

3) Subgrid-3 and subgrid-4 with same capacity and priority 

have a same state deviation index. 

4) Subgrid-2 with small capacity has a better state deviation 

index than subgrid-3 and subgrid-4 because the power 

demand of a small-capacity subgrid can be easily met. 

5) When total power is heavily deficit, subgrid-3 and 

subgrid-4 will shed load automatically by judging the 

large state deviations in order to guarantee the total 

power balance of high-priority subgrid. 

6) The optimized objective value of (6) under the proposed 

method is J=0.1344, which is better than the existing 

method J=0.24. 
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TABLE IV 

Comparative Analysis of Proposed Method with Existing Method [27]-[29] 

Steady-

state 
analysis 

 Proposed method Existing method 

Power 

(kW) 

t[0, 4s] 

power 
surplus 

t[4s, 10s] 

power 
deficit 

t[0, 4s] 

power 
surplus 

t[4s,10s] 

power 
deficit 

Subgrid-1 
Pdc,1 2.4 2.6 2.0 3.0 

Pload,1 2.5 2.5 

ILC #1-2 PILC,12 0.2 -0.2 0.35 -0.35 

Subgrid-2  
Pac,2 2.2 2.8 2.0 3.0 

Pload,2 2.5 2.5 

ILC #3-2 PILC,32 0.1 -0.1 0.15 -0.15 

Subgrid-3  
Pdc,3 3.8 6.3 4.0 6.0 

Pload,3 5 5 

ILC #3-4 PILC,34 -1.3 1.4 -1.15 1.15 

Subgrid-4  
Pac,4 3.6 6.3 4.0 6.0 

Pload,4 2 8 2 8 

ILC #1-4 PILC,14 -0.3 0.3 -0.85 0.85 

Operation 

state 

deviations 

pu,1--

pu,4 

0.04/0.12/ 

0.24/0.24 

-0.04/-0.12/ 

-0.24/-024 

0.2/0.2/ 

0.2/0.2 

-0.2/-0.2/ 

-0.2/-0.2 

Optimized 

Object (6) 
J 0.1344 0.1344 0.24 0.24 

Moreover, for the power exchanges among four subgrids 

in Fig. 11 (a.1)-(b.1), Table IV presents the detailed data, and 

the power flow chart is also briefly given in Fig.12. At t[0, 

4s], subgrid-4 is under power sufficiency, then the 

dispatchable active power in subgrid-4 is transferred by ILCs 

to the other three subgrids. ILC#34 and ILC#14 work in the 

rectifier mode, and ILC#12 works in the inverter mode. At 

t[4s, 10s], subgrid-4 is under power deficiency, then the 

dispatchable active power is transferred by ILCs from other  
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Fig. 11.  Comparisons of the proposed priority-driven self-optimizing method with the existing global equal-sharing method [27]-[29]. (a) Output active power of 
four subgrids, (b) active power of four ILCs, (c) reactive power of two AC subgrids,  (d) reactive power of four ILCs, (e) output voltage of four ILCs, and (f) 
operation state deviation index of four subgrids. 
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Fig. 13.  Dynamics of the system with self-optimizing power control when 

ILC #14 fails at t=4s. (a) Active power of four subgrids, (b) active power of 

four ILCs, (c) reactive power of two AC subgrids,  (d) reactive power of four 

ILCs, (e) output current of four ILCs, and (f) operation state deviation index of 

four subgrids. 

 
Fig. 12.  A brief power flow chart of four subgrids by ILCs at different times. 

 

three subgrids to the subgrid-4. ILC#34 and ILC#14 work in 

the inverter mode, and ILC#12 works in the rectifier mode. On 

the whole, the total dispatchable energy sources are shared 

among the subgrids according to the priority-driven principle. 

Besides, the following power balance equation (20) is always 

ensured from Table IV. 

In addition, Fig. 11 (d.1)-(e.1) show the reactive power and 

voltage waveforms of four ILCs. It illustrates that the quasi-

droop controlled ILCs not only achieve a flexible self-

optimizing power exchange flow, but ancillary functions of 

reactive power compensation and voltage support are also 

provided. Meanwhile, the output voltages of ILCs have a 

satisfactory dynamic response under load change.  

