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ARTICLE INFO ABSTRACT

The day-to-day increased usage of power appliance by consumers is a growing concern in the energy sector,
which creates an imbalance in the ratio of demand and supply. Demand-side energy management is an im-
perative tool to avoid significant deficiency from the supply end and improve energy efficiency. The trend in
energy management lays focus on reducing the overall cost of electricity without limiting the consumption
counterpart by instead choosing to reduce the power consumption during peak hours. The above issue seeks for
design and development of a flexible and portable system to cover a wide variety of consumers for balancing the
overall system. The design of smart energy management system is intended to replace the scenario of a complete
power outage in a region with partial load shedding in a controlled manner as per the consumer’s preference.
Demonstration of experimental work is carried out assuming demand response event and also, considering the
maximum demand limit constraint with different cases and changing the order of priority assigned to an ap-
pliance. Cost optimization algorithms based on time of usage and user comfort level with sensory information
features are embedded within SEMS. Reliable ZigBee communication for home area network is established and
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also, an IoT environment is developed for data storage and analytics.

1. Introduction

The modern era has considerably increased the usage of power
appliances. The research community has shown growing concern over
minimizing the cause of environmental hazardous and alternative
source of energy resources. The ever increasing demand for electricity
consumption is a challenging issue to be addressed. Consumers in de-
veloping countries are affected severely due to the insufficient power
supply from Utilities during peak hours, leading to frequent un-
scheduled load shedding. To adapt to the above situation, a consumer
has to invest in fuel generators and battery storage with additional fi-
nancial burden counterpart inversely affecting the economic growth of
the country. The other end, Utilities have to invest huge amounts in
developing infrastructure for the generation plants to withstand peak
hours, subsequently leading it to be underutilized. To sustain a balance
in energy supply and demand, there is a need for reliable power net-
work within generation, transmission and distribution sector.

Smart Grid brings rapid transformation in the energy sector, enables
demand side management system to quickly respond during outages,
peak load shifting, and fault management. In addition, it facilitates
consumer to employ alternative renewable sources for minimizing
electricity cost and efficient utilization of available power sources.

* Corresponding author.

Demand Response (DR) program in Demand-Side Energy
Management(DSEM) is a viable solution to manage energy efficiently
and in turn, benefit the consumer and Utilities [1]. Smart meters at the
consumer’s end have a crucial role to play in the power management of
Energy sectors [2]. Bidirectional communication between consumer
premises and the Utilities provide a greater opportunity in the energy
management system [3]. Currently, Utilities provide different tariff
rates based on the categories of consumers. The classification of con-
sumers is mainly based on the usage of electricity and the business
established in that region. Most commonly Energy sectors divide con-
sumers into different categories as Domestic, Commercial, and In-
dustrial customer [4]. For each category, there are different tariff rates
with Time of Usage (ToU) and penalty charged considering demand
limit and Power factor parameters. Tariff rates are low for residential
customers and high for industrial customers, since industrial sector
gives maximum profit for utilities, hence it is listed to be in the high
priority section.

Load shedding due to insufficient power generation is one of the
significant issues. There is a need for efficient utilization of available
power in the best optimal way. In a conventional system when the
available power from generating stations is less than the required de-
mand from the consumer’s end, the power distribution to some of the
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Ogunjuyigbe et al. [19] suggested a demand-side load management
technique that focuses on maximizing the user satisfaction level based
on a certain rule at a possible minimum cost with a predefined budget
by the consumer. In this case, the acquired data can be used for pre-
dictive analysis and further optimization in energy usage pattern [20].

