International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:9, No:11, 2015

Smart Power Scheduling to Reduce Peak Demand
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Abstract—This paper discusses the simulation and experimental
work of small Smart Grid containing ten consumers. Smart Grid is
characterized by a two-way flow of real-time information and energy.
RTP (Real Time Pricing) based tariff is implemented in this work to
reduce peak demand, PAR (peak to average ratio) and cost of energy
consumed. In the experimental work described here, working of
Smart Plug, HEC (Home Energy Controller), HAN (Home Area
Network) and communication link between consumers and utility
server are explained. Algorithms for Smart Plug, HEC, and utility
server are presented and explained in this work. After receiving the
Real Time Price for different time slots of the day, HEC interacts
automatically by running an algorithm which is based on Linear
Programming Problem (LPP) method to find the optimal energy
consumption schedule. Algorithm made for utility server can handle
more than one off-peak time period during the day. Simulation and
experimental work are carried out for different cases. At the end of
this work, comparison between simulation results and experimental
results are presented to show the effectiveness of the minimization
method adopted.

Keywords—Smart Grid, Real Time Pricing, Peak to Average
Ratio, Home Area Network, Home Energy Controller, Smart Plug,
Utility Server, Linear Programming Problem.

I. INTRODUCTION

RESENTLY the majority of the countries use centralized
power generation and hierarchical structure of power grid.
A vast majority of electrical power is generated by fossil fuel
and nuclear fuel in the world. Due to a bad effect on the
environment and limited resources of it, non-conventional
energy sources are required to integrate with conventional
power grids. Gradually, the share of the non-conventional
power is required to increase in the grid. Apart from this, the
majority of countries use flat rate tariff that does not give
incentives to customers to use the power during the off-peak
period. To integrate the non-conventional energy sources
efficiently with the conventional power grid and implement
different types of DR programs, the conventional power grid
must be converted into Smart Grid [1], [2]. Such type of
evolution of the conventional power grid to Smart Grid is
shown in Fig. 1.
A Smart Grid provides path to both electrical power and
information for minimization of environmental impact and
energy cost to improve reliability and efficiency of the grid
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[3]. While generating, transmitting and distributing the
electrical power, the major challenge for the utility is to match
supply and demand [4]. This challenge can be overcome by
shifting the operations of the schedulable appliances. There
are various methods suggested in the different literature about
shifting the operation of schedulable appliances [5], [6]. One
out them is Direct Load Control (DLC) [7]. In this method, the
utility is empowered to control the appliances whenever
required. This method provides less comfort to consumers.
Incentives must be provided to the consumers for utilization of
energy during the off-peak period.

Real Time Pricing (RTP) method is better than the former
due to some of its prominent features [8]. In this method, the
utility sends RTP rates and useful signals regularly to the
smart meters of all the consumers. HEC (Home Energy
Controller) can be used to calculate optimized time slots for
the schedulable appliances to reduce a cost of energy, peak
demand and Peak to Average Ratio (PAR) [9], [10]. To
achieve this important goal of Smart Grid, two-way
communication between customers and utility is required.
Smart Grid consists of various types of sensors, smart meters,
Home Energy Controllers [11]. Two-way communication can
be provided between the smart meter and service provider
using GSM (Global System for Mobile) network or WiMAX
(Worldwide Interoperability for Microwave Access) [12],
[13]. Various data such as real power, apparent power,
voltage, current, and power factor are required to exchange
between the service provider and consumer [14].

The domestic appliances can be divided into two categories.
One is schedulable and another is non-schedulable [15], [16].
Delayed operation of a schedulable load doesn’t make a
difference for customers. Appliances like PHEV (Plugged in
Hybrid Electric Vehicle), washing machine, water pump and
dishwasher can be considered as schedulable appliances. Non-
schedulable appliances must get power when switched on.

In RTP based tariffs, to calculate optimized time slots for
the schedulable appliances, HEC is used to reduce peak
demand of the grid [9], [10], [17]. In Home Area Network
(HAN), HEC is connected with schedulable load through
ZigBee to send or receive signals. Such a network is shown in
Fig. 2.

If energy usage during the entire day remains same,
reduction in the peak load results in the reduction in PAR. If
the entire schedulable load is shifted towards off-peak period,
peak load condition arises during that time interval. This
condition is called the rebound peak condition [7]. While
minimizing the energy cost; PAR is not allowed to rise to
avoid rebound peak condition.
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In this work, the group of ten customers is considered for
experimental setup and simulation and experimental results
are presented and compared for different cases.

