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Optimal Configuration of Isolated Hybrid
AC/DC Microgrids

Amr A. Hamad, Member, [EEE; Mohammed E. Nassar, Student Member,IEEE; Ehab F. El Saadany,
Senior Member, IEEE; and M. M. A. Salama, Fellow, IEEE

Abstract— This paper proposes a planning model for isolated
microgrids according to which ac and dec zones are defined within
a hybrid ac/de paradigm. Furthermore, the size of the distributed
generation and the energy storage systems are allocated for every
zone as well as the capacity of the interlinking converters between
zones with different types. The proposed formulation is a mixed
integer nonlinear problem that minimizes the total investment and
operational costs. Zone types, represented as integer variables in
the problem, are critical factors that define the required energy
converters and accordingly the overall investment cost and system
losses. The operational criteria of each component within the
microgrid are considered to provide reliable operational
scenarios, and the active and reactive power adequacy of the
microgrid is guaranteed since the presented formulation
incorporates stochastic load and generation models. The validity
and effectiveness of the introduced formulation are demonstrated
through several case studies for different load topologies.

Index Terms—Distributed energy resources (DER), hybrid
ac/de microgrids, isolated microgrids, planning model.

NOMENCLATURE
1. Acronyms
DER Distributed €Nergy resources
DG Distributed generation
ESS Energy storage system
SoC State of Charge
2. Indices
ac Subscript for the ac systems
B Subscript for the ESS
ch Superscript for the ESS charging mode
dc Subscript for the dc systems
dis Superscript for the ESS discharging mode
g Index for distributed generation Resource (DG)
h Index for hour
net Subscript for the net power at the network end
t Index of an interlinking converter
Subscript for the Capacitive units
z Index for zone
3. Sets
F Set of fuel-based DG units
L Set of loads
T Set of interlinking converlers
w Set of renewable DG units

2

Set of neighbouring zones of a zone (2)

4, Parameters

cC Cost for load curtailment

CE Levelized investment cost of an ESS maximum SoC

CF Levelized energy cost of the fuel-based DG units

cI Levelized investment cost of an inverter

(0 Levelized investment cost of a DG or ESS power

CR Levelized investment cost of a rectifier

cT Levelized investment cost of an interlinking
converter

cv Levelized investment cost of a capacitor

P Maximum active load demand

Q7>  Maximum reactive load demand

ST Maximum apparent load demand

ac

Uy Day weight during the year

B Fraction of the peak demand corresponding to a
specific scenario

¥ Available active power ratio of a renewable DG

n Efficiency of the ESS power cycle

p Ratio of the system power losses

o Ratio of the system power security

o Daily probability of a combined load-generation
scenario

ﬂ;td Daily probability of a generation scenario

Fo o) Daily probability of a load scenario

.Q;‘d i Probability of a generation state at time segment h

o5, Probability of a load state at time segment h

‘Q;tdfnﬂh Ger_leration and load probability oftr'fmsition from a state

st at time segment h to another state at time segment h+1

ldh+1]h

5. Variable

IC Total investment cost

M, Zone type (0 for dc, 1 for ac)
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P,Q Active and reactive powers (+ve if produced)

ptoss Associated power loss due to energy conversion

peap Maximum installed power of a DG, ESS and
rectifier

Qer The installed VAR of a capacitive unit

Seep Maximum apparent power of DG, inverter and
interlinking converter

SoC¢®  Maximum state of charge of an ESS

SoCc™™  Minimum state of charge of an ESS

a Load curtailment ratio

II. INTRODUCTION

The advent of electronically based distributed generation
(DG) and the radical changes in the nature of loading have
promoted power distribution in a dc¢ paradigm. On one hand,
greater economies could be achieved if renewable energy
resources such as wind and photovoltaic (PV), and energy
storage systems were integrated into dc rather than ac systems.
On the other hand, major loads such as modern elevators
operate based on variable speed drives [1]. Plug-in electric
vehicles (PEVs) represent a crucial factor in future electric
distribution systems, and extensive electronic loads do exist in
all modern homes with new inventions, including high-quality
and highly efficient dc lighting systems. Further considerations
are the intuitive merits of dc systems: reduction of interference
with AC grids and facilitation of expanded power capacity.
Thus, the concept of dc systems is emerged for active
distribution systems and isolated microgrids as well.

