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Abstract: Renewable energy deployment through distributed energy resources is among the central
goals of future power systems. Microgrids have proven to be an economically viable solution
for distributed energy resources’ integration into the power system and benefits customers with
uninterrupted power supply. In this context, provisional microgrids have been introduced with
the main goal of rapid renewable energy resource deployment. Since a considerable portion of
renewable energy resources, as well as residential loads, are DC, and this portion is expected to
grow even further, hybrid AC/DC design of provisional microgrids can improve both efficiency and
economic benefit through an optimal arrangement of AC/DC feeders and converters. This paper
presents a planning model for hybrid provisional microgrids considering the long-term influence of
energy storage and the aging process of converters on economic revenues. Due to several intrinsic
uncertainties involved in provisional microgrid operation, robust optimization is applied to the
problem to ensure optimality under worst-case conditions. Results show the economic benefits of
a hybrid provisional microgrid compared to a provisional microgrid and independent microgrid.
Several sensitivity analyses are carried out to identify critical factors in planning.

Keywords: provisional hybrid microgrid; microgrid planning; renewable energy resources; uncertainty;

robust optimization

1. Introduction

Environmental issues and global warming have attracted attention to clean emission-
free energy sources [1,2]. Renewable energy resources (RERs) offer several benefits for
both the utility grid and consumers, such as increasing the reliability, decreasing the
transmission cost [3,4], peak shaving [5], multifunctionality of areas [6], lower carbon
footprint [7], etc., as well as providing eco-friendly energy [8]. Microgrids have been
among the most intriguing areas of research in power systems during recent years due
to the numerous benefits they provide for the grid and streamlining RER integration
into the distribution system [9,10]. Apart from economic advantages, microgrids can
improve power quality, alleviate congestion, and increase efficiency in generation and
bulk transmission facilities [11-13]. As defined the U.S. Department of Energy defines, a
microgrid is a set of loads supplied with distributed energy resources (DERs) within clearly
defined electrical boundaries [14]. A microgrid acts as an autonomous entity with respect
to the grid and can connect and disconnect from the grid to enable it to operate in both
grid-connected and islanded mode. Considering this definition, the most salient feature
of microgrids is the ability to self-supply during the islanded mode, which improves the
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grid’s resiliency against harsh natural disasters that can disrupt the main grid’s supply [15].
Microgrids can be categorized based on various aspects of design.

One of the most recent points of view categorizes microgrids as AC, DC, or hybrid
AC/DC. Traditionally, most microgrids are designed as AC; all loads and DERs are con-
nected to a common AC bus, where DC loads need rectifiers and DC DERs require inverters
to be connected to the common AC bus. However, by the expansion of DC-distributed
energy resources such as photovoltaic panels and fuel cells and the increasing ratio of DC
loads, including EVs in the distribution system, DC microgrids are receiving increasing at-
tention [16]. In addition, since most electrical energy storage technologies operate with DC
electricity, DC microgrid deployment is a viable solution for integrating energy storage into
the grid [17]. Hybrid AC/DC microgrids offer additional benefits, including (1) increased
efficiency as a result of extra converter elimination; (2) streamlining the integration of DC
renewable energy resources; (3) eliminating the need for synchronizing AC generators [18].

