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ABSTRACT Internet of energy based smart power grids demonstrate high in-feed from renewable energy
resources (RESs) and lofty out-feed to energy consumers. Uncertainties evolved by incorporating RESs
and time-varying energy consumption present immense challenges to the optimal control of smart power
networks. To deal with these challenges, it is important to make the system deterministic by making time-
ahead prediction and scheduling of power supply and demand. The present work confers a model of a
co-scheduling framework, organizing cost-efficient activation of energy supply entities (ESEs) and load
demands in a home area power network (HAPN). It integrates roof-top photovoltaic (PV) panels, diesel
energy generator (DE), energy storage devices (ESDs), and smart load demands (SLDs) along with grid-
supplied power. The scheduling model is based on mixed-integer linear programming (MILP) framework,
incorporates a ‘“min-max’’ optimization algorithm that reduces the daily energy bills, maintains high comfort
level for the energy consumers, and increases the self-sufficiency of the home. The proposed strategy exploits
the flexibility in dynamic energy price signals and SLDs of various classes, providing day-ahead cost-optimal
scheduling decisions for incorporated energy entities. A linearized component-based model is developed,
considering inefficiencies, taking various power phase modes of the SLDs along with the cost of operation,
maintenance, and degradation of the equipment. A case study based on numerical analysis determines the
particular features of the proposed HAPN model. Simulation results demonstrate the real prospect of our
implemented strategy, utilizing a cost-effective optimal blend of distinct energy entities in a smart home.

INDEX TERMS Smart home, home area power network, energy management system, optimization,
scheduling, demand side management, mixed integer linear programming.

NOMENCLATURE G; Predicted irradiance (W /mz).
PARAMETERS a Temperature coefficient.

Npveon  Efficiency of a PV attached DC/DC converter. T, Ambient temperature °C.

P PV subarray power (W). FF Fill factor (%)

pn Power produced by a PV module (W). vl Open circuit voltage of PV cell (V).

N Number of PV modules. 12! Short circuit current in PV cell (A).

F /:m Electrical loss factor of PV sub-array j (%). npveent Efficiency of a PV cell

ol Actual input power to PV cell (W).

Lj’” Mismatch losse index of subarray ;. Pﬁ;’fst Power loss in a PV cell (W).

ngz'c DC wiring loss index in subarray j. cha Nominal capacity of the storage unit (Wh).

Pup Maximum power output of a PV module (W). V(’,’C“’ Open circuit voltage of battery cell (V).

Gsrc  Standard irradiance value (W /mz). IS”C‘” Short circuit current in battery cell (A).

B Maximum energy stored in a battery (Wh).
The associate editor coordinating the review of this manuscript and RV Internal resistance of a battery (£2).

approving it for publication was Kai Li . phat Battery power (W).
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Current of a battery (A).

Battery cell dis(charging) efficiency’s.
Battery cell power (W).

Power loss in battery (W).

Battery attached DC/DC converter efficiency.
Overall battery efficiency.

Power dissipated by TA unit f (W).

Energy requirement for TA load (Wh).
Energy requirement of a PE unit a (Wh).
Energy requirement of a ECL device b (Wh).
Energy requirement of a TCI device ¢ (Wh).
Energy requirement of DT load (Wh).

Total power requirement of SLDs (W).

Demand response peak signal (W).

Cost of energy obtained from Grid at time
t (€).

Grid electricity prices at anytime ¢ (€).
Panelty price for CO; (€/ton).

Cost for producing CO; by the DE (€).
Operational cost of PV array (€).

Diesel engine fuel cost (€).

Diesel engine fuel coefficients (€).

Fuel price for fossil fuel (€).

Start-up cost of diesel engine (€).

Diesel engine Start-up price (€).

Shut-down cost of diesel engine (€).

Diesel engine Shut-down price (€).
Operation and maintenance cost of DE (€).
Diesel engine operational price (€).

Price of (dis)charging storage units k (€).
Investment cost of a storage device k (€).
Storage (dis)charging cycles of device k at 7.
Cost of storage degradation (€).

Penalty cost for curtailable PE loads (€).
Penalty rate for PE load curtailment (€).
Actual power elastic load (W).

Cost associated with the loads in the queue
).

Penalty rate for DT loads in the queue (€).

Maximum queue length (W).

User time preference for EVS (dis)charging
().

User time preference for ECL unit to be on (¢).
Minimum power in-feed from grid (W).
Maximum power in-feed from grid (W).
Maximum power in-feed from PV (W).
Minimum power in-feed from DE (W).
Maximum power in-feed from DE (W).

Maximum SoC of the storage unit k (W).
Minimum SoC of the storage unit k (W).

€ Initial/final SoC constant (W).
ﬁfch Jaeny Maximum (dis)charging rates of a battery
(W).
ch h/dch) Minimum (dis)charging rates of a battery
(W).
I_JSE Maximum power dissipation by PE loads
(W).
_fff Maximum power dissipation by ECL unit
(W).
E{fff Minimum power dissipation by ECL unit b
(W).
gfff‘ Min time for a particular phase process ().
?gff Max time for a particular phase process (¢).
Dp.4 /Dy 4 Upper and lower limits of inter-phase
delay (z).
PT CcL Minimum power usage by the TCL unit (W).
I_JCTCL Maximum power usage by the TCL unit (W).
TZCL User’s set maximum temperature (°C).
TrcL User’s set minimum temperature (°C).
T/oom Room temperature (°C).
RICL Equivalent thermal resistance (°C /W).
C f CL Equivalent heat rate.
I_JeDT Maximum power dissipation by DT device
™ o .
P, Minimum power dissipation by DT device
(W).
LPT Actual loads entering the queue (W).
BINARY VARIABLES
xtGR Status of grid connected converter (0/1).
xtP v On-off status of PV unit (0/1).
xtDE On-off status of DE unit (0/1).
ZID E Start-up status of DE unit (0/1).
x,ﬁ(;r ) (Dis)charging status of ESDs unit k£ (0/1).
<L Status of unit a of PE load demands (0/1).
g;r, /;) (Dis)charging status of EV storage (0/1).
g;/t_) (Dis)charging status of HB storage (0/1).
xf,SLt Status of power phase d of appliance b (0/1).
sf% Power phase finishing indicator (0/1).
d,fgﬁ Inter-phase delay indicator (0/1).
xI¢L Status of unit ¢ of TCL load demands (0/1).
xgtT Status of unit e of DT load demands (0/1).

CONTINUOUS VARIABLES

PV+
Pt

P
PEE
PEGE
Pict
P£f+
POR

)

Power in-feed from PV array (W).
(Dis)charging rates of ESDs unit k (W).
Power out-feed to PE unit a (W).

Power out-feed to phase d of ECL unit b (W).
Power out-feed to TCL unit ¢ (W).

Power out-feed to DT unit e (W).

Power in-feed from electricity grid (W).
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PPE™  Power in-feed from DE unit (W).

E f‘” State of charge of the storage unit & (W).
TZ fL TCL unit ¢ cabin internal temperature (°C).
0T Delay-tolerant queue length (W).

I. INTRODUCTION

According to the ‘US’ state department of energy, the ratio
of utilizing energy is 60% to 40%, for the residential and
commercial sectors, respectively. At present, most of the con-
sumable energy is produced by conventional power plants,
i.e., fossil fuel and coal generation [1]. However, due to
the rapid increase in fuel prices and the elevating emission
problems, the World is adopting a better option of utilizing
abundantly available natural resources of energy [2]. Renew-
able energy sources (RESs) (i.e., solar and wind) are clean
and cheap sources of energy but are highly intermittent. This
intermittency is due to the time-limited sun irradiations and
the varying wind speed. Integrating RESs in the conven-
tional grid is an inefficient task because the present grids
are incapable of handling the uncertainties produced by these
sources [3].

A framework of decentralized Smart grid, also known as
distributed grids (DGs) is developed to address the above
problem. It integrates the RESs with the conventional power
network more effectively by providing the facility of energy
storage and control schemes [4]. The smart grid reinvents
the conventional power network by making it independent,
intelligent, self-controlled and resilient. It also supports the
concept of the internet of energy (IoE) by incorporating infor-
mation and communication technologies (ICTs) [5]. More-
over, it encourages energy savings and energy trading at the
consumer level through demand-side management (DSM)
and demand response (DR) techniques. Whereas, DR or DSM
programs can also be sufficient to mitigate the intermittency
of RESs [6].

DSM and DR are the two main elements of the smart grid
encourage the energy consumers to use energy efficiently and
economically. It has a significant role in developing strategies
for flexible operations of energy entities (EEs) keeping the
power network stable [7]. Moreover, It includes some mone-
tary incentives, e.g., variable energy prices, low energy usage
awards, etc. Applying these incentives, the user can modify
its energy usage pattern by deferring, shifting, or curtailing its
non-priority load demands [8]. These strategies can be named
as peak clipping, valley filling, and critical control of load
demands, etc. In support to DR schemes, various types of
energy tariffs are introduced including, time-of-use pricing
(ToU), day-ahead pricing (DAP), real-time pricing (RTP),
critical-peak pricing (CCP), and inclined-block rates (IBR),
etc [9].

A. RELATED WORK

Since the motivation of the work is to demonstrate the flex-
ibility at the consumer level, by putting up the idea of a
smart home. In a smart home, every power-related entity has
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an influential role in the overall power network. Introducing
home area power network (HAPN), it deals in the smart
energy generation and utilization within a home. This concept
of smart homes is already discussed in [18]—[25]. The vital
component of the HAPN is its self reliability and resiliency,
but there are numerous challenges like self-sufficiency,
integrating new appliances, communication among various
energy entities, etc [26]. These may cause irregularities in
energy generation and utilization, resulting in increasing the
power load on the generation units and sometimes there is a
surplus and costly generation that could not be utilized by the
energy consumers [12].

Moreover, the high load demands, especially in peak hours,
increase the electricity prices. while, the low demands during
abundantly available Photovoltaic (PV) energy also ends in
costly energy operations [27]. To address these problems,
the well known DSM or DR strategies can be implemented.
DSM can optimize the energy generation and utilization
brings down the cost of electricity used and reduces the
CO2 emissions [7]. The efficient scheduling algorithms for
DR problems are a need of time that helps the users to shift
their loads intelligently at a low cost operating time of the
day in a balanced way [24]. Table 1 summarizes various DSM
strategies and their limitations.