The concept of isolated Microgrids has recently attracted
significant attention since it provides a viable solution for
remote community electrification. Isolated microgrids can
eliminate investments on additional generation and
transmission facilities to supply remote loads. Initiated as ac
networks, similar to the common distribution systems, the
construction of isolated microgrids has dramatically evolved to
include dc and hybrid ac/dc systems that could adapt high
penetration of de-based DGs and loads [2]. Recent publications
have addressed several operational and planning issues in
isolated microgrids. Operational studies include modeling,
energy management, load flow and stability have been
extensively performed for the different isolated microgrid
structures [3], [4]. However, the planning studies are performed
mostly for ac microgrids. In [5], a probabilistic VAR planning
was proposed. The presented formulation incorporates a high
penetration level of intermittent energy resources to address the
minimization of power loss within active and reactive power
adequate profiles. In [6], Jun, et al. provide a coordinated sizing
scheme for diesel generators and energy storage units to
maintain the power adequacy in isolated microgrids. Based on
the bifurcation theory, Guzméan et al. [7] introduced a
scheduling methodology for the droop coefficients that
improves the system frequency and voltage regulation. Morad,
et al. [8] optimized the droop seltings in isolated microgrids of
the DGs to compromise the system loadability and the
economical behavior according to the fuzzy utility function.
The aforementioned work was extended in [9] to include the

improvement in the system voltage profile as well.

To the best of the authors’ knowledge, the configuration of
isolated hybrid ac/dc microgrids has not been addressed yet in
the literature. Therefore, in this work, an efficient planning
model is proposed for these evolving networks. The objective
of the formulation is to minimize the total planning cost, i.e.,
the investment cost of the DER mix and the associated
electronic converters and the operational cost of the resultant
interconnected microgrids. Due to the absence of a stiff subgrid
and the high deployment of renewable DER, combined
renewable-load stochastic scenarios are introduced to capture
their intermit nature in the planning model. In addition, the
detailed operational philosophy and power loss of each
component are considered to present actual daily power
schemes. The outcome of this formulation not only defines the
boundaries of the ac and dc zones, but assigns the capacity of
each DER in the zones as well as the capacity of the
interlinking converters between the different type zones to
achieve supply adequacy.

The remainder of the paper is organized as follows. Section
I provides a brief overview of the presented problem. The
modeling approach for the load and renewable DER is
provided in section IV. Section V demonstrates the detailed
planning formulation for the hybrid ac/dc microgrids. Section
VI describes the numerical analysis and section VII concludes
the paper.

III. STATEMENT OF THE PROBLEM

The rationale behind the work presented in this paper is to
optimize the configuration of the isolated hybrid ac/dc
microgrids with the consideration of comprehensive models for
loading, generation, and electronic converters. In the planning
model provided in [10], the active distribution system could be
entirely constructed as an ac or dc network. The reactive
component of the ac loads was not considered. In addition,
rencwable resources were neglected due to the existence of a
main substation in the system. Similarly, the work proposed by
the fourth author in this work [11] introduced a planning
platform for system-connected hybrid ac/de microgrids, and
thus, the power adequacy was not of interest in the presented
planning model .

In general, isolated microgrid structures can be divided into
zones based on management, load profiles (such as residential,
military, and industrial), and the majority of load type (ac or
de) [12], [13]. This work employs the latter approach to
represent the microgrid as a set of mutually exclusive zones as
illustrated in Fig. 1. The set of neighboring zones that can
exchange power with zone z is denoted as N, for instance,
N;, = {z1,2;}. With the absence of a main grid, this work
provides a viable tool in defining the type of different zones (ac
or dc) and the installed capacity of each DG type, the ESS, and
the interlinking converters between the neighboring zones with
different types. The proposed planning formulation aims at
minimizing the total planning cost including the investment
cost of the different DER resources as well as the operational
cost. For simplicity purposes, other costs associated with
distribution network upgrade and installation of additional
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Fig. 1. Microgrid as mutually exclusive zones
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Fig. 2. Layout of a hybrid microgrid
transformers, switches, measurement devices, and controllers
are ignored in this paper since these costs will be similar in
both types of the microgrid [10].

