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Infrastructures for Electric Vehicle feeding, providing smart charging, vehicle-to-grid and local generation are of
increasing interest. The operation of these systems and the integration with distribution networks can gain
remarkable improvement by proper DC microgrid structure, able to reduce losses in converters, to improve
controllability and to enhance overall availability. In this paper, a procedure for optimal planning of a DC
microgrid for Electric Vehicle Supply Infrastructure is carried out, with specific tailoring according to technical

configurations for source connection, involving different converter types and topologies. The procedure is
completed by a reliability analysis, where rule-based curtailment is performed with multi-state matrix approach,
and the effect of expected energy not supplied on total cost is evaluated, at different integration levels of energy
storage. The proposed approach is applied to a case study of envisaged demonstrator for an Electric Vehicle

service fleet.

1. Introduction

In order to underpin the diffusion of Electric Vehicles (EVs), their
proper management is required for reducing possible malfunctioning of
distribution systems. In this framework, the integration in microgrids
would be beneficial, exploiting local intelligence for optimal operation
and control [1-3]. In particular, the integration of EV charging stations
with energy storage system (ESS) and photovoltaic (PV) panels is suit-
able for parking-place shading systems [4-6]. In this way, an Electric
Vehicle Supply Infrastructure (EVSI) can be set up, representing a
modular realization for providing mobility and grid services based on
microgrid structure [7].

The presence of native DC sources, such as PV systems and EV bat-
teries, encourages the setup of DC microgrids, with a common DC link
and able to manage the connection to AC low-voltage network of local
distributor [8,9].

Further advantages of DC microgrids with respect to AC-based ones
include higher robustness and efficiency due to DC converters, simpler
control in the absence of frequency and reactive power, and increased
reliability [10-12]; moreover, the vehicle-to-grid (V2G) option is easily

supported in DC microgrid.

Several control schemes and architectures for DC microgrids have
been synthesized in [13], whereas a specific DC infrastructure for EV
with multiple connections to AC network is proposed in [14].

The investigation of reliability aspects in microgrid sizing, inspecting
the influence of renewable and storage devices by means of different
methods [15], has gained significant interest. In particular, the influence
of reliability in microgrid operation cost by means of Expected Energy
not Supplied (EENS) is faced in [16] through Markov chain model, and
by means of Value of Loss Load (VOLL) applied to load curtailment in
AC/DC microgrid in [17]. Moreover, an equivalent loss factor is
exploited in [18] as a constraint for the optimal sizing problem. Reli-
ability constraints based on loss of load expectation are adopted in [19]
within a scenario analysis. Whereas, optimal design of microgrid
involving reliability features is carried out in [20] with EENS and
sensitivity studies, and in a two-stage problem in [21], involving Pareto
curve and fuzzy logic to individuate the best solution. Optimal sizing of
an islanded microgrid including different targets or constraints on costs
and reliability is dealt with in [22]. In [23], a data mining technique is
applied to a Monte-Carlo simulation in order to estimate the loss of load
and islanding probability of a PV-based microgrid. In [24], scenarios
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* Corresponding author.
E-mail address: maria.dicorato@poliba.it (M. Dicorato).

https://doi.org/10.1016/j.ijepes.2021.107104

Received 27 November 2019; Received in revised form 7 December 2020; Accepted 10 April 2021

Available online 30 April 2021
0142-0615/© 2021 Elsevier Ltd. All rights reserved.


mailto:maria.dicorato@poliba.it
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2021.107104
https://doi.org/10.1016/j.ijepes.2021.107104
https://doi.org/10.1016/j.ijepes.2021.107104
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2021.107104&domain=pdf

B. Aluisio et al.

International Journal of Electrical Power and Energy Systems 131 (2021) 107104

Nomenclature

EVSI sizing and operational planning
Indices (subscripts)

t Time step

s Scenario

P PV technology

i ESS technology

j EV

k EV station

r Charging/V2G technology standard

m PV converter

h ESS converter

f AC/DC grid connection converter

u Three-port AC/DC/DC converter

Sets and general definitions

Nt Total number of time steps

Ns Total number of scenarios

Qp Set of available PV technologies (total number Np)

Qi Set of available ESS technologies (total number Ni)

Qj Set of EVs (total number Nj)

Qk Set of charging stations (total number Nk)

Qr Set of EV charging/V2G standards (total number Nr)

Qm Set of PV converters (total number Nm)

Qh Set of ESS converters (total number Nh)

Qf Set of AC/DC converters (total number Nf)

Qu Set of three-port converters (total number Nu)

Ny Total number of years of the analysis

a Discount rate

At Duration of each time step [h]

Dq Number of occurrences of the s-th scenario in a year

Cost breakdown

Cr Total lifetime cost of the microgrid [€]

Cp Total building cost of the microgrid [€]

cg Building cost of the PVs and their converters [€]

C’B Building cost of the ESSs and their converters [€]

C§ Building cost of the EV stations [€]

c§ Building cost of DC microgrid internal connections and of
AC network interface [€]

Co Total operation cost of the microgrid [€]

PV system parameters

™M PV converter efficiency

o Investment cost of a PV panel of the p-th technology
[€/kW]

Cm Investment cost of the m-th PV converter [€]

Energy storage system parameters

I ESS converter efficiency

i Investment cost of an ESS module for the i-th technology
[€/kWh]

ch Investment cost of the h-th ESS converter [€]

min Minimum ESS installation limit [kWh]

Electric vehicles and stations parameters

Biks Binary value assigning the connection of the j-th EV at the
k-th EV station in the s-th scenario

K EV station efficiency

cr Investment cost in the r-th technology for vehicle

charging/V2G station [€]

Grid connection parameters
Wy Nominal power of the f-th AC/DC converter [kW]

Real State Variables

Pp.s.t
w

PS‘[
g

PS‘[

P

ist

Integer State Variables

br‘k

Reliability assessment
Indices (subscripts)

q
Z

o

Sets and general definitions

Nz

AC/DC converter efficiency

Nominal power of the u-th three-port converter [kW]
Three-port converter efficiency

Maximum exchangeable power at PCC, in either injection
or withdrawal [kW]

Investment cost of the f-th AC/DC converter [€]
Investment cost of the u-th three-port converter [€]
Investment cost of converter-equipped PCC apparatus [€]
Investment cost of synchronous PCC apparatus [€/kW]

