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ABSTRACT

Integrated energy systems, including renewable energy sources (RES) and battery energy storage (BES),
have high potentialities to deal with issues caused by the high penetration of electric vehicles (EVs) in
power systems. The full realization of the benefits of such systems depends on implementation of an
energy management system (EMS) in order to monitor power sharing between different components of
the system. In this paper, an EMS is proposed for a multi-port converter as an integrated PVV/BES/EV
energy system. It takes into account the EV mileage, BES dis/charge cycles and financial benefits, and
schedule for the optimal dis/charge of batteries, and also involves EVs in V2X programs. In this
approach, the potential of EVs as a portable energy storage can be employed in providing ancillary
services to the power grid. The obvious advantages of the proposed EMS performance have been
specified by simulation and comparison with the benchmark method. According to the obtained results,
for a specific period of time, a better interaction has been established between the average achievement
of the final SOC and the financial profit of the integrated energy system under the proposed EMS.
According to the proposed method, for a 10% reduction in the final SOC compared to the benchmark
method, the minimum financial benefit is about 0.2607 pounds (received from the grid), equivalent to
0.2082 pounds (paid to the grid) in the benchmark method.

doi: 10.5829/ije.2023.36.08b.12

1. INTRODUCTION

In past decades, the tendency to use RES in power
systems has increased as a promising solution to deal
with environmental, technical and economic challenges.
Concerns regarding the reliability of their operation have
also increased. One solution is the integration of RES
with BES, which result in financial benefits from the sale
of excess power [1]. Such systems also play a significant
role in supporting the power grid. For instance, with the
increasing penetration of EV, providing charging points
based on integrated energy systems is considered a
suitable solution to avoid problems caused by the
increase in power grid load demand. Such that it provides
a clean charging point, without applying an additional
load on the power grid. Integrated energy systems are
created by combining different sources such as RES,
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BES, EV and Grid with power electronic interfaces that
exchange power under the supervision of a control
system to achieve technical and financial objectives.

So far, various researches have investigated several
aspects of the implementation of integrated energy
systems and their performance. An EMS strategy based
on particle swarm optimization (PSO) and fuzzy
controller for a microgrid consisting of distributed
generation resources and energy storage system
consisting of batteries and supercapacitors are proposed
by Sepehrzad et al. [2]. A family of multifunctional
multi-port converters suitable for PV-based EV charging
stations and grid-connected BES is introduced and
simulated by Gohari et al. [3]. Active and reactive
exchange power control is carried out by two-loop Pl
control scheme in this structure. Moreover, a rule-based
EMS is presented to improve system reliability at a
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reduced cost. A dis/charging scheduling algorithm based
on a chance constrained programming method for an EV
charging station including BES and PV is proposed by Li
et al. [4]. In the proposed algorithm, EV dis/charging is
influenced by PV uncertainty, dis/ charging priorities and
electricity price, and it’s able to reduce energy costs by
50%. A practical test of a smart charging controller based
on PSO-ANN-Fuzzy is conducted by Ali et al. [5], which
considers user needs, energy tariff, grid conditions (for
example, voltage or frequency), renewable (PV) output,
and battery’s state of health (SOH) status. The intended
structure has RES and BES and is connected to the three-
phase power grid from one side. A topology for a multi-
port DC/DC/AC converter, suitable for use in BES-based
hybrid microgrids is proposed by Zhang et al. [6]. Also,
a detailed description of the control system and
decentralized power management of the proposed
structure has been discussed. A multi-mode hierarchical
power management strategy for a smart home as a nine-
port energy router is proposed by Wang et al. [7]. Nine-
ports have been provided through separate conventional
converters. The proposed strategy is based on droop and
three-mode switching relationships to ensure the power
balance of the entire system, which sends the current
references to the decentralized controller. In the
controller module, the power sharing of scattered
productions is realized in order to support the voltage and
frequency of the power system. A smart charging
approach for off-grid electric chargers in home
applications including PV, BES, and EV is proposed by
Gholinejad et al. [8]. The optimal charging profile of BES
and EV is carried out through Bellman-Ford-Moor
algorithm, in which the financial benefits of EV and
home owners have been fulfilled by considering their
comfort level. A new interface topology is created by
Savrun et al. [9] by combining several existing topologies
to integrate two EVs with home DC microgrids. The
proposed power management algorithm in this reference
is rule-based that determines the state of power flow
between the elements of this structure. Its control system
is also based on voltage loops that stabilize voltage of the
ports on their reference values. A new multiport
converter for use in systems with storage is proposed by
Yi et al. [10]. In this topology, two active switches are
used to provide two bidirectional ports and one
unidirectional DC/DC port. A new structure for
connecting BESs, EVs and RES is investigated by
Engelhardt et al. [11], in which a set of strings is
employed instead of the power electronic interface. The
proposed EMS for this structure assigns an appropriate
string for two fast charging points of EVs according to
the PV and SOC production power of BESs. An EMS for
a grid-connected charging station is proposed by Mumtaz
et al. [12], which is capable of simultaneous scheduling
of dis/charging of five different EVs. The proposed
algorithm makes it possible to implement V2X and X2V

