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Probabilistic Dispatch of Remote Hybrid Microgrids
Including Battery Storage and Load Management
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Abstract — This work presents a probabilistic economic dis-
patch tool for energy management (EM) studies in the context of
remote hybrid AC/DC microgrids (MGs). An EM approach is pro-
posed to ensure a reliable power supply at the minimum cost of the
hybrid MG operation. A comprehensive operational framework is
presented, which considers topological features of the hybrid MG
and the interlinking converter between AC and DC subsections.
Approach and models are tested using several operating scenarios
referred to a test hybrid MG system. In the analyses, the oppor-
tunity of integrating battery energy storage and energy demand
management in the EM scheme is investigated. The results of the
analyses demonstrate the effectiveness and practicality of the op-
timization tool in different operation contexts.

Index Terms—battery storage, economic dispatch, energy demand
management, optimal operation, stand-alone hybrid microgrid

NOMENCLATURE
Indices
S Index for probabilistic scenarios, s=1,..., S
t Index for time, t=1,...,T
Parameters
Beap Battery storage capacity
Ppo ™ Maximum battery charge power
Ppacn ™ Maximum battery discharge power
Pogy™™ Maximum power output of controllable gen-
erators
Py, Scheduled electric vehicles’ demand at t
Pic Interlinking converter’s rating
P ... Scheduled demand from controllable AC
" load, attins
P Scheduled demand from controllable DC
" load, attins
P cri Scheduled demand from critical AC load, at
Lacy s P
‘ tins
Png Scheduled demand from critical DC load, at
ts tins

Combined solar-wind power generation in

PPV—WP(dC)t‘S ' : !
the DC sub-microgrid, attin s
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Pypo), Wind power generation in the AC sub-mi-
‘ crogrid, attins

RU¢qy Ramp up rate of controllable generators

RDcgy Ramp down rate of controllable generators

socmin Minimum state-of-charge of the battery

Ag, ™ Maximum contracted reduction from sched-
uling for electric vehicles load

AT Maximum contracted reduction from sched-
uling for controllable loads

Pceu Unit cost of controllable generators’ power
production

Pagy Unit cost of electric vehicles’ load curtail-
ment

Pa, Unit cost of controllable loads” curtailment

Variables

Pg, . Available battery storage capacity, attins

Ppen, Battery charge, attins

Ppach, Battery discharge, attins

Peu, Controllable generators’ power output, at t in
s

Pgy, Final electric vehicles’ load, at tin's

PLcis Final AC controllable load, attin s

Proces Final DC controllable load, attin s

Pacine, Interlinking converter’s power transfer from
AC sub-microgrid to DC sub-microgrid, at t
ins

Pocrac,s Interlinking converter’s power transfer from

‘ DC sub-microgrid to AC sub-microgrid, at t

ins

Agy, . Electric vehicles’ load reduction at tin s

A, Controllable AC load reduction attin s

Apees Controllable DC load reduction attin s

Binary variables

1 for AC-to-DC power transfer at tin s, 0

Hactoces otherwise
|
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1 for DC-to-AC power transfer at t in s, O
otherwise

1 for battery charging att in s, 0 otherwise

Xperace s

XCht‘s

Xaches 1 for battery discharging at t in s, 0 otherwise

I. INTRODUCTION

M icrogrids (MGs) are small, self-controlled systems em-
bedding distributed energy resources (DERs) and loads,
which can be operated in either grid-connected or islanded
mode [1]. Existing MGs often adopt AC systems, but the grow-
ing penetration of DC loads, DC-based renewable energy
sources (RESs) and DC-based energy storage has recently
drawn interest in DC MGs [2]-[5]. Although DC MGs have be-
come an attractive option [4]-[5] thanks to the increasing use of
DC technology, nevertheless, in a fast evolving technology and
policy framework, the variety of energy applications hinders the
definition of clear and reproducible standards for DC distribu-
tion. In this situation, hybrid AC/DC MGs - aggregating DERs
and loads into distinct AC and DC sub-MGs, tied together by
bidirectional interlinking converters [6]-[7] - represent a more
likely architecture. Hybrid MGs can be a cost-effective solution
to supply affordable and reliable electricity to rural and remote
communities, given their unique feature of using locally avail-
able generation resources (such as solar, wind, water stream and
biomass) to supply the specific demand needs.

Despite combining the advantages of AC and DC, operating
a hybrid MG brings challenges in power quality, reliability, ef-
ficiency and control. There have been several publications ad-
dressing dynamics and control of hybrid MGs [6]-[15].
Schemes and techniques for the control of AC and DC subsec-
tions of a hybrid MG, as well as of their power electronics in-
terface, are examined in [6]-[9], for both grid-connected and is-
landed modes of operation. Focusing on the interlinking con-
verter between AC bus and DC bus, authors in [9] propose a
DC-side hierarchical control scheme to analyze both stand-
alone and grid-connected DC operation. Interaction dynamics
in hybrid AC/DC distribution systems are investigated in [10],
alongside strategies for their mitigation; in this case, small-sig-
nal analysis is used to model the input/output DC-side admit-
tance of the system components. Harmonics analysis and har-
monics mitigation methods are studied in [12]-[14] for
standalone and grid-connected hybrid systems. Authors in [13]
propose, in particular, a reduction method for the zero-sequence
circulating currents between parallel AC/DC interlinking in-
verters, whereas [14] presents a DC bus voltage control scheme
to suppress the transient fluctuations of DC-bus voltage and im-
prove power. Finally, [15] presents a back-to-back converter
structure for grid-connected hybrid MGs, which can provide
isolated and reliable system connection with improved power
flow management. Outside this research, what is still missing
in the literature is a comprehensive energy management (EM)
framework that can incorporate and address the aforementioned
issues in a robust manner [5].

Optimization-based EM has been well explored in AC MGs
or DC MGs [16]-[19]. In hybrid MGs, the EM becomes more
challenging because of the interconnection between DC side

and AC side through the interlinking converter. There has been
some research effort in developing EM tools for hybrid MGs in
[20], where an optimal power flow is presented for scheduling.
However, the system configuration proposed in [20] cannot be
associated with a typical MG model.

