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Abstract: Microgrids have the potential to withstand the power outages due to their ability
of islanding and potential to sustain the penetration of renewables. Increased penetration of
renewables can be beneficial but it may result in curtailment of renewables during peak generation
intervals due to the limited availability of storage capacity while shedding loads during peak
load intervals. This problem can be solved by adjusting the load profiles, i.e., demand response
(DR) programs. In contrast to the existing studies, where DR is triggered by market price signals,
a local resource-triggered survivability-oriented demand response program is proposed in this
paper. The proposed DR program is triggered by renewable and load level of the microgrid with
an objective to minimize the load shedding and curtailment of renewables. The uncertainties in
load and renewables are realized via a robust optimization method and the worst-case scenario is
considered. The performance of the proposed method is compared with two conventional operation
cases, i.e., independent operation case and interconnected operation case without DR. In addition,
the impact of renewable penetration level, amount of shiftable load, and load absorption capacity
on the performance of the proposed method are also analyzed. Simulation results have proved the
proposed method is capable of reducing load shedding, renewable curtailment, and operation cost of
the network during emergencies.

Keywords: demand response; hybrid microgrid; microgrid operation; networked microgrid; robust
optimization; survivability enhancement

1. Introduction

Microgrids (MGs) are considered as a practical solution to cope with power outages due to their
ability of islanding and potential to sustain the penetration of renewables [1]. Islanded operation
of microgrids is considered as one of the complementary benefits of the MGs. MGs can be isolated
from the main grid during system contingencies and local resources can be utilized to feed the
local loads. It can enhance the survivability of the local loads, especially the critical loads. During
outages, especially natural disasters, the fuel supply to dispatchable generators in MGs may also be
interrupted [2]. Therefore, enhanced penetration of renewables is required to enhance the survivability
of local loads, especially the critical loads. Energy storage systems are also required to deploy along
with renewables to cater the intermittent nature of the renewables. However, due to higher capital
investment costs, limited storage capacity can be deployed.

In order to address the problems mentioned in the previous paragraph, the interconnection of
several neighboring microgrids is proposed in the literature [3–5]. During outages, microgrids having
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an excess of power can share their excess power with other microgrids of the network having power
deficit [3]. This can reduce the load shedding amount in the microgrids having lesser resources or
lower renewable power generation. The interconnection of microgrids is more beneficial if microgrids
with different load profiles or different renewable output power profiles are interconnected [4]. Due to
the vicinity of interconnected microgrids, the weather conditions are similar in all the microgrids,
thus resulting in a similar renewable output power pattern. In addition, generally, similar renewable
resources (wind, photovoltaic, biomass, etc.) are integrated into all the microgrids due to favorable
environmental conditions for that particular type of renewable.

Due to the availability of limited size of energy storage system and profile dependent performance
of interconnected microgrids, shedding of loads and curtailment of renewables may be inevitable.
During peak renewable generation intervals, renewables are curtailed to maintain the frequency of
the system while shedding loads during peak load intervals. Even some of the critical loads may also
be shed if renewables are not available or limited amount of renewables is available. Curtailment
of renewables results in a reduction of benefit to the owners of the renewables. Similarly, shedding
of loads results in discomfort to the residents of the microgrids. In addition, both curtailment of
renewables and shedding of loads result in a monitory loss to the microgrids operators due to the
imposition of penalties for both the cases. Similarly, the output power of renewables, especially
solar and wind, is subjected to the environmental conditions and is difficult to control their output.
Therefore, demand-side management is required to fully utilize the available renewables.

Demand response (DR) has recently attracted the attention of many researchers due to its lower
implementation cost in comparison to the deployment of additional energy storage elements or
building a new power plant [6]. DR programs are broadly categorized as price-based DR programs
and incentive-based DR programs [7]. Price based DR programs are beneficial for grid-connected
mode operation of microgrids, where market prices are varied over time to shift loads from peak
intervals to off-peak intervals [8,9]. Similarly, incentive-based DR programs are also applied to
microgrids, where the consumers are incentivized to reduce their load profiles during DR triggered
intervals [10,11]. Customers may also be incentivized to inject more power into the network during
DR triggered intervals via their local generations [12]. Both types of DR programs are widely applied
to grid-connected microgrids to reduce the operation cost of the microgrids [8–12].

DR programs are recently applied to islanded microgrids also, where either voltage regulation [13,14]
and/or frequency regulation are/is considered [15,16]. In addition, resilience-oriented DR programs
are also available in the literature [17–20]. In reference [17], an event-driven emergency DR program
is proposed for preventing voltage collapse in power systems. A table of various DR actions against
different possible events is developed and demand reduction (load curtailment) is considered as a
measure to prevent voltage collapse. However, microgrids could also have non-critical and time
insensitive loads, which can be shifted across different intervals of the day, which is not considered in
this study. A DR provider is considered in [18] for generating a list of possible predicted electricity
prices and a competitive model (game process) is utilized for determining the electricity prices in each
microgrid. However, during emergencies, cooperative models could be more beneficial to assist the
on-emergency microgrids. Market price-triggered DR programs are proposed in [19,20], where self
and cross elasticities of loads in response to change in price signals are realized. Higher prices are
considered for event period and lower prices for normal periods, thus loads are shifted from event
period to non-event periods. This requires the information of event occurrence and/or event clearance
times, which is difficult to obtain, especially for major outage events (resiliency-oriented events).
Therefore, instead of price-triggered DR programs, local resource-triggered DR programs could be
more beneficial for cooperative microgrid networks.

DR programs can be triggered by analyzing the amount of locally available power and load
demand for shifting loads. This shifting can potentially enhance the utilization of renewables on
one hand and it can reduce the load shedding amount of microgrids on the other hand. In addition,
networking of microgrids can be considered to better utilize the resources of the network, especially
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by connecting microgrids with different load patterns. Reduction in renewable curtailment and load
shedding amount is beneficial for microgrid operators, renewable owners, and power consumers.
It can potentially enhance the service reliability of consumers, reduce penalty cost for curtailing
renewables and loads for microgrid operators, and enhance the benefit of renewable owners by
enhancing utilization of renewables.

