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ABSTRACT Coordinated power demand management at residential or domestic levels allows energy
participants to efficiently manage load profiles, increase energy efficiency and reduce operational cost.
In this paper, a hierarchical coordination framework to optimally manage domestic load using photovoltaic
(PV) units, battery-energy-storage-systems (BESs) and electric vehicles (EVs) is presented. The bidirectional
power flow of EV with vehicle to grid (V2G) operation manages real-time domestic load profile and takes
appropriate coordinated action using its controller when necessary. The proposed system has been applied
to a real power distribution network and tested with real load patterns and load dynamics. This also includes
various test scenarios and prosumer’s preferences e.g., with or without EVs, number of EV owners, number of
households, and prosumer’s daily activities. This is a combined hybrid system for hierarchical coordination
that consists of PV units, BES systems and EVs. The system performance was analyzed with different
commercial EV types with charging/ discharging constraints and the result shows that the domestic load
demand on the distribution grid during the peak period has been reduced significantly. In the end, this
proposed system’s performance was compared with the prediction-based test techniques and the financial
benefits were estimated.

INDEX TERMS Autoregressive integrated moving average (ARIMA), coordinated operation, cost reduc-
tion, domestic load management, electric vehicle (EV), energy management, moving average (MA).

NOMENCLATURE 11.1M2.13,1M4 Efficiency of converters 1, 2, 3 and 4
. respectively.
w%‘} Mjax.lmum state of charge level. PEY The net power gained by EV,
Vmin  Minimum state of charge level. o, represents the battery capacity of an EV.
x5 EV’s SOC threshold limit. W Base load demand.
©FY  Charging or discharging state/mode of np Domestic power demand.
an EV. m peak-load occurrence frequency.
n off-peak load occurrence frequency.
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Pf;\,/+ maximum power available from PV units.

7 Peak load.

T Base load.

é‘gES Cost of the energy supplied by the battery
storage system.

upop  Depth of discharge.

I. INTRODUCTION

Traditionally, power grids are centrally managed and supply
electricity to consumers through a network of long-distance
transmission and distribution lines. Conventional power sys-
tems nowadays see a significant paradigm shift towards an
automated and distributed trend of energy management. The
huge influx of small-scale and aggregated renewable energy
resources (e.g., solar, wind) at the domestic or distribution
level creates multiple power management challenges to the
utilities [1], [2], [3]. This is because most of these renewable
sources are intermittent in nature, and so maintaining the
power quality according to standard voltage and frequency
requirements is a significant challenge [2], [3].

As anew type of dynamic load, electric vehicles (EVs) are
also now being integrated into the power networks. Unlike
standalone battery energy storage (BES) systems, the mobil-
ity of EVs makes their in-built energy storage capability more
dynamic than the fixed installation storages [4], [5], [6]. The
bidirectional power flow from an EV, in residential areas
or aggregated EVs in a parking lot through grid-to-vehicle
(G2V) and vehicle-to-grid (V2G) operation, has the potential
to provide ancillary support and various loads to the power
grids [6], [7], [8]. Moreover, the adverse effects due to the
intermittent behavior of renewables and vehicle’s uncertainty
related to their availability can be lessened with the combi-
nation of EVs and fixed energy storages [2], [4]. To reduce
the energy usage cost, these energy storages perform charging
operations during off-peak periods (i.e., the duration of low
energy cost), while during peak-load periods (i.e., the dura-
tion of high electricity demand and price), their discharging
operation potentially assists in reducing the peak-load at
domestic sides [4], [8]. Any load profile is likely to have mul-
tiple increasing peaks over time; therefore, if these peak loads
are not coordinately or regularly managed on domestic sides,
these will cause adverse effects to nearby power network
components (e.g., distribution transformer, power cables, and
protection circuitry) [4], [5], [6], [7].