Likewise, there are other numerous options to tackle the
above mentioned problems. Among these, one is to include a
combination of various types of energy resources i.e., elec-
tric grid, PV power, diesel engine generator (DE) power,
and energy storage devices (ESDs) [27], [28]. PV is the
cheapest source of generating electricity as compared to its
counterparts but is highly unreliable [22]. It depends on the
sun irradiations, that is only available in the day time and
even sometimes these are disrupted by the clouds and the
neighborhood [8], [13]. Hence, this varying PV energy can
be compensated in several ways. For example, the PV output
could be made smooth by incorporating ESDs [3], [29], or the
grid energy could be utilized, or the DE power could be used
if grid energy is unavailable at that time [30], [31].

In contrast, if the PV power is available in abundant, then
it can be curtailed to maintain the balance in power flow
and keep the voltage levels stable [5]. However, the thermal
generators and pumped hydro stations can also be incor-
porated at a significant scale to handle the uncertainties in
power generation [18], [32]. However, there is some trade-
off in costs due to startup and shutdown operations of thermal
generators, i.e., DE [28]. Whereas, the other option is to use
the controllable flexible smart load devices (SLDs), that could
be operated according to the availability of the energy [33].
SLDs are of different types; power flexible and time flexible
(i.e., time shiftable and delay-tolerant devices) [8], [15], [34].
Some of the literature takes only HVAC loads as flexi-
ble loads [33], [35]. Unlikely, [23] described the incorpora-
tion of electric vehicles in the transportation system as a
new type of electrical load in the residential area. Many
researchers take aggregated power load as a flexible, con-
trollable load [22], [34], and most of them differentiate these
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TABLE 1. Objectives and limitations in state of the art work.

Techniques

Domain

Objectives

Limitations

Adaptive dynamic
programming
[10]

Adaptive dynamic programming for
multi-battery energy storage systems

Due to the efficient control capabilities of dynamic
programming, it is used to optimally control the
charging and discharging of the storage device
and make its life prolonged.

The model is limited to only battery storage and

the detailed information about load demands is missing.
Moreover, the constraint functions are approximated
which lack the accurate model of the device.

Lyapunov optimization

[11]

Energy management for a sustainable
smart home with an HVAC Load and
Random Occupancy

A problem of minimizing the sum of energy cost
and thermal discomfort cost is discussed.

The proposed solution includes the stabilization of
developing queues related to indoor temperature,
electric vehicle charging, and energy storage.

The energy demand model is narrow as

it only considers thermal loads. Moreover,
the algorithm is unable to address the
problem of peak formations.

Mixed integer linear
programming
[12]

Optimal Demand Side Response in
Hybrid AC/DC Systems

A simplified mathematical representation of a hybrid
AC/DC energy system is formulated that reduces the
the number of variables/constraints improves efficiency,
modeling accuracy and increases the search efficacy.

Piecewise linear function is computationally
expensive and is not suitable if the number of
decision variables increases.

Dynamic optimization

[13]

Demand Side Management for a
Microgrid Considering Uncertainties

A dual-time scale two-stage real-time model predictive
control-based dynamic optimization is introduced

to minimize the operation cost and maintain the power
balance considering the supply and demand uncertainties.

Aggregated load demand is utilized and it does
not show the insight of component level based
device behaviour which is crucial for device level
energy management system.

Stochastic programming
[14]

Demand Response
Technique for Peak Load Reduction

A heuristic technique is implemented to schedule the
appliances in order to decrease the peak to average ratio
(PAR) of power demand. It also proposed a method to
keep the consumer’s appliance information confidential.

A probalistic model for supply and demand is
presented which is prone to forecasting errors.
Moreover the model complexity is not discussed
in detail.

Generalized Benders
Decomposition algorithm
[15]

Multi-Residential Demand Response
Scheduling with Multi-Class
Appliances

An optimization problem is discussed, that maximizes
the sum of utilities of the residential customers minus
the total cost for energy consumption. It operates in a
distributed manner while protecting the private
information of the residences.

The strategy may not work well if there is an error

in the demand information provided by the residences.
Moreover, it does not address the problem of a

peak to average ratio (PAR) of the power demand.

Metahuristic algorithm

[16]

Home Energy Management System
with Demand Charge Tariff and
Appliance Operational Dependencies

A demand charge tariff is implemented along with the
aim to minimize the community one-day electricity cost
while taking into account the monthly basis peak

power consumption penalty.

The concept of demand charge tariff is usually

proposed for a community or large-scaled industrial loads.
However, a single residential unitas power capacity

would be too small to implement the proposed strategy.

Lyapunov optimization

[4]

Residential Energy Storage
Management with Bidirectional
Energy Control

A real-time bidirectional energy control algorithm is
proposed to minimize the net energy cost.

It also includes battery deterioration and storage
inefficiency in its system model.

The electric line power flow constraint is not sufficiently
addressed. Moreover, no further information is

being delivered about selling and buying price setting
and the effect of battery inefficiency on storage behavior.

Coordination algorithm
[17]

Optimal Coordination of Building
Loads and Energy Storage

An optimal coordination algorithm is adapted to provide
power grid and end-user services such as energy arbitrage,
frequency regulation, spinning reserve, as well as energy
cost and demand charge reduction.

Need to investigate further about scalable and distributed
coordination strategies for building

loads and energy storage systems to

provide services to the grid and end-users.

Mixed integer linear
programming

[71

Flexibility of Residential
Loads for Demand
Response Provisions

A two-stage optimization framework is developed,
where the peak reduction signals are identified by
aggregating individual users energy consumption
patterns, and determines their flexibility provision.

This work does not consider the incentives that may be
provided for delaying the loads and the penalty cost
for lowering the discomfort of the consumers.

TABLE 2. Critical analysis of past work. (PE, power elastic loads; ECL, electric controllable loads; TCL, thermal controllable loads; DT, delay tolerant load
demands; Occ, occupancy behaviour; Ss, Self-sufficiency; Ps, pricing scheme; Cr, cost reduction; DA, day-ahead; Roll, rolling time horizon).

. . Scheduling ESEs Scheduling SLDs Time

Ref. | Domain  Technique(s) |~ pv—DE ESDs | PE ECL  TCL DT | 0 S5 P  Cr |
[18] | Micro-grid  MILP X X v v X X X X X X Fixed v 24h-DA
[28] | Micro-grid  MILP X v v v X X X X X X Fixed v 24h-DA
[33] | Micro-grid  Lyapnov-opt X v X X X X v X X X  RTP v | 24h-Roll
3] Nano-grid GA v v X v X X X v X X RTP v 24h-Roll
[23] | Nano-grid  MILP v X X v X X X v v X Dynamic v | 24h-DA
[22] | Nano-grid MILP v v X v v X v X X X Fixed v 24h-DA
[24] | Nano-grid Stochastic v v X v X v X v v v F/D v 24h-DA
[25] | Nano-grid PSO v v v v X v v X v v TOU v 24h

[19] | Nano-grid Heuristic v v X X X v v X X X TOU v 24h-DA
[34] | Nano-grid MILP v v X v v X v X v v RTP v 24h-DA
[29] | Nano-grid MILP v v X v X X X X X X Fixed v 24h-DA
[26] | Nano-grid Stochastic v v v v X v v X X X Fixed v 24h-DA
[8] Micro-grid ~ Meta-Heuristic | v/ v X v X v v X X X Dynamic v 24h-DA
[9] Nano-grid Heuristic v X X X v v X X X X F/D v 24h-D/R
[39] | Nano-grid GA v v X v X X X X X X F/D v 24h-DA
[41] | Micro-grid  Opt-Algo 4 X X v X X X X X X  TOU v | 24h

aggregated load as time shiftable and non-shiftable power
loads [7], [11], [19], [20], [26]. Table 2 provides a critical
analysis of the past work regarding the usage of type of energy
sources, various smart load demands, the pricing scheme, and
the algorithm working time horizon.

The most favourable flexible load is in the form of
electric vehicle storage (EVS), providing a vast range of
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dynamic charging power [5]. A long term outcome of variable
short-term operations and life-time of the battery storage
component is discussed in [18], [36]. Where an aggregated
battery storage systems are presented, that acts as an energy
supplier or energy dissipate entity, helps in reducing ramp-
ing provisions while balancing demands with the low-cost
energy supply. Moreover, to maximize the life cycle of ESDs,
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a pseudo cost function for battery storage deterioration is
proposed in [22], [24], [27], while the storage loss cost is
discussed in [28], [31]. Furthermore, the storage deteriora-
tion and battery inefficiency in a certain time of operation
are subject to the battery operational limitations and energy
trading requirements [4]. To increase the life of the battery,
it is recommended to keep the working cycle of the battery in
its safe working zone. Since the energy prices and the user’s
load demands fluctuate over time, the worth capacity of the
system and the future power costs, both are dependent on
the system states and time of operation [11]. These functions
are additionally approximated by fuzzy frameworks, and the
ideal (dis)charging activities are observed by the anticipated
Newton technique [10]. Additionally, a generalized battery
model (GBM) is presented in [17] to portray the adaptability
of building energy demand and its storage capability.

Besides, an important aspect of HAPN is its schedul-
ing or controlling polices for the energy generators and
the load demands [37]. The cost-optimal operation of the
HAPN is based on sophisticated optimization algorithms.
Various optimization algorithms have different working mod-
els and unique computational complexities. Most popular
technique is mixed-integer linear programming (MILP) tech-
nique, in which the linear models and linear constraints are
integrated with the linear objective function and is discu-
ssed in [7], [18], [22], [23], [28], [30], [32], [34], [36], [38].
While, some work dealt with heuristic algorithms [19], [20],
especially the population-based particle swarm optimiza-
tion (PSO) method [8], [25], [26] and genetic algorithms
(GA) [3], [9], [39]. Moreover, some researchers have used
stochastic programming [6], [24], while some have discussed
dynamic programming (DP) [21], and some have worked on
decision tree algorithms [27], [31]. In [29], a stochastic net-
work calculus theory is adopted to solve the problem of uncer-
tainties related to supply and demands for long timescales
while satisfying the energy balance constraints. A real-time
binary back-tracking search algorithm (BBSA) is used to
optimally schedule the home devices in order to reduce the
energy consumption of the home residents without affecting
their comfort level [40]. To address the uncertainties in the
generation and the demands, [35] and [13] have discussed
model predictive control where the predictions were made
before applying the algorithm. Moreover, if the constraints or
the objective function are taken as nonlinear equations, then
a nonlinear algorithm, i.e., mixed-integer nonlinear program-
ming (MINLP) can be utilized [15]. There is another option
of real-time operation for SLDs, where the uncertainties are
neglected, and the operations can be carried out using Lya-
punov optimization algorithm [4], [11], [33].