In order to address the problems mentioned in the previous paragraphs and to achieve the
mentioned benefits, a local resource-triggered survivability-oriented DR program is proposed in this
study. The major contributions of the proposed local resource-triggered survivability-oriented DR
program in comparison to the existing literature are as follows:

• In contrast to the existing literature, where DR is triggered by market price signals, DR is triggered
by renewable power and load amount in this study. To the best of the author’s knowledge,
this is the first study on local-resource triggered DR programs. The major advantages of the
local-resource triggered DR program are as follows:

� The proposed model doesn’t require any prior information of event occurrence and clearance
times. Instead, the proposed model can be activated after detecting the event and can be
deactivated after event clearance.

� The proposed model maintains the linear tractability of the model and can be implemented
using commercial optimization software tools like CPLEX, which guarantee the global
optimality of the solution.

� Each microgrid can adjust its local demand profile, thus eliminating the need for additional
external DR Manager. Surplus or deficit in individual microgrids can be adjusted by sharing
power among other microgrids of the network.

• The uncertainties in load and renewable output power are realized via a robust optimization
method and the worst-case scenario is considered. In addition, three different scenarios
(independent operation, interconnected operation without DR, and the proposed method) are
realized and their performance is evaluated.

• Sensitivity analysis of renewable penetration level, amount of shiftable loads, and load absorption
level in each microgrid is carried out to evaluate the performance of the proposed method under
different conditions.

2. Microgrid Network and Survivability-Oriented Demand Response

2.1. Network Configuration

The configuration of the islanded microgrid network considered in this study is shown in Figure 1.
Due to the merits of AC/DC hybrid microgrids, as highlighted in [21–23], a network of AC/DC hybrid
microgrid is considered in this study. Both AC and DC microgrids contain controllable distributed
generators (CDGs), renewable distributed generators (RDGs), battery energy storage system (BESS),
and loads. Diesel generators are CDGs for the AC side microgrids and fuel cell are CDGs for the
DC side microgrids. RDGs are either wind turbines, photovoltaic (PV) arrays, or a combination
of both. Loads in both AC and DC microgrids are decomposed into critical and non-critical loads.
Non-critical loads are further decomposed into fixed and shiftable loads. Where the fixed loads
cannot be shifted from one interval to another but can be curtailed if generation is lesser than the load.
However, the shiftable loads can be shifted from one interval to another interval in order to enhance
their survivability. Critical loads are not shiftable and their priority is higher than the non-critical
loads. Therefore, these loads will be shed as the last resort to assure the stable operation of the system.
The AC and DC microgrids are connected via an interlinking converter (ILC). All the microgrids of
the network are interconnected through their respective AC microgrids. DC microgrids can exchange
power with other microgrids of the network via their ILCs.
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Figure 1. Configuration of AC/DC hybrid microgrid network.

Energy management systems (EMSs) are utilized to carry out the operation of single/networked
microgrids. Various EMS architectures are available in the literature, each having their own merits and
demerits. Among various types of EMS architectures, cooperative networked microgrid communities
have gained popularity due to their merits, as mentioned in [24,25]. Especially, for islanded microgrids
due to their ability to better utilize system level resources and ability to assist the on-emergency
microgrids of the network. Therefore, a cooperative microgrid community is considered in this study
also for the proposed islanded microgrid network. Data from all the microgrids of the network are
gathered by the EMS and optimal schedules are decided for each component of the microgrid. The EMS
is also responsible for shifting the load patterns of individual microgrids based on the availability of
shiftable loads in each microgrid. Due to the networking of microgrids, they can also exchange power
with other microgrids of the network. The optimal power transfer among microgrids of the network is
controlled by the EMS. All the components follow the commands received from the EMS.

2.2. Demand Response for Survivability Enhancement

A survivability-oriented DR program is proposed in this paper, which can enhance the utilization
of renewables, thus reducing the load shedding amount. In contrast to the existing literature,
where price signals are utilized to trigger DR programs, renewable generation amount and load
level are utilized to trigger the proposed DR program, i.e., survivability-oriented DR program.
The proposed DR program can reduce the curtailment of renewables by shifting loads from lesser
renewable generation intervals. Similarly, it will reduce the load shedding amount by shifting load
from peak load intervals. This reduced renewable curtailment and reduced load shedding will benefit
the microgrid operators, renewable owners, and power consumers. The detailed process of the
proposed survivability-oriented DR program is shown in Figure 2.

The proposed DR program can be logically decomposed into a set of actions, which can be
utilized to understand the principal of the survivability-oriented DR. The sequence of actions taken to
incorporate the proposed survivability-oriented DR program in the EMS is composed of three major
steps. The details of all the three steps are presented in the following paragraphs.

• Input Data: The first step is to read the input data of each microgrid. Input data is comprised of
loads (AC, DC, and decomposition of each), renewables output power, component parameters,
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and penalty costs for load shedding and renewable curtailment. This information is transferred to
the next step, where DR operation is carried out.

• DR Operation: The DR operation phase is further decomposed into three steps. In the first
step, the ratio of critical and non-critical loads along with fixed and shiftable load ratios are
analyzed. Then, the amount of renewable power is analyzed against the amount of load present
in each microgrid, which was determined in the previous step. The load shifting is decided
to maximize the utilization of renewables and minimize the load shedding amount. This will
result in reshaping of the original load profiles. The reshaped load profiles of each microgrid are
transferred to the next step, where the optimal operation of the microgrid network is carried out.

• Optimal Operation: In this step, the new load profiles from the previous step are utilized and
the available resources are scheduled to minimize the load shedding amount. Load shedding of
the whole network for the entire scheduling horizon is carried out in this step. In the islanded
mode, service reliability is a major concern. Therefore, the relationship between penalties of load
shedding and generation cost of CDGs, defined in the first step, plays an important role to assure
the precedence of service reliability over operation cost in the emergency period.
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3. Problem Formulation

Initially, a deterministic model is developed, which is then transformed to a robust counterpart to
cater the uncertainties in loads and renewables. Due to the advantages of the robust optimization over
other uncertainty handling techniques, as noted in [26–28], robust optimization is utilized in this study.