The remaining paper is organized as follows. Section II
introduces residential power scheduling model, Section III
presents simulation results, Section IV presents hardware
development, Section V presents experimental setup and
results and Section VI presents conclusions and potential
future directions.

II. RESIDENTIAL POWER SCHEDULING MODEL

Let I denote the set of users where the number of users are [
2 |I|. For each customer, i € I, let I} denote the total load at
hour t € T £{1, 2.....t}, where the value of t is taken as 24.
The cost of unit changes after every hour. The daily load of
user i is denoted by I; 2{1;, 1, ...1i} [8].

Based on the above definitions, the total load of all users at
each hour of the day t€ T can be given by

L 2 Ziel 1;[ (1)
Based on the above calculations, Peak to Average Ratio
(PAR) for all the users can be calculated by following steps

Lpeak = T:'I)f L; (2)

and
1
Laverage = }Zt erLe (3)

So PAR can be calculated by

PAR = Lpeak — T.max t€T L (4)

Laverage Yterle

A. Power Scheduling Strategy

As discussed in the earlier section, non-schedulable
appliances must be turned on whenever it is required, while
the operation of schedulable appliances is controlled by HEC.
Schedulable appliances are ‘turned on’, on the condition of
RTP signal (or in other sense peak or off-peak condition). Let
Ki (for i € I) denote the set of schedulable appliances (such as
PHEV, washing machine etc.) as presented in Fig. 2.
Schedulable appliances receive power through Smart Plugs.
Smart Plugs only allow power to schedulable appliances if
permission is granted from HEC. Utility may deny permission
to particular HEC if total demand of the grid exceeds the
permissible limit. For the experimental setup used here, this
limit is 22 kW. The power ratings of PHEV and Washing
machine are taken as 3 kW and 1 kW respectively [18].

B. Energy Cost

Here, energy cost is a variable quantity. C; represents
energy cost in terms of Rs./unit at t" hour where t € T.
Considering the energy cost C; the total cost of energy
consumed by schedulable appliances can be given by

Ct(ZiEIZkEKi xit,k) JViE] 3)

C.Minimization of PAR and Energy Cost
The minimization of PAR [19] can be given by

minimize max t
X(€X, Viel teT (Zie[ZkeKixi,k) (6)

The cost of energy consumption can be minimized by
scheduling the operation of schedulable appliances towards
lower energy cost intervals (or off-peak period) for all the
users. So cost minimization problem can be given by (7):

m;’jg;:? =1 Ce (Ziel Zkeki xit,k) @)
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In this work, the goal is to minimize both PAR and energy
cost. Equation (7) can be solved by linear programming
calculations [19], [20]. Utility sends signals regarding peak
value on the grid and according to it each HEC designs
schedule xf. Utility checks for peak value to avoid any
rebound peak. Whenever request from any schedulable
appliances k € Kjis received, HEC (of user i) sends signals to
utility. HEC calculates optimized time schedule as per (7).
Utility checks for peak load that may occur by allowing this
schedulable appliance k € K. If there is no possibility of
occurrence of peak load by allowing any schedulable
appliance k, a “switched on” permission will be granted to
HEC of user i. If new request from any user for such
schedulable appliance k € K; is received after achieving peak
load, that appliance has to wait until the new time slot t. After
allowing permission to a new schedulable appliance, HEC
sends the total load x} (in kW) of user i to utility.

III. SIMULATION RESULTS
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Fig. 3 Comparison of daily energy cost of each customer for all the
cases and RTP signal sent by utility

The simulation for the minimization of PAR and energy
cost is done using MATLAB. The simulation is carried out
considering the three different cases. RTP based tariff is used
in all the cases. Any number of customers and any number of
schedulable appliances for each customer can be considered
for this work. However, for simplicity only 10 customers and
two schedulable appliances per customer have been
considered for this simulation. Simulation results for different
cases are presented in [19]. Comparison of total cost of
consumption for three different cases is presented in Fig. 3 (a).

In first case, value of PAR is 3.21 and energy cost of the
day is also higher as compared with second and third case. In
this case any PAR and energy cost minimization techniques
are not used. In second case, operation of all the schedulable
appliances are shifted to low priced time slots. Considerable
saving in energy cost is observed in second case but PAR in
that case is 2.48 and rebound peak occurs in that case. In third
case, operation of schedulable appliances is shifted to low
priced time slots but after reaching the permissible value of
peak load (22 kW) during off-peak period, this process of
shifting is stopped. Third case is acceptable as the PAR in this
case is 1.62, which is the lowest among all cases [19]. The
RTP signal sent by utility (and used for simulation) is shown
in Fig. 3 (b).