In light of the above, this paper proposes a methodological
development in an EM framework for remote hybrid MGs in-
stallations, and in this respect its contribution is twofold. First,
the paper systemically presents operation and management as-
pects that define realistic hybrid MG features and EM function-
ality. Second, it develops a comprehensive optimization-based
approach, with related models, for the scheduling and dispatch
ofthe MG’s resources. The modeling considers the possible un-
certain behavior of energy services.

Following the work in [17], [21] and [22], this paper pro-
poses an EM scheme embedding battery energy storage and en-
ergy demand management for ensuring — even in uncertain con-
ditions related to the fluctuations of certain parameters - a reli-
able power supply at the minimum operation cost of the hybrid
MG. Then, the proposed optimization modeling approach is
based on an economic dispatch (ED) problem formulation,
where the objective is minimizing the costs of controllable gen-
erators and battery storage operation, as well as of energy de-
mand management carried out on controllable loads, such as
thermal loads or electric vehicles (EVs). Operating limits of
controllable generators and interlinking converter, battery
charge and discharge behavior, demand controllability limits,
etc., are mathematically modeled and represented as constraints
in the ED framework.

A realistic stand-alone hybrid MG is used to test effective-
ness and potential of the EM approach. In the applications, the
ED model is used to analyze the operating conditions of all hy-
brid MG resources that can be controlled and hence participate
in the EM scheme, in a set of scenarios that can also correspond
to different configurations of the hybrid MG structure. Particu-
lar focus is on the contributions of battery, energy demand man-
agement and interlinking converter.

The dispatch strategy depends on the hybrid MG configura-
tion and composition. The sensitivity of such a strategy to any
variation in the components of AC and/or DC sub-MGs can
change case by case. Since the focus of this paper is on system-
level power balance, the interlinking converter operation is
mainly assessed through its power transfer potential between
AC sub-MG and DC sub-MG, in relation to the behavior of the
other resources.

In the presented problems, EM and operation of the hybrid
MG are made robust to the uncertainties associated with loads
and RESs. Accordingly, the ED model materializes in a proba-
bilistic algorithm, where uncertain loads and RESs are stochas-
tically modeled and all system components, functions and in-
teractions are represented via the most proper mathematical for-
mulation.

The simulations results demonstrate the practicality and ro-
bustness of both the EM framework and the ED tool, with re-
spect to the operation of a stand-alone hybrid MG and the coor-
dinated management of its resources.

The current proposal is the first result of a research work
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aimed at developing a comprehensive methodological platform
for studies on electricity consumers gathered in isolated and
possibly distributed MGs, tailored to the electrification needs of
remote communities, and flexible to any type of DERs, RES’
and loads, including battery storage systems and EV services.
In this first work, the focus is on managing the active power
dispatch for reliable load supply, whereas control aspects re-
lated to voltage and/or frequency stability, or to the behavior of
the interlinking converter, are not addressed.

The rest of the paper is organized as follows. Section Il de-
scribes in detail the EM methodology for a stand-alone hybrid
MG. Section Il presents the comprehensive mathematical de-
velopments of the ED model. A case study is presented in Sec-
tion IV, along with simulation results and discussions. Finally,
Section V concludes the paper.

1. OPTIMIZATION-BASED ENERGY MANAGEMENT

In a stand-alone hybrid MG with EM embedding battery stor-
age and energy demand management, the EM system schedules
the controllable generators in coordination with the operation
of all other DERSs, battery, and controllable loads, including the
EVs. The objective is minimizing the overall operation costs of
the hybrid MG while ensuring the continuity of power supply
in relation to the end users’ requirements. The EM approach
depends on the hybrid MG framework, composition and con-
figuration, and the optimized EM strategy is based on the as-
sumption that security constraints on voltage and currents are
ensured by the proper technological infrastructure (advanced
metering, regulation and protection on lines and components.

The EM criteria is detailed in the following.

A. Hybrid microgrid framework

The basic reference MG is depicted in Fig. 1. The develop-
ment of this system follows the paradigm of “smart user grid”
[21], [22] where a complex MG can be seen as a grouping of
several sub-MGs with suitable interfaces. In this framework, an
AC sub-MG is connected to a DC sub-MG through an interlink-
ing converter, so as to form a hybrid MG structure.

The AC sub-MG integrates a wind power plant (WP), con-
trollable generating units (CGU), battery storage (BES), non-
controllable (“critical”) AC loads (AC Lcri) and controllable
AC loads (AC Lctrl). The DC sub-MG includes a photovoltaic-
wind system integrated with battery storage (PV-WP) [23], a
unidirectional EV charging station, critical DC loads (DC Lcri)
and controllable DC loads (DC Lctrl).

The PV-WP generation group in the DC sub-MG builds upon
the system presented in [23], coupling a solar power unit and a
wind power unit with similar capacity, and combining them
with adequately sized battery storage to ensure a satisfactory
continuity of power supply in relation to certain targets of
power production. A proper control apparatus assists the coor-
dinated functionality of the components.

In the basic reference MG configuration (Fig. 1), the EV sta-
tion is equipped for unidirectional operation (grid-to-vehicle,
G2V, for charging only), and thus has no capability of back-
feeding to the grid through power discharging. The reason of
this choice is that, at present, the G2V technology is more viable
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Fig. 1. Hybrid microgrid configuration

than vehicle-to-grid (V2G, bidirectional, for charging/discharg-
ing), due to the lack of relevant legislations and standards for
the deployment and commercialization of the latter [24]-[26].
Nevertheless, it seems only a matter of time before V2G can
happen, as there are future estimations and plans for it in vari-
ous countries [24]-[26]. In view of this, it is interesting to eval-
uate the possible contribution of the V2G service versus pure
G2V operation, from the perspective of optimal EM. In this
work, V2G is considered in an additional application of the pro-
posed ED tool (ref. case G, Section 1V), particularly to demon-
strate the modeling flexibility within the considered study
framework.

The hybrid MG is considered organized and operated as a
multi-agent system, made of several domains (agents) of major
functionalities: generation, delivery, storage, power conver-
sion, monitoring, control, and interoperability [1].

B. Energy management criteria

Being stand-alone, the hybrid MG is reasonably considered
under the jurisdiction of a local MG operator. This operator is
the unique interface with the external environment and the ac-
tual aggregator of the MG resources, in charge for their opera-
tional planning and management related to technical factors
(DERS’ capabilities and operating limits) and economic aspects
(costs, value, profits).