Previous studies have suggested several optimal energy models for
consumer-based on DR strategies and optimization approach. Author’s
Tenfen and Finardi in [23] proposed detailed modeling of optimal en-
ergy management to reduce the operational cost of the system, in-
corporated with shedding and scheduling of loads in demand side. In
this work, authors also consider reducing the start-up, shutdown, and
maintenance costs. In [24], authors Yin et al. present a novel DR esti-
mation framework with regression models based on time of use and
temperature set point for domestic and commercial consumers. The
developed framework shows a DR potential and flexibility for peak load
shed prediction. Authors Lagorse et al. in [21] developed a multi-agent
EMS architecture for smart home energy management system with
consumer intension and sensor feedback involving scheduling strategies
and DR mechanism. Further, this technique has been implemented for
renewable sources integrated with smart grid control. In [22] authors,
Paterakis et al. focus on scheduling and controlling in-home appliances
to provide economic advantages for residential energy management,
modeled using mixed-integer linear programming. Furthermore, bat-
tery based Energy Storage System (ESS) considered along with DR
strategy improved significantly in lowering the electricity cost.

In a recent work [25], authors Wang et al. proposed a novel supply
based feedback control strategy. Global and local cooling distributors
based on adaptive utility function are employed to properly distribute
the chilled water/air flow among different zones to sustain the uniform
thermal comfort. The proposed system helps resume operation quicker
after the DR event and shows a significant reduction in power con-
sumption. In [26], authors Qureshi et al. have proposed a hierarchical
control scheme providing ancillary service for demand side manage-
ment involved with building thermodynamics and HVAC system by
tracking temperature level and load flexibility. The developed system
provides flexibility in load scheduling and also minimum operational
cost.

Several energy management frameworks are designed based on
various communication technology, such as Wi-Fi, ZigBee, and power-
line carriers [37]. The suitable communication mode between the
consumer loads and Utility gateway is used to control the appliance
with different operation strategy [27,28]. In [28] authors, Son et al.
proposed a home EMS with key features involving real time data
monitoring, intelligent control actions using power line communica-
tion. The designed system provides remote monitoring feature for
better energy conservation with the use of statistical Reduce model,
which examines the energy saving choices by including many different
factors.

The Internet of Things (IoT) introduced in recent years has a wide
range of application in the automation system. Integrating IoT en-
vironment in SEMS aids for remote monitoring and controlling at the
appliance level for efficient energy management [29,30]. In a study
[31], authors Ghatikar et al. developed new models using linear opti-
mization techniques and communication open standards. This work
presents a cost-effective solution to demand side energy management
challenges by exploring communication technologies and information
models for distributed energy system integration and interoperability.

Most of the energy management implementations discussed in the
literature focus mainly on domestic consumers and are designed to
schedule the appliance operations based on Utility signals assigned with
fixed priority parameters. There is yet need of implementing a flexible
energy management system with reliable communication, portable
enough to include a wide variety of consumers that can manage power
intensive loads to limit the household peak demand without much af-
fecting the user satisfaction level and reducing overall electricity cost.

In this work, the proposed scheme emphasizes on design and
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development of real-time hardware prototype. Most of the energy
management implementations discussed in the literature focus mainly
on domestic consumers and are designed to schedule the appliance
operation with fixed priorities. However, the preferences of the appli-
ances change dynamically based on user convenience and environ-
mental factors. Therefore, in this work, a flexible smart energy man-
agement system is proposed, which has user configurable priority
feature, portable enough to include a wide variety of consumers
without affecting the user comfort alongside involving cost optimiza-
tion techniques. In addition, advanced self- diagnostic feature for reli-
able communication and ease of scalability at the appliance level is
considered in the design of SEMS. Further, in this work, the IoT en-
vironment is integrated with the proposed SEMS for further data ana-
lytics usage and remote monitoring. Hardware demonstration of the
prototype is set up in a laboratory environment and experiments are
carried out with different configurable priority settings and demand
limit constraints along with ToU and sensory information considera-
tion. Nevertheless, the proposed smart energy management system can
also be used to optimize the utilization of power generated by stand-
alone systems like solar power plants, wind power plants, etc.

The content of this paper has been organized as follows: After this
introductory section, a description of the proposed system and an
overview of the proposed architecture is presented in Section-2. Pro-
posed control method and implementation of different optimization
algorithms are discussed in Section-3. In Section-4, details of the ex-
perimental setup and overall system framework is presented. Section-5
presents the results and discussions for the developed control schemes.
Finally, Section-6 concludes the paper.