3.1. Deterministic Model

3.1.1. Objective Function

Throughout the mathematical model, X is used as a microgrid identifier, which can be replaced
with A for AC side microgrids and with D for DC side microgrids. The first term of the objective
function contains the generation cost, start-up cost, and shutdown cost of CDGs of all the microgrids.
The second term contains the penalty cost for shedding critical loads, non-critical loads, and curtailment
of renewables, respectively. The third term contains the penalty cost for shifting load from interval
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t to t′. The penalty identifier for load shifting vX
m (t, t′) is set to a minute value if load shifting is

allowed and set to a very large value otherwise. This minute value indicates the inconvenience caused
to the microgrid power consumers even if the load shifting is allowed. Equation (3) defines the
relationship between the penalty cost of critical loads, non-critical loads, and generation cost of CDGs.
This relationship ensures the precedence of service reliability over the operation cost of the network
during islanded operation.

min
T
∑

t=1

M
∑

m=1

G
∑

g=1

(
PUCXDG

m,g

(
pXDG

m,g (t)
)
+ SUCXDG

m,g (t) + SDCXDG
m,g (t)

)
+

T
∑

t=1

M
∑

m=1

(
CCP·pXCS

m (t) + CNP·pXNS
m (t) + CRP·pXRS

m (t)
)

+
T
∑

t=1

T
∑

t′=1

M
∑

m=1
vX

m (t, t′)·pXShi f t
m (t, t′)

(1)

vX
m
(
t, t′
)
=

{
ε if shifting is allowed
∞ otherwise

; ∀m, t, t′ (2)

CCP > CNP > max
[

PUCXDG
m,g

]
; ∀m, g (3)

3.1.2. Load Balancing Constraints

In each microgrid, the adjusted load amount on the AC side needs to be balanced with the
generation amount of CDG units, RDGs, BESS charging/discharging, power transferred among
microgrids, power transfer among AC and DC microgrids, and shedding of loads, as given by
(4). The adjusted load in at time t can be computed by using Equation (5). It contains critical load,
non-critical load, the amount of load shifted from other time intervals (t′) to t, and the amount of
load shifted from t to other time intervals. Similarly, the DC side power balancing is given by (6).
The adjusted load in DC side microgrid can be computed using Equation (7).

pA_AdjL
m (t) = ∑G

g=1 pADG
m,g (t) + pARG

m (t)− pABC
m (t) + pABD

m (t)− pSE
m (t) + pRE

m (t)
+η ILC

m ·pTAC
m (t)− pTDC

m (t) + pACS
m (t) + pANS

m (t); ∀m, t
(4)

pA_AdjL
m (t) = pACL

m (t) + pANL
m (t) +

T

∑
t′=1

pASHF
m

(
t′, t
)
−

T

∑
t′=1

pASHF
m

(
t, t′
)
; ∀m, t 6= t′ (5)

pD_AdjL
m (t) = ∑G

g=1 pDDG
m,g (t) + pDRG

m (t)− pDBC
m (t) + pDBD

m (t) + η ILC
m ·pTDC

m (t)
−pTAC

m (t) + pDCS
m (t) + pDNS

m (t); ∀m, t
(6)

pD_AdjL
m (t) = pDCL

m (t) + pDNL
m (t) +

T

∑
t′=1

pDSHF
m

(
t′, t
)
−

T

∑
t′=1

pDSHF
m

(
t, t′
)
; ∀m, t 6= t′ (7)

3.1.3. Constraints for Controllable Generators

The constraints of dispatchable generators are given by Equations (8)–(12). Equation (8)
indicates the maximum and minimum generation bounds of gth CDG on side X. In these equations,
sX

m,g(t), suX
m,g(t) and sdX

m,g(t) are respectively the commitment, start-up, and shutdown status
indicators of gth CDG on X side of mth microgrid. Commitment status can be used to determine the
startup and shutdown status of that particular CDG. Equation (12) indicates that simultaneous start-up
and shutdown of the same generator is not allowed.

min
[

PXDG
m,g

]
·sX

m,g (t) ≤ pXDG
m,g (t) ≤ max

[
PXDG

m,g

]
· sX

m,g(t); sX
m,g(t){0, 1}; ∀m, g, t (8)
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suX
m,g(t)− sdX

m,g(t) = sX
m,g (t)− sX

m,g(t− 1); ∀m, g, t (9)

SUCXDG
m,g (t) ≥ UCXDG

m,g (t)·
(

sX
m,g(t)− sX

m,g(t− 1)
)

; SUCXDG
m,g (t) ≥ 0; ∀m, g, t (10)

SDCXDG
m,g (t) ≥ DCXDG

m,g (t)·
(

sX
m,g(t− 1)− sX

m,g(t)
)

; SDCXDG
m,g (t) ≥ 0; ∀m, g, t (11)

suX
m,g(t) + sdX

m,g(t) ≤ 1; suX
m,g(t), sdX

m,g(t){0, 1}; ∀m, g, t (12)

3.1.4. Energy Trading Constraints

The power transfer between microgrids is constrained by the capacity of the line connecting the
pair of microgrids, as given by Equation (13). Similarly, power transfer from AC to DC side or DC to
AC side is constrained by the capacity of the interlining converter, as given by Equation (14). Finally,
Equation (15) shows that the total amount of power transfer among the microgrids of the network
should be balanced.

0 ≤ pSE
(m,n)(t) ≤ PCAP

(m,n); 0 ≤ pRE
(m,n)(t) ≤ PCAP

(m,n); ∀m, n, t; ∀m 6= n (13)

0 ≤ pTAC
m (t) ≤ PCAP

ILC ; 0 ≤ pTAC
m (t) ≤ PCAP

ILC ; ∀m, t (14)

M

∑
m=1

N

∑
n=1

pRE
(m,n)(t)=

N

∑
n=1

M

∑
m=1

pRE
(n,m)(t); ∀m, n, t; ∀m 6= n (15)

3.1.5. Battery Constraints

The state-of-charge (SOC) limits of X-side BESS in mth microgrid are given by (16). The SOC at any
time interval t can be computed using the information of the amount of electricity charged/discharged
at that time interval and SOC of the previous time step. The amount of power, which can be charged
at any time interval t can be computed using (18). Similarly, the amount of power, which can be
discharged at t can be computed using (19). Equation (20) shows the initial SOC of BESS units for the
starting interval of the scheduling horizon. Finally, Equation (21) indicates that simultaneous charging
and discharging of BESS is not possible.