MPPT power production from p-th PV system at the t-th
time step in the s-th scenario [kW]

Amount of power withdrawal from the distribution grid at
the t-th time step in the s-th scenario [kW]

Amount of power injected into the distribution grid at the t-
th time step in the s-th scenario [kW]

Charge power for the i-th ESS at the t-th time step in the s-
th scenario [kW]

Discharge power for the i-th ESS at the t-th time step in the
s-th scenario [kW]

Charge power for the j-th EV at the t-th time step in the s-th
scenario [kW]

Discharge power for the j-th EV at the t-th time step in the s-
th scenario [kW]

Total charge power at k-th EV station at the t-th time step in
the s-th scenario [kW]

Total discharge power at k-th EV station at the t-th time
step in the s-th scenario [kW]

Power withdrawal at AC side of f-th AC/DC converter at
the t-th time step in the s-th scenario [kW]

Power injection from AC side of f-th AC/DC converter at
the t-th time step in the s-th scenario [kW]

Power withdrawal at AC side of u-th three-port converter at
the t-th time step in the s-th scenario [kW]

Power injection from AC side of u-th three-port converter
at the t-th time step in the s-th scenario [kW]

Installed power for the p-th PV technology [kW]

Installed size for the i-th ESS technology [kWh]

Installed power for the AC/DC converter [kW]

Installed power for the three-port AC/DC converter [kW]
Contractual power exchange level at PCC [kW]

Variable linking the k-th station to the r-th standard for
charging/V2G it is equipped with

Binary variable indicating if the m-th PV converter is
exploited for the p-th PV technology

Binary variable indicating if the i-th ESS converter is
exploited for the i-th ESS technology

Binary variable to select the installation of the f-th AC/DC
converter

Binary variable to select the installation of the u-th three-
port converter

Internal components
Device
Reliability state

Total number of devices
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No Total number of reliability states

Quantities

Aq Availability of the g-th component

Aq Failure rate of the g-th component

Ngsz Number of g-th components in the z-th device

A, Availability of the z-th device

U, Unavailability of the z-th device

Ay Failure rate of the z-th device

Uy Repair rate of the z-th device

Voz Binary availability condition status of the z-th device in the
o-th state

fs Probability of occurrence of the o-th state

Ty Success parameter the o-th state

Péis Total charge power in the o-th state at k-th EV station at the
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t-th time step of the s-th scenario [kW]

Pk“iw Total discharge power in the o-th state at k-th EV station at
the t-th time step of the s-th scenario [kW]

s to Charge power in the o-th state for the j-th EV at the t-th

time step in the s-th scenario [kW]

Pj_f_t_,, Discharge power in the o-th state for the j-th EV at the t-th
time step in the s-th scenario [kW]

EENS Expected energy not supplied over the operation year
[kWh]

EEND Expected energy not delivered over the operation year
[kWh]

VOLL Value of loss load [€/kWh]

Cr Total reliability cost of the EVSI [€]

involving different renewable and EV user models in a microgrid are
analysed with Monte-Carlo technique to obtain reliability indices. In
[25], demand response and EV charge control, without V2G, are
exploited in a procedure for evaluating reliability indices and EV charge
failure rates, related to the lack of desired charge at parking leaving.
Concerning grid integration, [26] investigates reliability of distribution
network in the presence of EVs according to V2G time intervals.
Another field of research for microgrids involving EVs is the influ-
ence of ESS dimensioning and operation. In [27] ESS size for a parking
lot is assessed according to EV charge stochastic behaviour and reduc-
tion techniques, determining EV tariff as well, whereas in [28] PV and
ESS are dimensioned in a multi-agent framework considering known EV
charge with queuing analysis; furthermore in [29] immediate,
controlled and bidirectional EV charging are examined for microgrid
operation under varying ESS sizes, in [30] the influence of energy price
on optimal ESS power/capacity in a fast-charge station is assessed, and
in [31] a Markov model of ESS charge/discharge and EV arrival/de-
parture events is developed, accounting for target of outage probability
for EV supply. The mutual influence of ESS sizing in EV charging station
and distribution network is accounted in [32] considering different EV
charge levels and grid reinforcement, whereas in [33] electric and road
networks are considered in a problem of sizing and siting EV stations
considering reliability check due to EV position. The ESS influence is
investigated in home systems with EVs, such as in [34] analysing the
impact of ESS installation cost and planning horizon, and in [35] in a
sizing problem considering deterministic and stochastic EV behaviour.
From the literature analysis, it can be inferred that for microgrids
involving EVs the aspects of optimal sizing and operation, of EV-oriented
reliability evaluation and of ESS dimensioning have seldom been ana-
lysed in an organic way, especially considering the peculiarities of a DC-
based architecture. In particular, the combination of these aspects in the
assessment of alternative DC microgrid configurations has important
implications on the planned investment and on the operation manage-
ment in order to provide services to users or customers at defined levels.
In this paper, a procedure to assess sizing, operation and reliability of
different DC-microgrid configurations for an EVSI is proposed. Four
configurations are considered, involving appropriate combinations of
converters as well as modular PV panels, ESS elements and EV charging
stations, with a proper interface with the low-voltage AC distribution
network. Taking the cue from the methodology carried out in [36], the
procedure involves optimal installation and lifetime operation costs
according to different conditions and EV needs. To this purpose,
different exploitation levels of energy storage system are investigated.
Moreover, a rule-based power curtailment method in the presence of
device failures is adopted for the evaluation of reliability features, aimed
at determining the expected levels of power exchange with EVs under
different availability states, exploiting multi-state matrix approach [37].
The procedure is applied to the design of the test case for a DC microgrid
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Fig. 1. Configuration A for the DC microgrid.

in the port area of Bari, Italy, considering the presence of a service fleet
of EVs, and deriving proper reliability figures in terms of expected
curtailed energy.

The main contributions of the paper can be individuated as follows:

- the procedure for DC microgrid optimal planning, involving sizing
and operation, is improved, in order to account for the techno-
economic peculiarities of different DC microgrid structures;

proper reliability indices are obtained from the optimal planning by
means of a rule-based curtailment in the presence of device
unavailability;

the influence of increasing ESS installation on microgrid operation
and reliability is carried out;

planning and reliability aspects are compared by proper costs,
identifying levels of VOLL determining the convenience of ESS in-
crease for each configuration.