2. Description of the proposed system

This section describes the proposed Smart Energy Management
System (SEMS) in detail with the algorithms embedded within the
system.

2.1. Overview of proposed SEM system

The concept of proposed Smart Energy Management (SEM) system
is shown in Fig. 1. The overall system comprises of an SEM unit that
provides a monitoring and control functionalities for a consumer and
another end Smart Sockets gather electrical parameters from appliances
and perform local control based on the command signals received from
the SEM unit.

SEM unit also acts as a gateway that provides an interface between
the utility and a consumer. In such a scenario, the gateway receives the
data of allocated maximum demand limit from Utility, which is used as
an input for our SEM unit. Utility, on the other side collects energy
consumption data from all the SEM units in a city and analyzes this data
for updating the maximum demand limit of each household. Collected
data would also be used for billing purpose, and an e-bill would be
generated for each household.

2.2. The architecture of SEM gateway

In general, SEM Gateway comprises of the following modules,

1. SEM Gateway (Central controller): The SEM acts as an intermediate
gateway between the Utility and a consumer, it is used here as the main
control unit which runs a decisive (power negotiation) algorithm that
serves as a brain of the SEM system. It decides to switch ON/OFF se-
lected end-user appliances based on the utility signal received, as well
as homeowner’s load priority settings. During peak load hours, the SEM
unit warns consumer while switching on a high power consuming ap-
pliances to avoid high tariff charges. It is also responsible for collecting
energy consumption data from all the load controllers through XBee
modules and providing an LCD interface for homeowners to retrieve
real-time energy consumption data and also with a provision to
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SEM Gateway

SSM : Smart Socket Module

@

)

Fig. 1. Overview of proposed Smart energy management system.

configure the priority of an appliance as intended.

II. SEM communication module: Wireless communication is estab-
lished between the coordinator (user end) and a router (appliance end)
module. XBee Series- 2 devices are used here as a communication
module, either end an XBee module is attached to enable communica-
tion within the SEM system. XBee module in a load controller is con-
figured as a router (appliance end) and the other module it is config-
ured as the coordinator (user end). Once the communication is
established between the router and the coordinator within the SEM
system, the SEM unit runs the power negotiation algorithm with the
collected power consumption data and coordinator associated with it
sends the controls signals to the router.

2.3. The architecture of a smart socket module (load controller)

A load controller provides an interface between the SEM unit and a
selected appliance through Smart Socket Module(SSM). It provides
basic power management functions (i.e., control, communicate).

Role of different Architecture module based on its function:

1 A data collection and processing module: The main task is to collects
real-time electrical parameters such as RMS voltage and current
values, further computes apparent power, real power, energy and
power factor of an appliance. Hall effect based LEM sensors are used
here for voltage and current measurement.

2 A control module: It is an electronic relay circuit used to switch a
selected appliance ON/OFF, as per command sent by the SEM
Gateway.

3 A communication module: It establishes a two-way communication
path between a Smart Socket Module and the SEM Gateway.

The collected power consumption data from a load controller is to
be sent to the SEM Gateway counterpart commands from the SEM unit
is received by a load controller. Communication is established using
Application Transparent (AT) mode, and each load controller commu-
nicates directly with the SEM unit. After collecting data from all load
controllers, SEM unit runs the decisive algorithm and sends back con-
trol commands to individual load controller.

2.4. Communication within the SEM system

Generally, in an energy management system, communication
modules are required at the end of both the master and slave node. One
of the communication modules is integrated with the SEM Gateway and
the other associated with each smart socket or load controller. The type
of communication modules plays an important role in overall system

performance in terms of data communication and power consumption.
Various communication technologies are available such as Bluetooth
(802.15.1), Wi-Fi (802.11/n), ZigBee (802.15.4), and Power Line
Carrier (PLC), for a home area network either one or combination of
these communication technologies can be deployed based on a range of
communication and data rate. Based on an evaluation study of various
communication technology [35], ZigBee finds a suitable candidate for
our application, which has low cost, low power, and ease of deploy-
ment.