In order to provide a reliable planning scheme, the
intermittency nature of the load demand and renewable
resources is considered via different stochastic scenarios as
demonstrated in the following section. It is worth mentioning
that planning of hybrid ac/dc systems is a sophisticated process.
On one hand, the deployment of a specific DG type may incur
additional power electronic conversion device and its
associated power loss, according to zone type in which the DG
is installed. Fig. 2 highlights the conversion stages to integrate
DG units with ac vs de systems. On the other hand, due to
stochastic nature in the load and generation profiles, the
adjacent zones may exchange their available active power. This
power transfer would be throttled by the installed interlinking
converter capacity, if the zones are defined with different types.

IV. PROBABILISTIC DG AND LOAD MODELING

A successful planning strategy for Microgrids should take
into consideration the stochastic nature of both the renewable
resources and loads. This section explains the analytical
development of a combined generation-load scenarios that
describe all possible system states and their respective
probabilities. In general, the generation states model for
variable power DG units is calculated by dividing the
continuous probability distribution function (PDF) into several
states. Considering the nonlinear relation between output power
and wind speed, using wind speed states to model the
probabilistic behavior of wind-based DGs becomes inadequate
and may render the accuracy of the planning approach.
Similarly, modeling the output power from solar-based DGs

using irradiance states is insufficient. That is why the authors
of this work developed a probabilistic model for the per unit
output power obtained from wind and solar based DGs using
PDF fitting and goodness-of-fit test [14]. Accordingly, the
normalized and continuous PDF of the output power for each
renewable source, instead of the wind speed or the solar
irradiance, is divided into discrete states with the
corresponding state probability calculated as follows:

Pstimax
f(p) dp (Y]

Ps.':,min
where f(p) is the distribution probability of power and PS5,
and Py5, are the minimum and maximum power limits of state
“st,” respectively.
The studies in [15] revealed no significant differences between
the results obtained using this analytical approach and those
obtained using Monte Carlo simulation (MCS).

The number of states for each component should be carefully
selected so that the simplicity and accuracy of the analysis are
not compromised: a large number of states increases accuracy
but at the expense of also adding to the complexity, and a small
number of states has the opposite effect. In this analysis, the
year is represented by eight days, a weekday and a weekend for
each season. At each of the presented 384 hours (2 days X 4
seasonsx 24 hours), a probability ﬂ;fdlh is defined for the states
of intermittent generated power, based on the historical
available data. In order to consider the correlation between the
generated powers at successive time segments, a finite-state
Markov model is utilized. Thus, the probability of a daily
generation scenario could be calculated as

23
st _ st i st
Qpa = Q901 | | Qg areiin (2)
h=

Similar approach is applied in order to obtain the probabilities
of the daily load states as

23
st _ nSst st
‘Q'l,d - 'Ql,d,l | | Ql,d,h+1]h (3)
h=1

Different loads and intermittent generation Ssources are
uncorrelated; thus, the joint probability of a daily generation-
load scenario Qf , describing a possible combination of

_QSC =

renewable
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generation and load states in the microgrid, is obtained as
[ -
af = | | o
gefw) leL

074 (4)

V. PLANNING FORMULATION FOR THE HYBRID MICROGRID

The proposed formulation is a nonlinear mixed integer
problem, according to which the system designer could assign
the ac and dc zones and the capacity of the capacitors,
rectifiers, inverters, ESS and DG units. For each zone, a set of
decision variables are defined: the zone type (ac or dc), sizes of
the ESS and different DG units, sizes of the installed rectifiers
and inverters in the zone. Furthermore, the sizes of the
interlinking converters connection between the neighboring
zones are introduced as well. The zone type is defined as a
binary variable, takes a value of zero for the dc option or one
for the ac option. By considering single-step price curves,

- which could be simply extended to multistep price curves, the
other control variables are continues with values higher than or
equal zero.