The paper is organized as follows. Section 2 reports the proposed DC
microgrid configuration and a description of converter main features. In
Section 3, the formulation of the proposed methodology for DC micro-
grid optimal planning and operation is described, along with the method
for the evaluation of reliability indices. In Section 4, the test case is
presented and simulation results are illustrated and discussed. Conclu-
sions are reported in Section 5.
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Fig. 3. Configuration C for the DC microgrid. S, S,
2. DC microgrid configurations and components VDCl L C— VDC2
The following four configurations for DC microgrid of the EVSI are
considered. — =
The Configuration A [11,36] is depicted in Fig. 1. It involves a
bidirectional AC/DC converter for grid connection at Point of Common Fig. 6. DC/DC bidirectional buck-boost converter layout.

Coupling (PCC), a monodirectional DC/DC converter with maximum
power point tracking (MPPT) functionality for the integration of PV
system, a bidirectional DC/DC converter for the ESS and different
bidirectional DC/DC converters for the EV charging stations, in order to
enable V2G performances. All the converters, including relevant pro-
tection devices, are connected to a common DC busbar at proper voltage + S D, S3 D;
level. Moreover, suitable internal collection systems for the input of PV
panel strings to the converter and for the ESS modules are provided.

Since the DC microgrid is less affected by voltage controllability
concerns, different converterless schemes have been proposed in liter- Ve
ature [38,39]. In Configuration B, direct ESS connection in DC microgrid S, D, Sy D,
is proposed, as reported in Fig. 2. In this case, the charge/discharge of
the ESS will be driven by the relationship between DC bus voltage and
ESS voltage, depending on its state of charge (SOC).

Further savings in converters can be achieved by the exploitation of ] 1
three-port converters, able to manage PV and ESS on different DC ports
and to interface either with AC or with DC circuit [40]. Due to the Va Vi

presence of multiple EV stations, the AC/DC/DC three-port converter is Fig. 7. Three-phase AC/DC bidirectional converter layout.
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Fig. 8. AC/DC/DC three port converter layout.

selected for the proposed DC-based microgrid. In particular, it is
exploited as interfacing device at PCC in Configuration C (see Fig. 3).

Moreover, in order to enhance flexibility and to derive a dedicated
control on EV section, a hybrid scheme is proposed as Configuration D
(see Fig. 4), exploiting the three-port AC/DC/DC converter for PV and
ESS, and providing a distinct AC/DC bidirectional converter for the
connection of the DC-busbar where all EV stations are linked.

For all the configurations, in grid-connected operation mode, the
grid converter is supposed to behave as the master (voltage forming).
Whereas, in the islanded mode, the master role is entrusted to the ESS
(even with direct DC connection). PV and EVs are always slaves, and
then controlled in active power. However, the synthesis of relevant
controllers is beyond the scope of the paper.

In order to carry out the procedure for planning and reliability
evaluation, standard transformerless layouts of DC/DC monodirectional
and bidirectional converters, of AC/DC converter and of three-port AC/
DC/DC converter are exploited, as reported in Figs. 5-8, based on cur-
rent devices detected in a market survey. In particular, for DC/DC
converters, buck-boost solutions are exploited since the ratio between
the two DC voltage levels is not fixed. The AC sides are three-phase for
proper connection to the distribution network. In these schemes, power
transistors are named with S and diodes with D, whereas inductors and
capacitors are indicated with L and C respectively, Vp¢ stands for DC-
side voltage, whereas AC voltages are indicated with V. These names
and relevant numeration are illustrative in order to determine compo-
nent number for reliability analysis.

3. Planning and reliability evaluation methodology

The proposed methodology is composed of two main parts, per-
formed for each DC microgrid configuration, developed and applied in a
two-step open-loop framework.

At first, a procedure for optimal planning of the DC microgrid is
applied. It is based on a mixed-integer linear programming problem,
with the objective of reducing total lifetime microgrid costs Cr in the
presence of proper constraints, as follows:

minCr(x)
gx)=0
s.t.{ h(x)<0 @
XXX

The vector of state variables x includes installation levels of PV
panels, ESS batteries, EV charging/V2G stations, as well as PV power
production, ESS charge/discharge power, EV charge/discharge power
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and grid power withdrawal/delivery in each of the Nt time steps for a set
of Ns scenarios (corresponding to sample days of operation), defined
according to EV exploitation for mobility and weather conditions.
Moreover, integer state variables include binary variables for choosing
proper technologies and sizes of converters, as well as for distinguishing
charge/discharge processes.

The procedure involves the analysis of Np PV systems, Ni ESSs, Nj
EVs,Nk stations exploiting Nr standards for charging or V2G. The models
of different components within the EVSI (PV production, ESS state, EV
connections and state) are described in [36], where optimal planning of
Configuration A has been investigated, along with a procedure for the
commitment of EVs and charging stations. The general optimization
procedure explicated in [36] is tailored and applied to the different
configurations under investigation, as described in Section 3.1.

Once the optimal sizing and planning is obtained, and the operation
conditions of each device in each time step of each scenario are assessed,
the reliability evaluation is developed, aiming to determine the reduc-
tion of energy exchange with EVs, either charging or discharging, that
can occur in the presence of device unavailability, weighed according to
probability of occurrence, determined through failure rates analysis, and
exploiting a rule-based curtailment method, with the final evaluation of
reliability cost. The description of reliability evaluation procedure is
provided in Section 3.2.

3.1. Microgrid optimal planning: peculiarities of DC microgrid
configurations

Charge and discharge power of the j-th EV in the t-th time step of the

s-th scenario are defined as P,¢, and P,4

ot ;5. Tespectively, and S  is a bi-

nary parameter assigning the connection of the j-th EV at the k-th station
in the s-th scenario, obtained from EV station commitment procedure.
Therefore, the power exchange at the k-th EV station in the t-th time step
of the s-th scenario, defined as P,¢,, if in charge and Pkit if in discharge,
is obtained as follows:

Nj
Pl =Y Pl B, 2.2)
Jj=1
Nj
Pt = D_Pisih, @2.b)
kst Jusit Fjks o
j=1

The main differences among the configurations described in Section
2 lie in microgrid power balance, in connection with external AC
network and in the definition of the cost function.