Moreover, even components that are not DC based, such as small-scale wind turbines,
can benefit from DC microgrids, since they still allow a reduction of the power conversion
stages in the interface converter [19]. The microgrid islanding requirements limit RER
deployment, as it enforces that the dispatchable generation capacity exceeds the load. This
generation capacity is underutilized most of the time, since the main grid’s electricity
benefits from economy of scale, and thus the cost of energy purchase is less than local
generation unless the grid is congested or not available [20]. On the other hand, the high
investment cost of renewables discourages microgrid developers from investing in these
sources. However, the climate concerns have once again brought forward the benefits of
renewable energy resources. To achieve these benefits, a new class of microgrids called
provisional microgrids have been proposed, with the main goal of higher penetration
of renewable energy resources. In provisional microgrids, the electrical boundaries are
clearly defined, and a master controller carries the burden of controlling and operating the
available resources, similar to conventional microgrids. On the other hand, provisional
microgrids utilize a low percentage of dispatchable units; hence, they cannot handle the
islanding by themselves and rely on one or more electrically connected microgrids, known
as coupled microgrids. The coupled microgrid is a conventional microgrid with the ca-
pability of handling islanding through its dispatchable distributed energy resources. In
the case of islanding, the coupled microgrid will supply local loads through its unused
capacity. Subsequently, by removing the islanding requirements, the provisional coupled
microgrids (PCMGs) could possess a high percentage of renewable energy resources, and
therefore, several generation mixes could be chosen [21]. The stability of provisional cou-
pled microgrids is evaluated and compared to independent microgrids in [22]. The positive
impacts of provisional microgrids on customers and their important role in reliability are
investigated in [23]. A microgrid planning model considering the uncertainty of the renew-
able generation profile in daily operation is proposed in [24]. However, microgrids in this
paper still conform to the structure of conventional MGs, and each of them includes some
dispatchable resources. A comprehensive evaluation of AC/DC hybrid microgrid planning
is proposed in [25]. A cost-efficient optimization algorithm is proposed in [26], to optimize
the renewable resource operations in a hybrid microgrid given the uncertainty of renewable
resources. A suitable decentralized power management strategy for converters, without a
communication link between the microgrids, is proposed in [27] to achieve power sharing
amongst them. It focuses on the topic of back-to-back power electronic converter-based
coupled MGs through a three-phase AC interconnecting link. Provisional microgrids can
eliminate the need for dispatchable DERs by relying on coupled microgrid generation
capacity during islanding through capacity purchase contracts, therefore mitigating the ca-
pacity underutilization in adjacent microgrids and ensuring the supply of loads during the
islanded mode. One of the most important problems in microgrid planning is the accurate
evaluation of benefits provided by the microgrid, which is subject to several uncertainties,
including renewable energy unit output forecast, market price forecast, load forecast, is-
landing state, and availability of converters due to aging. These uncertainties come into
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even more notice in provisional microgrids, as they rely on non-dispatchable units and
the main grid’s supply, which are affiliated with uncertainties. Accurate modeling of the
uncertainties and integrating them into the planning model adds considerable complexity
to the problem, which is sometimes unnecessary. This paper proposes the idea of hybrid
AC/DC microgrids to leverage the profit of renewable energy resources by minimizing the
converters’ investment cost and increasing the efficiency of renewable energy generation by
removing extra converters. This paper proposes a planning model for provisional hybrid
AC/DC microgrids, considering the intrinsic uncertainty of renewable energy resources,
market price, load forecast, and availability of converters based on the aging process and
maintenance schemes. The optimal generation mix, feeder type, load/RER connection to
feeders, and operation schedules are derived. Furthermore, robust optimization is used
to address the intrinsic uncertainties of the model, including the generation of renewable
energy resources. The main contributions of this article are (1) a new class of microgrids to
further leverage the benefits of previously suggested microgrids in efficiently deploying
renewable energy resources; (2) incorporating converter aging into the microgrid planning
model for more realistic results; (3) illustrating the economic benefit and robustness of
the suggested microgrid compared to previously suggested provisional microgrids and
independent microgrids using similar parameters; (4) considering reliability issues in the
microgrid planning model; (5) evaluating the viability of implementing energy storage in
provisional microgrids to enhance operational flexibility. The rest of the paper is organized
as follows. The provisional hybrid microgrid planning model is outlined and formulated in
Section 2. In Section 3, the problem is decomposed into a master problem and subproblem
for computational tractability. Subsequently, the results of numerical simulations on a case
study are presented in Section 4. Finally, Section 5 provides a discussion and conclusions.