Individually non-dispatchable RESs, such as wind and solar
generation, have to be totally used for energy saving and envi-
ronmental benefit, leaving to the controllable generators a flex-
ible supply provision according to rating and costs. Many stud-
ies have been carried out in the last decade, researching for pos-
sibly dispatchable solutions characterized by hybrid RESs com-
binations integrated with energy storage [23], [27], [28]. An ex-
ample is the photovoltaic-wind power system considered in the
hybrid MG under study, which however is not considered dis-
patchable.

The main duty of the battery storage (BES) is to compensate
possible imbalances caused by non-controllable loads and gen-
erators, either supplying any power generation shortage or ab-
sorbing any extra-generated power. The battery is properly de-
signed, and integrated in the AC sub-MG to ensure the best per-
formance relative to MG-level load balancing support. In this
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respect, it is presupposed that the battery technology is suitable
for long-duration service (e.g., lead-acid or sodium ion battery).

The energy demand management program entails the curtail-
ment of the electricity demand of all controllable loads, includ-
ing EV batteries. This program considers and achieves an equi-
librium between the operating requirements of the hybrid MG
and the impact on the energy customers. In the case of control-
lable loads such as thermal appliances, a certain temperature
range cannot be violated, whereas for vehicles there are re-
strictions imposed by the desired state of charge of EV batteries
for transportation purposes. For EVs, equipping the EV station
for battery swapping service — which ensures the replacement
of discharged batteries with fresh ones — can best suit the im-
plementation of energy demand management [22]. In fact, the
EV customers can contract the battery swapping service along-
side the charging service, and the EV station operator can ar-
range a recharge-controlled battery stock as a local reserve, to
be kept as an offer of lease to the EV customers if the energy
demand management actions call for adjustments in their bat-
tery charging schedule.

In principle, V2G service in MGs can address many tasks
(e.0., RES generation smoothing, reactive power/voltage con-
trol, power quality, peak load leveling, etc.), but the technical
and economic feasibility of any of them depends on various fac-
tors related to system configuration, control, operation pro-
gram, and market strategy of both distribution network and EV
aggregator [29]. A systemic analysis of V2G realization and
employment is beyond the scope of this paper and deferred to
future studies. As detailed later, in this work, V2G is included
in the rationale of the EM program as a support to load leveling,
enhancing the load management performance and effective-
ness.

C. Objectives of optimization-based energy management

The EM goal is optimizing the following actions:

a) Scheduling of the controllable generators’ power output.

b) Curtailment of all controllable loads, including EV recharg-
ing, based on the energy demand management criteria.

¢) Scheduling of battery energy storage charge/discharge.

d) Power exchange between AC sub-MG and DC sub-MGs
through the interlinking converter.

The power balance is primarily achieved by the generating re-

sources. Energy demand management is applied to cover the

remaining power balance requirements.

I1l. ECONOMIC DISPATCH

The presented methodology involves a preliminary network
analysis for the hybrid MG, aimed at verifying and calibrating
the ED constraints in the configuration and all the operating
conditions considered for the optimization studies.

The following modeling components refer to the hybrid MG
structure of Fig. 1. Since the focus is on economic dispatch of
active power, all converters (DERS’ interfaces and interlinking
converter) are assumed working at unity power factor, so the
effects of reactive power are not represented.

a) Local DERs - wind power unit in the AC sub-MG, and bat-
tery-integrated photovoltaic-wind system in the DC sub-MG

The electricity generated by the wind power unit in the AC
sub-MG is related to the wind speed profile [30]-[31] whereas
the photovoltaic-wind generation system with battery storage in
the DC sub-MG can supply self-produced power independently
of solar radiation conditions [23], [28]. In order to account for
the uncertainties in the power produced by these DERs, Monte
Carlo Simulation is employed to generate a large number of
daily scenarios, starting from realistic 24-hours power output
profiles with variations probabilistically modeled through a
normal distribution. The sampling is done by assuming the con-
secutive (hourly) operating states independent.

Scenario Reduction [32] is used to eliminate the scenarios
with lowest probability and aggregate close scenarios, though
respecting four basic criteria, namely: 1) the “reduced” set of
scenarios must be good enough to characterize the stochastic
variables; 2) it must capture all events and their likelihood; 3) it
must be as small as possible to avoid computational intractabil-
ity; 4) the resulting solution of the stochastic problem must in-
dicate that the addition of more scenarios to the optimization
does not change significantly the optimal value of the objective
function.

A normal distribution is the simplest assumption about the
interdependence structure of the random variables, and it is
probably the best model when there are no particular contextual
conditions to characterize the possible deviations from the nor-
mal distribution itself [30]-[31], [33]. In the most usual cases,
other statistical distributions - considering slight deviations
(e.g., Rayleigh, Weibull) - can be similarly considered [31].

b) Non-controllable and controllable loads

Hourly (24-hours) probabilistic scenarios are modeled refer-
ring to typical profiles of residential and commercial loads, with
deviations based on a normal probability distribution function
[34].

Monte Carlo Simulation and Scenario Reduction technique
are applied for the modeling, in the same way as for the DERs.

c) Operating constraints of the controllable generating units

The constraints in controllable generators’ power production
are as follows:

0 < Pegy,, < Pegy™™ 1)
Pccu(tﬂ)s = Pegu,; = RUcqu )
Pegu, s — Pccu(tﬂ)‘s < RD¢gy 3)

Constraints (1) enforce the controllable generators’ power sup-
ply limits, whereas constraints (2) and (3) control the ramp
down/up rates. Operating limits and rates depend on the electri-
cal characteristics of the generators.

d) Operating constraints of the battery energy storage

The battery operation is constrained by the limits in storage
capacity and charge/discharge rates, as follows:
0< PBcht‘s = Xcht‘s ’ PBchmax 4)
0 < Pgacn,y < Xachy s * Prach )
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Xeng s * Xacn, s <1 (6)

PBt‘s < Bcap (7)

Constraints (4) and (5) limit the battery charge/discharge,
with Xp, . and Xy,  being the “0/1” binary variables defined
in (6) to account for the battery charge/discharge cycles. Con-
straints (7) enforce the limits for the available battery capacity.
The hourly available battery capacity is defined by:

PBchy ¢ tPBdchy ¢
= PB + —_— 2
ts

(8)
Model (4)-(8) strictly relates to the electrical characteristics of
the energy storage, and does not depend on the electrical con-
figuration of the MG.