In this context, a coordinated or regulated power
demand management is essential to minimize the peak-
load effects and maximize the utilization of distributed
resources [9], [10], [11]. Additionally, it reduces the energy
costs for customers during peak-load periods and incentivizes
customers when there is less demand [8], [11]. With coor-
dinated management, sometimes various forecasting tech-
niques are implemented for the purpose of scheduling as
well as optimizing the energy resources [2], [12]. Thus,
it has the potential benefits of improving power quality
(i.e., increasing PV voltage and reducing flicker voltage),
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stability management (i.e., voltage and frequency) and power
regulation (balancing power flow) [9], [10], [12]. For domes-
tic load management, till now, the majority of previous work
is either considered rooftop PV units with different household
battery sizes or mere integration of EVs. Domestic BESs used
in a small-scaled microgrid provide various ancillary support
considering managing load, frequency or voltage [4], [13].
The peak-load management with EVs in commercial systems
is elaborately reported in [11]. The impacts of integrating
large-scale battery-storage system for managing increasing
demand are also examined in [9] and [13]. In [14], using
a decision-tree-based algorithm, a combination of PV, EV,
and different battery systems are used at domestic levels to
manage the peak load; however, the contribution from each
energy source at any time interval and economic aspects are
found to be inadequate. The particle swarm optimisation-
based energy management system has been applied among
the smart home, EVs and PV farm without the considera-
tion of BESs [15]. While, the reduction of peak load using
scheduling has been done in [16], without discussing the
economic benefit. A hybrid approach for energy demand
forecast using autoregressive integrated moving average
model has been studied and reported in [17], [18], [19],
and [20].

Moreover, the majority of previously developed systems
were applied only for a short duration; but the effectiveness of
these systems in reducing the peak load considering the real
test case scenario for a longer duration is still unclear [8],
[21]. For example, in [22], authors developed a load curve
manually and scheduled the load with respect to energy rates
and PV generations but did not consider any real scenario.
Therefore, it has a huge interest to examine the effectiveness
of a hybrid system consisting of an EV, PV, and battery
storage on real test environments over longer periods. In other
words, each resource’s contribution at the domestic level
with respect to time intervals and load dynamics is a sub-
ject yet to be explored. In this paper, a coordinated system
consisting of PV units, BES systems and EVs is considered
for managing the domestic peak load demand. A hierar-
chical coordination framework is developed and tested on
a real environment of distribution networks in Australia.
Three types of commercial EVs with small (Mitshubishi-i-
MiIEV), medium (Nissan Leaf) and large (Tesla-3) battery
sizes are considered for load management. An improved
scheduling algorithm is also developed for their charging and
discharging operation, while the intended future extension
of this project will include the performance comparison of
various optimization algorithms applications in the proposed
microgrid. For analyzing the economic aspects, real-time load
pricing from the Australian energy market is used to study
the financial benefits of the proposed management frame-
work. To sum up, the main contributions of this paper are as
follows:

o Develop an improved domestic energy management
framework to manage the domestic load profile and
utilize resources in a more efficient and economical way.
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o Identify a coordinated approach considering each
dynamic source constraint and load contribution for
managing distributed resources and peak demand.

« Investigate the peak load reduction process under real
test scenarios of uncertainties and seasonal conditions
by considering dynamic and environment-dependent
sources and load profiles for a longer duration.

« The acceptance of the proposed system is verified with
various test case conditions, such as EV types, source
combinations, number of EV owners, number of house-
holds, prosumer’s daily activities etc.

« Compare the performance of the developed system with
moving average (MA) and autoregressive integrated
moving average (ARIMA) prediction systems.

« Study the financial aspects of the designed framework.

Il. SYSTEM OVERVIEW

The schematic diagram of a small-scaled microgrid is shown
in Fig. 1. The microgrid model comprises residential house-
holds (or loads) and energy sources (a PV panel, battery
storage, and an electric vehicle). Depending on the prosumer
and the number of households, EVs and BES’s number will
be more than one. All energy sources are connected to a
common AC bus through power electronic converters. Both
the BES and EV have bidirectional power flow capabilities.
A central controller is attached to the residential places which
regularly monitors the load pattern, PV power generation,
load demand, BES, EV’s state of charge (SOC), and charging-
discharging condition. Depending on load requirements, con-
ditions, and resources (i.e., PV, battery and EV) availability,
the controller will make the charging or discharging operation
of both BES and EV either from the PV or from the AC bus,
respectively.

A. ELECTRIC VEHICLE SPECIFICATIONS

There are three commercial V2G capable electric vehicles
with different battery sizes (i.e., small, medium, and large)
considered for load management. These are Mitsubishi-i-
MiEV, Nissan Leaf and Tesla Model 3. Each car belongs
to a single household. The total energy consumed or served
by the EV depends on the user profile of the EV owner
[23], [24]. To comply with the prosumer’s habit in real life,
three different charging profiles (for people going to work
during the daytime, people staying at home, and people work-
ing on night shifts) are considered. For the daytime working
profile, the vehicle owner leaves home at 9.00 am and returns
at 4.00 pm. There are no charging facilities available at the
workplace parking area. To avoid any undesirable situation,
the EV battery will never fall below the minimum state of
charge (SOC) level. Here, all assumptions are taken into
account for simulation, and analysis purposes only and these
can be modified based on a more available realistic scenario.
For example: in [25], the authors build a hybrid (power grid
and communication) model and considered the EV’s status
during the transit period also, which brings a more realistic
view of the practical scenario. In this work, for simplicity,
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the instantaneous SOC of the EVs during the transit period
has not been considered. However, all key parameters related
to the EV specifications are given in Table 1. The station,
process and bay level are connected to each other by two
buses- the process bus and station bus [26].