3. Proposed demand side energy management algorithms

The proposed SEMS control technique consists of smart socket unit
for individual consumer appliances to communicate with the SEM
Gateway (Central controller) using XBee modules in AT mode of com-
munication. SEM gateway in the proposed technique receives the data
of allocated maximum demand limit from utility and energy con-
sumption data from all the smart sockets installed. Further, SEM uses a
decisive algorithm for power negotiation to schedule the individual
appliance optimally.

The proposed SEMS is embedded with the following algorithms in
SEM Gateway and Smart Socket Module(SSM) to address demand side
energy management for optimal energy usage.

1 SEM Gateway (Central controller)

® Decisive algorithm operation during Demand Response

® Self-Diagnostic feature to handle non-responding appliance
2 SmartSocket Module (Appliance end)

e Control actions dispatched at the appliance end

e Cost Optimization Algorithm

The decisive algorithm is the main component in the proposed
SEMS technique, and it is deployed in the SEMS main controller
(Gateway). Furthermore, all control actions are managed through the
decisive algorithm.

3.1. Decisive algorithm operation during Demand Response

The decisive algorithm is the key element in the proposed SEMS
technique, which considers the consumer priorities of appliances and
operates the most critical appliances even when the utility allotted
power is less than the maximum demand. The complete flowchart of the
proposed SEMS technique with power negotiation algorithm is shown
in Fig. 2. Further, stepwise explanation of the deployed algorithm is
discussed in this section.

Step 1: The SEM decisive algorithm starts by gathering power
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Fig. 2. Flowchart of Decisive algorithm with self-diagnostic capability.
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Fig. 3. The Approved ToU Tariff for consumers [22].

consumption data of all the appliances. This data collection would be
done in a predefined order. If any load controller does not respond, the
controller runs a self-diagnostic algorithm (explained in Section-3.2).

Step 2: The collected data of power consumption is arranged in the
order of consumer’s priorities, and then SEM Gateway checks for fol-
lowing demand limit violations.

e Total Apparent Power consumed > Maximum Demand Limit
(MDL).

Step 3: SEM Gateway sends a command to switch ON the maximum
number of high prioritized appliances such that the MDL is not violated
and sends a command to switch OFF the remaining appliances.

Step 4: For any appliance which is switched ON, the decisive al-
gorithm also checks for following peak load condition (which may vary
depending on user convenient).

e Total Appliance Power > i (Maximum Apparent Power of previous
month)

In the case of peak load condition being satisfied, the SEM Gateway
sends a command signal to the load controller to warn the consumer
about the high power consumption during peak load hours to avoid
high tariff charges. In addition, the load controller warns consumer by
switching on the buzzer and LED for one second.

Step 5: After sending respective command signals to all appliances,
SEM Gateway would wait for 30s before the next data sampling.
Further, the consumer can update appliance priorities based on his/her
convenience during the wait time. Then repeat steps 1-5.

Flow chart of the SEM decisive algorithm for ‘n’ number of loads in a
household is shown in Fig. 2. It is to be noted that before running this
algorithm, priorities of appliances are initialized with predefined set-
tings. Also, two variables ‘i’ and ‘k’ are used in the flow chart. Variable
‘i’ increments in the order of priorities whereas ‘k’ increments in a
predefined order to collect power consumption data of all appliances.

3.2. Self-diagnostic feature to handle non-responding appliance

SEM Gateway sends a request signal to each of the load controllers
to collect its data. In normal operating conditions, the load controller
responds immediately with the energy consumption data of such spe-
cific load. However, in some abnormal conditions where the XBee de-
vice in that load controller module becomes inactive temporarily, the

sequence of data transfer might be disturbed, and load controller may
not respond even after coming back to normal state. In such conditions,
SEM Gateway waits for the prior set time of six seconds and then runs a
self-diagnostic algorithm where it continuously polls the load controller
for next five seconds and at the same time waits for its response. The
load controller then responds with the relevant data if the inactivity
was due to a temporary fault. SEM Gateway would then continue
sending requests to other load controllers. In case, even after five sec-
onds of continuous polling, if the load controller doesn’t respond, SEM
Gateway would assume that the load controller is permanently inactive
and would ignore it for that event starts sending requests to other load
controllers. Thus, few inactive load controllers would not affect the
remaining system functionality.