P
Bt+1)s Beap

€e) Interlinking converter

In an ED problem, the simplest and yet most appropriate ap-
proach to model the interlink converter is by its AC-to-DC and
DC-to-AC power conversions [35]-[36]. The role of the device
is critical to maintain power balance at a MG level with an ad-
equate power transfer between AC sub-MG and DC sub-MG,
which mainly depends on conversion’s rated capacity and effi-
ciency [7].

In this work, the control is assumed as intrinsically addressed
and solved a-priori, through an appropriate technological de-
sign and selection. Accordingly, the control aspects of the
power conversion are not considered in the modeling, which is
specifically oriented to the dispatch problem. Hence, the oper-
ating constraints can be formulated as follows:

0 < Pacsne, s < Xacroeys  Piic 9)
0 < Ppcraces < Xpcraces ” Pric (10)
Xacroces ¥ Xpcraces <1 11)

Inequalities (9) and (10) enforce the limits for the power con-
version between AC side and DC side. Inequality (11) repre-
sents the “0/1” binary variables X,¢/pc, ; @d Xpc/ac, 10 ac-
count for the direction (either AC-DC or DC-AC) of the power
converted.

f) Energy demand management

The energy demand management criteria on controllable
loads and EVs can be represented by proper “contracted bands”
of possible reduction of the scheduled demand. These bands are
set up by agreement between the hybrid MG operator and the
electricity customers [22].

e Energy demand management on controllable loads

Controllable loads are grouped into AC and DC load aggre-
gations featuring some inherent physical properties, the most
important of which are aggregated thermal capacity, number of
load units and aggregated rated power. The contracted bands of
load reduction are mainly constrained by the aggregated rated
power and the customers’ requirements [22], [37]. Accordingly,
the contracted bands for the curtailment of the controllable
loads are formulated as follows:

max
0< ALAC‘t‘sS A,

(12)

0<4,,, <A™ (13)

Constraints (12) and (13) ensure that the curtailed amount of
controllable loads stays within the contracted limits at all times.

e Energy demand management in the EV station

EVs participation in energy services’ provision is still at a
conceptual stage, and neither recognized rules nor references
exist to assign contracted bands to their management. Even for
EV load management aimed at the economic dispatch of a hy-
brid MG - which is the case focused in this work -, different
criteria can be used, based on the scope and framework of study
[22].

In general, the contracted bands of curtailment for the EV
charging service can be reasonably assumed dependent on tech-
nical factors (state of charge and maximum charge/discharge of
the EV batteries) and on the type of agreement established with
the EV customers. The latter must prioritize customers’ con-
venience at every time. Based on this, the contracted bands for
the EV load reduction are formulated as follows [22]:

0 < Agy, < Ay ™™ (14)

Constraints (14) limit the amount of EVs charging demand
that can be reduced over the hours of the scenarios considered.

In case of EV service management in V2G mode, the con-
nection of the EV station to the DC bus leads to a unidirectional
interaction with the DC bus, and to a unidirectional effect on
the whole system via the DC bus. For this reason, as later shown
in Section 1V, ‘Case G’ refers to a V2G dispatch for DC bus
load leveling, as an ancillary service to the hybrid MG eco-
nomic operation. The V2G service is considered as a scheduled
resource, assuming that the EV station operator can set the EV
charge/discharge program in “quasi real-time”, based on meter-
ing apparatus and bidirectional communication network distrib-
uted in the MG [21]. This is nowadays realistic, considering the
advancement of technology, and given the possibility to include
battery swapping in the EV station, which allows the EV oper-
ator to reserve a specified EV power potential for the grid sup-
port [38].

Either in G2V or in V2G mode, constraints (14) consider the
condition that all batteries admitted to the discharging schedule
comply with prefixed limits for the state-of-charge.

g) Cost of battery operation for power balance

The battery is operated to exchange power with the hybrid
MG by charge/discharge, based on the generation/load balance
needs. The cost of this service is dictated by the amount, the
specifications, the reliability, the time, and the frequency of
charge/discharge cycles contracted by the MG operator [39],
but can be aggravated by existing organizational and opera-
tional constraints, as well as financial obligations (debts, loans,
etc.) for the battery owner. Possible uncertainties and corrective
factors can also influence the cost, in relation to the jurisdiction,
the organization and the operation of the MG. All this is con-
sidered in the proposed EM system, and represented in the ED
tool by a cost function associated to the battery cycling.
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The cost function proposed in this paper builds upon an ac-
credited battery cost model available in [40], correlating the
hourly cost of battery operation (Costg, ;) to a base cost coeffi-
cient (cp), state-of-charge and hourly available battery capacity.
Its formulation is as follows:

Costg, . = [cp " ksoc,,;, (1 — SOC™™)] - Py, (15)

Compared to the model in [40], function (15) is more accu-
rate in the definition of c. In fact, while cj is simplified in [40]
as a mere cost of battery wear, obtainable from the manufactur-
ing information, this paper defines the cost coefficient - in prin-
ciple - as a function of all the aforementioned factors. In prac-
tice, the value of cg is determined by the factors — among those
mentioned — that are actually relevant and specific to the case
study.

In (15), ksoc,y,;, 1 @ scalar parameter associated to the mini-
mum state of charge of the battery. It can be derived by the
manufacturing information.

Equation (15) implies that it is more economical to operate a
battery at a higher state of charge. Physically, this is because
low state of charge causes mechanical stress on the active
masses and battery sulfation in lead-acid batteries.

h) Complete economic dispatch model

Considering the stochastic modeling of RESs’ and loads’ be-
havior, the complete ED model materializes into a probabilistic
mixed integer nonlinear program (MINLP), the objective of
which is determining the minimum cost of operating the con-
trollable hybrid MG’s resources, subject to a certain number of
constraints, as follows.

e Objective function
Min E(COSTHMG) = f(PCGUt‘s’ PBt‘s’AEVt‘s’ ALAC‘t‘s’ ALDC‘t‘s) =
Ym(s) X [CostCGUt‘s + Costp, ; + CostAEVt‘s +

COStALAC‘t‘S + COStALDC‘t‘S:I = Xsm(s) Zt[(pCGU . Pccut‘s) +
COStBt‘s + (pAEV ' AEVt‘s) + (pAL ' ALAC‘t‘s) + (pAL ' ALDC‘t‘s)]

This represents the expected costs of operating the hybrid
MG. It is calculated as the summation over time t (where tis a
hour), in all weighted probabilistic scenarios s (r(s): probabil-
ity/weight of scenarios), of the following terms:

a) Costegy,, = Pcu * Pegu, - cost of power supply from
controllable generatorsattin s (Pgy, ;: controllable generators’

power output at time t in scenario s, p¢: Unit cost of control-
lable generators’ power production);

b) Costpgs, ,: battery costat tin s, defined by function (15);
c) COStAEVtS = Pagy " Bev, ;- cost of EV load curtailment at t
ins;
d) COStLACt = pa, "D, cost of controllable AC load
S b
curtailmentattins;

e) COStLDCt = pa,, " A1y, 0 cost of controllable DC load
S it
curtailmentattin s.