scenarios including 7 different operational modes. The
adaptive PID control schematic has been employed to
control converters of this system.

To sum up, Table 1 compares the major features in
existing researches with those of presented in this article
where the relevant researches can be categorized into
three general types: power electronics interface topology
[3, 6], control systems [9, 12] and EMS strategies [2, 4,
5, 7, 8, 10, 11]. In general, it has been observed that in
some of these papers, EMS strategies and control
schematics have not been verified through experimental
tests. In some studies, the description of power electronic
converters as integral components of integrated energy
systems has not been addressed. Also, the researches that
focused on topology are different from each other in
terms of the number of bidirectional ports and
simultaneous availability of DC and AC ports. In
addition, in some works, control of voltage and current
of sources has been neglected, while without an efficient
control system, power sharing between different sources
will not be possible. Battery dis/charging plans are often
aimed at power balance, and the lack of short and long-
term EMS is clearly felt considering electricity purchase
and sale tariffs. The performance of integrated energy
systems, to a large extent, depends on the EMS strategy,
because it’s responsible for scheduling, monitoring and
controlling power exchanges between different
components of the system [11]. The objectives of EMS
strategies include charging BES through excess power
[13], minimizing energy costs [1, 4, 8], reducing grid
pressure [12], and also reducing system losses [14, 15].
Thus, the main focus here is on presenting an EMS
strategy for an integrated energy system, which aims to
reduce energy costs and facilitate EV participation in
V2X programs, as a potential energy source. Also, the
maximum energy that can be stored in batteries (BES and
EV), based on the battery health curve-the number of
dis/charge cycles, is included in the proposed EMS. In
this way, the gradual effect of battery degradation on
EMS scheduling can be investigated. However, in order
to set up and examine the overall performance of such a
system, aspects of the topology of the power electronics
interface and its control system have also been discussed.
In general, the major contributions of this paper are stated
below:
= Proposing an EMS based on mathematical relations

with easy implementation
= Integrated MIMO converter control
= Facilitating EV connection/disconnection to/from

EMS and Reducing energy price of EV charging
= Facilitating use of EV in V2X programs and

Considering SOH of batteries in EMS based on

dis/charge number
This paper is organized as follows: description of the
MIMO converter topology and control schematic is
provided in the second part. The relations and flowchart
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of the proposed method are presented in the third part.
The third section includes the system model, how to
apply restrictions and process of EMS. The fourth part
examines and discusses the simulation results. In the end,
a summary and results of the study are presented in
conclusion in the fifth section. The novelty of this paper
lies in the development of a power electronic-based
control algorithm for power flow management in a grid-
connected PV/BES/EV energy systems. This algorithm
dynamically allocates power based on real-time energy
generation, consumption, and EV charging requirements
as well as aiming to maximize overall financial benefits
of the system and considering battery degradation. By
referring to Table 1, it is evident that there is a clear lack
of studies addressing all major aspects of EMS
implementation. In addition, different mannagment
scenarios of such system was investigated [16-21].