Usually, the cost minimization is a primary objective
of any energy optimization problem and is discussed
in [9], [18]-[20]. Whereas, most of the researches discussed
the trade-off between electricity prices and the consumers
distress [9], [14], [21], while some have also discussed
a connection between cost reduction and peak to average
ratio (PAR) of power demand [9], [19]. Itis evident, that while
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minimizing the cost one shall compromise its discomfort
or there will be the problem of getting peaks in off-peak
times, and it is of colossal disadvantage while considering
day-ahead defined dynamic price signals [8]. In the end,
the schemes mentioned above need to exchange a bunch
of information between various energy entities, e.g., irradi-
ation sensors, home appliances, and grid energy manage-
ment system. Considering the variety of devices in HAPN,
a standardized communication system network approach is
fundamental for its fruitful execution [5].

B. OUR CONTRIBUTION
In this paper, we target the cost-effective operations of dif-
ferent energy entities (EEs) installed in a house that has
any influence on daily accumulative electricity cost. The
EEs include various types of energy generators and electri-
cal appliances. This paper is an extension of our previous
work [42], in which we have only analysed the generation
side for cost optimal operations i.e., scheduling of energy
supply entities (ESEs). These ESEs were limited to grid and
PV sources only. In addition, we also did not include DSM
strategies which we now have discussed in detail in this work.
Hence, we reproduce our problem of cost minimization and
consumer satisfaction in the context of internet of energy
(IoE), where every energy entity is smartly controlled through
HEMS. The ultimate objective is to integrate cheap, clean,
and uncertain EEs under a joint framework of supply and
demand control. Moreover, the advantage of installing ESDs
and DE is investigated in diminishing the cost of electricity
in a time horizon of one day, also considering the grid outage
and the temperature requirements of the thermal devices.
Since there are many EEs involved along with their time cou-
pling constraints, so it is challenging to solve the optimization
problem.

The distinctive aspects of this prospective work are as
follows:

1) Analyzing in-depth models for PV and ESDs, estab-
lishing component level inefficiencies and energy
losses. Also, including the storage degradation cost
model that interprets the ESDs life cycle.

2) Implementing a constraint-based mathematical model
for various SLDs, reflecting an important contribution
for DSM strategies.

3) Introducing a reward and penalty factor, guaranteeing
the activation of power elastic and delay-tolerant loads
at a low price, while determining the desired comfort
level for the users.

4) Anovel day-ahead “min-max co-scheduling” (MMCS)
optimization strategy is proposed. It effectively solves
the optimization problem of cost minimization and
maximizing the consumer’s satisfaction within a single
optimization framework. The model is solved using
a branch and bound method based on mixed-integer
linear programming (MILP) framework.

5) Validating the optimal scheduling problem on
simulation-based real case study example of a signal

VOLUME 8, 2020
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house. Also utilizing the dynamical day-ahead auc-
tioned electricity price information from [43] for the
realistic numerical analysis.

The rest of the paper is organized as follows: HAPN
structure and operating features are discussed in Section II.
It includes detailed information about Nano-grid model,
PV array model, ESDs model, and home appliance model.
While Section III illustrates the optimal scheduling frame-
work for our problem. It comprises of cost formulations
subsection, system-level constraints, component level con-
straints, problem formulation, implementation and algorithm
subsections. In Section IV, there is a case study example,
while Section V illustrates the simulation results of the
proposed optimization model. It concludes the numerical
observations as a prediction module output, ESEs utilization,
activation of SLDs, ESDs cooperation, power mix, and algo-
rithm computational results. Finally, in Section VI, we make
a conclusion statement with future work indication.

Il. HAPN STRUCTURE AND OPERATING FEATURES

The proposed operational nano-grid model for the optimal
scheduling of EEs is a small scaled HAPN. It acts as a low
voltage distribution nano-grid, facilitating ESDs, incorporat-
ing energy in-feed from RESs, and supplying energy to the
(in)flexible home appliances. The gateway to this HAPN is a
smart meter that connects a house to the outer grid.

A. NANO-GRID MODEL

The HAPN acts as an autonomous nano-grid, balancing sup-
ply and demands, while considering low-cost energy procure-
ment. Fig. 1 illustrates a proposed structure of a nano-grid.
Where, power loads (Pth), diesel generator power (P?EJr)
and grid power (PFR+) share AC line. While, DC line is
shared by the power obtained from PV (PPV") and the
ESDs (Pf;/f). To implement a realistic scenario of off-grid
operations, we have assumed that this nano-grid is established
in a rural area where the power from the grid is not always
guaranteed. Hence, a backup diesel generator is incorporated
to ensure smooth power supply at any time of the day. The

utilty grid .
cheduler Home Appliances

Temperature controllable

elastic load demands Deferrable load demands

I «g W

.

g5

Curtailable load demands

@ @ @

pull G2

—— ACpower line

Non-deferrable load demands

DC power line Communica tion line

HEMS: _ Home energy management system

olar array and ESDs.

ESDs: Energy storage devices

FIGURE 1. HAPN system model.

power exchanges between the buses is carried out through a
bidirectional converter delivering power to DC line and AC
line [12]. However, it is recommended that to minimize the
line losses, the nano-grid must distribute the energy through
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DC lines. We have assumed that most of our electrical appli-
ances are AC operated and converting power at the appliance
level is not a cost-effective solution. In contrast, a one time
DC to AC conversion exhibits less cost and fewer conversion
losses. In this paper, the power convention is set as (+) for
power in-feed to the HAPN and (—) power out-feed to the
energy-hungry devices.

prv?

(b)

FIGURE 2. (a) PV array structure. (b) PV schematic model.

B. PV ARRAY MODEL
In the proposed HAPN model, a PV array as shown in Fig. 2a,
is installed on the rooftop, acting as a cheap and clean source
of energy. The PV array output power (Pf V+) is a collec-
tive power produced by all PV subarrays j € [1,2,...,J]
installed at the roof top and is illustrated as [44];
J
va+ = Tlpveon Z Pjsﬁa Vi (D
j=1
where, 1yc0n represents the efficiency of a DC-DC converter
attached with the PV arrray. The power output of each sub-
array (Pjﬁ) is calculated based on the power produced by the
individual PV module (P}"), number of modules (,,) inserted

in the subarray and the electrical loss factor (Fjsa) associated
with it [45].

PG = (P'Nw)F;". Vt,j 2
While, szm is established on the loss percentage of arrays
mismatch loss (L;") and dc wire loss (Ljfl").

m Lde
F' == 10 =155 Y 3)

Since, we assume that each PV module produce the power
P} at its maximum power output (P,,,) incorporating pre-
dicted irradiance (G;) and ambient temperature (7T¢) levels.

G
p" =Pm,,G !

(1+a(Tc —25°C)). Vvt 4)
(&

where, Gsrc represents standard solar irradiance factor and
«a indicates the temperature coefficient. Moreover, P, is
dependent on the parameter called fill factor (FF), that esti-
mates the maximum power of PV cell as shown in Fig. 2b.

Pmp — FF x Vfg/cell[&vcell. 5)
The short-circuit current (/22°") and the open-circuit voltage

(Vf,’:ce”) are the maximum current and voltage of a PV cell,
respectively. Moreover, a PV cell efficiency (1pycenr) can be
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defined as; npycen = va 2 where, Pp is the input energy from

the sun in terms of spectrum and intensity of the incident
sunlight.

Remark 1: The overall power loss associated with PV
array is expressed as; P[l,"j; = Zle P — PPV,

C. ESDS MODEL

The primary reason for installing and using ESDs is to make
the availability of energy at any time ¢ of the day. Its impor-
tance accounts when the RESs are not producing sufficient
energy, or the cost of supplying energy from the grid is very
high. For HAPN, we have introduced two kinds of ESDs,
i.e., home battery (HB) storage and electric vehicle (EV)
storage. Both of these storages are of same type (i.e., chemi-
cally reacted storage devices). So the working model for these
ESDs is the same.

The nominal capacity of the storage is defined as; C?% =
1bat x vbat where, I’ & V24" represents short-sircuit current
and open-circuit voltage, respectively. However, because of
some internal losses, the maximum energy withdrawn (Fbm)
from the storage devices is usually lower than the C?* . This
limit is known as d’f:pth of discharge (DoD) and is calculated

as; DoD =1 — 5,,—,, which is the complement to storage’s
state of charge (SoC) [10].

Moreover, the storage efficiency is an important parameter
that influences the battery capacity and is dependent on the
internal resistance (R®) [46]. The battery power (P?) can
be established as;

Pbal‘ Vbatlbtll‘ Rbatlbatz . (6)

The efficiency during discharging, when 1% > 0 is;

_ Rbatlbat2 Rbatlbat

S )
yocbat Vé)gt

bat bat ybat
dch P _ Voc 1
Npcell = peell =

where, P! represents the power input to the battery circuit.
Remark 2:

bat ybat
ch . . dch —1— R™T
Npcell = Npcell = Nbeell = B —
\%
oc

Mbeell

Pbat

~—
FIGURE 3. ESDs model.

So, to decide the cost-optimal action of a storage system,
a model is required that describes the efficiency of a stor-
age device analyzing both the battery and converter losses.
Fig. 3 shows a block diagram of a battery storage system.
It includes the efficiency of a battery (17pc.;) and the converter

efficiency (Mpatcon)-
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FIGURE 4. Home electrical appliances classification.

Remark 3: The overall power loss associated with the bat-
tery and the converter is illustrated as [46];

Pé(;stst — {(nl;clellnl;altcon - 1)P§+ (nbat - I)PZJ:
’ (MbeetMbatcon — DP® = Mpar — DP®
where, PB" is established when ¥ > 0, and P~ is estab-
lished when 1% < 0.

D. HOME APPLIANCE MODEL

One of the main contributions of this work is to introduce an
automatic operation of smart home appliances. A day-ahead
scheduling mechanism incorporates flexible and inflexible
smart appliances along with their pre-defined operating con-
ditions. In the considered HAPN model, appliances are
divided into two major categories based on their technologies:
1) Traditional appliances (TA) and 2) Smart appliances (SA)
(7], [15].

1) TRADITIONAL APPLIANCES
This category of appliances is also known as critical loads.
These are manually operated devices, having no or little sense
of intelligence, and hence, these should be served imme-
diately. These loads can be interpreted as the base load of
a home that includes; consumer electronics (CE), cooking
range (CR), and instant water heating (WH). As these loads
are uncontrollable so the modelling of these devices is not
considered in this work.

Remark 4: Aty = {CE UCRU WH}.
In this paper, these loads are taken as deterministic loads that
can be predicted a day ahead. The total energy requirement
E™ for all of these loads is illustrated as:

ZZ T ®)
=1 f=1
where, f € [1,2, ..., F] is the appliances index and PTA is

the power dissipated by a device at any time ¢.