In the objective function, all cost terms are minimized simul-
taneously. “Importance” weights (0 < w; < 1) could be inte-
grated as coefficients of the individual costs in order to mini-
mize these costs with priorities. Moreover, each probabilistic
scenarios is assigned probability/weight (s) equal to 1, under
the assumption of scenarios s having the same realization like-
lihood.

e Constraints (1) - (14)

These have been discussed in the previous sub-sections.
e AC and DC sub-MG power balance equations

Pccut‘s + PWP(aC)t‘S + PBdcht‘s + PDC/ACt‘s = PLAC‘t‘s +

Peri + Pgep,  + Pac Vt,s (16)
ACt s ' DCts
Ppy_wp@e), .+ Pacspe,s = Prpers + PLgCit + Py, +
i S
Ppcraces vt s (17)

Equations (16) and (17) ensure the power balance at t in s,
respectively in AC sub-MG and DC sub-MG.

e Definition of controllable loads’ and EVs charging demand

— po
PLAC‘t‘s - PLAC‘t‘s - ALAC‘t‘s vt s (18)
— po
PLDC‘t‘s - PLDC‘t‘s - ALDC‘t‘s Vi, s (29)
Pey, s = Py, = Dgy,, Vs (20)

Equations (18) - (20) define the load reductions (A) operated
by the MG operator - based on the energy demand management
and the power balance needs - and the corresponding final
loads, for: AC controllable loads (equation (18)), DC controlla-
ble loads (equation (19)), and EVs (equation (20)).

The above ED problem is formulated neglecting power
losses. This is possible in the case of small MG installations for
remote communities (such as the proposed case study), where
the system losses are typically not so significant given the short
distances between components [41].

IV. CASE STUDY

The results of applying the ED model to the test stand-alone
hybrid MG of Fig. 1 are presented in this section. All analyses
are performed for t=1,...,24 hours, using KNITRO solver en-
gine. The following cases are considered:

- Case A: base case used to validate the ED tool.

- Case B: loss of a controllable generating unit.

- Case C: energy storage is not part of the EM system.

- Case D: the interlinking converter capacity is progressively
reduced up to the minimum possible, at unity power factor.

- Case E: the EVs have reduced controllability due to exclu-
sion of swapping service.

- Case F: the EM is influenced by the mechanisms of electric-
ity markets and the possibly varying ratio of renewable and con-
trollable resources to non-controllable (*“critical””) demand.

- Case G: the possibility of V2G contribution to the EM of the
hybrid MG is considered, in the same framework and condi-
tions as Case F’s.

The abovementioned cases are specifically selected to evalu-
ate and highlight the practicality and flexibility of use of EM
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approach and models. Following Case A, Cases B-E focus spe-
cific operation and management aspects, demonstrating that the
ED tool is effective to assess the operating status of the hybrid
MG in different scenarios and problems. Particularly, these
cases address technical aspects, such as reliability (e.g., Cases
B and C), load imbalance (Case E), or the advantages of EM
systems with battery energy storage (Case C) and/or energy de-
mand management (Cases C and E). Case F, instead, is partic-
ularly market-oriented, assessing the MG operation in one of
the typical time-based electricity pricing frameworks. Finally,
Case G assumes that the EV charging station is equipped with
a storage stock obtained by onboard/onsite EV batteries, of suf-
ficient capacity to provide V2G ancillary service, based on a
strategy to address load leveling at the DC bus through the op-
timization tool. This strategy can improve the total power ab-
sorption profile of the hybrid MG and thus its energy efficiency.

With respect to all considered cases, the topological features
of a stand-alone hybrid MG have to be critically evaluated in
relation to different scenarios and problems, in order to make
the MG’s operational framework robust against contingencies.
This has been done for the hybrid MG under study.

The quantitative and qualitative results of the assessments
represent a database that the hybrid MG operator can use for
planning ahead actions on the system, related not only to the
operation, but also to contingency management and mainte-
nance.

A. Assumptions and data in Case A
The base case considers the availability of all hybrid MG’s

1 PV-WP Power WP Power

No. recorded values
from selected samples

‘
0 - N

240 245 250

kW

Fig. 2. Probabilistic distribution of wind and combined solar-wind power at a
reference hour of the day (12 p.m.)

resources, with data modeled in accordance to the typical LV
power distribution levels (kW).

o Controllable generation: the grouping of two 250kW units is
considered. Data are given in Table I.

e RESs: Referring to the data in [22] for the wind power unit,
and to the data in [23] and [28], properly rescaled, for the bat-
tery-integrated photovoltaic-wind power system, the set of
probabilistic scenarios of power outputs for these DERS is ob-
tained through combined Monte Carlo Simulation and Scenario
Reduction technique, following the criteria described in para-
graph a) of Section Il1. A set of 10,000 hourly (24-hours) sce-
narios, normally distributed, is generated by Monte Carlo Sim-
ulation, and this set is reduced to 1,000 samples by Scenario