2. SYSTEM DESCRIPTION

The general schematic of the integrated energy system is
displayed in Figure 1. This system has three parts: Power
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electronics interface converter, control system and EMS.
The power electronics interface is a MIMO converter that
has two bidirectional DC/DC ports, one unidirectional
DC/DC port and one bidirectional AC/DC port. This
converter provides the possibility of power exchange
between PV, EV, BES and the power grid under a fewer
number of switches. So, compared to topologies with
similar capabilities, two less switches are used in its
structure. The MIMO converter consists of connecting
two DC/DC and DC/AC sections; in the first section,
dis/charging of batteries is provided through the DC-link
or through each other. In the second part, it’s possible to
inject power from the DC-link to the power grid, from the
power grid to the DC-link, and from PV to the DC-link.
In this way, power exchanges in this topology can be
conducted with different objectives, including sharing
PV and BES for EV charging and reducing power grid
stress. Moreover, this system provides the possibility of
dis/charging BES and EV to achieve financial benefits
and participate in V2X applications.

In a recent study conducted by Tarassodi et al. [22],
performance of the integrated energy system under the
above-mentioned topology has been thoroughly

TABLE 1. Comparison table for existing studies

Power electronics

Controller system EMS constrains

[1] Grid, BES, EV, PV, CHP 2DC,1AC 9 N V2G, V2BES X MCP X
[3] Grid, BES, EV, PV 1DC,1AC 7 X X X x
[4] Grid, BES, EV, PV x x V2G v MCP v
[5] Grid, BES, EV, PV X X V2G, V2BES v MCP v
[6] AC and DC Grids, BES 3DC,1AC 9 N v X X X X
[7] Hybrid AC/DC microgrid 1DC,1AC 23 v v X X x x
[8] Grid, BES, EV, PV 2DC,1AC 9 N N V2G, V2BES X MCP X
[9] EV 1DC 9 v v V2H X X x
[10] BES, EV, PV 1DC 2 x x x x x x
[13] Grid, BES, PV 1DC, 1 AC 9 v v x x x x
[16] Grid, BES, PV x X x x x v ar':g%Fl)T

[17] Grid, BES, PV 1DC, 1 AC 8 v v x x x x
[18] Grid, EV, PV 1AC 15 N v X X X X
[19] Grid, BES 1DC, 1 AC 14 v v x x x x
[20] Grid, BES, PV, Fuel cell 1DC 14 v v X X X X
[21] DC source, Super capacitor X 6 v v X x X X
Proposed Grid, BES, EV, PV 2DC,1AC 9 v v V2G, V2BES v MCP v

and FIT
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Figure 1. General view of integrated energy system

investigated. With continuous sampling of voltage of the
power grid and DC-link as well as current of the
inductors, the control system stabilizes values of these
quantities on the determined references. The control
schematics of DC/DC and DC/AC sections are separated
in Figure 1. The control system in DC/DC section
includes current loops that apply error of the inductor
current to PWM unit after passing through the PI
regulator. In this way, switching pulse of SW; and SWs
switches are generated. Also, the switching signal of SW,
switch is obtained with NAND of two SW; and SWs
signals. In this schematic, the current reference values
il and L}y are determined by EMS, as discussed in
the next section. In the DC/AC control schematic, by
using a voltage loop, the voltage error of DC-link is
passed through a PI regulator to obtain the value of the
direct component of the inverter current reference. This
value determines the amount of power that must be
exchanged by the inverter to stabilize DC-link voltage at
the specified reference value.

In this schematic, the space vector modulation
(SVM) method is applied so that in addition to its
inherent advantages, PV system integrated with the three-
phase, three-leg inverter can be controlled. In this way,
one less switch is used in MIMO converter. In order to
control PV, the application of y parameter to SVM
algorithm is used to change the duration of vector [1,1,1]
in SVM according to the environmental conditions such
as the intensity of radiation and temperature. Because
under the other seven vectors, the PV inductor is only
charged and as long as vector [1,1,1] is applied, the
energy stored in PV inductor is discharged in DC-link
capacitor. Although there are some challenges in
implementation of such an integrated control system, this
paper focuses on EMS, as described in detail in the next
section.