1. Problem Objective

The objective of this work is to minimize the microgrid total
levelized planning cost (5), which comprises the levelized
investment and operational costs:

min IC + Z ug Z QY 0Cseq (5)
d st

The levelized investment cost, the first term in (5), represents
the annual investment cost of the DG, ESS and the electronic
power converters. More details regarding these items are
provided in the following subsection. The second term in (5)
represents the levelized operational cost for a year. As stated
above, the year is represented by 8 days with different
scenarios. The first summation contemplates the occurrence
probability of the different scenarios, while the second
considers the weight of the day during the year. The constant
uy for each of the eight days takes a value of 65.22 (365.25/4
day/season x 5/7 weekdays/week) for weekdays and a value of
26,089 (365.25/4 day/scason X 2/7 weekends/week) for
weekends.
1) The levelized investment cost

It is important to recall that the investment costs are
levelized in this analysis to be represented in annual bases for
the different microgrid components. The levelized cost is
related to the net present value of the total investment cost,
which includes capital, installation and maintenance costs, as
follows [16]:

Levelized Cost = Total invest ment cost

X CRF (i,v) ©)
With
e oy DL

where CFR is the capital recovery factor and, v is the lifetime
of the component, and i is the discount rate.

The type of the zone within the microgrid, i.e., either ac or
de, would impact the components to be installed in this zone,
and accordingly alter the investment cost. However, both ac

and dc microgrids still have the same basic costs of the ESS
and DG components. The levelized investment cost could thus
be divided into four items (8-12): the basic installation costs
(IC;), costs associated with ac zones (IC4, ), costs associated
with dc zones (ICy4.,), and the interlinking converters cost
(IC).

€ = Z(Jc; + MyICac, + (1 = M) ICae,)

(8)
£ (M, = M IC,
t
IC, = (CRgPyT) + CPaPe? + CE,pSoCE? (9)
ge(F W}
Coos = Z CIBGP+ ) CREF™+CQQS® (1)
1ELy,
Wctr: B}

o CREL™ + Z Z Glsnes (1)

9E{FacWacl z lELge

ca,

IC.= (TS0 (12)
The basic installation cost comprises the levelized

investment cost of the DG and ESS units in different zones,
disregarding the zones type (9). It is noteworthy that the ESS
levelized investment cost is defined according to its maximum
power and maximum SoC. The installation cost of an ac zone
({Cacz) incurs the levelized investment cost of power
conversion units (10): inverters to adapt the output power of the
ESS and de-based DG units and rectifiers to feed the dc loads.
The costs of the additional capacitors, which provide the
system with the VAR required in heavy loading conditions, are
included as well in (10). Since IC,., is defined only for ac
systems, this term is excluded from the total investment cost
for dc zones through multiplying IC,., by M, in (8). On
contrast, installation of rectifiers and inverters is mandatory for
the energy conversion of ac-based DG units and loads,
respectively, in dc zones (11). The levelized investment cost of
these devices is multiplied by (1 —M,), to exclude the ac
zones, and added to the total investment cost (8). Finally, the
levelized costs of interlinking converts, between the
neighboring zones, are only considered for the ones that
connecting ac and dc zones (12).
2) The Daily Operational Cost

For each daily scenario, a twofold operational cost is defined
in (13). The first term represents the operational cost of the
fuel-based DG units, while as the second incorporates the cost
of unserved energy, which reflects the users” willingness to pay
in order to avoid power interruptions.

OCst = Z Z Z C%lelg

z h geF
nlax
+ZZ Z unt Pare P CCypy

2. Problem Constraints

(13)

The following constrains must be fulfilled for the solution of
each day scenario.
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1) The active and reactive power sufficiency constraints:

For each zone, the net summation of DG output powers, ESS
injection, and imported active power from the neighboring
zones must meet the load after considering the system power
loss and spare capacity (14). The spare capacity is introduced
to guarantee the microgrid ability in compensating for the
sudden and unpredicted increase in its local power demand
(i.e., spinning reserve) [17]. For an isolated microgrid, different
alternatives can reflect the concept of spare capacity. In this
analysis, the spare capacity is represented as specific
percentage of the load demand, 5% of the total demand is a
reasonable value in isolated microgrids [17]. It is noteworthy
that the power loss in the system feeders is also presented as a
percentage of the total demand, 5% as well [18].

Similar to the active power constraint, the load reactive
power must be supplied via the DG reactive powers, the ESS
inverter, the installed capacitors and the imported reactive
power form the neighboring zones (15) Since this condition is
only applicable in the case of ac zones, the equation is

multiplied by the integer variable M, to relax the condition for
dc zones.

t dis_net ch_net
Zpr?zeg +(pth —thB )+ Z Pt.zz'
g

z'en,
- net
- Z Tz Py chL
!