TABLE |
CONTROLLABLE GENERATION AND BATTERY BANK DATA

Pegy™™ RUcgy/ wp | Pea™™/ | soc™n
[kw] RD ¢y [kWh] | Pgaca™
[kW/h] [kW]
500 200 40 35 0.20
TABLE I
WIND POWER, SOLAR POWER, CRITICAL LOADS AND ENERGY DEMAND MANAGEMENT COSTS DATA
Hour Mean PWP(ac)[[va] Mean PPV_WP(dc)[[kVV] Mean PLf{ci: [kwW] Mean PL% [KWI | pag, [E/KWH] | p,, [E/KWh]
1 253.24 268.32 171.5 180.94 0.122 0.157
2 261.59 238.17 164.55 182.27 0.122 0.178
3 256.87 222.64 164.26 180.1 0.122 0.161
4 257.92 264.05 168.21 181.77 0.138 0.154
5 254.01 238.25 165.23 192.81 0.185 0.152
6 260.2 239.01 166.46 174.41 0.174 0.153
7 261.71 230.07 176.11 189.31 0.236 0.155
8 263.07 225.59 169.58 175.23 0.265 0.158
9 261.88 222.57 174.3 174.6 0.276 0.153
10 265.25 246.26 164.84 176.44 0.274 0.16
11 256.42 227.22 166.19 178.02 0.263 0.153
12 260.53 245.15 166.23 175.64 0.253 0.154
13 263.5 230.6 182.72 186.41 0.25 0.167
14 264.59 240.31 162.66 184.42 0.261 0.163
15 255.96 255.13 165.91 177.96 0.263 0.161
16 257.07 237.54 170.57 179.71 0.26 0.161
17 255.54 220.57 178.42 183.26 0.26 0.157
18 262.93 227.18 171.99 193.55 0.276 0.153
19 261.55 226.15 184.87 174.64 0.236 0.161
20 265.23 247.32 165.66 179.02 0.174 0.164
21 262.89 232.11 177.66 179 0.141 0.166
22 256.24 236.22 165.73 174.14 0.133 0.17
23 263.28 234.18 169.22 191.73 0.133 0.172
24 266.48 239.76 164.81 180.64 0.133 0.155
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Reduction. In the Monte Carlo Simulation, the standard devia-
tion is assigned as constant over the 24 hours, assuming that it
is not significantly influenced by variations during the day. The
hourly mean values (over all probabilistic scenarios) of the
power output profiles are given in Table Il, whereas Fig. 2
shows the probabilistic distribution of the data dissemination
diagrammed for the RESs outputs, at one particular hour of the
day (12 p.m.).

o Battery storage: a lead-acid battery bank, suited to long-term
use, is considered. The technical data are provided in Table I.
¢ Non-controllable and controllable loads: s = 1,...,1000 dif-
ferent scenarios of demand are derived via combined Monte
Carlo Simulation and Scenario Reduction techniques, referring
to typical residential and commercial aggregated profiles. Con-
trollable loads represent aggregations of thermal loads. Hourly
mean values (over all probabilistic scenarios) of both AC and
DC loads are given in Table II.

o EV service: this is equipped for both EV battery recharging
and EV battery swapping services. Two charging platforms are
considered: 400 V/32 A-24 kW-3 phase for normal (2 h) charg-
ing, and 400 V/63 A-43 kW-3 phase for fast (30 min) charging.
The number of batteries available for swapping is assumed
enough to cover both G2V car fleet and V2G units, also consid-
ering load curtailment if needed. The EV charge scheduling is
modeled considering normal and fast charging, based on a pre-
established energy demand management program. The 24-
hours values of these profiles are displayed in the “EV load”
subplots of Figs. 3 and 4 (ref. “initial” profiles), and in Fig. 7.
o Interlinking converter: it is formed by a bank of three
500kVA bidirectional converters, all with 100% conversion ef-
ficiency in both directions (AC-DC and DC-AC), for a total
base rating of 1L.5MVA.

o Costs: the unit cost of controllable generators’ power is con-
sidered fixed. The reference value (pcey = 0.06 €/kWh) is
taken from historical pricing data. Costs of energy demand
management on controllable loads and EVs are referred to a dy-
namic pricing structure. These costs are slightly higher than

CGU power dispatch

Available BES capacity

controllable generators’, related to the resources’ size and fea-
tures [42]. The battery cost coefficient cgy, is assumed equal to
0.107 €/kWh, and scalar parameter kgo, .. 1S assumed equal to
0.15.

o Contracted bands of energy demand management on control-
lable loads and EVs: they are hierarchically assigned based on
the expected demand requirements: 75% of the scheduling is
assumed for controllable loads, and 85% of the scheduling for
EVs. The higher value of the EV contracted band complies with
the structure and organization of the EV station, which is pro-
vided with swapping facilities in case the charging cannot be
accomplished.

B. Results

a) Case A

The results for Case A are depicted in Fig. 3, which shows
the hourly mean values (over all probabilistic scenarios) of the
operating conditions of the hybrid MG resources, in terms of:
active power dispatch of the controllable generators; “available
battery capacity” (i.e., the remaining storage space in the bat-
tery bank, consequent to the number of charge/discharge cycles
inahour); interlinking converter’s power transfer from AC sub-
MG to DC sub-MG; curtailed (final) profiles, vs. initial (sched-
uled) demand, of — respectively - controllable AC loads, con-
trollable DC loads and EVs.

From Fig. 3, “CGU power dispatch” subplot, it can be ob-
served that the controllable generation works at almost full ca-
pacity during daytime, supplying less electricity during night
and early morning. This outcome is reasonable considering the
lower controllable generation’s cost. Also, from the related sub-
plots, it can be seen that the EV load is subject to some curtail-
ment only during night-time, whereas the controllable AC and
DC loads are curtailed during the daytime. This is due to the
costing dynamics of the energy demand management, for which
the controllable loads are cheaper during most of the times (ref.
unit costs in Table 11). The “available BES capacity” subplot
shows the battery being almost emptied during night and early
morning times (in fact, the available storage space almost

ILC power transfer
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Fig. 3. Optimal operating conditions of the hybrid MG resources in Case A
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Fig. 4. Operating conditions of controllable loads following the loss of controllable generation capacity (Case B)
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Fig. 5. Operating conditions of interlinking converter and battery storage
following the loss of controllable generation capacity (Case B)

equals the maximum capacity), which means that when the hy-
brid MG cannot count either on electricity supply from the con-
trollable generation, or on load curtailment, the load balance re-
quirements are covered by the battery alongside the RESs. This
outcome demonstrates the effective coordination and interoper-
ability of the MG resources based on the operated EM program.

With respect to the interlinking converters’ power transfer,
which is shown in the “ILC power transfer” subplot of Fig. 3, it
is directed from the AC sub-MG to the DC sub-MG at all times.
This applies to this base case and also to the following cases
studied, as expected for the considered hybrid MG, where the
weaker DC sub-MG calls for support from the AC DERs.