3.1.1. Microgrid power balance

Power balance at the t-th time step of the s-th scenario in Configu-
ration A is described by the following relation, where the left-side term
refers to power generation and the right-side term concerns power
consumption:

Np Ni Nk
N P+ Y P Y P Ry
p=1 i=1 k=1

1 Ni 1 Nk 1
:C—HEP,-,; 72% +hi (3.2)
i=1 k=1

For Configuration B, the ESS converter efficiency is not present,
therefore the power balance assumes the following expression:
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Np Ni Nk
M d K d F pw
C .ZPI’-S-I+ZPi,s.t+§ 'ZPI\ZSJ_FQI P:;
=1 =1 =1

Ni 1 Nk 1
i=1 g k=1 C

In Configuration C, the three-port converter efficiency ¢V is applied
to PV and grid connection, and the following relation is obtained:

Np Ni Nk
é‘U. Z PP'S" + CH‘ Z Pi,sd.z + CK‘ Z Pkiz + gu.Ps,;V
= i—1 =1

A A |
= S P+ & SoPs+ s (3.0
i=1 k=1

For Configuration D, three balance equations are imposed, as
follows:

Nk Nk
- 1 . 1
E P P = e D P+ P @.d
k=1 ( k=1 C
Np Ni Ni 1
ZPFJ‘J + Zpi.jr + CU'PZ;x,t = Zpi.;r + g_U'Pufv,t (3.e)
=1 [ i=1
Ps‘: - Px,f = Pu,‘;v.r - Pujg:'.t + Pf,:-v:r - Pf.ir 3.0

In particular, (3.d) represents the power balance at DC node of EV
stations, (3.e) at DC node of the three-port converter, and (3.f) at AC
collection node for grid connection.

3.1.2. Connection with AC network

The power exchange across the interfacing grid converter should
withstand specific constraints. For the installed converter size, the
following relations are valid for the AC/DC two-port converter, present
in Configurations A, B, D:

RF = ZWf'bf (4.3)
feqf

> =1 (4.b)

feQf

In particular, (4.a) relates the installed power to the selected size,
and (4.b) ensures that only one size is selected.

Analogously, for the three-port converter, the following constraints
can be imposed:

RV = ZW”-b“ (5.2)

ueQu
Zh” =1 (5.b)
ueQu

Moreover, grid exchange levels are bounded by installed converter
size, therefore for Configurations A and B the following relations hold:

0<P 5<R” (6.a)

0<P, ' <R" (6.b)

In order to make maximum power exchange levels explicit, the
contractual grid power exchange is introduced. For Configurations A
and B, it can be argued that

y=R" (6.¢)

In the case of Configuration C, the grid exchange levels are bounded
by three-port converter installed size. Therefore, the following con-
straints are placed:

0<P <RY (7.2)
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0<P,<R" (7.b)
Np

0 PpsR (7.0)
p=1

In particular, (7.c) links PV power production to three-port converter
installed size.

In Configuration D, features of two-port and three-port converters
have to be taken into account. In particular, for two-port converter, the
following relations are valid:

0<P,$ <R" (8.2)
0<P,” <R" (8.b)
0<P, <P* by @0
o< <P (1- b)) 8.d)

where (8.a)-(8.b) represent power exchange limits and (8.c)—(8.d)
ensure power flowing in one direction per time interval. Analogously,
for three-port converter, the following constraints are placed:

0<P,% <RY 9.a)
0<P,” <RY (9.b)
Np.
0<) P, <RY 9.0
p=1
Ni
0<> P <R 9.d)
i=1
Ni
o<y PU<RY 9.¢)
i=1
0<P,$ <P"b, 9.0)
0<P, <P'(1-b,) 9.9)

where (9.a)-(9.b) impose limits on power exchange at AC side, (9.c)-(9.
e) are DC-sides limits for PV and ESS, and (9.f)-(9.g) avoid contempo-
raneous bidirectional flows on AC connection.

Eventually, the following constraints regulate the power exchange
with the external AC network and allow to define the contractual power
exchange:

0<P 4<y (10.2)

0<P, /<y (10.b)
3.1.3. Minimum ESS installation

In order to ensure proper microgrid operation in the islanded mode
and to inspect the effectiveness of energy storage, a minimum limit to
global ESS installation is added to problem constraints, as follows:

Ni )
> ORI an
i=1

3.1.4. Cost function
The total lifetime cost Cr of the EVSI is given by the sum of con-
struction cost Cg and lifetime operation cost Cp. While the latter is given
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by the actualization of total yearly operation costs, involving grid ex-
change and EV charge/discharge [36], the former is given by the sum of
installation costs for PVs, for ESSs, for EV stations and for grid connec-
tion C§. The first three terms are expressed as follows:

(12.a)

Cg = ip: <C,,'Rp + Z C,,,'b,,,,p)
p=1

meQm

i=1 heQh

L= EM: <C1'Ri + Zch’bh,[> (12.b)

Nr Nk
Ch=> e b (12.0)
r=1 k=1
It should be noted that in Configuration B by,; = 0 due to the absence
of ESS converter, whereas in Configuration C by, =0 since PV is
interfaced by three-port converter. In Configuration D, the three-port
converter connecting PV and ESS implies both by; = 0 and b,,, = 0.
The installation cost of grid connection C§ in Configurations A and B
includes AC/DC converter and converter-equipped PCC apparatus, as
follows:

Cy =" (cr+ )by

reqf

(13.a)

Whereas, in Configuration C, the cost of three-port converter is
accounted:

Cg=> (cutc) b,

ueQu

(13.b)

For Configuration D, the evaluation includes both AC/DC and three-
port converters including AC connection devices, considered analogous
to converter-equipped PCC apparatus, along with contractual exchange
with AC network, with a proper cost of synchronous PCC apparatus (not
directly connected to a converter), as follows:

€ =S (¢ +¢%) by + 3 (et O)by + 'y

feQf ueQu

(13.0)

3.2. Reliability assessment

Once the problem (1) is solved for each configuration, the relevant
reliability is evaluated, by applying Markov chain for single devices and
multi-state matrix approach for overall microgrid assessment.