min
[

PXBESS
m

]
≤ pXSOC

m (t) ≤ max
[

PXBESS
m

]
; ∀m, t (16)

pXSOC
m (t) = pXSOC

m (t− 1) + pXBC
m (t)·ηXC

m − pXBD
m (t)
ηDCR

m
; ∀m, t (17)

0 ≤ pXBC
m (t) ≤

(
max

[
PXBESS

m
]
− pXSOC

m (t− 1)
ηXC

m

)
·cm(t); ∀m, t (18)

0 ≤ pXBD
m (t) ≤

((
pXSOC

m (t− 1)−min
[

PXBESS
m

]))
·ηXD

m ·dm(t); ∀m, t (19)

pXSOC
m (t− 1) = PXINIT

m if t = 1; ∀m, t (20)

cm(t)+dm(t) = 1;cm(t), dm(t){0, 1}; 0 ≤ ηXC
m , ηXD

m ≤ 1; ∀m, t (21)

3.1.6. Demand Response Constraints

The net load amount shifted from other time intervals (t′) to time interval t should be lesser than
or equal to the net non-critical load, as given by Equation (22). The net non-critical load on X-side
microgrid at t can be computed using Equation (23). The maximum amount of load which can be
shifted from any time interval t is constrained by the amount of available shiftable load at that interval,
as given by Equation (24). Finally, Equation (25) indicates that load shifting to any interval having
load shedding is not allowed. This is to assure the avoidance of shedding of loads after shifting the
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loads. If there is no load shedding at time interval t, then load shifting is constrained by the absorption
capacity of that interval, as given by Equation (25).

T

∑
t′=1

pXSHF
m

(
t′, t
)
≤ pXNetL

m (t); ∀m, t 6= t (22)

pXNetL
m =

{
0 if pXRG

m ≤
(

pXCL
m + pXNL

m
)

pXRG
m −

(
pXCL

m + pXNL
m

)
else

}
(23)

T

∑
t′=1

pXSHF
m

(
t, t′
)
≤ FRXmax(t) = pX_SL

m (t); ∀m, t 6= t (24)

T

∑
t′=1

pXSHF
m

(
t′, t
)
=

{
0 if pXNS

m (t) > 0
TOXmax(t) else

}
; ∀m, t 6= t (25)

3.2. Uncertainty Modeling

3.2.1. Uncertain Variables and Uncertainty Bounds

The output power of renewables and forecasted values of the load in the load balancing equations
of AC and DC microgrids are subjected to uncertainties. In robust optimization, uncertainties can
be realized using deterministic bounds. The bounded variables for X-side load (p̂XLOAD

m (t)) and
renewable power (p̂XRG

m (t)) are given by Equations (26) and (27), respectively. Where, pXLOAD
m

(t) and

pXLOAD
m (t) are lower and upper uncertainty bounds for load. Similarly, pXRG

m
(t) and pXRG

m (t) are lower
and upper uncertainty bounds for renewables.

p̂XLOAD
m (t)= pXLOAD

m + ∆pXLOAD
m (t)

Where,
(

pXLOAD
m − pXLOAD

m
(t)
)
≤ ∆pXLOAD

m (t) ≤
(

pXLOAD
m (t)− pXLOAD

m (t)
)

; ∀m, t
(26)

p̂XRG
m (t)= pXRG

m (t) + ∆pXRG
m (t)

Where,
(

pXRG
m (t)− pXRG

m
(t)
)
≤ ∆pXRG

m (t) ≤
(

pXRG
m (t)− pXRG

m (t)
)

; ∀m, t
(27)

3.2.2. Worst-Case Identification and Problem Transformation

Robust optimization is a worst-case scenario-oriented optimization method. Although the
conservatism of the solution can be controlled by adjusting the value of the budget of uncertainty,
which will be discussed later. The worst-case in X-side microgrid (pXWC

m (t)) will occur for the power
balancing of the deterministic model when the loads take the upper uncertainty bounds and renewables
take the lower uncertainty bounds, as given by Equation (28).

pXWC
m (t) = max


(

pXLOAD
m

(t)·zXLOAD
m (t) + pXLOAD

m (t)·zXLOAD
m (t)

)
−(

pXRG
m

(t)·zXRG
m (t) + pXRG

m (t)·zXRG
m (t)

) ; ∀m, t (28)

Equation (28) introduces a maximization function in the load balancing equation and the
overall problem is a minimization problem. It transforms the original minimization problem into
a minimum-maximum problem, which is hard to solve. The inner maximization problem can be
treated as a sub-problem and it can be transformed into a minimization problem. Equation (28) can be
taken as the objective function of the sub-problem and following two equations as constraints. Where,
Gm(t) is called the budget of uncertainty, which is used to control the conservatism of the solution.
Higher values indicate a more conservative solution and lower probabilities of infeasible solution and
vice versa.

zXLOAD
m (t) + zXLOAD

m (t) + zXRG
m (t) + zXRG

m (t) ≤ GX
m(t)[0, k]; ∀m, t (29)
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0 ≤ zXRG
m (t), zXRG

m (t), zXLOAD
m (t), zXLOAD

m (t) ≤ 1; ∀m, t (30)

In order to transform the inner maximization problem into a minimization problem, its dual
needs to be computed. By applying the linear duality theory, the dual of the inner sub-problem can be
computed as given by Equations (31)–(34). Where, Equation (31) is the objective function of the dual
problem and Equations (32)–(34) are the constraints.

min
(
ζX

m(t)· GX
m(t) + λXl+

m (t) + λXl−
m (t) + λXr+

m (t) + λXr−
m (t)

)
; ∀m, t (31)

ζX
m(t)+λXl−

m (t) ≥ pXLOAD
m

(t); ζX
m(t)+λXl+

m (t) ≥ pXLOAD
m (t); ∀m, t (32)

ζX
m(t)+λXr−

m (t) ≥ −pXRG
m

(t); ζX
m(t) + λXr+

m (t) ≥ −pXRG
m (t); ∀m, t (33)

ζX
m(t), λXl+

m (t), λXl−
m (t), λXr+

m (t), λXr−
m (t) ≥ 0; ∀m, t (34)