B. BES AND PV's SPECIFICATION

Each house has its own PV panel and BES system. For
simulation purposes, it is assumed that the energy generation
from each house (i.e., either PV panel or BES) is similar. The
detailed specifications of the PV panel and BES are listed in
Table 2.

Ill. MATHEMATICAL MIODEL FOR ENERGY
MANAGEMENT

Overall energy management of the whole microgrid system is
performed following an optimization algorithm implemented
in a central controller. The detailed architecture of the whole
microgrid system is shown in Fig. 2. The central controller
is connected to various smart meters and converters (Conv-1,
2, 3, 4). Conv-4 (dc-dc) and Conv-2 (dc-ac) connect the PV
panel to the AC bus, while Conv-3 (dc-dc) connects the BES
with PV via a DC bus when there is a surplus PV generation
during daytime. On the other hand, both the battery and
EV are connected to the AC bus via bidirectional power
flow functionality type (i.e., DC-AC and AC-DC) converters.

Bidirectional
Converter

= B

FIGURE 1. Overview of a small-scaled microgrid.

TABLE 1. EV specifications used in the simulation.

Electric Vehicle l\il:_t;}llllgi? i Nlises;fn N;l"oedslil 3
Maximum battery capacity (kWh) 16 40 50
Maximum power (kW) 33 6.6 7.7
Maximum number of EVs 3

Efficiency of EV charger
EV’s SOC threshold limit (A £ )

90% [19]
90% [18], [19]

EV’s minimum SOC level (y £V 25% [18]

min
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TABLE 2. PV specifications used in the simulation.

Parameter Specifications

PV panel in each house and average capacity 1,33 kW

2% per annum

PV degradation

Efficiency of the converter used for PV and

battery. 95%
Maximum BES capacity 10-24 kWh
BES lifecycle >10k
Efficiency of BES (charging/discharging) 90%

| Battery
Storage
| Controller

FIGURE 2. Detailed architecture of developed management framework.

The power flow (i.e., inward or outward current) of these
converters entirely depends on the residential load conditions
and local energy generation. On the other hand, the controller
regularly reads the domestic load demand, power generation,
availability of resources and the real-time electricity cost
from the utility to check the peak load managed energy price
steps. The implemented optimization technique follows a set
of mathematical programming problems considering techni-
cal or system constraints of PV units, BESs, and EVs inte-
grated into the grid. The overall aim is to reduce total systems
costs and ensure efficient use of energy resources. The step-
by-step mathematical models for each network component
are described in the following sub-sections.

A. EV WITH ENERGY TRANSACTION
An EV participates in energy transactions through the charg-
ing or discharging process of its in-built battery storage.
The charged or discharged amount is limited by two bound-
ary points: (a) minimum state of charge level (I/Jrﬁi‘:l) and
(b) maximum state of charge level LY . Depending on

load conditions, the EV will go only to V2G operation if it
exceeds the certain threshold limit (¥£Y ) usually set by the

max

manufacturers. Moreover, between the minimum SOC level
1/fmm and maximum charging limit 1/fmax, the charging power
relates to the state of charge level by a linear piecewise
function and can be expressed as of (1), as shown at the
bottom of the page, [8], [14]:

In this paper, any contribution to the grid (i.e., power
injected into the grid) is shown with +’ve superscript, while
any power taken from the grid is labelled with ‘ve superscript.
Here, for the V2G operation, the maximum available power
from an EV during the discharging process can be expressed
as follows:

By EV _ hv

T~ EV t 1) .