As a first step, the failure rate and repair rate of each device z are
determined, deriving the availability and unavailability of each device:

A =p /(A +p,) (14.a)

U. = ’1:/(}': + ﬂ:) (14.b)

The estimation of converter reliability indices is based on the failure
rates of internal components 1, (switches, diodes, filters, etc.) [41-43].
Each converter is assumed as a series system, therefore the device failure
rate 1, and device availability A, can be determined as follows:

A=Y ngdy
q

s
q

Whereas, for the main energy sources, proper values of failure rates
A, are estimated, according to series and parallel connection of the

(15.a)

(15.b)
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Table 1
Priority list of sources for reliability analysis.

Device in service Device in failure

Grid ESS PV EV stations
Grid - 3 3 4
ESS 3 - 2 3
PV 2 2 - 2
EV stations 1 1 1

modular components [44,45]. For instance, for the p-th PV system, the
failure rate corresponds to the one of the most powerful string, given by
the sum of failure rates of each panel of the string.

A set of system availability states No = 2V is built, including all the
combinations of device availability, supposed independent on other
devices. With these assumptions, the probability of occurrence of the
o-th state f,; is given by:

=z

fo=ocAc + (1 =vs0)- U] (e

1

&
Il

where v, , is equal to 1 if the z-th device is available in the o-th state, and
0 otherwise.

Starting from the power exchange of each device obtained from the
optimal planning procedure described in Section 3.1, the influence of
the unavailability of any device in the o-th state is evaluated for each
time interval in each scenario by means of a rule-based power curtail-
ment method according to sequential priorities of the devices in service,
analogously to similar applications [46,47]. This is supposed to be the
operation strategy of the whole system in the presence of any failure,
and system reliability is assessed according to service not supplied to all
the EVs. With these assumptions, EVs are considered always available
when parked, analogously to assumptions in [26], although an estima-
tion of specific reliability indicators for EVs could be carried out as
indicated by [48].

The considered priorities are listed in Table 1, where the lowest the
number, the highest the priority.

The priority list is applied only for the curtailment of non-zero
quantities obtained in the operation stage of planning procedure, and
no flow reversion is admitted. An exemplification of the method is re-
ported in the general flowchart of Fig. 9, reporting the principles of all
the possible combinations of Table 1. In particular, the residual ex-
change is determined as the pre-fault power exchange level of the faulty
device in the considered condition, and the sequential curtailment is
applied according to priority levels.

For instance, if in the o-th state the external grid is unavailable, and
in the t-th time step of the s-th scenario P, > 0 (i.e., the EVSI is injecting
power in the external grid at PCC), the power exchanges useful for
curtailment are the ESS discharge, the PV production and the discharge
of EV stations, in this order (see first column of Fig. 9). The method stops
when the power balance is satisfied, i.e. residual exchange of the faulty
device is nullified. In the opposite case of grid power withdrawal
P.¥ > 0, the PV system is not involved, since it cannot increase the
production from MPPT level exploited in the optimal planning (see
second column of Fig. 9).

A detail of some example blocks of curtailment method is reported in
Fig. 10.

For grid withdrawal reduction block (see Fig. 10.a) the following
internal steps can be highlighted:
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Grid connection
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EV station
failure

PV system
failure

EENS [percentage of total EV charge]

EEND [percentage of total EV discharge]

Fig. 10. Detailed description of example curtailment actions: grid withdrawal

Grid power exchange ESS power exchange PV power production EV station power exchange
=> Residual exchange => Residual exchange => Residual exchange => Residual exchange
Is the EVSI injecting Is faulty Is faulty
yes power to the external no yes ESS no yes EV station no
the grid? charging? charging?
Grid withdrawal Grid injection Grid injection Grid withdrawal Grid injection
curtailment curtailment curtailment curtailment curtailment
ESS discharge ESS charge ESS charge ESS discharge ESS charge
curtailment curtailment curtailment curtailment curtailment
PV production PV production PV production
curtailment curtailment curtailment
EV stations l EV stations EV stations l EV stations EV stations EV stations l not in failure  EV stations ! not in failure
EV discharge EV charge EV discharge EV charge EV charge EV discharge EV charge
curtailment curtailment curtailment curtailment curtailment curtailment curtailment
Fig. 9. General flowchart of rule-based curtailment method with priority levels.
1.6% Table 2
. 0
a Values of success parameter according to device availability in each state.
1.4% () Device availability Configuration
1.2% Grid ESS A B C D
. o ° Y Y 1 1 1 1
1.0% ® Y N 1 Depends on installed ESS 1 1
0.8% N N 0 0 0 0
. 0
0.6% . .. . .
L] o if the EVSI was not draining power from the grid, the curtailment
0.4% cannot be applied to the grid exchange, passing to the next priority
0.2% - ®Aw/o eBw/o eCw/o eDwlo %(fevel;.d ithd | higher th X h Lify th idual
eAwith ®Bwith ®Cwith D with e if a gri w1t' .rawa ‘1g er than zero is enough to nu. ify t e.zreSI }1a
0.0% ; ; ; : exchange, it is applied and the method stops, without involving
0.95 1.00 1.05 1.10 1.15 further priority levels; otherwise, new grid withdrawal level is set to
Cr [p.u. of Solution A w/o minimum ESS] zero and the residual exchange is updated, passing to the next pri-
ority level.
1.6% The same principles of grid withdrawal curtailment apply to grid
b injection and PV production.
1.4% For ESS discharge power reduction (see Fig. 10.b) the following in-
ternal steps can be highlighted:
1.2% ® P ghiig
1.0% o if the ESS was not discharging, the curtailment cannot be applied to
° the ESS, passing to the next priority level;
0, . . . . .
0.8% ° e the maximum reduction of ESS discharge implying a SOC level
0.6% ° compatible with lower/upper bounds is determined (see [36], Egs.
(7) and (11));
0.4% e if a curtailment of ESS discharge down to maximum allowable
02% | ®Awo eBwo eCwo eDwo ° ° reduction is enough to nullify the residual exchange, it is applied and
’ ®Awith ®Bwith ®C with © D with the method stops, without involving further priority levels; other-
0.0% ; : : : wise, new ESS discharge is curtailed by maximum allowable reduc-
0.95 1.00 1.05 1.10 1.15 tion and the residual exchange is updated.

Cy [p.u. of Solution A w/o minimum ESS]

(a) and ESS discharge (b).

The same principles of ESS discharge curtailment apply to ESS charge

and to EV stations, for charge and discharge, analyzing all stations not

interested by fault.