3.2.3. Tractable Robust Load Balancing

The objective function of the dual problem is added to the left side of the load balancing equation
of both AC and DC side microgrids. The trackable robust load balancing of AC side is given by
Equation (35) and that of the DC side by Equation (36). By incorporating the dual variables in the load
balancing equations, the uncertainties in loads and renewables can be realized.

pALOAD
m (t) + ζA

m(t)· GA
m(t) + λAl+

m (t) + λAl−
m (t) + λAr+

m (t) + λAr−
m (t)

=
G
∑

g=1
pADG

m,g (t) + pARG
m (t)− pABC

m (t) + pABD
m (t)− pSE

m (t) + pRE
m (t)

+η ILC
m ·pTAC

m (t)− pTDC
m (t) + pACS

m (t) + pANS
m (t); ∀m, t

(35)

pDLOAD
m (t) + ζD

m(t)· GD
m (t) + λDl+

m (t) + λDl−
m (t) + λDr+

m (t) + λDr−
m (t)

=
G
∑

g=1
pDDG

m,g (t) + pDRG
m (t)− pDBC

m (t) + pDBD
m (t) + η ILC

m ·pTDC
m (t)

−pTAC
m (t) + pDCS

m (t) + pDNS
m (t); ∀m, t

(36)

3.3. Final Tractable Robust Counterpart

The final tractable robust counterpart is obtained by incorporating the trackable robust load
balancing equations in the deterministic load balancing equations. The additional constraints
introduced due to the transformation of the inner sub-problem are also included in the final trackable
robust counterpart. The objective function is identical to that of the deterministic model. The final
tractable robust counterpart of the deterministic model is summarized as follows.

min Equation (1)

Subject to:
Equations (2), (3), (8)–(27), (29), (30), (32)–(36)

The final tractable robust counterpart is a mixed integer linear programming problem, which can
be easily implemented by using commercially available tools like CPLEX.

4. Numerical Simulations

A network of three AC/DC hybrid microgrids is considered in this study to evaluate the
performance of the proposed survivability-oriented operation scheme. Generally, a network having a
minimum of three microgrids is considered as a representative network for evaluating the performance
of any developed algorithm for interconnected microgrids, as in [5,19,20,29]. Therefore, in this
study also, a network of three hybrid microgrids is considered, where each microgrid contains two
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sub-microgrids, i.e., AC and DC microgrids. However, the proposed model can be applied to any finite
number of microgrids. Similarly, in order to make suitable scheduling for microgrids, where several
decisions like market prices and DR participation intervals are considered as 1 h, a scheduling horizon
of one day with 24-time slots is considered [5,11,14,19,20]. Therefore, in this study also a scheduling
horizon of 24 h with a time interval of 1 h is considered. The worst-case scenario for all the uncertain
parameters is considered for the simulation cases, i.e., (GX

m = 24). All the test cases are coded in
NetBeans [30] in Java environment and CPLEX [31] is used as an optimization tool.

4.1. Input Data

The worst-case load and renewable profiles of the microgrids are shown in Figure 3a,b and
Figure 4a,b. The load and renewable profiles along with the parameters of CDGs and BESS units are
taken from [29] and scaled to simulate a high renewable penetrated system. Similarly, the parameters
of CDGs and BESS units are accordingly adjusted against the increased penetration level of renewables.
The uncertainty bounds for load and renewables are decided based on the history data and generally,
an uncertainty of ±10% is considered for loads [1,22] and a higher bound is considered for renewables,
as in [1,22]. Due to decomposition of loads as critical and non-critical loads in this study, a narrower
uncertainty bound (±7) is considered for critical loads and a wider bound (±15%) is considered for
non-critical loads. Similar to [22], the uncertainty bound for renewables is taken as ±25%, which is
slightly wider than that of [1]. The original load and renewable profiles can be computed by using
the information of respective uncertainty bounds and worst-case data, as shown in Figure 3a,b and
Figure 4a,b. The parameters of CDGs of the microgrid network are shown in Table 1. Similarly,
the parameters of BESS units in the microgrid network are shown in Table 2. It can be observed from
Table 2 that in microgrid 1, only the DC side microgrids contains a BESS unit. Similarly, in microgrid 2,
only the AC side microgrid contains a BESS unit while both AC and DC side microgrids contain BESS
units in case of microgrid 3. The microgrids having renewable energy sources contain a BESS unit.
Due to the presence of renewables in both AC and DC sides of microgrid 3, the generation capacities
of CDGs in microgrid 3 are lower as compared to other two microgrids.
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Figure 3. Worst-case load and renewable profiles of microgrids: (a) Microgrid 1; (b) Microgrid 2.
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Figure 4. Worst-case load and renewable profiles of microgrid 3: (a) Load profile; (b) Renewable
power profile.
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Table 1. Parameters of controllable distributed generators (CDGs) in the test network.

Parameter Unit
Microgrid 1 Microgrid 2 Microgrid 3

AC CDG DC CDG AC CDG DC CDG AC CDG DC CDG

Maximum kW 55 50 55 50 50 40
Minimum kW 0 0 0 0 0 0

Generation Cost KRW/kWh 100 106 116 103 104 108

Table 2. Parameters of battery energy storage system (BESS) units in the test network.

Parameter Unit
Microgrid 1 Microgrid 2 Microgrid 3

AC Side DC Side AC Side DC Side AC Side DC Side

BESS
Capacity kWh - 50 50 - 50 50
Efficiency % - 98 97 - 97 98

Converter Efficiency % - 98 98 - 98 98

4.2. Impact of Interconnection and Demand Response on Survivability

In order to analyze the performance of the proposed survivability-oriented demand response
program, three cases are simulated in this study. In the first case (Case 1), independent operation of
microgrids is considered. In this case, the microgrids cannot exchange power, i.e., they can only utilize
their local resources. In the second case (Case 2), microgrids are interconnected, i.e, microgrids can
exchange power among other microgrids of the network. In the third case (Case 3), the proposed
survivability-oriented demand response is introduced for the interconnected microgrids. A summary
of all the three cases considered in this study is shown in Figure 5. The performance of the microgrid
network for all the three cases is explained in the following sections.
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Figure 5. Summary of test cases considered in this study.