I = (Fmax - Fth ) B EV ’
E

<yt <yl 2

Let us assume, be a set of periods for which an EV of a micro-
grid system is plugged for either G2V or V2G operation,
where, X means the total number of EVs of the concerned
area. The limiting constraints of charging or discharging
power can be written as follows:

0<TI,y <TENOFY: Vet VxeX 3)
0< rEV+ <SThn (-0 Vieg VxeX 4
rf§+<r,x,w€gx,vx eX (5)
Here, the binary variable @f‘; represents the charging or
discharging state/mode of an EV. The value @f‘; varies for
the following conditions:

oL _ 1; If EVis in charging mode ©)

LX 71 0; IfEV is in discharging mode

EV_

On the other hand,I'; ,~ > 0, 1"EV+ > 0 denote the charged
power to the battery and the dlscharged power from the
battery to the grid respectively.

When an EV completes the journey for the purpose of work
and returns home, the energy required by the vehicle is ZI;;V*
for the period of V¢ € T'\&,. Then, the net energy pf‘; at any
time interval At can be written as follows:

EV_
(771 I, X

EVy .
Z ’

EV*/m) AT Vieg, VxeX

VieT\&,Vx eX
@)

Here, 1 denotes the efficiency of converter 1. The net
power gained p V by an EV in relation to the SoC level at

EV/ZEV) EV.

EV_ ~
N = (r,ggx_r )+(r;;;V

Fth ’
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EV EV.
/ith) t o

Wmm < <
<y, )

/“th < 1/’
tEV < EV

— ¥Y'min
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an interval At can be calculated from the following set of
equations.

EV)lE
Py =@y Uy — @) YY) sV eT Vx eX

®)
vy = == LV  eX ©)

Here, @, represents the battery capacity of an EV and 1//5 ‘;
denotes the instantaneous SOC of EV. Note that each house
will maintain a maximum of one vehicle in a plugged-in state
at each period t € T. Therefore, the number of EVs plugged
into a microgrid system will be equal to or lower than the
number of households «. This can be expressed by following
constraints.

e X
Hj”%;@EVJr s (1—@f§)§x;wegx,vx eX
X X= ’

(10)
and

Vieé, VxeX

(1D
VieT\&,Vx eX

leug = &
tx | 0;

For Hp Mg~ 1 the microgrid must be either receiving
or feeding energy to the EVs; however, any plugged-in EV
will not participate in both energy transactions at the same
time [27]. Therefore, the total electric power PEY derived
from all EVs (Vx € X) in a microgrid system at any test
period (V¢ € &) can be written as:

plug X
EV_ EV. plug
Py =TI (rr + iy ) | =TT rhi a2
Lx x=1

The domestic load curve is always a function of power
(p) and time (7). Note that the total domestic load demand
at the common AC bus must be equal to or greater
than the total consumers’ power demand connected to that
bus. Since the phase voltage at that common bus does
not vary significantly with the load change, so only the
load current varies depending on the consumers’ power
demand.

B. MICROGRID POWER DEMAND

In a microgrid system, the domestic power demand %/ and
the consumers’ desired base load demand 3, are always a
function of independent variables time (¢) and power (p), and
are expressed as below [28]:

Ry = p(p, 1) (13)
R, = ¢(pa. 1) (14)

Domestic BES and EVs always read base load (off-peak)
and peak-load periods for their charging and discharging
operation. The load periods (peak/ off-peak), in sub-second
timescale, are usually sensed by the controller. These may
occur several times within a finite duration regardless of
whether it is a day or month. Let’s assume the peak load starts
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at ¥ and ends at 77, while the off-peak load initiates at r” and
stops at 7.

If the peak load and off-peak load occurrence frequency are
designated as m and n, respectively, then the total time period
T can be expressed as the summation of both peak-load (z,)
and base load (tp) periods and is given by

i 7
T=m\{Xp|)+nlXZn (15)
o w

The difference between the domestic power demand (fﬁf )
and consumers’ baseload demand (ﬁf ) determines the off-
peak and peak-load periods. The required power (P;*? € %Y)
demand, whether peak or off-peak, at ™ instant (r € Tp, Tp)
can be written as follows:

Pl =g — 9 (16)
The peak load and baseload periods are determined by the
following equation,

> (; peak-load demand condition

Pl = (17)

< 0; off-peak demand condition

C. PEAK-LOAD CONDITION

For P/ > 0 at t™ instant, the power difference is sup-
plied by the available energy resources to balance the load
demand. In this case, the energy sources (i.e., PVs, BESs,

EVs) will provide the required power to the common AC

BE P . .
bus. Let P,O,SJr and Pm‘,/+ be the maximum power available

from the BESs and PV units, respectively. Hence, the power
balance equation of any microgrid system can be written
as follows:

PV. ES PV. EV ES
Ptrequmt+ tot +Pgt +=Z<Ptot+’Plot’PtB;t +>
(18)