3. METHODOLOGY

In this section, the proposed method of this paper is
described in how to share resources to gain financial and

technical benefits. To begin with, Equation (1) represents
the power balance in MIMO converter, in which PV
generated power (Ppy), BES power in discharge mode
(PRischy and EV power in discharge mode (P2i¢") are
considered positive. In contrast, BES power in charging
mode, EV power in charging mode and load power are
considered negative. As a result, the positive value of
Pg;,iq 1S indicative of the injection of excess power of the
integrated energy system towards the power grid and vice
versa.

Pgria = Ppy + PREE™ + PRI — PERe — PEY = Proap (1)

where the amount of load consumption power ( P pap) IS
considered available and definite for the day-ahead. Also,
Py is calculated according to the radiation intensity
profile, which normally starts from zero and reaches
maximum value from early morning to noon. Then, it
gradually reaches zero until night. Here, the radiation
intensity is considered definite and predetermined,;
however, to achieve the maximum power point (MPP)
for changes in the radiation intensity, the PV system is
modeled further. Equation (2) analytically expresses the
I-V characteristic of the solar cell [23]. In this model,
effect of the resistance of series and parallel branches in
the solar cell model is addressed. Despite the existence of
more accurate models, this model establishes an
interaction between accuracy and simplicity [24, 25].

q(V+Rsl,
I= Nplpv,cell - NpIO,cell [exp (#) - 1] -

V+Rslo cot &)
Rp

where, q is the charge of an electron (Coulomb), k is
Boltzmann's constant (J/K), T is the temperature of the p-
n junction (K), a is the ideality constant of the diode, N,
is the number of parallel cells, Ns is the number of series
cells, Rs is the equivalent series resistance and R, is the
equivalent parallel resistance. Also, lo, cenn is the reverse
saturation current of the diode [23]:

I _ Isen+KIAT

o,cell exp(Q(V‘(’,f,':;kI;.‘;AT))—l 3)
in which, Ky is the voltage coefficient, | s is the short
circuit current and V o is the open circuit voltage of the
cell under nominal conditions. lyy, cen is the production
current of a cell, which has a direct relationship with the
intensity of radiation and temperature. Equation (4)
describes the mathematical description of the impact of
intensity of radiation and temperature on this parameter.

G
Ipv,cell = (Ipv,n + KIAT) G_n (4)

where, K, is the current coefficient, G, is the nominal
radiation amount (W/m?), the difference between the
ambient temperature and nominal condition temperature
(Kelvin) and Iy, is the nominal current of the cell under
nominal conditions. By specifying the current value, the
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PV output voltage value is also obtained from the I-V
curve. Multiplying voltage and current of PV has only
one maximum point, which may not be on the MPP due
to the environmental conditions. To this end, the perturb
and observe (P&O) algorithm is used for MPPT in PV
model, and Algorithm 1 represents the pseudo code of its
modelling [23]. In this algorithm, the applied signal y is
generated by SVM method instead of calculating duty
cycle of the switches.

Algorithm 1. MPPT Algorithm
/nput: Instantaneous current, Instantaneous voltage, ¥ (0)=0.
Calculate instantaneous power:
if (Po(1)> Poe(t-1))
if (v(t)> v(t-1))
PO =PED+AY /AP s

else
YO =¥Y(t1)-AY
end
elseif ((Pp()< ppu(t-1))
if (v(t)> v(t-1))
YO =¥Y(t1)-AY
else
) =¥E-1D+AY,
end
else
Y ()= ¥ (t-1);
end
//Qutput: ¥ ().

In this way, by calculating PV generated power and
the availability of load consumption power, only by
determining BES and EV charging and discharging
power values by EMS, it’s possible to determine the
exchanged power value of the energy system integrated
with the power grid. For this purpose, first, the standard
discrete time model of the battery is placed in the power
balance relation. Then, in each time step, for different
values of BES and EV power, the minimum amount of
energy cost or maximum financial benefit of the
integrated energy system is calculated based on
purchase/sale tariff values. Thus, the Pgrig value for the
next time step is determined. The discrete time model of
the stored energy of the battery is shown in Equation (5),
in which E[K] is the energy stored in the battery at the
instant of k € T = {0, 1, ..., T-1}6. Moreover, n., and
Npiscr are charge and discharge efficiency of the battery,
respectively, and P, [k] and Pp;scr[k] are charge and
discharge power of the battery in k" time step,
respectively, and At>0 indicate one time step length [26].