It is important to highlight that the representation of the bat-
tery’s status in terms of hourly “available capacity” cannot de-
scribe the decay trend in the battery, which depends on the num-
ber of charges and discharges during each hour. In the real prac-
tice, the trend of this decay can be monitored by dedicated EM
system apparatuses, comparing the frequency of the charge/dis-
charge to the nominal decay data, which is also important to
define the base cost coefficient (cp) (ref. paragraph g) of Sec-
tion 111).

b) CaseB

The loss of 50% of controllable generation capacity causes
significant curtailments of controllable AC and DC loads, as
well as of EVs, at all times. This is shown in Fig. 4, where the

results of Case B are compared with those of Case A. From this
figure, it can be seen that the curtailment in Case B is particu-
larly higher during daytime for controllable AC and DC loads,
and about 50% of the initial scheduling at all times for the EVs.
This outcome demonstrates the importance of energy demand
management. Absence of this functionality in the EM scheme,
or limited controllability of the responsive loads, strongly de-
creases the flexibility of the hybrid MG operation and the reli-
ability of power supply to customers.

Simulation results also show that the loss of a controllable
generation unit impacts on the patterns of interlinking con-
verter’s power conversion from AC sub-MG to DC sub-MG, as
well as of battery dispatch. This is clearly represented in Fig.
5’s subplots: compared to Case A, the interlinking converter’s
power transfer is generally reduced over the 24 hours (up to
50%), and the free storage space within the battery is signifi-
cantly lower during morning (09:00-13:00) and in the early
evening (18:00-24:00). Such patterns highlight that the AC/DC
power conversion is generally exploited for electricity dispatch
over the hours, evidently compensating the possibly reduced
supply potential of the controllable generation, alongside the
wind power source and the battery storage.

c) CaseC

Constraints (12)-(14) are relaxed to assess the sensitivity of
controllable loads and EVs to the absence of battery storage in
the AC sub-MG.

Results in Fig. 6 compare this case with the base Case A,
showing that the exclusion of the battery from the EM (Case C)
yields a significantly higher curtailment of controllable AC
loads and EVs, particularly during daytime. The curtailment of
controllable DC loads even reach the unacceptable level of
100% of the scheduling at some hours. Furthermore, the con-
trollable generation is forced to work closer to its limits.

The outcomes of this case can be detrimental not only to the
hybrid MG security (i.e., the MG components — in this case the
controllable generation — are forced to work in more stressful
conditions), but also to the electricity users’ satisfaction (due to
the dramatically increased curtailment needs). This indicates
the importance of embedding battery storage support in the EM
scheme, and reinforces the findings of Case B about the benefits
of joint energy demand management integration.
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Fig. 6. Operating conditions of interlinking converter and AC and DC controllable loads in the absence of battery energy storage (Case C)

d) CaseD

A parametric analysis is carried out by reducing the interlink-
ing converter rating, to assess the relationship between the
power transfer capability of the device and the operating behav-
ior of the other resources within the MG. Comparing the results
of this analysis with those of Case A, some conclusions can be
drawn on the optimal size of the converter.

Specifically, results show that reductions of the interlinking
converter capability up to 500kVA do not affect the other re-
sources’ operating pattern, but further reductions yield infeasi-
bility of the optimal scheduling problem. This suggests that, a
500kVA-sized interlinking converter can be optimal (all other
conditions being equal to those assumed in Case A), not only
for the hybrid MG operation, but also for saving on initial in-
vestment costs and future maintenance costs related to the pres-
ence of the converter device.

e) CaseE

A parametric analysis is carried out to assess the impact of
EV controllability reduction on MG’s operation and costs. The
controllability is progressively decreased by 5% steps of reduc-
tion, from 85% up to reaching infeasibility (at about 45%).

The simulations show that the reduced controllability of EVs
does not impact on the hybrid MG operation in global terms, as
it only affects — but not significantly with respect to Case A -
the curtailment of controllable AC and DC loads in certain
hours of the daytime. Correspondingly, some economic impact
can be seen, as the total costs of operating the MG over the 24-
hours slightly raise with respect to the base case (ref. Fig. 12).

f) CaseF

To prove further the flexibility of the ED model, its sensitiv-
ity to the energy service parameters is investigated, considering
two aspects. The first is the possible range of energy users’ re-
quirements, and the second is the influence of a time-based
costing of the MG operation. The latter is an important param-
eter to consider in the operation of the available resources over
the day.

The hybrid MG operating conditions are assessed with a dif-
ferent ratio of renewable and controllable resources (solar and
controllable generation, battery storage, and controllable loads
including EVs) to critical demand, and considering a time-
based tariff set for the controllable generators’ dispatch. Then,
the initial assumptions, discussed in sub-section IVV.A for Case

A, are modified as follows:

- Critical AC and DC loads are deterministically remodeled as
residential profiles with typical morning and evening peak de-
mands. These profiles are shown in Fig. 7, alongside the other
load profiles (“mean value” profiles for the stochastic control-
lable loads).

- Contracted bands of energy demand management on control-
lable loads and EVs are assumed equal to 100%, to assess the
sensitivity of the energy demand management actions to the
considered scenario.

- The solar power production is remodeled as dependent on the
light conditions (solar radiation), according to the daily output
profile of a PV unit not supported by storage or additional gen-
erators. The mean values, over all probabilistic scenarios, of the
selected profile is depicted in Fig. 8.

- The unit cost of controllable generators’ power supply is re-
modeled on a time-of-use basis, assuming: p.;y = 0.08 €/
kWh at 00:00-07:59, pqy = 0.12 €/kWh at 08:00-17:59, and
Pcey = 0.16 €/kWh at 18:00-23:59. These values are referred
to historical pricing data of European electricity tariffs.
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Fig. 7. Hourly load demand in Case F
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Fig. 8. Purely solar power production in Case F (mean values over probabilis-
tic scenarios)
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Fig. 9. Comparison of optimal operating conditions of the hybrid MG resources in Case A and Case F

Fig. 9 shows the results of this case compared to those ob-
tained in Case A, where a fixed tariff was assumed for the con-
trollable generators to investigate the MG operation from a
mere technical perspective not influenced by timed-based pric-
ing strategies of electricity providers. In this figure, the “CGU
dispatch” and “available BES capacity” subplots show that the
controllable generation and the battery work coordinately with
the RESs, dispatching electricity to meet the critical load needs
when the solar power is not available. The fact that the control-
lable generation works at full capacity, demonstrates that its op-
erating condition is influenced more by the availability of the
other resources than by the time-based pricing.