In the presence of multiple failures, the power exchange of active

devices is curtailed, following the priority list defined in Table 1, ac-
cording to the net power exchange obtained in the planning procedure
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Table 3
Optimal planning results.
Configuration
A B C D
Installation PV polycr. n 46 46 46 46
kw 11.27 11.27 11.27 11.27
ESS LiPo n 0 2 0 1
kWh 0 7.4 0 3.7
EV Station n 5 5 5 5
10 kW
Grid connection kw 10 10 20 20
PV converter kw 20 20 20 20
ESS converter kw 0 - 0 -
Three-port converter kw - - 20 20
Two-port converter kW 10 10 - 10
Energy production [kWh/y] PV 15105.7 15105.7 15105.7 15105.7
Grid withdrawal 1460.2 776.5 1510.7 993.4
ESS discharge 0.0 2040.9 0.0 1137.6
EV discharge 3290.9 2094.0 3283.7 2641.6
Energy consumption [kWh/y] Grid injection 7134.7 6589.7 6735.2 6588.4
ESS charge 0.0 2275.0 0.0 1261.0
EV charge 11533.4 10084.8 11524.7 10747.6
Economic efforts [€] Cr (%) 89933.4 89378.3 94963.6 95584.7
Cp (%) 83483.6 84819.2 88186.2 90185.2
Co (%) 6449.8 4559.0 6750.4 5399.5
Simulation time [s] 40.4 116.9 25.4 130.1
of all failing devices. In the case of failure of an EV station, the procedure discharge power levels of each EV in the o-th state, Pj.;t,a , pjvgm, are
reported in Appendix of [36] is applied to EVs planned to be parked at obtained as follows:
that station in order to try to find place in another free station during
their whole parking time, and charge/discharge power could be modi- pe i PC B (17.a)
fied according to station technology. If the EV does not find a free sta- ke T L™ Ksho s ’
tion, the planned power exchanges do not occur. All remaining EV
stations could experience curtailments, if involved according to the Nk
priority list. P j.ﬁf.n = ZP kir.o'ﬂj,k.: (17.b)
k=1

In the rule-based curtailment with priority, the assumption of
keeping the direction of power exchange is aimed to ensure minimum
deviation from the optimized program, evaluated in the planning pro-
cedure with fully available system and considering the whole daily ho-
rizon of each scenario. Moreover, the whole rule-based procedure allows
to determine reliability conditions for each time interval, considering
that device unavailability is expected to have limited duration and the
same probability in any time interval, and to prevent zeroing of planned
power exchange with EVs as much as possible.

Each availability state ¢ is further characterized by a success
parameter 7, indicating the probability of the state to be sustained in
actual operation, according to functioning principles of the active de-
vices. The corresponding values for each configuration, reported in
Table 2, depend on the availability of AC/DC grid converter and ESS,
since they are in charge of master operation for the DC microgrid. In the
case of grid availability, 7, = 1 since system operation is ensured by
voltage setting of grid converter. In the case of grid failure and ESS
availability, 7, = 1 for Configurations A, C and D, where a dedicated
converter for ESS is present; whereas for Configuration B the value de-
pends on installed ESS size, since DC microgrid voltage would be related
to ESS state-of-charge and could easily fall outside operational limits of
other converters if ESS size is limited. In the case of failure of both grid
and ESS, the DC microgrid is shut off and z, = 0, since no voltage
reference is applied and no power exchange can occur with EVs.

The rule-based curtailment procedure with priority gives out new
amounts of power exchange across EV stations in the o-th state in charge

and in discharge, P.S,, , P,‘f_s_t_” respectively. Finally, the charge/

Therefore, referring to EVs, values of EENS and EEND over the
reference year with respect to the optimized program, evaluated in the
planning procedure with fully available system, are derived as follows:

Nj Nt

No Ns
EENS = for D D0 S [(Ps = Prise ) o Py = 72) |
o=1 s=1

j=1 =1

(18.a)
No Ns Nj Nt
EEND = Zl-ﬁ’ Z} D;- Zl Zl {(lexl - Rf:.l.y) T + Pj['{.;71,g'(1 - ﬂ:ﬂ) }
o= 5= j=1 1=
(18.b)

In (18.a)-(18.b), it can be noted that, if =, = 1, the rule based
redispacthing is effective for the o-th state, and the difference is esti-
mated, whereas if 7, = 0 all exchanged power is lost.

Finally, lifetime reliability cost Cg can be calculated by applying the
VOLL to the EENS, and discounting the product by the annuity factor, as
follows:

1-(1 N
Cr = %VOLL-EENS (19)

4. Test results
4.1. System under study

The procedure is applied to the envisaged realization of the DC-
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Table 4
Optimal planning results with minimum ESS.
Configuration
A B [¢ D
Installation PV polycr. n 46 46 46 46
kW 11.27 11.27 11.27 11.27
ESS LiPo n 1 3 1 2
kWh 3.7 11.1 3.7 7.4
EV Station n 5 5 5 5
10 kW
Grid connection kw 10 10 20 20
PV converter kw 20 20 20 30
ESS converter kw 10 - 10 -
Three-port converter kw - - 20 30
Two-port converter kw 10 10 - 10
Energy production [kWh/y] PV 15105.7 15105.7 15105.7 15105.7
Grid withdrawal 1086.9 689.1 1131.3 806.2
ESS discharge 1021.5 2982.8 1019.3 2273.6
EV discharge 2638.8 1466.8 2636.1 1819.6
Energy consumption [kWh/y] Grid injection 6788.7 6581.3 6390.1 6752.2
ESS charge 1138.7 3325.5 1136.0 2487.9
EV charge 10744.2 9325.8 10741.0 9752.8
Economic efforts [€] Cr () 97579.4 89379.3 102573.3 101020.6
Cp (x) 92102.5 85466.7 96805.0 96732.7
Co (%) 5476.9 3912.6 5768.3 4287.9
Simulation time [s] 144.5 24.5 38.7 113.8
Table 5
Equivalent devices in each configuration for reliability analysis.
Number in Configuration Reliability characteristics
Equivalent device A B D A [failure/h] Uz [repair/h] A, U,
External grid with AC/DC converter 1 1 0 0 2.544.107° 27481073 0.99083 9.173.1073
External grid 0 0 1 1 4.110-10°° 5.708-10% 0.99928 7.195.107*
PV system with DC/DC monodir. conv. 1 1 0 0 3.421-107° 7.915.107% 0.99570 4.304-1072
PV system 0 0 1 1 3.065:107° 8.497.107°% 0.99641 3.594.1073
ESS system with DC/DC bidirect. conv. 1 0 1 0 1.625.107° 3.969-102 0.99592 4.077-1073
ESS system 0 1 0 1 9.132:107° 3.425.1072 0.99734 2.660-1073
AC/DC/DC three-port converter 0 0 1 1 2.138-107° 2.0-1073 0.98942 1.058:1072
AC/DC bidir. conv. 0 0 0 1 7.117:10°° 5.01073 0.99858 1.421-1073
EV charging station with DC/DC bidirect. conv. 5 5 5 5 7.117.107° 5.0.107% 0.99858 1.421.1073