El[k + 1] = E[k] + ncpAtPey[k] —
At (5)
Ppiscnlk], Vk € T

NDisch

The constraints of the problem for vk € t are also given
in Equations (6) to (10). The set of Equations (5) to (10)
has been used to model BES and EV, with the difference
that initial and nominal energy values, maximum
dis/charging power, as well as charging and discharging

efficiency of BES and EV are considered differently [26-
30].

E[0] = E, (6)
0 < Pcplk] < PBOx (M
0 < Ppisenlk] < PI, 8)
0 < E[k + 1] < Emax ©9)
Penlk]Ppiscnlk] = 0 (10)

Equation (10) models the condition of complementarity
of battery charging and discharging, which proves that a
battery cannot be charged and discharged
simultaneously. This equality has created a non-linear
term in energy management calculations, which
challenges the solution of such problems. Therefore,
Equation (5) will become Equation (11) by removing
restriction (10) and simplifying.

Elk + 1] = E[k] + nAtPpo [k], Vk et (11)

—Peii™ < Ppaclk] < Phisch (12)

In Equation (11), an input (Pg,¢[k]) is considered to
calculate battery energy, defined as follows:

Pgaelk] = P'piscnlk] = P'eplk]l,  Vker
P’cp = max{0, —(Ppiscn — Pcn)} (13)
P'piscn = max{0, Ppisch — Pcn}

According to Equation (11), for each possible value of
E[k+1], a Pea value is obtained for batteries. Since AE
changes in each time step is constraint by the inequality
(12), for all the values that apply to this inequality, one
should look for a Pga value for BES and EV, so that by
placing it in Equation (1), the optimal value of exchanged
power between the power grid and the integrated energy
system can be obtained. Under the optimal amount of
exchanged power, there would be the lowest energy cost,
the highest financial profit and the lowest battery
degradation. For this reason, after inserting the possible
values of E[k+1] and calculating Pga (for BES and EV
separately), taking into account parameters such as
electricity purchase/sale tariffs, number of dis/charging
cycles, EV mileage and minimum depth of discharge
(DOD), the optimal value of exchanged power are
obtained. The intended multi-objective function in the
proposed EMS is provided in Equation (14). This
objective function seeks to increase SOC and
simultaneously, increase the financial benefit (reducing
the cost paid to the grid or increasing cost received from
the grid). For this purpose, in addition to the grid power,
the power of the batteries is also multiplied in the
purchase and sale tariffs depending on their sign.
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[PGridrPBES' PBES'T[prT[i] =

if(PGrid 2 0)

f(Pgria < 0)

if (Ppgs = 0){ Parid

if (Pggs < 0)

if (Pgps < 0)

The electricity purchase/sale tariff information is
available for the day-ahead and like PV and load, is
considered to be predetermined and definite. The number
of dis/charging cycles, as a criterion in determining SOH
of the BES battery is applied as a constraint of the
problem and overshadows decision-making process in
the proposed EMS. For this purpose, the declining curve
of the maximum storable energy of BES in terms of
changes in number of dis/charging cycles is applied to the
problem as an input. The number of dis/charging cycles
for a new battery is considered zero. But, for each charge
or discharge, its value increases in the proposed
algorithm. Moreover, EV mileage is considered as a
criterion of its SOH in the proposed EMS. Similarly, the
declining curve of SOH with respect to mileage changes
is used to limit the problem in terms of the maximum
energy that can be stored in EV.

The application of E[k+1] quantification restriction
is well shown in Figure 2. As shown in the figure, in k+1
time step, due to an increase in the number of
dis/charging cycles or operation compared to before, the
final limit of the energy that can be stored in the battery
has slightly decreased. Hence, the range of changes of
possible value of E[k+1] in k+1 time step has become
more limited than before. This would contribute to
significant changes in EMS decision-making in the long
run. Also, some E[k+1] values are not acceptable.
Because in order to achieve these values, the exchanged
battery power will exceed the nominal value of condition
(12). These values are considered unacceptable and are
not considered in the EMS process.