As for the controllable AC and DC loads, Fig. 9 shows that
these are subject to more curtailment than in Case A during day-
time, and especially during the hours of critical peak demand
(07:00-12:00 and 18:00-23:00). Instead, the EV charging is
generally curtailed during evening and early morning (when the
demand management price is low), more in the hours of evening
peak demand (19:00-24:00). So, the energy demand manage-
ment actions compensate the peak demand from critical loads
during low light conditions as well as the higher cost of elec-
tricity supply from controllable generators.

Finally, the interlinking converter transfers power to the DC
sub-MG according to the load balance requirements, at higher
rates during the peak demand hours.
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Fig. 10. Leveling of EV load following VV2G-based program (Case G)

g) Case G

Compared to Case F, Case G introduces the V2G service into
the ED simulation records, assuming that the EV charging sta-
tion is provided with an extra battery stock correspondent to a
predetermined amount of energy reserved for V2G delivery.
The battery stock is detracted from a mix of recharged swap-
ping and onboard battery packages available as storage re-
sources in the EV charging station. The considered scenario is
presented in Fig. 10: a daily V2G program is carried out from
07:00 to 20:00, to level the EV absorption profile, and the used

EV load
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Fig. 11. Load management actions in Case G
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batteries are recharged overnight within the low cost time slot
(so that the EV service agent can reduce the recharging costs).

The difference between the unitary costs of bidirectional
V2G service in case G and of unidirectional EV service in case
F is considered not significant.

Fig. 11 depicts some relevant outcomes of Case G. In this
figure, the results of energy demand management on AC and
DC loads in Case G and Case F are compared (ref. first and
second subplots), and the final EV charging load (after the V2G
leveling and the following load management action) is shown.
Following the V2G-based leveling of EV load at the DC bus, as
represented in Fig. 11, the curtailment of both AC and DC con-
trollable loads is generally reduced over the daytime, compared
to case F. Specifically, the scheduling of the DC controllable
loads appears unaltered during the daytime, and curtailed only
in a few evening hours. So, the V2G service is particularly ben-
eficial for the DC sub-microgrid in reducing the load sharing
margins of the internal resources, contributing to the overall im-
provement of the load management in the hybrid MG. The EV
service operator can use V2G to manage the contracted bands
of EV load sharing and shedding, based on the economic objec-
tive of the hybrid MG.

h) Comments on optimal operating costs and resources contri-
bution

The optimal values of the objective function, which are given
in Fig.12 for all simulated cases, indicate a clear alignment be-
tween the economic results and the technical outcomes. In fact,
higher hybrid MG operation’s costs can be seen in the most in-
convenient operating scenarios, i.e., when the controllable gen-
eration’s capacity is reduced (Case B, € 14,933), or when the
battery energy storage is not included in the EM (Case C,
€18,637), or when the EVs have reduced controllability (Case
E, € 9,486). On the contrary, the most cost-effective operation
is realized in the other cases (Case A, € 9,475 and Case D,
€9,395), when all resources are available and managed accord-
ing to the base EM scheme.

Case D (500kVA-sized interlinking converter) yields the
most economic operating costs (€ 9,395). This reinforces the
findings discussed in the previous sub-section for Case D, indi-
cating that, for the hybrid MG selected, and under all other as-
sumptions of Case A, the reduced size of interlinking converter
is optimal, because it does not affect the operational perfor-
mances of the MG resources and has yet the best level of cost-
effectiveness.
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Fig. 12. Total costs of the hybrid microgrid operation in the different cases
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Fig. 13. Contribution to power dispatch of generating and storage resources

The highest costs of the MG operation in Case F (€ 22,492)
reflect the dynamics of the time-based pricing strategy actuated
on the different services by the respective sellers (being them
the resources’ owners or the MG operator). In this case, the
time-of-use pricing better represents the true cost of power. It
charges more the end-users when the electricity is more expen-
sive to produce, and encourages to use power when rates are
lowest. Compared to Case F, the lower costs obtained in case G
(€ 20,682) indicate the economic benefit of introducing load
leveling by V2G into the EM program of the DC sub-MG.

Fig. 13 shows the participation in the power dispatch of gen-
eration and battery storage, over the 24 hours and in all cases
considered. In this figure, it can be seen that the potential of
both controllable generation and RESs is fully utilized at most
of the times, so that the battery storage discharges power just
according to the unsatisfied balance requirements and to the ob-
jectives of minimizing its costs and degradation.

V. CONCLUSIONS

This paper has proposed an EM approach, supported by an
ED tool, for the efficient and reliable operation of remote hybrid
AC/DC MGs. The approach is robust to possible uncertainties,
and accordingly the modeling considers the probabilistic behav-
ior of certain parameters related to the available energy service.
The EM approach relies on battery energy storage and energy
demand management.

Studies on a test hybrid MG have validated the proposed EM
scheme and models in a variety of operating scenarios. One of
these scenarios considers the use of V2G for energy efficiency
purposes, in particular load leveling at the DC bus, which im-
proves the total power absorption profile of the hybrid MG. The
results have proved the effectiveness of the ED tool and its prac-
ticality and flexibility in operation under different conditions,
The implementation of the methodology into the case study has
highlighted that the ED tool manages a variety of aspects in hy-
brid MGs, such as the optimal sizing of the interlinking con-
verter.

The ED tool can support planning studies, serving as a sim-
ulator. Its effectiveness, flexibility and practicality in operation
make it even more suitable for the scheduling of the hybrid MG,
with the integration of procedures for the data updating.

The probabilistic structure of the models allows a scalable

1949-3053 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2016.2606560, IEEE

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

Transactions on Smart Grid

assessment of uncertainties and challenges in hybrid MGs’ de-
sign. In this respect, the applications presented in this work
have shown the advantages of integrating battery storage and
energy demand management in the EM system, in terms of re-
liability and cost-effectiveness of power supply.

With the modeling of the cost of battery participation in the
dispatch service, this work gives some methodological cues
about the practical and applicative characterization of the bat-
tery decay, which is particularly critical to assign an economic
value to the service of the device. This challenge is conceptually
raised in this work, and will be the specific subject of future
studies.
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