2) SMART APPLIANCES

This category of appliances is usually energy-efficient and
self-intelligent devices. These are capable of modifying their
power demands and working patterns. The scheduling unit
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may decide the energy consumption pattern for these loads.
We assume that these devices are connected with the central
control unit through personal area wireless communication
technologies (i.e., Zig-bee or WiFi). These appliances are fur-
ther classified into two types: a) Power elastic appliances (PE)
and b) Time elastic appliances (TE).

Remark 5: Asqa = {PE UTE}.

a: POWER ELASTIC APPLIANCES
This class of appliances includes variable powered devices
that can alter their power magnitudes. The power for these
appliances can also be curtailed, having an impact on the
comfort of the users. These appliances can be the lights or
fans etc.

Remark 6: App = {lights U fans}

The energy requirement EXZ for an individual PE load is
illustrated as:

T
PE __ PE~
Ea _Zpa,t ’

t=1

Va € APE (9)

where, Pf;f ~ is the power dissipated by the device a at any
time ¢. In this paper, these loads are taken as static and
deterministic that can be predicted a day ahead.

b: TIME ELASTIC APPLIANCES

There are two types of TE appliances; i) Time shiftable (TS)
devices and ii) Delay tolerant (DT) devices. TS loads can be
scheduled anywhere on the time scale ¢ based on the optimal
decisions. While DT loads can make themselves delayed
from a certain time, they are due to serve. Here, TS loads
are considered to be dynamic and un-deterministic loads.
The users hand over the time preference for the activation of
these loads to the HEMS. Whereas, DT loads are static and
deterministic and are known in advance. TS loads are further
divided into two groups; electric controllable loads (ECL) and
b) thermal controllable loads (TCL).

Remark 7: Ars = {ECL U TCL}.

ECL: These loads are fixed energy loads and can only
alter their power magnitudes within a single-phase duration.
The phases d € [1,2,...,D] can be varied according
to the working schedule of a particular device. Moreover,
devices can shift their activation time within user-defined
time preference interval (TPE’?}). These appliances cannot be
interrupted once activated, but the different working phases of
the appliance can be delayed based on the current electricity
prices and consumer satisfaction preferences. These energy
loads can be, washing machine (WM), clothes dryer (CD),
and water pumps (WP), etc.

Remark 8: Agcr. € {WM U CD U WP}.

The total energy requirement E fgL of different phases d of
device b these loads is illustrated as:

T
ECL _ ECL-
Ey g = ZPb,d,t ;
p

Vd,b GAECL (10)
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where, Pffft_ is the power required by the particular phase d

of device b at any time .

TCL: These appliances are fixed power appliances [47].
However, the activation of such devices is subjected to certain
temperature-dependent optimal decision values of a schedul-
ing unit. It incorporates the thermal constraints of the device
and the ambient environmental temperatures. These energy
loads can be, air conditioner (AC), water cooler (WC), and
refrigerator (RF), etc.

Remark 9: Arcp, € {AC UWC URF}

The energy requirement ET% for a specific TCL load is
illustrated as:

T
EIt=3"PIM . VeeAr (11)

t=1

where, is the power required by the particular device
c at any time ¢.

DT loads: These are fixed power loads, that cannot be
curtailed or interrupted in between their working cycles.
Moreover, these cannot be shifted on time scale before their
actual activation time. However, these can be delayed from
the time they are being activated until a certain time threshold.
For controlling their time delays, a concept of a loads queue
is introduced. These queues are developed with time, account
for the amount of power for the loads being delayed and
served. With the help of this queue terminology, one can see
how big the queue is and for how long a particular device
has been waiting in the queue. The load delay timings can
be controlled by putting a threshold on queue size and by
suggesting some cost factor for these developing queues.
These loads may include; kettle and iron, etc.

Remark 10: Apr € {kettle U iron}

The total energy requirement EPT for these loads is
illustrated as:

TCL™
PC,I

E
EPT =3">"P0T", (12)

t=1 e=1

where, e € [1,2, ..., E] is the load index and PeD’tT_ is the
power required by the particular device e at any time ¢.
Hence, if assuming a single home, it may have some ran-
dom occupants U, occupying the home randomly between
{1,2,...n"}inaday. Let PIU be the established total demand
requests for HAPN at any time ¢ and it is formulated as:

D
Pro= ) PR+ X Pa + D0 D Phdy

feATa aceApg beAgcy, d=1
+ D Pt X PA L e (1Y)
ceATcL ecApr

Ill. OPTIMAL SCHEDULING FRAMEWORK

In a HAPN, to reduce the cost of daily electricity, it is crucial
to develop an optimal scheme. This scheme may incorporates
various EEs (i.e., energy sources and electrical appliances),
that are scheduled in such a way that at a particular time the
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energy must be taken from possible cheapest energy source
and the amount of the energy used would be minimum. While
scheduling different EEs at the time ¢, it must be ensured that
the energy supply and demand are balanced and the consumer
satisfaction level would be high. Moreover, to implement
such a scheduling model, a problem formulation is normal-
ized to a defined cost function where the amount of energy
utilized and the level of consumer satisfaction both are for-
mulated in a cost parameter.

A. COST FORMULATIONS
The cost formulation of various EEs are illustrated as follows:

1y

2)

3)

2060

Grid operating cost: The cost of the energy obtained
from the grid at any time ¢ is illustrated as:
Co.r = (PPX xMyor, Vi (14)

where o, is the dynamic electricity price determined
by the grid power supplier. While PtGR+ is the power
in-feed from the grid to the house and xtGR e [0/1]
represents the on/off status of grid energy.

PV operating cost: As there is no operational cost for
PV to produce electricity because it uses free of cost
abundantly available solar energy. However, it exhibits
some operational and maintenance costs. That also
includes the replacement costs of the PV equipment.

Cpys =PV xM)e, Vi (15)

where, ¢ is the fixed cost determined by the operational
managers. While, x”V € [0/1] represents the on/off
status of PV energy.

DE operating cost: The time intensive running cost
CJL;EJ of DE unit is dependent on the amount of fuel
used for the specific amount of power generated at any
time ¢ of the day. However, the fuel consumption model
of a DE is usually modeled as a quadratic function
given in [32]. But, this function can be approximated to
a linear expression by dropping out its quadratic term.
Hence, the fuel cost is established as;

Chp, = (BxPE

where, 8 and y are the curve fitting parameters given by
the manufactures. While, PIDE " is the power generated
by the DE unit, x?£ € [0/1] represents the on/off
status of generator, and o/ is the fixed fuel cost. More-
over, every time the generator starts or stop working,
it exhibits some costs, reflecting in as start-up cost (o**)
and shutdown cost (o*¢). These costs are developed due
to the crew costs, pre-heating and no-load conditions of
the generator [28]. In case of steam power plants, this
cost is usually exponential function, while in our case
it is fixed, because of a small diesel unit. These costs
are illustrated as;

+ yPPE PEYST oy (16)

Che, =zF0™, Vi (17)
Cip, = vPEc™, vt (18)

4)

)

where, P € [0/1] and vPE € [0/1] indicator the
start-up and shut-down status of DE. Besides, there
are also some operation and maintenance costs o
reflecting filter or oil change, or the replacement of
some components of the DE unit. These costs for any
time ¢ is illustrated as:

DE om gy

CDEt =X 19)

Moreover, DE also produces CO, emissions that are
toxic to the environment. So, there is a penalty cost of
& for producing a mass of carbon element. This quantity
of carbon increases with the increasing power out-feed
of the generator [1]. The total cost of producing CO>
emissions at any time ¢ is established as

CE2, = (CO» x PPE"xPEye, i (20)
ESDs operating cost: The most significant parameter
of a battery storage in an energy management system
is its lifetime. The cost associated with the degradation
of storage is a non-negligible parameter. There are
two ways to ensure a good life of a battery. One is
to limit the DoD of storage to a certain threshold at
which the battery gives its maximum life cycles while
ignoring the number of cycles Ny ; in a day. The cost
of the battery in this scenario is fixed, reflecting the
replacement cost of the battery after a fixed duration.
However, the second one is to establish a cost function,
that calculates the degradation in the storage capacity in
terms of cycles and the DoD. In this scenario, a variable
cost operator is proposed, which is the ratio of storage
total investment cost (ICy) of the battery k to its total
energy throughput [18].

Remark 11: 7 = k

Ni,i1(DoDx, r)E
It means a relatively high cost is 1mposed if the battery

is cycled at a high DoD for the number of cycles.
Hence, the time intensive cost associated with battery
degradation and replacement is established as;

cor = VK, t

PE B, + PPl D, @1)
where, Pf_t and Pft represents, charging and discharg-
ing power rates of the storage devices k with chargmg
and discharging indicators xllf , € [0/1] and xt €
[0/1], respectively.

User discomfort penalty for PE load demands: PE loads
are interruptable and their power can be curtailed to
lower the energy costs. However, this phenomenon will
increase the discomfort for the users. Hence, introduc-
ing a discomfort penalty that a HEMS considers while
establishing various scheduling strategies. The penalty
rate ¢ applies to the magnitude of the power curtailed

and the total penalty cost at any time 7 is:

PR

acApg

penalty

PE ! PPE PE ) Z, Vi

(22)
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6)

where, LI% is the actual PE load and (Lf% —

P‘;’ff) represents the amount of curtailed loads given
xi% e [0/1].

DT demand Queue costs: DT loads can be delayed
up to a certain time instance so that the total cost of
electricity used by these devices could be lowered. The
delayed activation of DT loads can be established by
integrating DT queues. However, there is some cost for
developing these queues and keeping the loads inside
the queue for a long time. This cost is increasing with
the queue length, indicating the evolving discomfort
for the users [2]. This delay cost is illustrated as;

dl
i = X offs. v

eeApT

(23)

where, § is the delay penalty rate for putting the loads
in the queue and QQ ,T represents the queue length.

B. SYSTEM LEVEL CONSTRAINTS

Power balancing constraints: For the stability of the
power network and to keep the power losses at its min-
imum, the following equation ensures the balance in
supply and demands.

POR" 4 pPV™ 4 PPET | pBY

Operations of ESDs: The following constraints forbid
the simultaneous operations of charging x,ﬁ; e [0/1]

and discharging of ESDs x,ﬁt € [0/1] at any time ¢.

=Pl +P;,. Vk,t (24)

Bl <1 ki (25)
Prohibition of charging ESDs from grid power: The
charging of ESDs from grid power is forbidden by the

following constraints.