With respect to EV application, in addition to the
constraints mentioned in Figure 2, another constraint is
applied to E[k+1] value. As it’s clear, EV initially
behaved as a consumer that needs charging at various
home, fast and ultra-fast levels. Depending on the
conditions of the integrated energy system, power grid
and electricity tariff, one of the above-mentioned
charging levels is selected. Anyway, EV working mode

if(PBES = 0) {(FBESnl+PEVﬂP)

1525
(PpEs+Pev) lf(PEV >0)
(PpEsTi+PgyTy)
PGriaTi f(PEV < 0)
(FBEsﬂp+PEV7TL)
Poriami ,if (Pgy 2 0)
(PBEsr[p+PEV11p)
Poriami ,if (Pgy < 0) "
(PpEsTi+Pgy ;)
Pzy =0
GridTp f( EV )
Pry <0
PériaTp ( EV )
(PBEST[p"'PEV”L)
Poriamty ,if (Pgy 2 0)
(PBEs+PEV) if (Pgy < 0)

rid

is X2V; While based on the objectives of this paper, it
may also be used in V2X applications if the EV owner
approves. In this case, in X2V mode, E[k+1]
quantification takes place only for vk € T - E[k] <
E[k + 1]. In other words, the inequality (12) will change
to expression (15) in X2V program. However, in V2X
program, it is conducted according to the explanations of
Figure 2.

—PI¢* < Ppylk] <0, Vket (15)

By calculating the average BES dis/charge times and
EV performance in 24 hours, it is possible to determine
the effect of battery degradation on power sharing in the
long term. Moreover, the proposed EMS seeks to reduce
the charging time in attaining higher SOCs (lower DOD),
which is restricted by the maximum power that can be
transferred to the battery, maximum exchanged power
with the power grid, financial benefit and, the costs.

The performance description of the proposed EMS
is provided in flowchart of Figure 3, in which NFE*,
N& ,m, and m; are the number of BES dis/charge,
number of dis/charging cycles, electricity purchase tariff
from the power grid and electricity feed-in-tariff (FIT) to
the power grid, respectively. The quantification of
Egpslk + 1] and Egy,[k + 1] is carried out from the
minimum to maximum value of the inequality (9) under

E[k] E,, | ®ee®

Decrease in Emax due to
number of charge and
discharge of batter

¥

Some values are unallowed to
access due to (9)

This value is selected resulting
lower max of financial benefit

Figure 2. Quantification and restriction of E[k + 1]
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Figure 3. Flowchart of proposed EMS

certain intervals. The maximum value of this inequality
is obtained according to N2ES and N values, based on
the battery degradation diagram.

By specifying Pgy [k + 1], Pggs[k + 1] and Ppy [k +
1] values, the MIMO converter is switched under one of
the scenarios shown in Figure 4 or a combination of them.
As shown, except for part (a), the rest of the scenarios are
bidirectional power exchange. Also, it is possible to
simultaneously implement one of the scenarios of one
part with the scenarios of other parts. For example,
PV2DCiink, B2V, and G2V scenarios can be
simultaneously implemented, which represents EV
charging by PV, BES, and the power grid. This means

(d) Grid to BES and BES to Grid
Figure 1. Different operational scenarios of proposed EMS

that the proposed EMS performs both decision-making
and determination of power references at the same time.
In the previous research conducted by Tarassodi et al.
[22], performance of the MIMO converter in terms of the
control system, efficiency, reliability, as well as the
implementation of different performance scenarios, has
been fully investigated and discussed. Therefore, in the
next section, only results of the implementation of the
proposed EMS on the integrated energy system under
study have been examined and compared.

4. RESULTS AND DISCUSSION

In this section, a case study has been simulated in
MATLAB, results of which are presented below. Also, in
order to check the simulation results, the Simulated
Annealing (SA) optimization method has been used as a
benchmark. To this end, the SA method has been
implemented for a system similar to the proposed method
in MATLAB, then the SA analysis has been investigated
under the same inputs.