3.3. Cost optimization algorithm

ToU tariff affects consumer’s energy expenses to a significant extent.
A load scheduling algorithm is developed with an objective of mini-
mizing energy expenses. However, not all appliances are subjected to
this algorithm. Appliances in a household are categorized as schedul-
able and non-schedulable appliances based on the willingness of the
consumer to allow operation of an appliance to be schedulable. This
algorithm runs in the load controller of all schedulable appliances.
Hence all schedulable appliances are controlled by both SEM decisive
algorithm running in the SEM unit and load scheduling algorithm
running in the load controller of a schedulable appliance. The ToU
Tariff of MESCOM for the fiscal year 2018 applicable to Low Tension
(LT) industries (categorized as LT-5) [36] is mentioned in Fig. 3. The
above-mentioned ToU tariff is considered for the design of load sche-
duling algorithm with an objective of cost optimization. SEM unit sends
data of time to all schedulable appliances. Based on the time zone, the
load controller of a schedulable appliance decides the status of the
appliance. Based on consumer’s daily usage, duration per day for which
an appliance is required to be operated is predefined.

The algorithm is designed in such a way that appliance is operated
to the maximum possible extent during 22:00h to 06:00h so that
consumer would be benefitted with an incentive of Indian rupees 31/
unit as presented in Fig. 4. During peak load hours, the appliance is
forced to be switched OFF irrespective of the required duration of op-
eration in order to avoid penalty. During non-peak load hours when
neither incentive is offered, nor penalty is levied i.e., from 10:00h to
18:00 h, appliance can operate if the required duration of operation is
more than eight hours else it is switched OFF so that it would be
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Fig. 4. Flowchart of algorithm deployed in the smart socket module.

scheduled to operate between 22:00 h and 06:00 h as incentive would
be provided during this period. In case if on any day appliance could
not be operated for required duration may be due to domination by
SEM decisive algorithm which would happen if generated power is
insufficient, the algorithm makes sure that this loss would be com-
pensated in the next day by allowing it to operate for a longer duration.
At 10:00 PM of every day, the required duration of the operation is
updated by adding the previous day’s pending requirement to the daily
requirement.

3.4. Control actions dispatched at the appliance end

The internal details of the smart socket are discussed in detail in the
following sections, the flowchart of the algorithm is shown in Fig. 4,
and the role of the smart socket algorithm is as follows. The Smart
Socket decisive algorithm keeps checking any request received from the
coordinator end to send the power consumption data. Microcontroller
unit associated with the smart socket computes and transmit RMS
current, voltage, real power, and power factor parameters. Smart socket

receives the command signal from the coordinator and controls the
relay to switch the status of an appliance accordingly. Further, Smart
Socket receives signals from the coordinator to indicate any warnings
with the appliance usage.

4. Smart energy management system experimental setup

In this section, experimental design and development of SEMS is
presented.

4.1. The overall system set-up

The overall SEM system is shown in Fig. 5, which is set up in the
laboratory environment with actual loads: a lighting load, a fan, and a
charging laptop. Algorithms deployed in SEM unit are designed to run
the appliances in the order of assigned priority during the Demand
Response (DR) event considering the maximum demand limit and
scheduling the appliance considering the Time of Usage (ToU) to ac-
commodate it in the minimum slab rate.
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Actual loads are used in the experimental work in the laboratory
environment, and an incandescent lighting bank is used as Load-A,
which has the provision for vary the power consumption by switching
on/off the status of the individual bulb within it. A fan appliance is used
as Load-B in the setup, which has the provision for altering its speed
and it is also, associated with humidity and a temperature sensor to
demonstrate how the user comfort case is integrated with the algo-
rithms deployed. A charging laptop is included as Load-C: this load is
intentionally chosen to show the scheduling of chargeable loads con-
sidering the time of usage (ToU).