P xR <1 Vkt (26)
Prohibiting inter-ESDs energy sharing: The inefficient
operation of charging ESDs from each other is denied
using the following constraints;

B+

B(=/+)
X(HBJEV )t

oy . <1Vt Q27)

Prohibiting energy export: The following constraint
describes the no-export policy for HAPN.

+ + + -
PPET + PV 4+ PY, —PE — P}, <0. Vkt (28)
Time preferences for (dis)charging of EV storage: The
following constraint shows the time bounding condition
on EV storage charging and discharging.

B(+/ )

EVH/)
XEV 1 Py =0,

Vk, t (29)
where, TPfV( /7 is the user time preference for dis-
charging and charging of of EV storage.

ECL user time preference: The ECL demands are
dynamic and they can be operated at any time 7. A user
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can set up a time preference (TPff%t) for a specific phase

of a particular device.

ECL

ECL
bdl TPb,d,ISO Vb,d,t

(30)

« Demand response signal: A demand response peak con-
straint that limits the maximum power assigned to the
whole load of a smart home. This is a kind of safety
signal from the utility to avoid overloading in the power
network.

pLT—phrek <o vy 31)
C. COMPONENT LEVEL CONSTRAINTS
1) GRID CONSTRAINTS
« Power in-feed from the grid: The following equation
exhibits the range of power that can be obtained from
the grid at any time 7.
PORYGR < pGR* < PIRLGR (32)
2) PV ARRAY CONSTRAINTS
« Power in-feed from PV panel: The following constraint
determines the upper threshold of PV power that can be
obtained from the PV array at any time 7.

PVt _ BtV PV
Pt <P .

Vi (33)
3) DE CONSTRAINTS
« DE power capacity: This constraint determines the range
of producing power from minimum to maximum power
by a diesel engine generator.

PPEXDE < pDET o pPE\DE (34)

o DE start-up indicator: Whenever, the generator move
into the dynamic mode from the static mode the indicator
zPE becomes 1.

—xPE 4 xPE _PE < 0. vt (35)

However, we assume that the shut-down cost for the DE
is zero and so we does not use any indicator for that.

4) ESDs CONSTRAINTS
« ESDs evolving energy states: The equation below shows
the difference in energy levels for varying time slots
(At =t —(t—1)) in the ESDs. This difference in energy
level is developed due to the charging and discharging
power rates induced along with their efficiency factors.

—1 B+
- nhath,t
bat bat
ko — Bt

B
nbath,t

Vk, te[2---T —1] (36)

Remark 12: Initial and final SoC of ESDs is supposed
to be the same, so that from the next day the storage must

have the same value of SoC e.g., E]f“l’ ~ Eb‘” ~ e
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Actual capacity of the ESDs: The available storage
capacity of the ESDs is bounded by its maximum and
minimum values.

EM < B < B} kit (37)
Maximum (dis)charge rates for ESDs: The given con-
straints show the upper and lower bounds of charging
and discharging rates of the ESDs.
PB B, < PP <Ph b, Ykt (39

e

B B+ B+ —B B+
Pacni¥cs = Pey = PaeniXe - Ykt (39)

5) POWER ELASTIC (PE) DEMANDS CONSTRAINTS
The power dissipation by these demands are bounded by their
maximum energy requirement given as;

- _=PE
PP <P xPE. va, (40)

a

6) TIME ELASTIC ECL DEMANDS CONSTRAINTS
a: ENERGY CONSTRAINTS

Appliance phase energy specification: The phase d
of any device b has a specific energy requirement.
To ensure this requirement, the total power for a partic-
ular phase must qualify the given constraints.

T

> P —EFGE <0, Vb.d 1)

=1
Appliance phase power limits: For any operational
phase, there is a certain limit of power in-feed to a
device. This bound is specified in the following con-
straint.

- —ECL
PECL ECI SPECL <P ECL

PyaXpa:=Pya; bd Ybdr VD, d,t (42)

b: TIME CONSTRAINTS

2062

Appliance phase time bounds: Every device phase has a
specific time limit in which it has to be operated. This
time-bound is illustrated as;

T

ECL ECL™ —ECL

0 <> 59 <7 vb.d (43)
=1

Appliance intra-phase operations: Every phase is unin-
terrupted and it must complete its cycle. However,
the cycle completion is indicated by an auxiliary variable
stfft which is 1 when a particular phase is finished [48].
Then it must remain unity for the rest of time the device

is on.

xS+ sl <1, vbd.t (44)

oy — X —shSh <0, Vbod, ¥t=2.3,....T
45)

Spatot) — Shay < 0. Vb.d, Vt=2,3,....T

(46)

« Appliance inter-phase operation: The next phase can

only be started once the previous phase of the device is
completed and is forced as;

xSt = sp s <0. Vb1, Vd =2.3,...,D47)
Appliance inter-phase delay: There can be flexibility in
the starting time of the next phase, and the following
delay constraint ensures this.

ECL _ ECL ECL | ECL
dyg:=Spid—1u — &par+Spar) Vbt

Vd =2,3,...,B (48)

where, this delay dﬁ% is adjustable, depending on the

cost and comfort trade off already set by the user.
T
Dyy < dyai <Dpa, Vt,b.¥d=23,....T

t=1

(49)

7) TIME ELASTIC TCL DEMANDS CONSTRAINTS
« Appliance power limits: The power range of the specific

phase of the operating device is bounded by;

TCL TCL TCL~ _ pICL_TCL
P " x 7w <P <P, x.o, Vet (50)

« Appliance temperature limits: The allowed temperature

range over which the device is operated is set by the
user and the variations are bounded by the following
constraints.

It <1l < T et (51)

Temperature variations in thermal devices: The chang-
ing temperature condition inside a thermal cabin (i.e.,
refrigerate, freezer) is illustrated as [11], [33];
TCTICL — Tt}”OOm _ PZ?L_RZCL
- TCL ~TCL
—(Toom — PchL RCTCL _ ngl Yo~ O/REECIE
Ve, Ve =2,3,...,T (52)
where, represents inside temperature; RICL
depicts equivalent thermal resistance; CI“ represents
equivalent heat rate; PTY is equivalent heat capacity.

TCL
Tc,t

8) TIME ELASTIC DT DEMANDS CONSTRAINTS
« Appliance power limitation: The power dissipation by

these demands are bounded by their maximum energy
requirement given as;

PPTXPT < PPT < BOTXDT Vet (53)
Load queue: A demand queue is established, enforcing
the scheduling framework for DT loads [2]. At any time
t, the accumulated load demands in a queue are indicated
as QeD’,T and is concluded as;
OPT = max[QPT_, — PPT 01+ LET, Vet (54)

e,t et
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where, PDT" are the loads emptying the queue and L2
are the actual loads that are entering the queue. To keep
the above queue stable, the queue backlog must be finite
by enforcing the following queue emptying law.
Remark 13: PPT~ > LPT.

D. PROBLEM FORMULATION

This section presents a mathematical formulation of the prob-
lem supposed to be evaluated. The problem is to minimize
the overall cost of the electricity, the discomfort to the resi-
dents, and to maximize the self-sufficiency of the local power
production.

Considering a HAPN, that contains a set of generators 4 =
{1,2,...,n% and a set of demands 2 = {1, 2, ..., n”}. The
model is composed of a set of energy entities Aggs € [Y U Z]
attached all-together in a single operating domain (Home).

Let P;f € R, be the power supplied by the individual
power source at time-slot t € = {r,...,7 + T — 1}
and xtg € Ry is the sources binary activation set. Similarly,
P;@ € R, be the power demand of each type of load attached
to the HAPN and x,g € Ry is the appliances’ on/off set.
A subset 94¢ of generators (i.e., Grid, DE) is attached to AC
line of HAPN, while a subset ¥pc of generators (i.e., PV,
ESDs) is attached to DC line. However, the demands are
assumed to be AC and are attached only to the AC line.

The HEMS evaluates a set of cost function 6; : Ry — Ry,
establishing the cost of supplying energy to the households,
operation & maintenance cost of ESEs, and penalty costs
associated with discomfort of the users at time-slot 7.

Remark 14: Given the HAPN’s power sources feasible
binary schedule sets 29 = [xtg, e xZ_T_I] and their
activation profile will be x4 € 29 .

Remark 15: Given the HAPN'’s generators feasible power
schedule sets Y = [Pg, ...,PZ_T_I] and their power
supply profile will be PY ¢ 29 .

Remark 16: Given the HAPN'’s load demands feasible
binary schedule sets 27 = [xt@, ... ,sz_l] and their
activation profile will be x7 € X7

Remark 17: Given the HAPN'’s load demands feasible
power dissipation schedule sets 27 = [P@, e, P?Jrrfl]
and their power demand profile will be P7 ¢ 27,

The HEMS can minimize the total cost of power used
per scheduling horizon T by following the general problem
formulation indicated as:

T
Hlllitn Z C:(uy),
t=0
s.t. A = bey
Au <b
Ib<u<ub (55)

where, u; € [(x9 € Z9)UPY € ZO)UEP € 2P)UPP €
2Dy, Aey & A are coupling constraint matrix, and /b & ub
represents lower and upper bound, respectively.
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Moreover, a modelling scheme is incorporated to exploit
the maximum variability in operational costs of the var-
ious components of HAPN (e.g., variable prices of grid
energy, fuel and maintenance costs of DE, operational costs
of DE, PV, and ESDs). The proposed supply and demand
“min-max” co-scheduling scheme (MMCS) combines the
scheduling mechanism of both energy supply sources and
energy-hungry devices. It optimizes the supply and load pro-
file of a HAPN using source controlled loads (i.e., SLDs,
ESDs) and load driven energy sources (i.e., grid, DE, ESDs),
whistle the PV source is usually uncontrollable. Hence,
the problem is a MILP problem, that reflects the category
of NP-hard problems which are infamous for tending to be
unmanageable when they increase in size. The day-ahead
accumulative cost minimization problem is mathematically
formulated as:

T
¢ = HEH Z{CG,t + Cpy, + C{)EJ + Cpe.; + Cz',“;g’t
=0
+ OB+ O+ G + Ry + Co).

st (1), (13 — 54) (56)

Whereas, the intention of maximizing the satisfaction level
of the consumers is reflected indirectly as minimizing the
penalty cost for curtailed load demands and the queue evolu-
tion cost for the delayed load demands. Furthermore, in this
paper, we also emphasize on the self-sufficiency of the HAPN
by maximizing the self-generation ratio (SGR). This ratio
usually deals with the maximum utilization of the PV source
and ESDs attached to HAPN and is modeled as:

T

- BT B PV PV

G =max Y (=P{ +PLxt, + P )
t=0

s.t. (1), (13 —54) (57)

The block diagram of the proposed HEMS is shown
in Fig. 5. The solar irradiance, price signals, and electricity
demands are established on the historical and climate data.
The problem is formulated together with the time horizon T
with ¢ time steps.