The simulation features of the intended case study are
provided in Table 1. The nominal capacity of EV and
BES batteries is given in this Table, which by taking into
account the EV performance and the number of BES
dis/charge cycles, determine the maximum energy that
can be stored in the batteries. The primary SOC of the
batteries is selected as a sample and can change within
the permissible range during the planning. The maximum
dis/charge power of the batteries are also determined
given the capacity of the batteries and MIMO converter.
The PV system is also an array of 16 cells connected in
series/parallel with the specifications provided in Table
2. Simulation specifications include predicted input data,
such as radiation intensity, load consumption power, and
electricity tariffs, as shown in Figure 5.

The battery degradation curve is shown in Figure 6.
Changes in SOH of BES in relation to an increase in
frequency of dis/charging is illustrated in Figure 6(a). As
shown in this figure, SOH remains constant until about
100 dis/charge times, then, it gradually reduces. Since the
number of EV dis/charge cycles for charging point is not
known, the SOH of EV is obtained from Figure 6(b),
which is based on mileage changes.

TABLE 2. Simulation parameters value

Description Value Unit
Nominal Capacity of BES 1.7 kWh
Nominal Capacity of EV 20 kWh
BES usage 300 Cycle
EV mileage 50000 Miles
BES initial SOC 70 %
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EV initial SOC 50
BES Dis/Charging power 0.5
EV Dis/Charging power 5
Dis/Charging efficiency 96
Lower/upper charge limits [20-90]
Max of irradiance 1000
PV cell current in MPP 7.61
PV cell voltage in MPP 26.3
Number of PV cells connected in series 8
Number of PV cells connected in parallel 2

%
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kw
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Time (]
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Figure 5. Day-ahead data
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Figure 6. Battery degradation curves
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Given the flowchart in Figure 3, with the availability
of the predicted inputs as well as measurement of the
primary SOC of the batteries, E[k+1] quantification
begins. As shown in the explanation of Figure 2, the
quantification is conducted under the interval (9) and
then, based on conditions such as V2G working mode,
the SOH value and the maximum dis/charging power of
the batteries would be restricted. Changes in the resource
power and SOC of the batteries during 24 hours are
shown in Figure 7. These results are achieved under the
number of dis/charge cycles of 10 BES and operating
range of 1000 miles of EV. In Figure 7(a), the power of
the sources that are in the generator state (such as PV and
batteries in discharge mode) is positive, and power of the
load and batteries in charging mode is negative. As it is
shown, with an increase in the PV power, the excess
power available in the integrated energy system is used
for charging EV. However, in time steps of 14 to 15
(plotted as a column in 15), due to the increase of FIT and
increase of EV SOC, not only the EV charging is stopped,
but also it is discharged to some extent and the obtained
excess power is injected into the power grid. SOC
changes of batteries corresponding to paragraph (a) are
shown in Figure 7(b). As it’s clear in the figure,
depending on the conditions of each time step, the
batteries are charged or discharged during 24 hours, so
that the objective function of the problem is minimized
in that time step. Hence, a curve including several
charging scenarios and several discharging scenarios has
been created.

SOC changes of the batteries under the condition of
300 and 700 cycles, and 50 and 100 thousand miles of
operation are illustrated in Figure 8. It is clear in this
figure that increasing life of batteries directly affects the
integrated energy system planning, such that the
dis/charge profile of the batteries has changed compared
to before. These changes are more evident in the BES
profile, which has a much lower capacity than EV. In the
following, the numerical results of these analyses are
summarized in Table 2.

Power [kW]

SOC of Batteres %]

(b) SOC of BES and EV
Figure 7. Changes in power and SOC per cycle=10 &
mileage=1000
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Figure 8. SOC of BES and EV under different conditions

On the other hand, increasing EV lifetime, as a high-
capacity source, has a greater impact on the amount of
EMS income. The 24-hour income of the integrated
energy system under cycle and operation changes is
shown in Figure 9. It is well known that the increasing
EV battery life, as a higher capacity resource, has the
greatest impact on the revenue from BES and EV
integration in the energy system under study.