If PIEO‘,/ = 0; the EVs are not in a plugged-in state and not
available to act as either a source or sink, the mismatched

power P — > Pﬁ,‘ﬁ, PEV. Pfilf *)1 is supplied from the

AC bus. Assume the lower SOC boundary and the instan-

taneous SOC for a BES are 555 and yJBES respectively.
Therefore, the maximum power received from a battery unit
installed in a household thES > ¢BES is given by the

i K - min
following equations:

peE = 1, %, % Opgs ( BES _ yBES ) vprtS

€ Ppt (19)
Port =kxpt 20)
Pt =naxixPr " @1)

Here, ®pgs is the capacity of the battery storage unit. 7,
and n3 denote the efficiencies of converter 2 and converter 3
respectively, Y+ is the average PV power generation per
household and 14 denotes the efficiency of converter 4.
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D. OFF-PEAK CONDITION

For off-peak periods (P;"Y < 0), the available grid power
P;g”d can be used to charge the energy storages (i.e., EVs and
BESs), so under this condition, the power-balance equation
can be written as follows:

off —peak
- \% ES
R — R Pt = PirS 4 PEY (22)
Pfrid _ F{f . m;) (23)
ES_ BES_
PP — s ! 24)

In this case, the amount of power required to charge
a BES varies according to the difference between the
maximum charging limit and SoC status. So, the maxi-
mum charging power requested by a BES (prS*) is given
by (25)

BES_
pr = mxnz* Ppps (YBES — yBES);
BES_ BES_
Vp; € Py (25)

Here, wrﬁff represents a maximum charging limit of bat-

tery storage. On the other hand, EVs will charge up to the
requested power according to (1).

E. POWER SOURCES, LOADS AND POLARITY

During the peak load and off-peak load periods, depending on
the charging and discharging process, the number of energy
sources and loads vary in order to balance the power-demand
equation. At any time instant (t € 17, U 1, € T), the total
supply sources (P5,) and loads (PL,) connected to the main
AC bus can be written as follows [28].

For Ptreq < O(off-peak),

AP
Ny
——
Household load
BES BES
Kk %12 % 13 * PpEg ( T ‘/fmin)
L Battery Storages
Plol ~ plug X (26)
EV_ EV4
[1> (v +1i)
t,x x=1
EVs

and for Ptreq > (O(peak-load), is defined by equation (27).
The polarity of power flow from any energy source indi-
cates whether it will act as a source or sink. In other
words, any positive polarity in the simulation results rep-
resents the action as a source; conversely, negative polar-
ity indicates the load operation. Moreover, the power flow
polarity identifies the charging and discharging mode of an
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Analyzing the domestic
load pattern.

Analyze the load
management result of
previous step.

Run Simulai5n for load
management using PV
and BESs.

J

4

Run simulation for
PV.BESs and
Mutsubushi Car/Nissan-

Analyze the load Leaf/Tesla-3 Car

management result of
previous steps

Build and run the
simulation for economic

analysis for the

\_regulation of each car.

Comparative financial
analysis for three
different EVs

J

Comparative analysis
for different prediction-
based algorithm

:

FIGURE 3. Working methodology of the proposed research work.

EV and battery.
N4 * K * Pi V+
—_——

PVs
BES BES
K*’Iz*fn*CDBES( max — Vi )

Battery Storages
plug X (27)
tot EV_ EV.
[1> (v +1i)

t,x x=1

F. ALGORITHM OF POWER DEMAND MANAGEMENT

The algorithm proposed to manage the domestic load is
shown in Table 3 followed by two flowcharts as in Fig. 10 and
Fig. 11.Itincludes the coordinated operation of EV, BES and
PV for shaving the power demand of a real-time load curve.

IV. CASE STUDIES ON A REAL NETWORK

The total working methodology of this paper has been
depicted in Fig.3. While, Fig. 4 shows the proposed control
framework which has been applied to a real power distribu-
tion network located in the Nelson Bay area of New South
Wales (NSW), Australia. All relevant information on network
configuration, load pattern, demand response and available
resources were obtained from a trial ‘Smart Grid, Smart
City (SGSC) project funded by the Australian Government
in collaboration with Energy Australia, Ausgrid, and other
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Nelson Bay

[
Tomaree Zone (33kV)

L'l*J Transformer

Protection
Equipments
i i i i i oo
] ] ] 1 ] ] ] ] ]
v + H + v vy Y ¥ 3
|
Feeder 1% ! Feeder 9