E. IMPLEMENTATION AND ALGORITHM
The aim is to establish a scheduling policy uy, that controls the
in-feed from the grid, PV, DE, and the out-feed to the SLDs.
The policy is established on the criterion of;

1) Minimizing the total cost of energy utilized.

2) Maximizing the satisfaction level of the consumers.

3) Maximizing the utilization of PV energy.

4) Optimizing the operations of ESDs.
Similarly, it is implemented under the influence of various
system and components level constraints. These constraints
address system stability by forcing lower and upper bounds
on supply and demands, representing physical limitations on
influential energy entities of the nano-grid.

At the time the HEMS is triggered, it takes the input of
costs related to different energy sources (including forecasted
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Forecast Stage —

l l l Forecast data:

1. Irradiance forecast
2. Weather forecast
3. Grid price forecast
4. Load demand forecast
PV Model 5. ESDs life forecast
6. Indoor temperature
forecast data

ESDs Model Appliance Model

Objective:

1. Schedule energy sources attached to HAPN.

2. Schedule energy load demands in HAPN.

3. Minimize electricity bill on day-ahead basis.

4. Maximize energy consumer satisfaction.
Constraints:

1. Power balance constraint.

2. Operational constraints of ESDs.

3. Energy export policy.

4. User indicators for time preferences.

5. Grid, PV, and DE individual constraints.

6. Power elastic demand constraints.

7.Time elastic demands (ECL) constraints.

8. Time elastic demands (TCL) constraints.

9. Time elastic demands (DT) constraints.

Cost formulation:
1. Grid energy cost
2. PV energy cost
3. DE energy cost
4.ESDs energy cost
S. Curtailed load cost
6. Delayed load cost

Decision vector:

1. Continues variables
a) Sources.
b) Appliances.

Constraints
formulation:
1. System level
constraints
2. Component level
constraints

2. Binary variables
a) Sources.
b) Appliances.

FIGURE 5. The multi-objective optimization problem for HEMS.

grid price signals, degradation costs of the storage devices,
and DE operating costs). It also put in the information
of penalty or award prices suggested for the SLDs (cur-
tailed and delayed loads). Moreover, HEMS also takes in
the pre-configured information of appliance operating con-
ditions, i.e., consumer setting, time preferences of activating
demands, type of use of device, power profile of a load, attain-
ing specific energy requirements, preferred cooling tempera-
ture for TCLs. While it also takes in the forecasted indoor
temperature information for the next 24 hours for generating
an activation profile of TCLs. An optimization algorithm is
applied to identify the best schedule sequence for both of the
ESEs and SLDs. These scheduling sequences guarantee the
minimum cost of electricity for a home consumer along with
the considerable satisfaction level across the time horizon T'.
It includes following workload model;

o The preferred time and cost for taking in the energy from
the grid.

o The optimal configuration of ESDs charging and dis-
charging to increase the energy cost savings.

o The on-off time for the Diesel engine.

o The curtailed power for power elastic loads.

o The preferable delay time for queuing loads.

o The starting time for time elastic ECL loads.

o The temperature and load activation trade-off for TCL
devices.

The algorithm discussed below encapsulates the iterative
process of the optimization formulation.

For the proposed optimization model, the simulation anal-
ysis is performed on a laptop equipped with an Intel Core i7,
2.6GHz, 2 Core processor and 20GB of memory. The results
are carried out using “MATLAB”’ optimization toolbox. The
objective function obtained is linear, so we use Mixed-integer
linear programming solver “intlinprog”. This solver uses
a linear programming algorithm ““primal-simplex”’, and the
method for searching the optimal solution is “Branch and
bound”. A 15-min time slot resolution (At¢) has been used
to calculate the costs associated with ESEs and to predict the
24-Hr day-ahead power profile of various SLDs.
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Algorithm 1 Algorithm for Cost-Comfort Reciprocity
1: procedure MILP(System & cost parameters)

System Initialization

3 Set parameter values

4 Set consumer preferences

5: Set system bounds

6: while €| # min(Cost) & €1 # max(SGR) do

7

8

9

»

for(t <T —1)do
Initialize system constraints
: Initialize components constraints
10: Implementing Branch & Bound algorithm

11: Store scheduling variables set (u;)
12: t<—t+1
13: Execute problem set: 6] & 6>

14: u; — [xg, Pg, x@, P@]
15: Conclude day-ahead total electricity cost
16: Conclude day-ahead self-sufficiency

17: Conclude SLDs satisfaction level (SL)
18: Conclude ESEs utilization factor (UF)

>u € [ug, up,...ur_q]

Hence, our scheduling problem is a mixed-integer lin-
ear problem tracing already predicted values of day-ahead
PV supply and users load demands and generates cost-
optimal decision vector for obtaining energy from various
supply sources and activating different types of users load
demands intelligently. To implement the framework of appli-
ance scheduler, the following section introduces a case study
example that consists of different types of home appliances
having varying energy consumption pattern.

IV. CASE STUDY EXAMPLE

To perform the load management and to schedule the loads
optimally, it is essential to have a device power consumption
data and the load profile information of a home. Physical
modelling of an individual appliance model is out of the scope
of this work, so we have used a data driven approach to design
the loads for our energy demand model. In this paper, a daily
energy demand profile of a single medium-size home is used
using the model in [49].

The load profiles of almost all the standard home appli-
ances are obtained with a high resolution of one-second inter-
vals. This model is developed by the Center of Renewable
Energy System Technology (CREST). It incorporates the
historical data for the number of occupants, their activities
and the activation of desired appliances. Since the energy pat-
tern produced for an individual local dwelling is very reliant
on the tasks of the inhabitants and their usage of electrical
gadgets. The model mentioned below takes historical data
from the UK Time Use Survey, generating time using statisti-
cal models for residential consumers, providing information
about occupants activities and the duration of each activity.
Furthermore, it demonstrates an actual appliance operation
for a particular activity of an occupant in a dwelling. A
transition probability matrix for occupants is used to develop
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the occupancy model, that realizes the exact number of
occupants [49].

Historical data is used to determine each occupant’s activ-
ity and the relevant appliance associated with it. After appli-
ance identification, a typical day profile for the particular
appliance is generated and by aggregating all the appliances
profiles, a load profile for a home is obtained. The collected
data is composed of average power consumption along with
operating modes or the cycles of each appliance. The model
covers almost every single electricity device that can be
found in the residential habitat. It utilizes these devices as the
basic building block, where the device indicates an individual
household power load, e.g., TV, clothes washer or vacuum
cleaner. It is, therefore, can be called as bottom-up model [6].

List of installed appliances

Activity profile is
assigned to each
appliance

Active occupancy
data series

Daily activity \: l

profiles

Cooking

Washing
Watching TV

For each appliance:

Switch-on events
Power use characteristics

Laundry
House cleaning l
Ironing
Other Total power consumption ‘

FIGURE 6. Electricity demand model architecture [49].

The demand model architecture constitutes active occu-
pancy, daily activity profile, and the installed devices,
as shown in Fig. 6. Active occupancy model takes stochas-
tically assigned residents (one to five). Whereas, the electric-
ity consumption timing is modelled based on the activities
of the individual occupants. The activity profiles generated,
reflects the actual activities of occupants at a particular time.
For example, around mealtime, the most likely activity is of
cooking. Similarly, the activity of watching TV is determined
usually in the evening. Likewise, every activity of an occupant
has its daily profile.

Moreover, these activity profiles are assigned to the partic-
ular appliance. For instance, the activity of cooking involves
the oven, microwave, or small cooking appliances. While
watching TV needs a TV to be on. Hence, without determin-
ing the detailed appliance usage statistics, an activity profile
model makes sure the appliance is active at a desired time
of usage [49]. This activity profiling is crucial to demand
side management, as it establishes a relationship between
electricity usage and the occupant activity. It means, if one
is dealing with the flexible demands, the activity profile of a
user must also be adaptable. The same strategy is adopted in
this proposed model of SLDs.

For the case study example, we have extracted six different
activities from the established energy demand model of a

VOLUME 8, 2020

TABLE 3. Home appliances activities and classification.

Activity Appliance type gj@grc(y\i}? SEE Shance
Cooling Fridge freezer 190 TE (TCL)
Refrigertaor 110 TE (TCL)
Answer machine 0 TA
Cassette / CD-player 15 TA
Clock 0 TA
Telephone 0 TA
Hi-Fi 100 TA
Consumer Iron 1000 TE (DT)
electronics Personal computer 141 TA
Printer 335 TA
TV 1 124 TA
TV2 124 TA
VCR/DVD 34 TA
TV receiver box 27 TA
Cooking Oven 2125 TA
Microwave 1250 TA
Kettel 2000 TE (DT)
Small cooking 1000 TA
Wet Dish wascher 1131 TE (ECL)
Washing machine 406 TE (ECL)
Water heating  Electric shower 9000 TA
Lighting Bulbs 190 PE

home with five occupants. There are 22 appliances discussed
in Table 3 providing with their average power consumption
and the appliance class. We classify these appliances into
five different categories, which are already discussed in the
“home appliance model” section.

For the above-discussed model, the oftenly used parameter
that can be used for evaluation or control purposes is the
power value of any device. However, in some cases, we may
need more than one parameter to control the device. For
example, in the case of ECL devices (i.e., washing machine
and dishwasher) as shown in Table 4 & 5, these loads have
a different number of working cycles and each cycle has its
energy usage and time duration limitations [48]. So, we re-
model the load profiles of these devices by introducing the
power and time constraints, i.e., (41-49) in their mathematical
models. A similar case is with the TCL devices (i.e., refrig-
erator and freezer). An equivalent thermal parameter (ETP)
model is introduced in (52), that includes indoor and outdoor
temperature along with the thermal flow mechanism of these
devices [47]. The parameters related to various home devices
are illustrated in Table 6.

TABLE 4. Dish washer parameters.

[ Energy phase | Energy [ Min power | Max power | Op.time |

Wash 838 Wh 1000 W 1500 W
Drain & dry | 261 Wh 1000 W 2500 W

45 min
15 min

As discussed earlier, the load demands taken are AC loads.
So, generally, the AC power flow is expressed in terms of non-
linear and complex equations which are not compatible with
the proposed scheduling problem equation [50]. Therefore,
the equations are approximated into linear real power equa-
tions by introducing the terminology of power factor with the
power load demands and ignoring the actual characteristics
of the power lines. This approximation will not affect the
solution of our scheduling model.
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TABLE 5. Washing machine parameters.