M Qv + M, Z thg + M, Q.5 + M, Z Qt,zz'
g z'en,

Vh,z

(14)
Vh,z

(15)
= Mzo-z szhzl
2) DG Constraints:

The installed DG units must fulfill a set of equality and
inequality constraints. It is important to highlight that if the DG

type, ac or dc, does not match the zone type, additional

conversion loss will be considered. According to [ 19], the loss
of power electronic converts could be represented as a
quadratic function in the ac apparent power (16), (17). Thus,
Eq. (18) indicates the conversation loss in dc and ac DG units if
power converters are required in either ac or dc subgrids

B = 824654 &, (16)

Spee’ = PRE® 4 Qupy? vz, h, g (17

;gzs _ {Mz F;Z(S;l}fgt Vz,h, g € {Fy., Wy} 18)
(L= M)F(Pog) Vz,h, g € (Foe, Wac}

Peng = Pi5 + PRet Vz,h,g (19)

B B 8 g vz,h,g € {F} (21)

0 < Pag < ¥ig Bg? vz, h,g € (W} (20)

Sing” = Pang® + M, Qupg® Vz,h, g (22)

05 Qungs Sang S By, Yz, h, g (23)

3) Capacitors Constraint:

The output reactive power of the capacitors must be less
than their installed capacity;

0 < Qnav < Qpny
4) Loads: :
The following load constraints count for the load curtailment
and the power loss in electronic converters, if implemented,
With the consideration of the load curtailment ratio (27), the
actual supplied active and reactive powers at the loading
terminals are indicated in (25) and (26). Accordingly, the net
apparent power is calculated in (28). The active power supplied
by the network is obtained in (30) by adding the load power to
the power loss associated to the power conversion (29).

Vh, z (24)

Pons = (1 — azp)B3F, P> Vz, h,l (25)

th.l. = (1 - azht)ﬁzsfil ;th.x vz, h,l € {Lac] (26)

0 < azhl < 1 VZ, h,l (27)

Sl = 2 Qg Yz, h,1 € {L 28

zht” = P ™ + Qo z,h 1€ {Lg} (28)

P[,olis == {MZ FC(P;I}ff sz h:l € {de} (29)
z (1 = M)F,(S.ny) Yz, h L € {Ly}

;}fLr = IzhL + Pztﬁis v Z, h: [ (30)

3) ESS Constraints:

The net charging and discharging power of the installed ESS
are related via complementary constraint (31) because the ESS
could only charge or discharge at any time segment. For ac
zones, an additional inverter is installed to adapt the ESS
output power to ac. This inverter could support the System
reactive power, therefore net apparent power of the ESS is
calculated in (32). The inverter loss could be due to either
charging or discharging of the ESS in the ac zones only as
demonstrated in (33). Relating the ESS power to the net power
with the consideration of the inverter loss requires a careful
understanding. On other words, the relation between the
charging and net charging power is maintained only if the
battery is in the charging state (the relationship is bypassed if
discharging state is considered). Thus complementary
constraints are utilized to handle the problem (34), (35). In
(36), the maximum limit of the ESS active, reactive, and
apparent powers are maintained. The change in the SoC is
calculated as indicated in (37) based on the charging and
discharging powers, where the efficiency of charging and
discharging cycles is manipulated through Nen and 1y, terms.
Since optimization problem divides the operation into weighted
scenarios during the day, it is a reasonable assumption that the
battery is working in a cycle (38) for each scenario to avoid
misleading battery operation, i.e., assuming that the battery
starts fully charged at the beginning of the day and ends up
fully discharged. Finally, the SoC for the ESS must be within a
permissible minimum, 30% of the installed capacity is
considered in the work, and the ESS maximum SoC capacity
(39).

0< P;:&net fi Pde:;,net >0 Vh,Z

(31)

i 2
S;:zeéz — (Phci;;,net _ P}f;l;}net) + thBZ Vh,Z (32)
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PRy = M, F(Skss Vhz  (33)

0<Pgh, L—phnet fploss L peh >0 vhz (34)
0< pgls | plismet yploss _pdls > vh,z  (35)
0 < PEin, Pégi Onzss St < Byt Vhz  (36)
50Cpzn+1 = S0Cazn + (PERlich — Phan/Mais) Yh,z  (37)
50Cpz1 = 50Cpz24 + (Piiaaticn — PES4/Muis) vz (38)
Tolllw oL Bl 8 S0P vhz  (39)