2. Model Outline

Provisional microgrids have a controller and defined electrical boundaries like micro-
grids. However, provisional microgrids do not have dispatchable generations of their own,
so they should rely on main grid power during grid-connected and the coupled microgrid
during islanded hours. During grid-connected hours, the provisional microgrid interacts
with the utility grid and sells its excess generation to the grid when the RERs generate
more power than demand; it purchases power from the grid when the local generation is
not enough to supply local loads. Furthermore, provisional microgrids rely on the utility
grid for voltage and frequency regulation during grid-connected hours. During islanded
hours, provisional microgrids rely on the coupled microgrid unused capacity for supplying
a portion of loads; however, as this generation might be insufficient, the controller may
curtail some loads. For this reason, it should be assumed that loads are not critical, as
provisional microgrids are considered for residential areas that rarely contain critical loads.
As depicted in Figure 1, the provisional microgrid is linked to both the utility grid and
coupled microgrid. During normal operation, the provisional microgrid is disconnected
from the coupled microgrid and is connected to it only during the islanding mode.
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Figure 1. General configuration of hybrid provisional microgrids.

The reason for this is that during normal operation, if the generation cost of the coupled
microgrid is higher than the market price, it would buy its own need from the main grid
like the provisional microgrid. In addition, if the generation cost is lower than the market
price, it would sell it to the utility grid instead of the provisional microgrid. The same
statement is true for the provisional microgrid. The hybrid provisional microgrid contains
both AC and DC feeders. AC feeders are connected to a common AC bus. Similarly, DC
feeders are connected to a common DC bus, which is connected to the point of common
coupling (PCC) alongside the AC bus. PCC links the provisional microgrid to either the
utility grid or coupled microgrid. DC RERs are connected to the AC feeder through a
DC-to-AC inverter, and DC loads are connected through an AC-to-DC rectifier to a similar
feeder. For DC feeders, AC loads are connected via inverters, while a rectifier connects AC
RERs to the DC feeder. If the load or RER is the same type as the feeder, they are merely
connected by a transformer or converter, as shown in Figure 1. Using separate AC and DC
feeders can reduce converter losses (either AC-to-DC or DC-to-AC converters), therefore
increasing the efficiency. The aging of converters is a critical factor impacting the economic
revenue of the microgrid. Power electronic converters are prone to failure due to fragile
components, including electrolytic capacitors and power modules aging over a lifetime that
is usually much shorter than the planning horizon [28]. These devices are not repairable
after failure and should be replaced [29]. Therefore, a preventive maintenance scheme
would be the best option for the safe operation of the hybrid microgrid. Several models for
evaluating the converter’s reliability have been introduced in the literature, including the
Piece-Wise Approach (PWA), Method of Device of Stages (MDS), Semi-Markov Process
(SMP), and Markov Chain Technique (MCT) [30-33]. Considering the extra complexity that
other methods add to the planning problem, and assuming the preventive maintenance of
the power electronic converters, the Piece-Wise Approach (PWA) is used for modeling the
availability factor of converters in this paper. Several uncertainties influence the provisional
microgrid planning problem, including RER generation, load forecast, market price, and
islanding state. The islanding state uncertainty could be simply modeled by a binary
variable, which indicates grid-connected mode if it is zero and islanded mode if it is one.
For other uncertainties, convex uncertainty sets are assumed to model the uncertainty
range as considered in [34,35]. Different uncertainty limits are considered for aggressive,
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moderate, and cautious investors to optimize their planning according to different risk
levels. The planning model is decomposed into an investment master problem with a
long-term timescale and an operation subproblem for shorter timescale scheduling. The
robust optimization approach optimizes the problem for worst-case operation conditions
considering prevailing uncertainties. The master problem solution determines the RERs and
feeder installation state and feeder types (AC or DC) alongside a lower bound of planning
costs, while the subproblem yields optimal scheduling for each investment scheme as well
as the upper bound. The convergence of the planning problem is checked by the proximity
of these bounds. If the problem solution does not converge optimality, cuts are sent back
to the master problem to revise the master problem solution. The iterations continue
until the optimal solution is obtained. The objective is to minimize total planning costs,
which consist of investment cost, operation cost, and reliability cost over the set of primal
variables P = {x,y,z, Py, Pcpm, LS}. The costs are converted to present-worth values, and
investment costs are annualized to address the equivalent cost for each year during the
planning horizon (1). The present-worth coefficient k; = 1/(1 +d )ti1 is used to obtain the
discounted costs. The optimization is subject to several constraints (Equations (2)—(13)).
The problem is formulated based on the provisional microgrid planning model presented
in [35] and the hybrid AC/DC microgrid model in [18]:
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ikt
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Investment costs include DC and AC RER investment costs, which are separated in
order to attribute inverter costs to DC RERs connected to AC feeders and rectifier costs
to AC RERs connected to DC feeders. Similarly, for DC loads connected to the AC feeder
and AC loads connected to the DC feeder, rectifier and inverter should be considered,
respectively. Finally, the DC bus would need a rectifier and inverter in order to exchange
power with the grid (Equation (2)). The operation cost of RERs is assumed as negligible;
hence, the operation cost includes the energy purchase from the utility grid during the grid-
connected mode and from the coupled microgrid during the islanded mode (Equation (3)).
The energy purchase cost is positive if the microgrid imports energy from the grid or
coupled microgrid (P is positive) and negative if the microgrid exports energy to the grid or
coupled microgrid (P is negative). It should further be noted that the provisional microgrid
neither purchases nor sells energy to the coupled microgrid during the grid-connected
mode since both microgrids tend to purchase energy from the grid while the market price
is lower than the negotiated price and sell their excess generation to the grid when the
market price is high. Finally, the reliability cost indicates the cost of load curtailment, which
is the Value of Lost Load (VOLL) times the curtailed load (Equation (4)).