[ Energy phase | Energy [ Min power [ Max power | Op.time |

Movement 9.7 Wh 16 W 42W 15 min
Heating 720 Wh 32W 3084 W 15 min
Wash 77 Wh 5W 100 W 60 min
Rinse 70 Wh 17W 170 W 30 min
Drain & dry 66 Wh 203 W 1500 W 15 min
TABLE 6. Energy demands parameters (pred, predicted).
Parameters  Value Parameters  Value
LFT max|0, pred) or max|0, pred)
B maxl0.LFE) B max(0, LD
(P/P)RCE 100/105 (T/T)F 0/4
(B/P)pt 160/170 (@/T)pt —20/-16
PECT [16,32,5,17,66] FV‘VC [42,3084,100, 170,203
PECL (1500, 1000] Pyt [2500, 1000]
TECE (15,15,60,30,15]  Th<L [15,15,60,30,15]
Thek [45,15] T [45,15]
(Q/D)W‘tl [Oa 07 0,0,0] (Q/D)D‘tl [07 O]
RECL 0.408 crer 2599
RICL 0.608 crer 2599
Toom max[0, pred) o 10000
TPECL 24 hr plreck 5000

V. NUMERICAL ANALYSIS

In this paper, power allocation strategies are demonstrated by
implementing optimal scheduling algorithm. The scheduling
decisions are obtained by exploiting an optimization tech-
nique based on MILP framework. An example of a smart
home is considered, that behaves as an autonomous nano-
grid. We have used a term HAPN to illustrate our energy
network model for a single home with a varying number of
occupants. The parametric values of various power entities
used in our system model are shown in the following table:

TABLE 7. System parameters (pred, predicted).

Parameters  Value Parameters  Value

POk /PR 1/5000 PPE /pPE 1000,/3500
P max[0, pred| € 0.5 x Fzm
cHB 5120Wh Eb 0.8 x Cl1B
cEv 22000 Wh EM! 0.7 x CEV
Eba /B 800/4900 Nus 0.96
EVU/ER 4400/19800  mey 0.96
Pljacny s 800/1280 Pljacry ey 7000/14000
TPEV™ 18:00—09:00 At 15 min

While the cost parameters associated with various EEs are
given as:

TABLE 8. Cost parameters (pred, predicted).

Parameters  Value Parameters  Value

Py max[0, pred] ¢ 0.01
Bly 0/1 ¢ 5.45

of 0.3 % /o 200

o 100 T 0.5

¢ 3x 1073 ) 2x 1077

The task of the proposed HEMS is to exhibit the reaction of
the scheduling framework towards dynamic objective func-
tion. The optimization algorithm looking for the minimum
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cost also has an objective of improving self-sufficiency of
a HAPN. The whole operation includes the forecasting of
grid energy prices, solar irradiance, room temperature, and
solving the optimization problem. The effect of indirect link-
age of price signal with a peak power indicator is likewise
introduced in terms of the daily peak demand. Besides,
the minimum and maximum energy limitations are adopted
for corresponding energy supply and demand entity to estab-
lish a feasible range of operations. In the end, the proposed
HEMS is examined for 3 different ESEs profiles and 22
residential SLDs profiles. U.K. insights realistically produced
SLDs profiles are used to demonstrate the effectiveness of the
adopted scheduling scheme in diminishing the energy bills
and peak load demands.

A. PREDICTION MODULE
We have incorporated the predictive energy demands model,
realizing the exact amount of power requirements by activat-
ing real appliances in a house [49]. This model takes in the
account of active occupants, that have an impact in transform-
ing energy demand pattern. A maximum number of occupants
U is taken as 5. The account of activating different appliances
in a house is done through a probabilistic approach.
Whereas, for our suggested model, on any particular day of
the week, the average number of active occupants in a house
and their total energy demands at any time instant ¢ are shown
in Fig. 7. It shows that the maximum number of occupants
is activated usually in the afternoon and the evening with
an average rate of 3 occupants for the whole day. While the
energy demands are changing rapidly over the whole day. The
demand increases drastically in the night due to the activation
of high power load, that could probably be the heating load.
We have predicted on average app. 1 k€Wh of energy demands
for any particular day as shown in the figure below.

T T T
I [ElAggregated energy demands
| [—Occupants number

N w » (%)
Occupants (#)

Power (kW)
o = N W &~ O

0
:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 23:59
Time (Min)

o
=]

FIGURE 7. House occupants and their energy demands.

Similarly, We have incorporated a predictive PV energy
model, that forecasts the exact PV power by putting in the
predicted values of solar irradiance, ambient temperature,
day of the week in (4) [51]. Hence, the total PV power
output can be obtained by evaluating (1). The solar irradiance
data is obtained from Meteonorm Irradiation Data software
for the any specific area of the United Kingdom [52]. This
forecasted PV power is utilized to enhance the planning of
energy storage and load scheduling operations for a particular
location. Fig. 13 shows the maximum PV power available at
any time ¢.
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Moreover, the pricing markets usually have complicated
attributes of non-linearity and inconstancy, so price prediction
can help the energy producers and purchasers to improve their
respective scheduling techniques, that increase their profit
benefits and minimize the electricity prices, respectively [53].
A power utility can design this day-ahead electricity price.
It may have locally produced RES power, and it can likewise
import power from the power grids whenever required. The
price of the electricity is varied with time throughout a day
depending on the situation of available RESs and the import
cost from power grid. The benefit of formulating the electric-
ity cost by a utility is that it can revise the cost of power for
each energy user, who needs to take part in DSM strategies.
Fig. 8 shows the daily electricity price information. In our
case, a day-ahead price is taken from [43] to evaluate the
scheduling problem, guaranteeing the scheduling of energy
loads at low prices.

2 T T T T T T T

151 1

1F N

Price (cents/kWh)

.5 :
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 23:59
Time (15-min)

FIGURE 8. Day-ahead predicted price.

Furthermore, for the TCL demands as discussed in (50-52),
they need to operate themselves based on the room tempera-
ture. Hence, for the proposed TCL device a day-ahead room
temperature is forecasted based on the previously available
data including home dimension, the thermal conductivity of
a house, season, month, day of the week, and time of the
day [54]. Fig. 9 shows the predicted in-door temperature for
a typical home.

- A
A O

=y
N

Temperature (QC)

Y
o
T

L I I I I

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 23:59

Time (15-min)

FIGURE 9. Predicted room temperature.

B. ENERGY SUPPLY ENTITIES UTILIZATION

As discussed earlier in section 2 that our model can operate
smoothly even in the absence of power from the main grid.
A grid shutdown signal shown in Fig. 10 is incorporated to
demonstrate the off-grid behaviour of HAPN. Actual power
that is obtained from the grid is shown in Fig. 11. Here,
the high power load is being served in the early morning
around 04:00 that is of 3kW. At this time, the price of elec-
tricity is at its lowest and while looking into the predictive
load demands in Fig. 7, it shows a minimum amount of loads
are forecasted at this time. Hence, it is evident that a shiftable
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FIGURE 10. Electric grid power outage signal.
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FIGURE 11. Grid power utilization.

load is executed at this time. Similarly, on average the high
amount of power is utilized in the night after 21:00 and before
midnight. It is due to the mid-range price of electricity and
because the day is closing. So, it is the only cheap source
of energy available for the remaining load demands that are
needed to be served in any way.

Moreover, the power procured from the diesel generator is
shown in Fig. 12. One of the reason of activating DE power is
the grid outage. During grid outage if there is no other option
is available then the DE is operated. While it can also be
operated if the cost associated with its power production is
relatively low as compared to other sources.

o
T

— Actual utilization of generator power|
- - Maximum available generator power

S
T

Power (kW)
N W
—T
P

11 1

0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 23:59
Time (15-min)

FIGURE 12. Diesel generator power production.

Similarly, the power procured from the PV arrays is shown
in Fig. 13. PV power is meant to serve only home appliances,
while the export to the grid is not allowed in our case. How-
ever, the power in excess can be used to charge HB storage.
Home battery storage is the only component available to store
this cheap energy and it also increases the self-sufficiency
of the HAPN. While seeing into the figure around 08:00,
the actual utilization of PV source is less than the available.
The reason is that all the loads are already been served and
charging the home battery storage at this time is not a cost-
optimal solution.

C. ACTIVATION OF SMART LOAD DEVICES
1) PE DEMANDS

Fig. 14 illustrates the scheduled and curtailed load demands.
In our case, the PE load is mostly light bulbs that are usually
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FIGURE 13. Power procured from the PV.
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FIGURE 14. Power elastic load demands.

activated at night. So, we see a considerable load in the
night that is being served by the ESEs. Here, we see a little
glitch in load execution around 14:30 and a considerable load
curtailment can be seen around 19:45. Of course, there is
some penalty against this action of load curtailment, which
is quite bearable according to our cost function. However,
the maximum load that can be served is limited to (40).

=5} 3 T
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21F 03:00 06:00 |
0 . ! ! ! " \ . ,
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S
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000:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 23:59

Time (15-min)

FIGURE 15. a) Power profile of Washing machine. b) Phase indicator.

2) ECL DEMANDS

Moreover, in our prediction module, we have already pre-
dicted a count of operating dishwasher and washing machine.
Hence, these appliances are supposed to be scheduled once
in a whole day. These devices have two types of constraints
(energy and time). To execute these loads, we have estab-
lished a required energy level for each working phase of
the device, as shown in (41). While the power limitation for
each phase is settled in (42). Furthermore, the phase time
requirements are set according to (43). As shown in Fig. 15a
the washing machine is active between 04:00 to 06:00. The
peak power approaches 3kW is due to the heating element
in the washing machine that warms up the water up to the
desired temperature before cleaning the clothes. There are
total 5 phases of WM operations as discussed in Table 5.
There is no delay between different phase operations of
the device. While the phase indicator is shown in Fig. 15b,
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FIGURE 16. a) Power profile of Dish washer. b) Phase indicator.

indicates the successful execution of all the working phases
of the appliance.

Similarly, the dishwasher is active soon after the washing
machine at 06:00, as shown in Fig. 16a. The reason is the
availability of relatively low price grid energy and the low
power load demands at that time. Hence, providing a bet-
ter time for executing high power shiftable load demands.
Besides, the average power approaches 1kW showing all the
two phases require different amount of energy to execute the
operation of the device. These phases are discussed in Table 4.
Like a washing machine, there is no delay in between differ-
ent phase operations of dish washer. The phase indicators are
shown in Fig.16b, indicates the successful execution of all the
working phases of the appliance. By concluding, as discussed
earlier that the ECL demands are the only loads that are not
deterministic and can be executed on demand.