4.2. User end interface with the display unit

The SEM unit has the LCD display unit to display the essential
electrical parameter such as energy consumption of the loads and the

priority of the loads assigned. Switch buttons are included to change the
priority of the appliance according to the consumer preference. The
experimental laboratory setup of the SEM unit is shown in Fig. 6(a).

4.3. Smart socket module as a load controller

Three identical load controllers are used in the experimental setup
which is named as smart socket as depicted in Fig. 6(b), these are used
as general purpose socket built for switching the loads according to
control signals received and sub-metering application to measure the
basic electrical parameters for the loads connected. The module is as-
sociated with an ATMEGA328 microcontroller unit, measurement
modules, i.e. voltage (LEM LV-25P) and current sensors (LEM LA-55P),
a relay module with 20A range for switching actions and XBee series-2
module for bidirectional communication.
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Fig. 8. Experiment to demonstrate running of higher priority appliance with MDL constraint.

Table 2
Power Consumption Data.

loads connected to the smart sockets. In turn, the router receives the
control signal from the coordinator of the SEM unit. The data received
from the router is in the format of the string. Further, it is converted to
its equivalent decimal format to get the actual value of electrical

Based on consumer’s priority, the usage of appliances changes for

Appliance Load a Load b Load ¢  Total
Appliance status On (2- On On parameters.
bulb)
Priority High Medium Low L. .
Apparent Power (W) 330 127 83 4.5. Configurable priority setting feature
Power Demanded (W) 540
Maximum Demand Limit (W) 530
Appliance status (After Power On On Off

Negotiation)

4.4. SEM system communication modules

The SEM system uses two identical XBee modules for ZigBee com-
munication: i) the XBee module with HEM unit, which is configured as
the coordinator and ii) the XBee module in the smart socket, which is
configured as a router at the load end. The Application Transparent
(AT) mode of ZigBee communication is used in the experimental setup.

The coordinator in the SEM unit sends a broadcast data request
message to the routers integrated with the smart socket in the pre-
defined order, which collects all the power consumption data from the

every few hours. For example, in a day time, AC would be more im-
portant than lights whereas, during night time, light is more preferable
than AC. So in order to give flexibility to the consumer in such situa-
tions of changing requirements, there is a provision for priority settings
are made configurable and can be updated anytime by the consumer as
per his/her needs. The priority of each load is displayed on an LCD
screen on a real-time basis.

4.6. IOT environment with an energy monitoring system

A housing development of smart meters are used to monitor energy
consumption in real time. The developed SEMS power data can be
uploaded to the server by establishing a successful connection via an
Ethernet shield. Further uploaded data can be accessed and monitored
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Fig. 10. Experiment to demonstrate user comfort setting with the sensed parameter.

using data monitoring system or data monitoring devices. The graphical
view of the overall system is depicted in Fig. 7. On acquiring metering
data extensively, it is possible to explore research on the management
of energy systems. As of now, several research groups are exploring
research areas like Real-Time Energy Management solutions, Big Data
Analytics, Machine learning, and Energy Costing Solutions.

The energy monitoring system consists of a server and database
management system for real-time monitoring and data acquisition. The
server used is WAMP, and in the WAMP server, hostname is changed
from localhost to “domain name” (Note: smart-meter web domain
works only intra server system, otherwise, the user should enter the
login path to enter into the website). Different names can be given to
multiple databases in the server. In the web portal, only authorized
person can be able to login into the webpage using login credentials.
Further, results and trend graphs are presented in Section 5.5.

5. Demonstration and result analysis

In this section, results for different scenarios are demonstrated and
are analyzed. Experiments are conducted by assigning an order of
priority to an appliance with different configurations, user comfort case
and cost optimization technique are demonstrated to prove the effec-
tiveness of the energy management system.

10

5.1. Operation strategy of a load for configured priority

Case-I(a): Operation strategy with dynamic consumption of “Load
a” (1-bulb).