The RER connection to feeders is shown by x;yx, where the first one indicates the
connection to an AC feeder and the latter shows the DC feeder connection. Feeder type is
determined by the variable z;, where z = 1 implies the feeder is AC; otherwise, the feeder
is considered DC. Each RER can be connected to a single feeder; if the RER is connected to
none of the feeders, the RER is not installed, and therefore the generation of that specific
RER is zero during the planning horizon (Equations (5) and (6)). The RER generation is
determined by the forecasted generation as well as the type of feeder they are connected to
and the efficiency of the converter joining them (Equations (7) and (8)). The availability
coefficient A used in these equations is based on Equations (7) and (8) and is calculated
based on the failure and repair rate of power electronic converters according to p1/A + u. A
converter could fail due to either random failure or component wear-out. The failure rate
increases as the device grows older, as shown in Figure 2. However, this process can be
avoided by regular maintenance and component replacement, therefore keeping the failure
rate at a constant value.

Actual h(t)
------ Piece-wise approx.

Failure rate h(t)

Figure 2. Failure rate function [29].

The power balance of the provisional microgrid and the neighboring microgrids, as
well as the main grid, is described in Equation (9), where the total power on the feeders must
equal the power transferred from or to the main grid and coupled microgrids. The load
and generation equality for each feeder is shown in (Equation (10)), where the summation
of RER effective generation plus the power injected from the feeder must be equal to total
DC and AC load times the efficiency coefficient of their converters plus the curtailed load.

The provisional microgrid can exchange power with the utility grid or microgrid
according to its maximum transfer capacity, which is determined by the loading capacity of
the feeders. The power exchange with the utility grid is limited by the capacity of the link
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between the provisional microgrid and the utility grid during the grid-connected mode. If
the connection is disrupted by any means (u = 0), power exchange with the utility grid
drops to zero, and the provisional microgrid must rely on its own generation and the
coupled microgrid’s capacity (Equation (11)). Similarly, as reasoned previously, there is
no power exchange with coupled microgrid during the grid-connected mode (1 = 1), and
during the islanded mode, the power exchange with the coupled microgrid is limited by
the coupling link’s capacity (Equation (12)). The amount of curtailed load cannot exceed
the total load demand as shown in (Equation (13)). This formulation is in accordance with
the model outlined in Section 2.