4.2.1. Case 1: Independent Operation

The generation pattern of CDGs in all the microgrids is controlled by the load amount and
available renewable power. It can be observed from Figure 6a,b that the CDGs in MG1 and MG2 are
generating maximum power throughout the day, except the last few intervals. Due to the presence of
higher renewable power in the last few intervals, the generation is reduced by both the microgrids.
The generation pattern of MG3 is different from other two microgrids due to the presence of renewables
on both AC and DC sides. During higher renewable generation intervals, CDGs are set to their
minimum level and power from renewables is utilized to fulfill the load demand.
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Figure 6. CDG generated power in independent operation case: (a) AC side; (b) DC side.

Due to the inability of the microgrids to share power in this case, load shedding of even the most
critical loads is observed for MG2 during intervals 4, 5, and 8, as shown in Figure 7a. Load shedding of
non-critical loads is also carried out by all the microgrids due to the scarcity of resources, as shown in
Figure 7b. The power transfer between AC and DC microgrids is shown in Figure 8a, where positive
power indicates that power is sent from AC to DC microgrid and vice versa. It can be observed from
Figure 8a that in case of MG1, power is mostly sent from DC to AC microgrid and vice versa for MG2.
This is due to the presence of renewables in only DC and AC sides, respectively. In the case of MG3,
both sides exchange power depending on the excess amount of renewables in that side. Figure 8b
shows that BESS units are also utilized to shift power from intervals having a higher power to intervals
having higher load demand. In Figure 8b, MG3a, and MG3d indicate the BESS units on AC and DC
sides, respectively.
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Figure 7. Load shedding in independent operation case: (a) Critical load; (b) Non-critical load.
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Figure 8. Operation results in independent operation case: (a) Energy transfer; (b) state-of-charge
(SOC) of batteries.
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4.2.2. Case 2: Interconnected Operation

In the interconnected case, the CDGs of both AC and DC side microgrids are generating maximum
power throughout the day, except the last few intervals, as shown in Figure 9a,b. In the last few
intervals, the reduced generation is due to the excess of renewable power during those intervals.
As compared to the independent operation case, generation of CDGs in MG3 has increased due to the
ability of the MGs to share power with other microgrids of the network.
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Figure 9. CDG generated power in interconnected operation case: (a) AC side; (b) DC side.

The power transfer between AC and DC sides in each microgrid follows a similar pattern to that
of the previous case except MG3, as shown in Figure 10a. In the case of MG3, power is transferred
to other microgrids having more power shortage. Due to the absence of load shedding of critical
loads, in this case, it is not shown in the results. The load shedding of non-critical loads is shown in
Figure 10b. It can be observed from Figure 10b that load shedding of non-critical loads is carried out by
MG3 during intervals 4, 5, and 8 and power is transferred to MG2 to survive the critical loads of MG2.
This behavior is opposite to that of case 1, where MG2 has shed its critical loads during those intervals.Energies 2019, 12 FOR PEER REVIEW  13 
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Figure 10. Operation results in interconnected operation case: (a) Energy transfer; (b) Non-critical
load shed.

Due to the ability of microgrids to share power, BESS units are less frequently used to avoid
charging/discharging losses. Only the BESS units of MG3 are utilized due to excess of renewable
energy in MG3, as shown in Figure 11a. The power sent/received by microgrids is shown in Figure 11b,
where positive sign indicates power is being received by that microgrid and vice versa. Due to the
presence of higher renewable power, MG3 is sending power to other MGs, as shown in Figure 11b.
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Figure 11. Operation results in interconnected operation case: (a) SOC; (b) Energy exchange among
microgrids (MGs).

4.2.3. Case 3: Interconnected with DR Operation

The CDGs are generating maximum power throughout the day in this case, as shown in Figure 12a.
This is due to the ability of the microgrids to shift loads from one interval to another. The power
transfer between AC and DC microgrids follows a similar pattern to that of the previous two cases, as
shown in Figure 12b. However, the magnitude of power transfer has reduced in this case due to better
management of local loads via shifting across different intervals in addition to transferring from one
microgrid to another microgrid.
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Figure 12. Operation results in demand response (DR) integrated operation case: (a) CDG power;
(b) Energy transfer.

Load shedding pattern is also similar to those of the previous cases with lower magnitudes,
as shown in Figure 13a. The reduced load shedding amount is due to the ability of the microgrids to
shift loads from higher load intervals to higher renewable power intervals. The power transfer among
microgrids during this case is shown in Figure 13b. It can be observed in Figure 13b that more power
transfer occurs towards the end of the scheduling horizon due to the availability of higher renewable
power during those intervals.
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Figure 13. Operation results in DR integrated operation case: (a) Non-critical load shed;
(b) Energy exchanged.
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Figure 14a,b show that both MG1 and MG2 shift their loads from initial intervals to the end
intervals due to the availability of higher renewables towards the end of the scheduling horizon. In
the previous two cases, this excess of power was curtailed due to the inability of load shifting, i.e.,
absence of the proposed survivability-oriented operation scheme. In the case of MG3, the load is
shifted from initial intervals to the middle intervals (10–15) due to excess of renewable power (PV)
during those intervals. Similarly, load from 17–19 is shifted to the last three intervals due to access of
wind-based renewables during those intervals, as shown in Figure 15a. The utilization of BESS units is
further reduced due to the ability of the microgrids to better utilize their resources by adjusting loads,
as shown in Figure 15b.
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Figure 14. Load shifting in DR integrated operation case: (a) MG 1; (b) MG 2.
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Figure 15. Operation results in DR integrated operation case: (a) Load shifting in MG3; (b) SOC.