microgrid EVSI at Bari Port premises, with a fleet of 5 service EVs,
usually exploited during the day for trips ranging between 20 and 100
km and parked at night. The investigated technologies include mono-
and poly-crystalline for PV, LiPo, Zebra and Li-Ion batteries for ESS, and
a set of discrete sizes for converters of PV, ESS and charging stations.
Scenarios, spatial limits, weather data and tariffs are defined according
to the previous work [36].

Moreover, for three-port converters in configurations C and D,
nominal sizes W, equal to 10, 20, 30 and 60 kW are analysed, consid-
ering converter efficiency ¢Y = 0.950 [49] and installation cost ¢,
350.0 - W, + 6675 [€].

The cost for contractual AC network connection ¢ is fixed at 100
€/kW, according to average initial costs for connection in Italy.

4.2. Optimal planning application and results

The procedure is implemented in MatLAB2015b® framework, and
solved by means of intlinprog function, exploiting branch and bound
technique. Simulations are carried out on a workstation HP Z440
equipped with Intel Xeon 3.50 GHz processor with 16 GB RAM.

Installation and operation yields of optimal planning procedure for

10

the four Configurations without minimum ESS installation (I""=0) are
synthesized in Table 3. It can be observed that in Configurations A and C
the ESS is not installed, due to the converter cost, and the EV discharge is
more exploited with respect to Configurations B and D to cope with
storage tasks. EV stations have the lowest nominal power due to long
parking times. Total installation cost is lower in Configuration A due to
the absence of three-port converter and ESS, although involving the
highest operation cost. Configuration D is the most expensive due to its
installation features. Configuration B represents the most convenient
choice in this analysis.

4.3. Optimal planning with minimum ESS installation

The application of minimum ESS installation constraint (11), prop-
erly tailored according to the results reported in Section 4.2 (requiring
an I™" of 3 kWh for Configurations A and C, 6 kWh for Configuration D
and 10 kWh for Configuration B), leads to the results reported in Table 4.

It can be inferred that installation costs for Configurations A and C
increase greatly with respect to the previous results, due to the addition
of ESS and relevant converter. A further increase of installation cost is
observed for Configuration D due to increased three-port converter size,
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Table 6
Reliability indices for optimally sized DC microgrid configurations.
Configuration
Condition Quantity A B C D
Without minimum ESS EENS 156.7 111.9 175.8 125.8
installation EEND 38.9 18.4 45.9 15.6
With minimum ESS installation EENS 59.5 91.1 112.2 110.0
EEND 7.1 10.6 7.1 8.8

whereas the only additional battery module does not influence much
Configuration B installation cost. As regards the operation, the presence
of the first battery module in Configurations A and C remarkably affects
the reduction of grid exchanges, whereas additional ESS modules in
Configurations B and D are exploited to reduce EV discharge recourse.

4.4. Reliability analysis and configuration comparison

The analysis is based on the assessment of failure rates and avail-
ability of each device, and on their combination according to various DC
microgrid configurations. The details of device-level assessment are
illustrated in Appendix A, providing the values for the four converter
types described in Section 2, and for PV system, ESS modules, external
grid connection, AC and DC connectors.

In the analysed DC-microgrid configurations, numerous series con-
nections of devices can be pointed out (e.g. for Configuration A, PV
system and monodirectional DC/DC converter, as well as external grid
and AC/DC converter). Therefore, equivalent devices are defined as the
set of the devices in series, whose reliability parameters are obtained by
applying (14.a)-(14.b) to the involved devices. The presence of equiv-
alent devices in configurations along with their reliability features are
reported in Table 5. It can be seen that Configurations A and B involve
up to 8 equivalent devices, Configuration C up to 9 and Configuration D
up to 10, since the three-port converter can work even if only one of
connected sources is available, but its failure implies the unavailability
of both connected devices. Therefore, up to 256, 256, 512 and 1024
availability states are analysed for the four configurations, respectively.
In the absence of the installation of a device, e.g. Configuration A
without minimum ESS, the number of states decrease.

The rule-based curtailment procedure with priority is therefore
employed for each availability state. As regards success parameter z,, for
Configuration B in states with grid failure and ESS availability (see
Table 2), it is supposed to increase by 1/25 for each kWh of installed ESS
capacity, reaching the maximum value of 1 from 25 kWh to 60 kWh,
representing the maximum expected installation for the final demon-
strator, as reported in [50]. Whereas, for Configuration D, the failure of
ESS and of either the external grid or the AC/DC bidirectional converter
implies 7, = 0.

1.6% -
1.4% |
1.2% A -
1.0% A ®

0.8% A
0.6% A

0.4% A

eAw/o eBw/o eCw/o eDw/o
® A with @B with ®C with @D with

0.2% +

EENS [percentage of total EV charge]

0.0%
0.95

1.00 1.05 1.10 1.15

C; [p.u. of Solution A w/o minimum ESS]
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By means of (17.a)-(17.b), the values of yearly EENS and EEND for
the four configurations are evaluated, also in the presence of minimum
ESS constraint, as reported in Table 6. It can be seen that, with the base
formulation, Configuration B presents the lowest values of EENS and
EEND, and Configuration D reaches analogous behaviour. Whereas,
Configuration C shows the worst performance, and Configuration A is
placed in the middle. With the minimum ESS installation constraint
(19), a reduction of indices is obtained in all cases. In addition,
Configuration A becomes the most indicated to improve reliability
indices. Whereas, in Configuration D both indices do not experience
remarkable changes with respect to the initial formulation.