3. Problem Decomposition

There are several uncertainties existing in this optimization problem, including uncer-
tainties prevailing in load forecast, renewable energy generation, and electricity price. In
order to handle these uncertainties, two different approaches exist in the literature. Stochas-
tic optimization seeks to find the optimal value for objective function over a discrete set
of probable scenarios, while robust optimization optimizes the solution for the worst-case
scenario, ensuring that the solution satisfies security constraints over all possible scenarios.
While robust optimization yields a more conservative solution compared to stochastic
optimization, it is computationally less burdensome. In this paper, we adopt robust opti-
mization for computational efficiency as well as comparability with the results presented
for the provisional microgrid in [35]. Using Bender’s decomposition, the planning problem
(Equations (1)-(13)) is decomposed into a master investment problem and an operation
subproblem. The master problem presented in Equation (14) seeks to minimize RER and
converter capital cost and derive feeder types (AC/DC) over a set of primal variables

P ={x,y,z} [34].

J\/IIJinZ%gktCCitlexik + Z%;ktCCﬁP]mxjk
1 j
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Subject to: Equations (5) and (6).

The optimality cut (Equation (15)) is initialized at zero and then corrected at each
iteration after solving the operation subproblem, updating the optimal generation mix and
feeder type for the next iteration.

A A A A
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]

Master problem solutions are then sent to the operation subproblem to determine the
optimal operational variables P, = { Py, Pcpr} under the worst-case scenario. The sub-
problem is the operation problem under the worst-case uncertain values and is formulated

as follows:
maxminQ; = Y- " ko ppnt Prvivnt
u p b h

16
+§%ktPCMbhtPCMbht + %Izktvbhthhht (16)
1n

Subject to: Equations (7)—(13).
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The uncertainties in demand, renewable generation, and market price values are mod-
eled using binaries for upper and lower limits of uncertainties as shown in Equations (17)—(19),
respectively.
~ = I
Dpnt = Dpnt + Dpplipy + D u (17)
— bht —bht

~

A
N —ac
Pipne = Pipne + Pippethippe + P u”

N —ibht —ibht (18)
- = _dc d
Pipnt = Pjpnt + Pjpneitjpns + P u*
— jbht—jbht
- ~ L,
Ovone T 0 4P < onunt < Paont + P M (19)
—Mbht  bht

To ensure that upper and lower uncertainties do not coincide, inequality constraints
are formulated in Equation (20), allowing only one of the limits to be activated.

e +ul <1, G +u <1

~bht ibht
—d _ (20)
T + 1% <1, oy, +u? <1

~jbht ~bht

The level of robustness can be tailored based on the upper level of uncertainty as
formulated in Equations (21)—(24). Choosing a larger upper limit indicates a more conserva-
tive investment approach that prefers to take into account more uncertainties by allowing
uncertain variables associated with upper and lower uncertainty limits to take the value of
one, therefore ensuring the robustness of the solution. More aggressive investors would
prefer to reduce investment costs by choosing a lower limit on uncertain variables at the
risk of more uncertainties affecting the short-term operation of the microgrid.

Yo ) afy +u <T§ (21)
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=P 4 4
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;; o T t (23)
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The nonlinearities created by the product of binary and continuous variables are
resolved by reformulation through adding constraints, including upper and lower limits
for continuous variables. After solving the operation subproblem at each iteration, the
optimality cut is sent back to the master problem to adjust the investment scheme until the
solution converges.