4.2.4. Performance Comparison

In order to summarize the performance of the three test cases analyzed in the previous sections,
four major parameters are compared in this section. The four major parameters analyzed in this section
are load shedding of critical loads, load shedding of non-critical loads, curtailment of renewables,
and operation cost of the network. It can be observed from Figure 16a that only in the first case
(independent operation), 26.06 kWh of critical loads are shed due to the inability of the microgrids
to share power. The load shedding amount of non-critical loads is reduced to 6.08 MWh in case 2,
which was 7.02 MWh in case 1, as shown in Figure 16b. It is further reduced to 4.8 MWh in the third
case by shifting loads and utilizing the excess of renewable power, which was otherwise wasted.
The amount of renewable power curtailed in each case is shown in Figure 16c. The curtailment in
the independent operation case is highest due to the inability of the MGs to share excess renewables,
which was reduced in the interconnected case. The proposed operation strategy has reduced the
curtailment of renewables to zero by adjusting loads. Zero renewable curtailment and non-zero load
shedding indicate that further penetration of renewables and/or increase in shiftable load amount can
enhance the performance of the network. Finally, the reduction in operation cost is shown in Figure 16d
considering the operation cost of case 1 as the reference case. The operation cost was reduced by 9% in
the second case, which was further reduced to 19% by utilizing the proposed operation scheme.
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(c) Renewable power curtailed; (d) Reduction in operation cost.

It can be concluded from the operation results and comparison in this section that the proposed
operation scheme is capable of reducing load shedding and curtailment of renewables during
emergency operations. This reduction in load shedding increases the comfort to the consumers while
reducing operation cost of the microgrid network due to the reduction in penalty costs. Similarly,
the reduction in renewable curtailment increases the benefit of renewable owners.

4.3. Discussion and Analysis

It can be observed from the previous section that the performance of the proposed
survivability-oriented operation scheme is superior to the two conventional operation schemes.
However, the performance is subjected to some of the control and input parameters. The major
performance-affecting factors are the amount of shiftable load in microgrids, penetration level of
renewables, and capacity of intervals to absorb the additional load. In this section, the performance of
the proposed scheme is analyzed in terms of the above-stated three parameters.

4.3.1. Shiftable Load Ratio

In order to analyze the performance of the proposed method with different ratios of shiftable
load, five cases are simulated in this section. In these cases, 5%, 15%, 25%, 35%, and 45% of the
non-critical load of each microgrid is considered as the shiftable load, respectively. It can be observed
from Figure 17a that the operation cost reduces with increase in the shiftable load ratio, as expected.
However, the reduction is not significant from 15% to 45%, which indicates that with the fixed
renewable amount more load shifting is not beneficial. The same trend is shown by the load shedding
of non-critical loads (Figure 17b) due to the full utilization of renewables with 15% shiftable loads.
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Figure 17. Operation results with different shiftable load ratios: (a) Operation cost; (b) Non-critical
load shed.
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The power transfer between microgrids increases with increase in the shiftable load amount,
as shown in Figure 18a. This is due to the presence of higher renewable power in some microgrids as
compared to other microgrids. The amount of power generated by CDGs follows a similar pattern
to the amount of load shed, as shown in Figure 18b,c shows that minute amount of renewables are
curtailed with 5% shiftable load case. However, renewable curtailment has reduced to zero in all
the remaining cases, which indicates that further penetration of renewables can be absorbed by the
network. Finally, the amount of shifted load in all the microgrids also increases with increase in the
shiftable load ratio, as shown in Figure 19. By analyzing the results of this case, it can be concluded
that 15% of shiftable loads are enough to get the desired results with the given load and renewable
profiles. Further increase in shiftable load shows minute improvements.
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Figure 18. Operation results with different shiftable load ratios: (a) Energy transfer; (b) CDG Power;
(c) Renewable power curtailed.
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Figure 19. Shifted load in microgrids with different shiftable load ratios.

4.3.2. Renewable Penetration Level

In this section, the performance of the proposed operation scheme with different penetration
levels of renewables is analyzed. The original renewable power is increased by a step of 0.25 and four
additional cases are simulated. It can be observed from Figure 20a,b that the operation cost and the
load shedding amount of non-critical loads decreases with an increase in the renewable penetration
level. This is due to the ability to feed more loads, which results in lesser penalty costs and lesser
utilization of CDGs, as shown in Figure 21b. It can be observed from Figure 21a that the power transfer
among microgrids increases with increase in renewables due to the presence of different amount of
renewables in different microgrids. Figure 21c shows that renewable curtailment remains zero if the
renewable amount is increased by 0.25. However, further increase results in curtailment of renewables
in an exponential fashion. It implies that more shiftable loads are required to absorb the excess of the
renewable amount. Finally, Figure 22 shows that load shifting increases initially with an increase in
the renewable power amount and then decreases. It implies that all shiftable loads are fully utilized till
the maximum shifted case, further increase in renewables results in the feeding of loads during that
interval, i.e., no need of shifting.
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Figure 20. Operation results with different renewable power levels: (a) Operation cost; (b) Non-critical
load shed.
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Figure 21. Operation results with different renewable power levels: (a) Energy transfer; (b) CDG
Power; (c) Renewable power curtailed.
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Figure 22. Shifted load in microgrids with different renewable power levels.

It can be concluded from the operation results that, load shifting decrease if the amount of
renewables is increased while keeping the shiftable amount fixed. In addition, the point where load
shedding is reduced to zero can be obtained, which was increase by two times for this case.

4.3.3. Load Absorption Level

In this section, the impact of load absorption level per interval on the performance of the proposed
operation scheme is analyzed. It can be observed from Figure 23a,b that with an increase in the load
absorption level, both operation cost and load shedding amount decreases initially. However, from load
absorption level 75 kWh onwards, the performance remains same. The same trend can be observed
for power transfer among the microgrids and the generation amount of CDGs, Figure 24a,b. This is
due to full utilization of shiftable loads until 75 kWh case. However, shifted load amount increases
with increase in the absorption level. It implies that more loads are shifted to intervals with larger
absorption capacity but it is not contributing in reducing the load shedding amount. The renewable
power curtailment in Figure 24c shows that power curtailment reduces with increase in absorption level
of intervals and reduces to zero if increased to 75 kWh and onwards. It implies that the absorption level
of 75 kWh is the saturation point for the tested microgrid system. Finally, Figure 25 shows that shifted
load increases with an increase in the absorption level in all the microgrids, except MG2 for 100 kWh
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absorption case. It can be concluded by analyzing the results of this section that, load absorption level
has a saturation point and further increase in load absorption level does not contribute in reducing
load shedding amount. Similarly, a further increase in absorption level is not reducing the operation
cost due to same load shedding amount and utilization of the same power from CDGs. In order to
better utilize the allowed absorption level, increase in penetration level of renewables and/or increase
in load shifting amount is required.
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Figure 23. Operation results with different load absorption levels: (a) Operation cost; (b) Non-critical
load shed.
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Figure 24. Operation results with different load absorption levels: (a) Energy transfer; (b) CDG Power;
(c) Renewable power curtailed.Energies 2019, 12 FOR PEER REVIEW  19 
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Nomenclature 

Identifiers and Binary Variables 

 Index of time, running from 1 to T. ,  Index of microgrids, running from 1 to M and 1 to N, respectively. g Index of dispatchable generators, running from 1 to G. 