In this case, incandescent bulb bank is considered as Load A, and it
is assigned with the highest priority. A fan load is assigned with mid
priority. Since battery charging is a schedulable load, it is assigned with
low priority. In this case, SEM load scheduling operation is depicted in
Fig. 8.

Stepwise execution of the load scheduling with configured priority
is detailed below.

Step 1: SEM unit broadcast a data request signal in the form of the
string “Ca”.

Step 2: Load ‘a’ responds with its power consumption data i.e. RMS
voltage, RMS current, power factor, apparent power, real power, re-
active power, energy.

Step 3: SEM unit then broadcast a data request signal in the form of
the string “Cb”.

Step 4: Load ‘b’ responds with its power consumption data.

Step 5: SEM unit then broadcast a data request signal in the form of
the string “Cc”.

Step 6: Load ‘c’ respond with its power consumption data.

Step 7: From Table 2 it is observed that power demanded is less than
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Fig. 11. Experiment to demonstrate scheduling operation with ToU.
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the maximum demand limit. Hence all three loads remain ‘On’ as per
the decisive algorithm. Since total power demand is less than maximum
demand limit, SEM unit switch ON relays of all the three loads using
command signals in the form of strings “raah”, “rbbh”, “rcch”.

In Fig. 8, it is shown maximum demand is set to be 530 W (i.e., input
from the Utility). From the time period 8.16.44 PM to 8.19.44 PM, all
the three loads were turned since the maximum power consumption is
less than the maximum demand limit (MDL). At the instant 8.19.44 PM,
extra incandescent bulbs in the bank are switched (i.e., two bulbs ON)
so that the total power consumption exceeds the MDL. The proposed
SEM controller immediately reacts to this scenario and turns off the
battery charging load(Load-C). Further, at the instant 08.20.29 PM, the
power consumption of lighting load is increased by switching the extra
bulb (i.e., three bulbs ON). Since the lighting load alone consuming
497 W of 530 W MDL. Therefore, the controller switches off the second
load (Load-B) as well to balance the supply and demand. Finally, when
Load A consumption is decreased, Load B and Load C are turned ON in
the order of priority. In this case, power consumption details and
scheduling of appliances by SEM system, are listed in Table 2.

Case-I(b): Operation Strategy with Dynamic Consumption of “Load
a” (2-bulb).

11

5.2. Case-II: load priority order —(Low) Load A — (Mid) Load B — (High)
Load C

Similar to Case-I but with a change in the order of Load priorities,
with the graphical demonstration shown in Fig. 9. SEM unit compares
the total apparent power of all the three loads
(330 + 127 + 083 = 540 W) with a maximum demand limit of 530 W.
Since total power demand is more than the maximum demand limit and
power demand of the first two priority loads (127 + 083 = 210 W) is
less than the maximum demand limit, SEM unit send a commond signal
to turn ON relays of Load-C and Load-B but turns OFF relay of Load-A.

Appliance operation based on Decisive algorithm with an assigned
order of priorities is presented in the above Fig. 9. Consider the case, if
the user wants to turn on all the three Loads. Initially, all the loads are
turned since there is no violation of MDL. As Load A consumption is
increased further, at instant 8:25:14 PM it is observed that Load A is
itself tripped off to avoid MDL violation since it is assigned with lower
priority in this case.

5.3. User preference setting with perceived sensor data
Most of the heating or cooling appliances are designed to operate at

a fixed temperature or in a shorter range of temperatures which would
force appliances to turn on or off frequently. For example, an air
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Fig. 13. (a)Power consumption of the schedulable load (b) Power consumption trend graph.

conditioner attains the desired temperature according to the tempera-
ture set by the consumer. The compressor in the air conditioner is
turned on and remains on until the room temperature decreases to be
the same as the set temperature. Once the desired temperature is
reached, the compressor turns off until the room temperature increases
again. Air conditioner consumes a lot of power every time its com-
pressor is turned on. This power is much greater than the power con-
sumed by the air conditioner for continuous operation (long cycles).
Thus, frequent short cycles affect the efficiency of the air conditioner.
On the other hand, the efficiency of the air conditioner improves as it
runs for more amount of time i.e., longer cycles.