‘.___

Substation 1 * -

BES " Load Management

I___J. _____ ] I___J._____I
o o T o [
+ v v 3 v 3 A\ 4 v A\ 4 v Load
Load Load 02  p4aq
l Switch l
OHL Fuse Over head line (OHL) | ,
|9 Under ground line (UGL) * **
House
[} House
UGL
UGL Node &
House House NodéVOde House House House ?
Howse © Tt ltdibo .
Node : g . House

PV Houses

FIGURE 4. Real Australian distribution network located in Nelson Bay and Tomaree zone, NSW.

consortium partners like Nelson Bay City Council, Sydney
Water, GE Energy Australia etc. [26], [29]. The majority of
loads in this area are more likely residential, rural and small
industries and are serviced by two 33-kV substations located
in Tomaree and Nelson Bay, NSW.

The efficacy of the proposed system and control framework
for managing the domestic loads was tested on three neigh-
bouring households (H1, H2 and H3). These customers are
powered through a long feeder from Nelson Bay substation
and experience seasonal load changes. Climate data were also
used here to evaluate the average PV unit’s generation and
weather dependent load pattern. The average load curves of
H1, H2 and H3 in three consecutive days are illustrated in
Fig. 5 and the corresponding analysis with several test case
scenarios is described in the following subsections.

The average PV generation at each house is 3.3 kW and
each house has placed 40-kWh battery storage. In this paper,
the available baseload (or average) demand is considered as
9 kW from 12.00 pm-11.59 pm and 6.8 kW from 12.00 am-
11.59 am. Therefore, the peak load condition is more likely
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121 ——Home 1 (H1)
i
i

ni
i

o

Power (kW)

Time (Hours)

FIGURE 5. Load patterns of residential households at nelson bay area.

to be observed from 7 am to 9 am in the first half (because
of lower PV generation) and from 6 pm to 10 pm in the
second half of any test period day (because of higher domestic
load demand). These assumptions are realistic, completely
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- —— Power PV ----~ Grid

- =
o N
T

Power (kW)
N © N B O ®

Time (Hours)

FIGURE 6. Load management with PV and 40 kwh BESs.

complying with the actual load demand pattern given by the
Australian Energy Market Operator (AEMO) [30]. Initially,
the PV power is not available, and the battery storage is
charged up to the maximum level. To enhance the battery
lifetime by reducing the depth of discharge (DoD), the BES
charging/ discharging limit is maintained within 40 ~ 95%
of the SOC level [31]. In this research, 60% of DoD has been
considered.

A. LOAD MANAGEMENT WITH PV AND BES

The load demand management of three households with con-
trolled PV and battery storage operation is shown in Fig. 6.
The PV power generation is based on the irradiation curve
found in [32]. As can be observed, with the controlled opera-
tion, during the off-peak period the households receive a large
proportion of active power from either battery storage (espe-
cially, at night-time) or PV units (especially, during daytime).
If any surplus energy generation happens, the microgrid sys-
tem returns additional power to the grid or charges the BES.
In Fig. 6, this can be identified as the negative polarity of the
grid and battery power. On the other hand, the consumption
of grid power reaches a maximum during the peak period
because the battery storage is solely not capable to supply any
additional power requirement to balance the load demand.
It happens two times per day, first in the morning and second
happens after the evening when PV power is absent.

B. LOAD MANAGEMENT WITH PV, BESs AND EV TYPES

In this case study, the combined response for managing
domestic loads using the PVs, battery storages and a com-
mercial EV from three different types: Mitsubishi, Nissan
Leaf and Tesla-3 is discussed. As described earlier, these
commercial EVs have their own in-built small, medium and
larger battery and their coordinated response are shown in
Fig.7,Fig. 8 and Fig. 9 respectively. From Fig. 7, itis evident
that during the peak period after battery storage operation,
if any additional power is required, the controlled system,
instead of taking power from the grid, mitigates the required
energy demand with the V2G operation of the Mitsubishi.
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FIGURE 7. Management with PV, BESs and Mitsubishi EV.

Unlike Nissan Leaf and Tesla-3 vehicles, due to smaller
battery sizes, the Mitsubishi performs more charging and
discharging within 24 hours. It is because it can reach its
highest and lowest SOC limit faster than the other two types
of cars. In fact, for its lower charge capacity, it needs a charg-
ing operation after each V2G operation. On the other hand,
during the off-peak period occurs, if the EV is in the plugged-
in state, then it will be likely to be charged from available
resources. For EVs, here the constant voltage constant current
charging topology has been considered; hence the charging
power is constant.