4. Numerical Simulation

A group of electric loads with an annual peak of 8.5 MW along with a set of renewable
energy resources including wind and solar units forms a provisional microgrid. A 20-year
planning horizon is considered, and load, renewable generation, and market price are
forecasted according to historical data from [36—40]. The annualized investment cost is
considered 120,000 $/MW and 180,000 $/MW for wind and solar units, respectively, and
nine hours of islanding is assumed during each year. A failure rate of 0.2y~ ! and repair
time of 120 h is considered for each power electronic converter in the hybrid microgrid.
The connection to the grid has no capacity limit, while the connecting line to coupled
microgrid has a capacity limit of 1 MW, assuming a 2000 $/ MWh value of lost load and
90 $/ MWh negotiated price of coupled microgrid energy. The following cases are modeled
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in General Algebraic Modeling System (GAMS) and solved with IBM CPLEX 12.6 package
on a 2.6 GHz personal computer.

Case 1: Hybrid provisional microgrid planning

Case 2: Sensitivity analysis of the market price

Case 3: Sensitivity analysis of DC load ratio

Case 4: Energy storage installation study

4.1. Case 1

The base case planning problem for the hybrid provisional microgrid is solved with
similar data to [35] for the sake of comparison. The uncertainty of load forecast is considered
10%, and the uncertainty of market price and renewable generation is assumed as 20%.
Single AC and DC feeders are presumed, and the DC load ratio is assumed to be 0.5. The
limit on the uncertainty option for load and renewable generation is considered 1000 h/year,
while this limit for the market price is set at 2000 h/year. The islanding is limited to nine
hours in each planning year. Both wind and solar units will be installed with a total
planning cost of $38,458,216, where the investment cost comprises $9,586,821 of the total
cost, and $26,173,225 will be spent on purchasing power from the utility grid and coupled
microgrid. Load curtailment cost will be $2,698,170 within the 20-year planning horizon.
The total planning cost of the provisional microgrid is $40,607,816 [35], which is 5.5% higher
than the hybrid provisional microgrid total cost, which indicates the economic viability
of hybrid provisional microgrids. Furthermore, the total planning cost of a microgrid for
the same case is $42,451,534, which is a less economic choice than the latter two choices.
A detailed comparison between these schemes is indicated in Figure 3. This comparison
clearly demonstrates the economic viability of the hybrid provisional microgrid when
compared to the provisional microgrid and microgrid. This is the result of two following
benefits of the hybrid provisional microgrid:

1.  Elimination of investment costs related to surplus electronic power converters.
2. Diminishing of operation costs resulting from the elimination of losses due to surplus

converters.
MICROGRID DEPLOYMENT COMPARISON
Hybrid
Provisional _ -
Microgrid

e N ]
Microgrid

0 10,000,000 20,000,000 30,000,000 40,000,000 50,000,000
COST BREAKDOWN ($)

H [nvestment Operation W Reliability
Figure 3. Microgrid deployment comparison.

However, both provisional and hybrid provisional microgrids incur reliability costs
associated with the unsupplied load. This drawback is compensated by cost savings in
operational and investment costs. It should be mentioned that provisional microgrids
are not suitable for supplying critical loads, and their main goal is to increase the de-
ployment of renewable energy resources in residential areas. This drawback can also be
covered with microgrid deployment, which fortifies coupled microgrid supply during peak
demand hours.
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4.2. Case 2

In order to analyze the impact of market price on the planning problem, first, we
changed the market price to within a 20% range of the forecasted price. As can be observed
in Figure 4, with the increase in market price, the investors are more inclined to invest
in local RERs. Therefore, unlike what it might look at first glance, the investment cost
increases and operation cost decreases due to ample generation of RERs, resulting in a
reduced tendency to supply power from the grid. Another implication of the cost analysis is
that the investors can recover their investment in RERs more rapidly with a higher market
price; therefore, this would encourage them to invest in renewable energy resources, thus
justifying the economic viability of hybrid provisional microgrids.