In the proposed system, the consumer is given provision to set a
larger range of temperatures to improve the efficiency of appliances,
thereby reducing energy consumption. In case when the SEM unit sends
a command signals to switch on a heating or cooling appliance, the load
controller of that appliance also checks for comfort settings violation.
Besides, controls appliance such that it always maintains the tempera-
ture within the range of consumer’s comfort settings. In our case, data
from humidity temperature sensor with the Heat Index in Celsius (HIC)
is used as the threshold value. Further, upper limit (25 °C) and the lower
limit (22 °C) are used to control the load status as shown in Fig. 10. At
the instant 7.43.20 PM, room temperature is below 22 °C. Hence the
controller turned off the fan load. Similarly, after some time (i.e., at
07.51.16 PM) temperature has crossed the upper limit (i.e., 25 °C), the
controller turned on the fan load.

5.4. Scheduling considering ToU tariff

As explained in the earlier sections, appliances in the household can
be categorized into two groups, such as schedulable and non-schedul-
able. To reduce the electricity cost during the ToU tariff, the proposed
controller shifts the schedulable loads to peak off hours. In this case, the
controller uses the input from the RTC module and peak hours in-
formation from the utility. Load scheduling characteristics for ToU
tariff system is shown in Fig. 11. Here, peak-off hours start from the
10 PM, and hence the controller shifts the battery charging (i.e., sche-
dulable load) to 10 PM so as to reduce the electricity cost.

5.5. IoT environment with energy monitoring system

The webpage is developed to display real-time energy consumption
and other electrical parameters. The web portal is created in such a way
that only an authorized person can be log into the webpage using login
credentials. After successfully logging in, the user can access the smart
meter data repository. For example: If a user wants to check the real-
time energy consumption of any laboratory present on the webpage, the
user needs to select that laboratory and specify the date and time, as
shown in Fig. 12(a)&(b). By clicking view, it will enter into the next
page, which displays the acquired electrical parameters. As shown in
Fig. 13(b), different electrical parameters will be displayed on this page.
At the end of the page, it will show the total energy consumption of the
selected laboratory. In the main page, there is a provision for checking
the trend graph of power consumption of a different load, as shown in
Fig. 13(a).

The user needs to enter the login credentials in the login page, as
shown in Fig. 11 After successfully logged in to the webpage, the user
can enter into the main page. In the main page, the user can have all the
privileges to select the different laboratories, check the real-time energy
consumption, Power usage data, possible to view trend graph of energy
consumption. If a user or guest wants to know the objective and project
details can check it in about the project. The load wise power data such
as RMS current, power demand, power factor, energy consumption, and
assigned priority for a load of developed SEMS system is shown in
Fig. 13(b). In addition, due time in hours for the schedulable load is also
shown in the power data table.

6. Conclusion

The hardware prototype of SEMS is designed and developed in the
laboratory environment, and experiments are carried out to demon-
strate the effectiveness and working of the power optimization algo-
rithms deployed in the controller. The wireless ZigBee communication
is established using XBee series-2 modules between the SEM controller
and smart socket unit. It is also incorporated with a new advanced self-
diagnostic mechanism to form a reliable network. The first experiment

12
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demonstrates the novel configurable priority feature, wherein three
different loads are considered. There is also a provision to change the
priority order of an appliances according to the consumer requirement.
Secondly, in this work, different experimental scenarios are exhibited to
show the running of only higher priority appliance during DR event and
under MDL constraint. Furthermore, cost optimization algorithms are
deployed in the SEM controller, which schedules the operation of a
particular appliance during the off peak hours. It considers ToU tariff
and hence utilize the lower slab rate to minimize electricity cost. In
order to avoid higher power consumption during peak hours, a warning
is given to the consumer with a buzzer and LED indicators. Finally, to
access the power consumption data of individual load, secure web
portal associated with an IoT environment is developed. GUI is pro-
vided with power consumption plot to view power usage of an appli-
ance daily and monthly basis and also, database is provided for the
energy management system with a provision to use it for further data
analytics.
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