In Fig. 7, Fig. 8 and Fig. 9, during 10.00 am - 5.00 pm,
PV generation is maximum, so in this period, after managing
the domestic load and charging the BESs, the excess PV
energy is directly transferred to the AC bus through the
converters 2 and 4. If an EV is available at home after coming
from work (4.00-7.00 pm) and the PV and BES power are not
sufficient to charge the EV and manage the load demand, then
the shortfall is drawn from the common AC bus.

As expected, and observed in Fig. 9, due to the larger bat-
tery size, the Tesla-3 model manages more load demand and
thereby, provides comparatively a higher load factor during
the peak period than that of other EV types. The effectiveness
of the proposed system is also tested with the load conditions
of two households and found similar results of managing the
load demand regardless of conditions whether it is peak or off
-peak period.

C. THREE HOUSEHOLDS HAVING EVs

Instead of having a single EV, the proposed system is consid-
ered with three EVs, where each house has just one EV type
and the combined response is shown in Fig. 12. Itis found that
the developed system is independent to load pattern and net-
work component’s constraints. However, the power consump-
tion from the AC bus, in this case, is found to be higher and
less V2G duration is observed due to the higher aggregated
battery power consumed by all EVs. The charging curves
are not constant for the whole charging period, because,
in the graph, the combined charging power is shown. Where
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TABLE 3. The real-time domestic load management algorithm in
pseudo-code.

Tasks
1:  Determine: time instant te 7, Uz, e T

Evaluate: power demand EKlp =¢(p,t) and baseload S_Tf) =@(py,t)
31 Caleulate: B4 =%’ —iT?f
4 while £/ 20 (RF 2%7)
5 {Calculate: the required load support from available sources f;;f,
6 Check: Total PV power generation PtftVJr
7 it pV+ > pred
8 phV+ - prea
9 elseif PtotV+ <p™
Check: boundary conditions of BES: I//,BES and y/rﬁﬁls
10 Calculate: PtngJf
3 it {79 -s(pl p55 ) 2o
. Check: EV’s availability Hfj é?g 21, boundary constraint
‘/’max s AEV and AE V', calculate PtftV
13 RSN
14 else
i B — Z< Po*. BftES*} }
16 Iteration continues and check condition in 4

17 while P/ <0 (RP <%R7 )

. . : L
18:  {Calculate: supply power demand to available loads P,

19 Check: Total PV power generation Ptot "+ 20
Check: boundary conditions of BES: y/t ES and l//flg,‘? ;calculate
T
” Check: EV’s availability Hf /lzug 21, boundary constraint y/rﬁ:; .
AEV and l/lgg( ; calculate P,EtV
22 If £y > B,
2 131‘(1))!’/+ - Pmt
24 elseif Pm, < P,O,
25 Calculate: P2 and P,grid >0
2 AN S
27 Iteration continues and check conditions in 4 and 17

Tesla-3 is charging for the longest period for its highest
battery capacity.

V. COST-BENEFIT ANALYSIS

This section aims to demonstrate the cost-benefit analysis of
the domestic load management system. Let’s assume the unit
cost of the energy supplied by the battery storage system is
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FIGURE 8. Management with PV, BESs and Nissan Leaf EV.
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FIGURE 9. Load management with PV, BES and Tesla-3 EV.

C‘gES C‘gES. It is calculated by dividing the total installation
and maintenance cost of the BESs by the total energy gener-
ated from BESs (WfES ), and can be written as follows [11]:

CBES (CBES + CBES » / WBES (28)

where, W/fES can be found by multiplying the instanta-
neous discharged power, the number of the charge-discharge
cycle with the discharging time length and the operating
duration in a year (in days). Mathematically, the WBES

be written as:
BES % Z

The per-year battery cost (Cp) can be formulated by adding
together the per unit battery cell (Cp p,) cost, the battery
management cost (Cy, py) and the cost of power equilibrium
(Ceg)- It can be expressed as follows.