From Case I, the proposed priority-driven self-optimizing 

power control method can autonomously achieve flexible 

power exchange management and work well in the load-

change condition. 

B. Case II: One ILC Unit Fault Redundancy 

This case  aims to verify the one-ILC fault redundancy. Fig. 

13 shows dynamics of the system with self-optimizing power 

control when the ILC#14 fails at t=4s. From Fig. 13(e), the 

output current of ILC#14 suddenly changes to 0 at t=4s. 

Accordingly, the output active power in Fig. 13(b) and 

reactive power in Fig. 13(d) of ILC#14 become 0. Because the 

output power of ILC #14 becomes from 0.3 kW to 0, the 

power flows of the other three ILCs are re-dispatched. 

Although ILC#14 fails, the output active powers of four 

subgrids are not affected in Fig. 13 (a), and the operation state 

deviation indexes of four subgrids are unchanged in Fig. 13(f), 

which verifies the correctness and uniqueness of priority-

driven self-optimizing solutions.  

Summarily, the system can still work well after 

disconnecting the ILC#14 at t=4s. Meanwhile, ILCs reach the 

new steady states after about 1 second in Fig. 13(b). As seen, 

the results indicate that the proposed method achieves a one-

ILC-unit fault redundancy. 

C. Case III: Impact of Large Difference Between Priority 

Weights on Transient Process 

This case is to analysis the impact of a large difference 

between priority weights on the transient process of the load-

change condition. Compared with the Case I,  the priority 

weight of w1 increases from 3 to 5 to reduce the operation state 



deviation of subgrid-1 in the Case III. Fig. 14 shows dynamics 

of the system with a higher w1 when load changes at t=4s. 

From Fig. 14(a), (c), a higher w1 has little impact on the 
dynamic responses of the output active power and operation 
state deviation indexes of four subgrids. The transient process 
time of algorithm convergence is about 2s, wich is always 
satisfactory. While for Fig. 14(b), a higher w1 causes a large 
overshoot of PILC,14. The main reason is that droop-controlled 
subgrids have less-inertia, and the frequency of subgrid-4 
changes instantly when the subgrid-4 load switches, as shown 
in Fig. 14(c). As a result, the output active power of the 
ILC#14 has an instantaneous impact. In the practical 
microgrid with a certain inertia moment, the power impact of 
the ILCs would be greatly improved. 
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Fig. 14.  Dynamics of the system with a higher priority weight w1=5. (a) 

Active power of four subgrids, (b) active power of four ILCs, and (c) 

operation state deviation index of four subgrids. 

VI.  CONCLUSIONS 

To ensure the optimal power exchanges among microgrid 

clusters in priority, this study proposes a decentralized self-

optimizing power exchange control scheme of ILCs for hybrid 

microgrid clusters. For a high-priority subgrid with critical 

loads, its power supply and voltage quality are autonomously 

prioritized to realize a flexible power flow management. In the 

proposed strategy, the self-optimizing coordination control of 

ILCs is executed in a decentralized manner, which controls the 

power exchanges based on locally monitored AC frequency 

and DC voltage without a central controller or any 

communication. Thus, the proposed control is more cost-

effective, higher reliable and resilient in terms of 

communication faults. HIL results show the effectiveness of 

the proposed method with four interlinked AC/DC microgrids. 

Besides, the proposed self-optimizing rule provides a new 

paradigm to manage complex microgrid clusters towards a 

decentralized self-organizing grid. It can guarantee the basic 

operation by avoiding communication dependency, which has 

some key features to address complicated problems 1) 

decentralized self-optimizing behavior; 2) reserved 

dispatchable source sharing among subgrids; 3) mutual 

PV/wind/load uncertainty complementarity among subgrids; 4) 

autonomous load shedding of low-priority subgrid; 5) one-

ILC-fault redundancy. 

Based on this fundamental study, some novel hierarchical 

control schemes would be explored in future work, where the 

decentralized self-optimizing power control takes a backup 

role of primary control and initiates the power exchanges, and 

the upper-level superior management controller can ensure the 

economic operation by adjusting the power exchanges. Thus, 

the proposed self-optimizing method can be compatible with 

high-level control algorithms. On the other hand, this 

decentralized self-optimizing backup control can support the 

resilient operation under extreme events, such as the 

communication paralysis and central controller failure. 
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