6) Power Transfer between Neighboring Zones:

It is important to declare that an interlinking converter is
assumed between each two neighboring zones. Based on the
zones type, this interlinking converter may affect or not the
power transfer between the zones. For each zone, the apparent
power imported from its neighboring is calculated as illustrated
in (40). The power loss in the interlinking converter is
represented using (41); the multiplication by the zone type is
necessary since the loss is function in the apparent power in the
ac side of the converter [19]. In (42), the interlinking converter
loss is incorporated to the active power transfer between the
neighboring zones if defined with different types; otherwise no
power loss is considered. On the other hand, the reactive power
transfer between the zones is applicable only if both zones are
ac (43). If any of the two-neighboring zone is dc, (43) is
relaxed since one of the zones type takes a value of zero. The
set of equations in (44-46) governs the maximum active,
reactive and apparent power that a zone could exchange with
its neighbor through an interlinking converter. These set of
equations are not applied, i.e. relaxed, for neighboring zones
with similar types.

Shezz'” = Prega’” + Qnezst” Vh it o (40)
Pf-ii,szsz’ =M, FC(Sht,zz’) % Mz‘FC(Sht,z’z) Vh,t (41)
Phezs' + Preqts + (M, — Mz’)zpfigt’szi,l =0 Vht (42)
(Quaz + Qe )M, M, = 0 Vht o (43)

—SE < (My = M) Pryy SSE2 Wht  (44)
—S::ij’ s M, - Mz’)zohc,zz’ = SZ:E’ Vh, t (45)
0= (M, = M)? Syt < S0 Vh, t (46)

VI. CASE STUDIES

The inputs and outputs for the developed planning model are
summarized as follows:
1. Inputs:

- Number of neighbor zones with predefined possible

Interconnections.
- The ac and dc load profiles inside each zone.
- Historical data for the renewable energy resources

TABLE L: LEVELIZED COSTS FOR DIFFERENT TYPES OF GENERATION

Generation Capital i Variable
type $/MWh L Q&M
$/MWh $/MWh
Wind 42.1 13.4 NA
Solar 66.9 9.9 NA
ac dispatchable 12:3 14 352
de dispatchable 36.3 6.5 50.2

which depend on zone’s location.

- Different costs associated with renewable-based DGs,
energy storage units, dispatchable DGs, capacitors and
load curtailment.

2. Outputs:

- The type of each zone either ac or dc.

- The size of the interlinking converter if needed.

- The DER mix for each zone. This means setting sizes
for renewable DGs, dispatchable DGs, energy storage
units, and capacitors.

- The minimum levelized planning cost.

To validate the proposed planning model, an illustrative
system with the layout shown in Fig. 1 is considered. This
system has three zones with two interconnection ties between
zones {1,2} and {2,3}. To study the effectiveness of the
proposed planning model, three different planning scenarios for
this system are investigated as follows:

- Scenario a: the optimal configuration is examined with no
constraints imposed on the type of zones or generation units.

- Scenario b: all zones are assumed to have the same type
either ac or dc with unconstrained generation type.

- Scenario ¢: all zones are assumed to have the same type with
constrained generation type to be same as zone type.

- Scenario d: extension zone is assumed to take place while
two zones already exist.

For all scenarios, the historical data for wind speed and solar
irradiance presented in [20] and their corresponding output
power PDFs are adopted in this study. As described in section
IV, the PDFs are discretized to obtain the normalized power
states for renewable-based DGs in all zones. In addition, for
each zone a combination of residential, commercial and
industrial load profiles presented in [21] is assumed to
represent the ac and dc load profiles in this zone. The capital
and O&M costs for different generation types as presented in
TABLE I are used for units allocated in any zone.

A1. Scenario a

The optimal configuration of the system obtained for this
scenario is M, = {0, 1, 1}. This configuration resulted in the
minimum levelized planning cost as presented in Table II.
Therefore, the optimal configuration of the system is: zone 1
de-zone with an interlinking converter connection to zone 2
while the other two zones are ac-zones and thus connected with
a direct link. Fig. 4 presents the obtained optimal DER mix in
each zone that satisfies the system constraints with the
minimum levelized planning cost. Although zone 1 is a dc-
zone, the obtained DER mix is not solely dc and similarly
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zones 2 and 3 are ac-zones with a dc-generation selected in
their optimal DER mix. This proves the significant effect of
load and renewable generation probabilistic characteristics on

the planning decisions. Therefore, selecting the type of

generation to match the type of zone is not an optimal
approach.