Techno-economic planning and reliability indices are put in relation
in the following Fig. 11, reporting EENS and EEND in percentage of the
total EV charge and discharge, respectively, and total microgrid cost is
reported in p.u. of the results of Configuration A without minimum ESS.
In the Figure, values in the absence (w/0) and in the presence (with) of
minimum ESS constraint are reported. It can be observed that, even
though Configuration B shows lower costs, Configuration A with mini-
mum ESS shows an advantage on EENS percentage level. Moreover,
EEND percentage values are always lower than EENS ones. Considering
EEND levels, Configurations A and C have analogous values, but the
former is still preferable due to lower costs, whereas Configurations B
and D show limited advantages from increased ESS installation.

Total microgrid investment, operation and reliability cost, obtained
as the sum of Cr and Cp defined in (19) is determined in a range of VOLL
between 0.1 €/kWh (for insensible loads) and 30 €/kWh (for extremely
sensible loads) [51,52] in the analysed cases (four configurations with
and without constraint (11)). Relevant trends are reported in Fig. 12,
and it stems that reliability aspects involve a remarkable increase of total
cost, between 20% and 70% at maximum VOLL. Without minimum ESS

160
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Fig. 12. Trends of microgrid installation, operation and reliability cost with
varying VOLL.
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Fig. 11. Comparison of microgrid total cost with EENS (a) and EEND (b).
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installation, Configuration B is always the most convenient, and application of refined operation strategies, accounting for short-term

Configuration D becomes preferable to Configuration C for VOLL = 2 source and EV variability, and for the provision of internal and grid

€/kWh, whereas the breakeven with Configuration A is observed for services.

VOLL = 15 €/kWh. With minimum ESS installation, all configurations

show an increasing advantage as long as VOLL grows, and all of them Funding

result preferable to the corresponding case without minimum ESS from

VOLL = 28 €/kWh. Around VOLL = 22 €/kWh, Configuration A with This document has been created in the context of the CONNECT

minimum ESS becomes more convenient than Configuration B with project. The CONNECT project has received funding from the ECSEL

minimum ESS. Joint Undertaking under Grant Agreement n° 737434-2 and from the
national programmes/funding authorities of Germany, Italy, Slovakia,

5. Conclusions Spain and The Netherlands. The ECSEL JU has no liability in respect of

this document, which is merely representing the authors’ view.
In this paper, a method to assess sizing, operation and reliability of

four different configurations of a DC microgrid including PV, EV stations CRediT authorship contribution statement

and energy storage, according to converter selection and connection, has

been carried out. In particular, a mixed-integer linear optimization B. Aluisio: Methodology, Software, Writing - original draft, Data
methodology for the techno-economic planning of the DC microgrid, curation, Visualization. M. Dicorato: Conceptualization, Investigation,
based on the definition of operating scenarios, has been considered and Data curation, Validation, Writing - review & editing, Supervision,
tailored to the peculiar features of the inspected technical configura- Project administration. I. Ferrini: Software, Data curation, Visualiza-
tions. Furthermore, a reliability analysis has been described, in order to tion. G. Forte: Methodology, Software, Formal analysis, Writing -
evaluate the amount of energy exchange with EVs that can be curtailed original draft, Visualization. R. Sbrizzai: Conceptualization, Investiga-
in the presence of device unavailability, by means of a rule-based tion, Data curation. M. Trovato: Methodology, Formal analysis, Vali-
redispatching with priority. The proposed approach has been applied dation, Writing - review & editing, Supervision.

to a case study of envisaged DC microgrid for a fleet of service EVs at

Bari Port premises. Results have shown that the presence of ESS can be Declaration of Competing Interest

hindered by the higher cost due to dedicated converters, although it

makes reliability performances increase, and the configuration with one The authors declare that they have no known competing financial
converter per each source reveals the best compromise for sizing, interests or personal relationships that could have appeared to influence
operation and reliability costs. Future work will deal with the the work reported in this paper.

Appendix A. Determination of reliability characteristics of DC microgrid devices.

Reliability characteristics of the converters derive from a set of internal components (switches, diodes, inductors, capacitors), whose failure rates A,
are derived from the data and methodology described in [53]. The application of (13)-(14) to the four converter topologies reported in Fig. 5-Fig. 8 is
synthesized in Table A.1, along with proper repair rate and the determination of A, and Us,. It is clear that the three-port converter implies the lowest
reliability due to the highest number of components.

Reliability features of sources and other devices are reported in Table A.2. In particular, for PV panels data from [54] are exploited, including
modules, by-pass diodes and connector pins. Moreover, strings with at most 12 modules in series, equipped with a fuse and disconnector, are
considered, in order to reach a suitable output voltage level for the integration with converters, in the range of 500-600 V. For lithium-based battery
modules, data from [55,56] are considered, and since a single module allows to obtain the desired output voltage, strings of modules are not necessary.
External grid is supposed to be connected by means of a 500-m cable ending in a MV/LV transformer station with a single transformer, and relevant
reliability data are taken from [57,58]. The estimation of failure rate and availability for DC and AC connectors is taken from [52,53].

For EV charging stations, reliability features correspond to those of bidirectional DC/DC converter, coherently with the assumption of fully
available EVs [26].

Table A.1
Reliability characteristics of converters.
Number of components n ; Reliability characteristics

Device Switch Diode Inductor Capacitor Az [failure/h] iz [repair/h] A, U,
DC/DC monodir. 1 1 1 1 3.562:10°¢ 5.0103 0.99929 7.119-10°*
DC/DC bidir. 2 2 1 1 7.117-10°° 5.0107% 0.99858 1.421.1072
AC/DC 6 6 0 0 2.133.107° 2,510 0.99154 8.460-1072
AC/DC/DC three-port 6 7 2 2 2.138:10°° 2.01073 0.98942 1.0581072

Table A.2

Reliability features of modules, sources and devices
Device Ay [failure/h] i [repair/h] A, U,
PV system 3.065-10°° 8.497.107° 0.99641 3.594.103
ESS LiPo module 9.132:10°° 3.425.107% 0.99734 2.660-1072
External grid 4110107 5.708:103 0.99928 7.195.107*
AC connector 3.800-1077 2.000-1072 0.99998 1.900-10°°
DC connector 6.960-1077 2.778:1072 0.99997 2.505-107°

12
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