WEES — (Di xL)xnxHy (29

C = Chpu+ Cupu + Ceq (30)

The total battery converter cost Pf;ES can be calculated by
multiplying the per unit battery converter cost with the BES
capacity. If the installation, maintenance, and operation cost
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FIGURE 10. Flowchart for domestic load during peak time.

for each kWh of battery storage is é’f, B, the total installation,
maintenance, and operation cost Cr g can be calculated by the
following (31),

Crp = Crp x PEES (1)

Itis also needed to calculate the salvage value of the storage
battery and deduct it from the energy cost of the BESs.
If the initial and lost capacity of the battery are Q; and Qg
respectively, then the salvage value of the BESs Sc¢ is

SC = Qi - Qloss (32)

It should be noted that the battery capacity can be lost
due to cycle or calendar fading or ageing. Battery ageing
is governed by various charging/discharging and chemical
factors and therefore, an accurate prediction of the battery
ageing model is quite difficult. A semi-empirical approach
is proposed in [33], where the Qj, has been related to
the discharging current rate (/;), and charge output (Ag) as
follows:

Oloss = B exp {(—3.17 x 10% +370.3 x Id)/GT}
x Ag> (33)

Here, g is a pre-exponent factor which is inversely related
with I;. The complete charging/discharging impact (or degra-
dation) on the battery life L; by considering the temperature
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FIGURE 12. Load management with Mitsubishi, Nissan Leaf and Tesla-3.

impacts ur and depth of discharge (DoD) wpp is given as:

Ly = ptpop X T X Lygs 34

Here, L,, is the rated battery life cycle. Based on the
AEMO electricity price during peak and off-peak periods in
2020 [30], the cost-benefit analysis of the proposed system
with any of the Mitshubishi, Nissan Leaf and Tesla EVs is
illustrated in Fig. 13. It can be observed that the coordinated
operation of EV shows much better performance in terms
of energy cost than that of the unregulated management.
Note that the electricity price data here are based on the
summer season of NSW in Australia and fed directly into
the controller to calculate the total energy cost. It is shown
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that, the energy price has been reduced to 38.18% due to the
regulated use of Mitshubishi in the summer season, which
is 6.5% more than the article [15]. The benefit will grow
more for the longer use of the proposed energy management
system.

Vi. COMPARISON WITH OTHER MODELS

With the controlled operation of PV, BESs and a Nissan
Leaf EV, the proposed system is compared with different
prediction-based controlled techniques, such as moving aver-
age (MA) and autoregressive integrated moving average sys-
tem (ARIMA). Autoregressive model predicts depending on
the previous error, so it does not change instantaneously.
Moving average (MA) is a better process as it depends on
the past value of prediction and had been used for years for
load forecasting [34]. Autoregressive MA (ARMA) model
predicts data using both error and predicted past value. The
autoregressive integrated MA (ARIMA) is a more advanced
tool compared to ARMA. The ARIMA Model is especially
appealing since it uses logical and well-organized processes
to create models utilizing the autocorrelation and partial
autocorrelation functions [35]. During load forecasting, the

70| - - - Unregulated Mitshubishi —— Regulated Mitshubishi

60| " Unregulated Nissan Leaf —— Regulated Nissan Leaf ]

== Unregulated with Tesla — Regulated Tesla

Cost (AUS$)

0 8 16 24 32 40 48 56 64 72
Time (Hours)

FIGURE 13. Cost-benefit analysis with the proposed system.
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---------- Real ———Proposed - - —MA ARIMA
0 8 16 24 32 40 48 56 64 72
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FIGURE 14. Comparison of the proposed system with different prediction
techniques.
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relatively weak response of the ARIMA model to sudden
disturbances makes it more preferable to implement [36].
In this research, a simple model MA and an advanced model
ARIMA have been considered. The comparison is depicted
in Fig. 14 and it confirms that the proposed control strategy
shows similarly improved performance in reducing the peak
load demand with other prediction techniques.

VII. CONCLUSION

This paper presents an improved framework of managing
domestic load demand with the coordinated operation of
photovoltaics (PVs), battery energy storages (BESs) and elec-
tric vehicles (EVs). Three commercial EVs with small (Mit-
shubishi i-MiEV), medium (Nissan Leaf) and large (Tesla)
battery sizes with respect to the domestic load pattern in a real
power distribution network were used to examine and validate
the designed network performance. These studies showed
that, under realistic circumstances, the developed framework
can significantly reduce the peak load demand on the AC
main grid. Moreover, an EV with the larger battery capacity
can manage more peak domestic loads comparing to other EV
types, thus suggesting an improved utilization of electricity
infrastructure.

The findings were further supported by the cost-benefit
analysis using the real energy price given by a local energy
distributor. Under these realistic load patterns, the devel-
oped framework was also compared with prediction-based
techniques and similar improved performances in managing
domestic energy demand were found. These results will be
useful for both efficient and economic utilization of dis-
tributed energy resources and their coordinated management.
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