3) TCL DEMANDS

Only one type of TCL load demands has been used in this
work and that is the cooling load. However, two kinds of
cooling loads are illustrated as example; i.e, refrigerator and
freezer.

]
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FIGURE 17. a) Temperature profile and on/off status of a refrigerator.
b) Power profile of a refrigerator.

The working mechanism of both of these devices is the
same. The only difference is the operating temperatures. The
temperature setting is established through (51), that is around
0 — 4°C for refrigerator and —16 — —20°C for freezer.
Fig. 17a indicates the activation status of the refrigerator
along with its indoor temperature profile changing optimally
between its lower and upper bounds. Moreover, the power
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FIGURE 18. a) Temperature profile and on/off status of a freezer. b)
Power profile of a freezer.

profile is illustrated in Fig. 17b, showing almost fixed oper-
ating power for all of its phases throughout a day.

Similarly, for the freezer, the same phenomenon of the
above device is applicable. The power limitations are illus-
trated in (50), and the temperature variations within the device
are controlled through (52). Fig. 18a shows the activation pro-
file and the temperature profile of the freezer. While Fig. 18b
shows power profile distribution for the whole day.
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FIGURE 19. a) Predicted DT demands. b) Scheduled DT demands. c) DT
demands queue backlog.

4) DT DEMANDS

DT loads are deterministic power demands predicted day-
ahead using the prediction module. The power limitations
of DT loads is illustrated in (53) and the accumulated load
demands are established in (54). Fig. 19a describes the rate
of actual DT demands predicted, while Fig. 19b shows exact
amount of load demands served at any time ¢. Moreover,
Fig. 19c indicates the rate of DT demands entering and leav-
ing the load queue. It is evident from figure that loads are
satisfied at the end of day, while the clear difference in the
predicted and scheduled load demands represents the working
phenomenon of the queue.

D. INCORPORATION OF ENERGY STORAGE DEVICES

Fig. 20a indicates the rate at which the ESDs are being
charged and discharged. As the storage is of limited capacity,
so the rates of charge and discharge are also limited, as shown
in (38-39) which are set according to the data provided by
the manufacturer. We have set an initial and final SoC (¢) for
our ESDs so that we can get the desired amount of energy
available in the storage at the end of each day, as shown
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FIGURE 21. Scheduling various ESEs under the influence of varying
electricity price.

in Fig. 20b&ec. Setting SoC may also help in controlling the
number of discharge cycles of the storage that have a huge
impact on battery life. If we use deep cycle discharge (e.g.,
80% of DoD) phenomenon, then the battery life decreases
rapidly as compared to the DoD of 20%. In Fig. 20b, it is
evident that the home battery is being charged with excess
PV energy during day time. In the morning, it uses DE power
to charge itself. Moreover, it is being discharged when the
electricity price is increasing and PV power is depleting.
Similarly, for EV storage, it is being charged in the day
somewhere else (probably at the workplace), and a portion
of it is utilized back at home when the grid energy price is
high as shown in Fig. 20c. These ESDs have some capacity
limitations (37), so we can utilize these devices for a limited
duration. For these storage systems, we have some hard con-
straints of charging the HB storage and utilizing EV storage
as discussed in (25-29).

E. POWER MIX

Fig. 21, shows day-ahead auctioned electricity price. The
energy utilities for their customers usually formulate these
energy prices. So that the customers can get an advantage of
these volatile prices and can purchase energy at their ease.
Moreover, in the same figure, we can also see the activation of
different ESEs. Our proposed scheduling scheme is making
this activation decision. We have formulated our cost mini-
mization problem, keeping in view the variable energy grid
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prices and various system constraints. Our scheduling frame-
work tracked down the possible minimum cost of electricity
for utilizing the best combination of available ESEs at any
time, 7. As shown in this figure, that in the night (21:00 to
24:00) and early morning (04:00 to 06:30) the electricity is
being provided by the grid because the price of electricity is
relatively low at these time durations. While, around morning
at 06:30, the energy prices of the grid is increased and the
HB storage becomes activated. As soon as the sun rises,
the energy is being procured from the PV source instead.
Around mid-day, the energy is being shifted among grid,
HB storage, DE, and PV sources. However, in the evening,
the PV power is depleting, so the HB storage is compensating
it. The HB storage SoC is still high enough and be good for
discharge. So, most of the time during the availability of PV
and DE energy, the HB makes itself charged and becomes
discharged in the evening when there is no other option of
cheap energy. Soon after 06:30, the charge in HB is getting
low, and there is another storage EV is available. So it gets
preferred over all other energy sources until the price of grid
energy becomes low again.

Likewise, Fig. 22, illustrates the utilization factors and
the accumulated energy shares of various ESEs integrated in
HAPN. It also depicts that on average the electricity cost for
1kW of power in a whole day is around 310 cents. Whereas,
the total power utilized in last 24-hours for operating home
appliance is about 73 kW.

EV battery

Generator power

FIGURE 22. a) ESEs utilization factor (UF). b) Energy shares.
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‘ Hm m;

ECL demands?

Parameters Value

PV (UF) 0.9837
Diesel engine (UF) 0.0300
Home battery (UF) 0.2470

EV storage (UF) 0.0325

Grid (UF) 0.0548

Grid power

Parameters Value

PE demands (SL) 0.9313

ECL demands battery (SL) 1

TCL demands (SL) 1

DT demands (SL) 1
DT demands

TCL demands

FIGURE 23. a) SLDs satisfaction level (SL). b) Load shares.

Similarly, Fig. 23, illustrates the satisfaction level and the
accumulated load demand shares of various SLDs integrated
into HAPN.

Moreover, we can see in Fig. 24, that our scheduling tech-
nique has successfully balanced the required energy with the
generated one as illustrated in (24). There is a clear division
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in traditional baseload demands and the SLDs. All the loads
are satisfied successfully with an optimized power mix. The
scheduling of different ESEs is carried out by formulating
a cost minimization and SGR maximization problem. Our
scheduling algorithm activates those energy sources that are
comparable cheaper at any particular time instant ¢.

5 I Smart appliances load demands
[ITraditi i load

0 as Iy L1y 1 AT s Mt
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Time (15-min)

FIGURE 24. Total load demands and the scheduling power.

Finally, in Fig. 25 we can see a definite difference in
the load demands before and after establishing a scheduling
framework. A reasonable portion of peak load demands is
shifted at the off-peak time, mostly in the early morning when
the price of electricity is also at its lowest. Hence, the peak
load is now limited to 3kW, which was previously above it.
Similarly, in early morning between 00:00 and 09:00 the aver-
ager predicted load demand was below 5S00W, which is now
near 1kW . Hence, we can conclude that by using our proposed

o
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- Before scheduling load di s |

S
T

Power (kW)
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FIGURE 25. Pre and post scheduling load demands.

HAPN model and the optimized HEMS, we have lessened the
cost of electricity used. Furthermore, we have also observed
the phenomenon of peak clipping, valley filling, and load
shifting in our day-ahead EEs scheduling results.

F. COMPUTATIONAL RESULTS
The outcomes are established utilizing “MATLAB” opti-
mization toolbox. The optimization technique of Mixed-
integer linear programming (MILP) is utilized to solve the
optimization problem. In the above analysis, the MILP solver
“intlinprog™ is used to find a feasible solution (the minimum
requirement of supply and demand scheduling problem). This
solver can rashly abort the procedure of searching an optimal
solution. It can be stopped when it finds a possible feasible
solution of (56-57). Moreover, regardless of a feasible solu-
tion is found or not, the “intlinprog” enables the operator to
indicate a time limit after which the solving must be ended.

Our problem resolution is quite huge, means;

« It has 40 optimization variables that take integer values.

o It has 9 linear equality constraints.

o Ituses 17 linear inequality constraints.

« It uses 20 bounding condition constraints.
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Hence, it is suggested that the sub-optimal energy profiles
obtained by early stopped solver are adequate substitutes
for the genuine ideal profiles which are significantly more
tedious to discover. In this case, it takes 21 seconds to take
an integer solution to the required level of optimality. The
required level of optimality in this problem is “integer fea-
sible solution” and relative gap of 360%. It is thus exhib-
ited that reasonable approximate solution can be achieved
in an equitable amount of computation time (e.g., in about
30 seconds. The above investigation shows that it is promising
to apply the proposed framework in the real-time house-
hold appliances scheduling scenario. The speed with which
scheduling decisions must be made relies on the number of
decision variables.

VI. CONCLUSION

In this work, we have proposed a model for home area
power network (HAPN). It integrates time-varying photo-
voltaic (PV) energy source along with two types of storages
(i.e., home battery (HB) and electric vehicle (EV)) with
the grid power and assume a diesel energy generator (DE)
for a backup. Furthermore, it also incorporates different
types of load demands, including baseload and smart load
devices (SLDs), i.e., power elastic and time elastic appli-
ances. We have proposed a home energy management system
(HEMS), forcing various energy entities (EEs) of HAPN to
coordinate with each other and establishes a cost-optimal
scheduling framework of drawing power from energy supply
entities (ESEs) and serving the SLDs. Moreover, the pro-
posed framework is extended to incorporate the optimization
concerning consumers’ satisfaction and CO; footprints. The
proposed ‘“min-max’’ multi-objective optimization problem
is based on an optimal strategy of minimizing accumulated
electricity cost, maximizing self-sufficiency and the satis-
faction level of the consumers. We have implemented an
optimization algorithm using mixed-integer linear program-
ming (MILP) approach. Our motive is to obtain cost-effective
optimal decision vectors for home integrated energy supply
entities and smart load demands for the whole day. We have
also exploited the efficiency parameters along with storage
degradation model of energy storage devices (ESDs) for the
exact realization of storage capacities and costs. The simula-
tion results demonstrate the effectiveness of our operational
strategy by scheduling ESEs and SLDs with the least cost
option available. We also make ensure the high utilization
of locally installed PV energy and the significant satisfaction
level of the energy consumers.

In our future work, we may incorporate a 24-Hr rolling
time horizon scheduling mechanism. We may use a frame-
work of model predictive control to establish a real-time
control strategy for ESEs and SLDs. It will help in handling
the uncertainties in the electricity prices and solar irradiance
values. It may also further reduces the cost of electricity and
dissatisfaction of the consumers by predicting the new load
demand arrivals on hourly basis.
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