Results shown in Figure 10 were obtained under the
condition of no EV presence. As it is evident, without the
presence of EV, more excess power is available for
injection into the power grid. However, the interesting
point is that this does not necessarily cause the integrated
energy system to achieve higher financial benefits,
because it lost the opportunity to benefit from a high-
capacity energy storage; and this has reduced the
financial benefit of the system for 24 hours. This is
because of the fact that FIT is low in the range where
more excess power is available. In paragraph (b), SOC
BES was obtained under different cycles that did not
experience any specific changes without the presence of
EV. The numerical results of these analyses are
demonstrated in Table 2.

0.35

Revenue [£/kWh|

500

Mileage 10 1000 Cycle

Figure 9. 24-hour energy price per mileage changes

Power kW]

o1z 13 14 1
Time [h]

(a) Power of different component

(b) SOC of BES
Figure 10. Changes in power and SOC without EV

The impact of adding EV on the financial benefit of
the integrated energy system is shown in Figure 11. This
figure proves the effect of the presence of a high-capacity
energy storage source (i.e., EV) on the overall financial
benefit of the system. Such that in the presence of low-
functioning EV, the financial benefit has increased more
than 2.3 times compared to the absence of EV. Over time,
as the performance of EV increases, this ratio decreases
until it reaches 1.6 times per 100,000 miles of operation.

A comparison of the performance of the proposed
method with a basic method, namely, SA is illustrated in
Figure 12. The time step of this comparison is 1 second
and performance of the system under the two proposed
and benchmark methods is performed for 86400 seconds.

Results obtained for EV indicate that the final SOC is
almost equal, but the dis/charging profile of the batteries
under the benchmark method is such that, in total, much
less financial benefit is achieved. These results are given
in Table 2. So, under the SA method, not only the system
has not achieved the financial benefit, but also it has to
pay an amount to the power grid. By comparing these
results, it’s clear that a 10% reduction in SOC in the
proposed method is totally acceptable in return for the
financial benefit gained. For BES, the newer the batteries
are, the greater the final SOC difference under the two

—A— Without EV

—@— With EV: M=1000

02 With EV: M=50000 | |
—8— With EV: M=100000

015 - 4 4 4 n n 0 )
0 100 200 300 400 500 600 700 800 900 1000
Cycle

Figure 11. 24-hour energy price per mileage changes,
Cycle=0
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Figure 12. Batteries dis/charging schedule comparison

proposed and SA methods. However, with an increase in
lifespan, the final SOC of the batteries has also been
obtained similar to each other. In fact, this is a good
indication that under the proposed method, an acceptable
interaction has been created between the gained financial
benefit and the final SOC value of the batteries.

The numerical comparison between the results
obtained from the proposed methods and SA, under
different cycle and mileage conditions are provided in
Table 3. As mentioned in the explanation of the above
analysis, the maximum financial benefit under the
proposed method is obtained in the presence of EV and
SOH above EV.

TABLE 3. Simulation parameters value
Inputs  Cycle Mileage Cycle Mileage Cycle Mileage

Method 10 1000 300 50000 700 100000

With

BV 0.3580 0.2621 0.2607
Proposed th

Without

iy 0.1584 0.1589 0.1598
SA -0.2979 -0.2344 -0.2082

5. CONCLUSION

In this paper, an EMS based on mathematical relations is
proposed for an integrated PV/BES/EV energy system.
The proposed EMS generates BES and EV power
references to minimize a multi-objective function, such
that it would lead to the reduction of system energy
payment costs to the grid and the increase of system costs
received from the grid, taking into consideration the final
SOC. In the proposed EMS relations, the maximum
energy that can be stored in BES and EV are constraint
based on the number of dis/charge cycles and mileage,

respectively. In this way, an analysis of the effect of
increasing the life of batteries and the presence or
absence of EV as a high-capacity storage device on the
financial benefit is provided. Based on the results
obtained from the numerical analysis, it was found that
although in the absence of EV, the system sells more
energy to the grid, it does not achieve more financial
benefits. Because it loses the possibility of using a main
source of energy storage in optimal scheduling. Because
a significant part of the energy sold was in the absence of
EV when FIT is low. On the other hand, in the presence
of EV, it is possible to sell significant energy to the grid
at high FITs, and the system would achieve a higher
financial benefit as a whole.
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