 Microgrid side identifier, A for AC side and D for DC side microgrid. 

, ( ) Commitment status identifier of dispatchable generator g of X side MG m at t. 

, ( ), , ( ) Start-up and shut-down identifiers of dispatchable generator g of X side MG m at t. ( ), ( ) Identifier for charging and discharging of BESS in MG m at t. 
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Figure 25. Shifted load in microgrids with different load absorption levels.

5. Conclusions

A survivability-oriented demand response program is proposed for a network of hybrid
microgrids in this study. The uncertainties in renewables and loads in the microgrids are realized
via a robust optimization method and the worst-case scenario is considered. The performance of the
proposed method is compared with conventional independent operation case and interconnected
operation case. The proposed method has shown a reduction in operation cost by 19% in comparison
with the independent operation case and 10% in comparison with the interconnected case. Similarly,
reduction of load shedding amount in comparison with independent and interconnected cases turns
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out to be 32% and 22%, respectively. In addition, the curtailment of renewables has been reduced to
0% by the proposed method, in the nominal case. It can be concluded from the simulation results
that the proposed method is capable of reducing load shedding amount, curtailment of renewables,
and operation cost of the microgrid networks during emergencies. However, the performance of
the proposed method is subjected to various input and control parameters. Therefore, the impact of
these parameters on the operation of the proposed method is also analyzed in this study. The results
show that the increase in renewable penetration level has a significant impact on the performance
of the proposed method. However, shiftable load ratio and load absorption level have a minute
impact. Both of these parameters have a saturation level and further increase has no impact on the
operation cost and load shedding amount without changing the penetration level of renewables.
Similarly, the increase in renewable penetration level without an increase in shiftable load ratio
results in increased curtailment of renewables. Therefore, a trade-off needs to be decided for each
microgrid network.
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Nomenclature

Identifiers and Binary Variables
t Index of time, running from 1 to T.
m, n Index of microgrids, running from 1 to M and 1 to N, respectively.
g Index of dispatchable generators, running from 1 to G.
X Microgrid side identifier, A for AC side and D for DC side microgrid.
sX

m,g(t) Commitment status identifier of dispatchable generator g of X side MG m at t.
suX

m,g(t), sdX
m,g(t) Start-up and shut-down identifiers of dispatchable generator g of X side MG m at t.

cm(t), dm(t) Identifier for charging and discharging of BESS in MG m at t.
vX

m (t, t′) Identifier for load shifting allowance in X side MG m from t’ to t.
Variables and Constants

PUCXDG
m,g

(
pXDG

m,g (t)
)

Generation cost of dispatchable unit g of X side MG m at t.

pXDG
m,g (t) Amount of power generated by dispatchable unit g of X side MG m at t.

SUCXDG
m,g (t) Start-up cost of dispatchable unit g of X side MG m at t.

SDCXDG
m,g (t) Shut-down cost of dispatchable unit g of X side MG m at t.

CCP, CNP Penalty for shedding critical and non-critical loads in X side MG m at t.
pXCS

m (t), pXNS
m (t) Amount of critical and non-critical load shed in X side MG m at t.

CRP, pXRS
m (t) Penalty and amount of renewable power curtailed in X side MG m at t.

pXCL
m (t), pXNL

m (t) Amount of critical and non-critical load in X side MG m at t.
pX_AdjL

m (t) Amount of adjusted load in X side MG m at t.
pXSHF

m (t, t′) Amount of load shifted from t’ to t in X side microgrid m.
pXBC

m (t), pXBD
m (t) Amount of electrical energy charged/discharged to/from BESS of X side MG m at t.

pSE
m (t), pRE

m (t) Amount of power sent by/received from MG m at t.
pXRG

m (t) Forecasted power of RDG unit of X side MG m at t.
PCAP

m , PCAP
(m,n) Capacity of line connecting mth MG with utility grid and nth MG, respectively.

pRE
(m,n)(t) Amount of power received by mth MG from nth MG at t.

pSE
(m,n)(t) Amount of power sent by mth MG to nth MG at t.

pTAC
m (t), pTDC

m (t) Amount of power sent from AC to DC and DC to AC microgrid in MG m at t.
PCAP

ILC , η ILC
m Capacity and efficiency of ILC connecting AC and DC microgrid in MG m at t.
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PXBESS
m , pXSOC

m (t) Capacity and SOC of BEES in X side MG m at t.
ηXC

m , ηXD
m Charging and discharging loss of BESS in X side MG m.

PXINIT
m Initial amount of energy in BESS in X side MG m.

TOXmax(t), FRXmax(t) Maximum load allowed to shift to and allowed to shift from t in X side MG m.
pXNetL

m (t), pX_SL
m (t) Amount of net critical load and shiftable load in X side MG m at t.

p̂XLOAD
m (t),∆pXLOAD

m (t) Bounded load and associated uncertainty bound in X side MG m at t.
p̂XRG

m (t), ∆pXRG
m (t) Bounded RDG output power and associated uncertainty bound in X side MG m at t.

pXLOAD
m

(t), pXLOAD
m (t) Upper and lower bounds of load in X side MG m at t.

pXRG
m

(t), pXRG
m (t) Upper and lower bounds of RDG output power in X side MG m at t.

zXLOAD
m (t), zXLOAD

m (t) Scaled deviations for load of X side MG m at t.
zXRG

m (t), zXRG
m (t) Scaled deviations for WT power output of X side MG m at t.

GX
m(t), ζX

m(t) Budget of uncertainty and uncertainty adjustment factor of X side MG m at t.
λXl±

m (t), λXr±
m (t) Dual variables for load and RDG unit of X side MG m at t.
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