MARKET PRICE EFFECT ON PLANNING DECISIONS

45,000,000

40,000,000 . p—
35,000,000 B . @

30,000,000

25,000,000

20,000,000

15,000,000 Operation

10,000,000
o
0
0.8 0.9 1 11 12

Price Coefficient

B Reliability

® [nvestment

Cost Breakdown (8)

Figure 4. Market price effect on planning decisions.

To verify the cost of robustness against market price uncertainties, we chose a 10%
uncertainty in market price and 2000 h/year uncertainty limit for market price. This
modification in the problem results in a total planning cost of $42,451,534, which shows a
9.48% increase compared to case 1. The extra $3,993,318 is spent to ensure the robustness of
the microgrid against uncertainties in load, RER generation, and market price. Considering
uncertainty in this solution changes the RER mix as well as feeder configuration in the
solution. The computational effort is further increased from six iterations until convergence
to 10, which means almost double the computational complexity. Although the total
cost is higher and the computational complexity increases compared to case 1, this case
yields more realistic guidelines for hybrid provisional microgrid investors in choosing the
generation mix and feeder configuration as well as a better estimation of the economic
benefits of the microgrid in the case of inaccuracies in forecasted price signals.

4.3. Case 3

To evaluate the impact of the DC load ratio on the cost, the DC load ratio is increased
from 0.5 (base case) to 1.0. As can be observed in Figure 5, as the DC load ratio increases, the
investment cost starts to decrease; the investment cost of inverters is removed because when
the DC load ratio is increased, the number of DC feeders increases as well. Furthermore,
the operation cost decreases because of inverter coefficient elimination. Therefore, it could
be suggested that when the DC load ratio is increased, microgrid developers tend to utilize
more DC distributed energy resources, such as PV systems, in order to eliminate inverter
coefficient costs. No tangible change can be observed in load shedding cost, since there is
no explicit relation between load shedding and DC load ratio. In addition, the PMG relies
on the coupled AC microgrid during islanding to meet the demand. In this case, it could
be suggested that, during islanding, PMG should provide the demand from DC feeders
in the vicinity. Consequently, the total cost changes by 14% as the DC load ratio increases
from 0.5 to 1.0. Although the 100% DC load ratio is far from realistic, the case is included
for the completeness of calculations.
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Figure 5. DC load ratio effect on planning results.

4.4. Case 4

Energy storage systems (ESS) can provide the microgrid with further control over
the uncertainties prevailing in RER generation and market price. A hybrid provisional
microgrid can benefit more from ESS by optimally allocating them to AC or DC feeders and
removing the converters in between. Incorporating ESS in the planning problem requires
adjustments to the objective function and operational constraints [34].

i
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+Y Y kiCRa D™ (1 — zg) + k¢ Clia; D™z
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(25)

The investment cost of the objective function (Equation (2)) should be augmented with
the energy storage capital cost of energy capacity (CE) and power capacity (CP) as well as
the capital cost of the required converter if connected to the different feeder type, which is
determined by the energy storage type and feeder type (xg is used for DC energy storage
and yg is used for AC energy storage), as formulated in Equation (25).

Y xg <1 Vs e g4 (26)
k

Y ya <1 Vs € 5% (27)
k

The constraints described in Equations (26) and (27) ensure that each energy storage
is connected to one feeder for each set of AC energy storage (5*) and DC energy storage
(S%). The power balance constraint (Equation (10)) is updated to Equation (28) to account
for energy storage charge and discharge as well as the required converter efficiency and
aging at each hour of operation.

1—
Prtn + L Pigen + X Pjien + ; (Pt — Péi) (Aino ﬁxSk + Arec Wrezck]/sk) + LSk = 8)
i j
Dy (zi + Arec 5 22) + Dy (1 = 2 + Ao )
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In order to study the economic viability of installing energy storage systems in the
hybrid provisional microgrid, we consider a battery energy storage system (BESS) compa-
rable to the standard energy storage choice used in [34], with 1 MW power capacity and
6 MWh energy capacity, and an annualized investment cost of 30,000 $/MWHh for energy
capacity and 60,000 $/MW for power capacity. Running the planning problem with the
same settings as Case 1 gives the results presented in Figure 6.