2. Scenario b

All zones are constrained to have the same type either ac or
dc. This scenario was examined using the presented planning
model through adding a constraint M, = {1, 1, 1} or M, = {0,
0, 0}, respectively. Accordingly, the planning framework set
the optimal DER mix that has the minimum feasible levelized
planning cost while satisfies all system’s constraints as
cxplained in section V. The optimal DER mix obtained for this
scenario is shown in Fig. 5 and the associated levelized
planning costs are compared to the optimal system

configuration case (scenario a) as presented in TABLE II.

The obtained results demonstrate the effect of considering
the system type as a planning decision-variable on curtailing
the levelized planning cost significantly. Furthermore, the
constrained planning scenarios comprise lower renewable
capacities compared to the unconstrained scenario. Evident by
the results obtained, the optimal DER mix for a defined system
configuration is challenging and depends on the probabilistic
nature of load and generation as well as the capital and O&M
costs.

3. Scenario ¢

All zones are constrained to be dc and all DGs are
constrained to match the zone type. This scenario was
examined using the presented planning model through adding a
constraint M, = {0, 0, 0} and setting the maximum capacity
constraints for wind-based, capacitor units and ac-dispatchable
DGs to zero. The optimal DER mix obtained for this case is
shown in Fig. 6. The selected mix has solar-based DGs, and
de-dispatchable DGs to satisfy power sufficiency and transfer
constraints. As presented in TABLE VII, the levelized
planning cost for this scenario is almost elevated by 7.75%
compared to the optimal configuration case for the {0,0,0}
system, while supplying the same load. These findings
highlight that as the planning problem gets more constrained,
the levelized planning cost increases for the same system load.
Thus, modeling of the problem with flexible planning
decisions as presented in this framework is crucial to achieve
the minimal levelized planning cost.

4. Scenario d

In contrary to the previous scenarios which consider
planning of newly constructed zones, this scenario studies
extending an existing system by constructing a new zone.
Consequently, the DER mix for the existing system is defined
and invariant. To examine this scenario, the system shown in
Fig. 1 is considered with zones 2 and 3 assumed to be of ac
type. The DER mix for each of the two zones was adopted
from the results obtained for scenario b. System constraints in
the proposed model was modified to reflect these predefined
sizing conditions in addition to constraining zone types with
M, =1 Vz € {2,3}. Zone 1 was assumed to be the extension
of this existing system and the proposed framework is
employed for this planning scenario. The optimal DER mix
obtained for zone 1 in this case is shown in Fig. 7 and the
optimal type of zone 1 was found to be de. The minimum
levelized planning cost achieved in this scenario was 1.2317M$
which represents almost 10 % savings compared to all ac
configuration.

VII. CONCLUSION
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TABLE Il LEVELIZED PLANNING COST FOR DIFFERENT
SYSTEM CONFIGURATIONS

Scenario a {0,1,1} Scenario b Scenario ¢ {0,0,0}

10,0,0}: 1.2688M$

1.1514 M3 {1,1,1}:1.3503M$

1.367M$

This paper presented a planning framework for hybrid ac-dc
microgrids. The planning model was designed to consider the
probabilistic nature of renewable-based generation and loads.
The problem was formulated as a MINLP that minimizes the
levelized planning cost subjected to system’s and components’
constraints. All components’ practical constraints were
contemplated in the model such as DG’s constraints, battery
energy storage constraints, capacitor constraints, etc. Moreover,
the levelized planning cost considered both investment and
O&M costs. The control variables used in the model were the
DER mix, the type of microgrid, and the size of deployed
interlinking converters. In this regard, the optimal DER mix
included the size of renewable-based DGs, dispatchable DGs,
energy storage, and capacitors.

In order to proof the effectiveness and flexibility of the
framework, several case studies and planning scenarios were
investigated. These scenarios demonstrated the capability of
applying the proposed framework for planning newly
constructed system or extending an existing system by adding a
microgrid. The obtained results indicated the potency of the
developed model in obtaining the optimal system configuration
given the randomness of load and renewables. The case studies
showed a significant reduction in the levelized planning cost
when the type of the microgrid was considered as a decision
variable.
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