ENERGY STORAGE EFFECT ON PLANNING RESULTS
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Figure 6. Energy storage effect on planning results.

As the results show, installing BESS requires $240,000 additional investment costs.
However, the expenditure is reimbursed through savings in operational and reliability costs.
With the BESS installed, the HPMG is now able to store its excess generation and sell it to the
grid at times of higher price. Therefore, the additional revenue from selling energy reduces
operational costs by $2,291,589. Additionally, with further control over RER volatility,
the reliability cost incurred by load curtailment is now cut by 50%. Altogether, the total
planning cost of HPMG is reduced by 9.45% by augmenting it through BESS. This clearly
shows the economic viability of this choice, which is the result of the following reasons:

1. Storing the surplus generation of DERs and selling it to the main grid.

2. Purchasing generation from the main grid during the lower price period and selling it
back to the main grid at the time of higher prices.

3. Less dependency on higher priced generation by further utilizing stored renewable energy.

5. Discussion and Conclusions

Provisional microgrids provide several benefits for the grid, including increasing
renewable DG proliferation, deferring distribution system enhancement, economic benefits,
and improved flexibility in the distribution system. Since DC loads such as electric vehicles
are increasing, and a considerable proportion of renewable generation like PV panels
are DC hybrid, AC/DC can increase both efficiency and economic benefits. This paper
proposes upgrading the provisional microgrid to a hybrid AC/DC provisional microgrid
to further increase the benefits arising from this class of microgrids. The improvements
were indicated by numerical simulations, and the economic viability of this microgrid was
shown. According to the results, in the base case, it is shown that the total cost of regular
PMGs is 5.5% higher than hybrid PMGs, which illustrates the economic viability of hybrid
provisional microgrids. When the market price is diminished, however, both investment
and operation costs decrease, but the reliability cost increases, and subsequently, the total
price will increase roughly 7% in the case of a 40% decline in market price. Moreover, the
investment cost, operation cost, load shedding cost, and consequently the total cost will
decrease as well, stay roughly steady and decreasing about 14%, respectively, when the DC
load ratio increases from 0.5 to 1. Finally, it is shown that enhancing the HPMG with an
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energy storage system would further increase economic benefits through additional control
over generation volatility and optimal energy transaction with the main grid.
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Nomenclature

b Index for hour

g Superscript for RER generation uncertainty
h Index for day

i Index for AC RER

inv  Subscript for inverter

j Index for DC RER

k Index for feeder

) Superscript for load uncertainty

P Superscript for market price uncertainty
t Index for year

rec  Subscript for rectifier

Parameters

A Availability of power electronic converters
cC Annualized investment cost of RERs

CI Annualized investment cost of inverters
CR Annualized investment cost of rectifiers

D Hourly demand

pm RER rated power

PEY Coupled microgrid link’s flow limit
Prax Feeder maximum loading capacity
Utility grid link’s flow limit

o DC load ratio

k Present-worth value coefficient

A Converter failure rate

U Converter repair rate

7 Converter efficiency

oM Market price

pcm  Coupled microgrid negotiated price
v Value of lost load (VOLL)

r Uncertainty level limit
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Variables

LS Load curtailment

D Hourly demand

G%  Set of DC sources

G*  Set of AC sources

S Set of energy storage

E Storage energy level

P RER generation

Prq Power exchange of AC feeder

Pry Power exchange of DC feeder

Pcp Power exchange with coupled microgrid

Py Power exchange with utility grid

Q Annual operation cost

u Binary variable for islanding (0 if islanded)

X Binary variable for AC feeder connection (1 if connected)
y Binary variable for DC feeder connection

z Binary variable for AC feeder

w Binary variable for DC feeder

A Projected operation cost in investment problem

9,9  Dual variables
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