IV. HARDWARE DEVELOPMENT
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Fig. 4 Architecture showing HEC, Smart Meter and HAN

The architecture of HEC cum smart meter and HAN is
presented in Fig. 4. In such system, communication links are
established between users and utility servers through GSM
network [9], [10]. For data collection, RS232, RS485 serial
ports or ZigBee can be used. In this work ARM Core, Phillips
LPC 2148, 32 bit, 64 pin processor is used. The smart meter
unit and HEC are made in a single hardware. Home Area
Network is made using ZigBee. This is low power, low cost
and lower data rate (250 kb/s) network. In future, the domestic
appliances based on the IPv 6 will be available in the market
that can directly communicate with HEC (or even with utility).
However presently such appliances are not available in the
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market so in this work, the smart plug is made that allows
power to domestic appliances according to the signals sent by
HEC.
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Fig. 6 Actual view and display of HEC

The flow chart for the operation of HEC is shown in Fig. 5.
The program for HEC is made to identify the successive
minimum priced time slots for schedulable loads A and B. Fig.
6 (a) shows the actual view of HEC. The LCD display shows
different types of information during the working of HEC.
This is shown in Fig. 6 (b). In the first line, current power
consumption, P in Watts and total cost of energy consumed (in
Rs., till the time of a day) is displayed. In the second line,
current status of schedulable appliances A and B are shown. In
Fig. 6 (b), “A: ON” and “B: OF” indicates that currently
device A is turned on and B is turned off by HEC.

B.Role of Smart Plug
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(c) Actual view of smart plug

Fig. 7 Flowchart, functional block diagram and actual view of Smart

Plug
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The Smart Plug works according to the signals received
from HEC. It allows power to domestic appliances, according
to the signals sent by HEC. In Fig. 7, operation of Smart Plug
is explained.

C.Role of Utility Server in Reduction of PAR

Power Supply
Fig. 8 Infrastructure of small Smart grid

Fig. 8 shows the infrastructure of the small grid which
presents the experimental setup of this work. In this grid, RTP
based tariff is implemented to achieve the reduction in peak
demand and PAR. To implement this tariff, all customers must
have one HEC and required smart plugs (as many as the
numbers of schedulable appliances). In the experimental setup
presented here, only one HEC and two smart plugs for first
customer are used and to represent the operation of other nine
customers, programmable load is used that works as good as
the group of remaining nine HECs of remaining nine
customers. The algorithm for utility server to minimize peak
load, PAR and cost of the energy consumed of the grid is
explained in Fig. 9. The experimental setup using such
strategy is shown in Fig. 10.

Everyday utility server sends the RTP at 12:00 a.m. to all
the customers. HECs of all the customers receive these data
and by running an algorithm (as explained in 4.1) it finds out
the successive low priced time slots for all schedulable
appliances.

D.Working of Utility Server

During the off-peak period if any customer switches on the
smart plug to allow power to its schedulable appliances, the
request will be sent to first HEC and then to utility server. All
the requests received are registered and priority is given to all
the registered customers. In this setup, the unique protocol is
used to send and receive the commands. If customer 1 wants
to give power to its schedulable appliances B1, (all the B type
appliances are PHEV and having consumption of 3 kW)
HEC] of customer 1 sends commands $B1# to the server (any
kind of code can be used). At that time all the registered
customers send request $Bn# (n=1, 2, ..... n) to server and
server registers all the request and priority is given to them on
first come first serve basis. After considering the allowable

capacity of the power for that grid, the server sends signals to
customers to allow the power on priority basis.

»

>,

/ Send Real Time Price to all customers /

le <
<

Is Off-Peak period
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v

/ Allow power to all schedulable appliances whose requests are
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Fig. 9 Flow chart for the operation of utility server

If the request of B type of appliances of customer ‘n’ is
fulfilled, the server sends command *Bn# and immediately the
B type appliance of customer ‘n’ will receive the power. This
process takes only a few seconds. Whole process is explained
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in Fig. 9. To avoid the rebound peak condition during the off-
peak period, the server continuously monitors the current
demand of the grid. When grid capacity reaches near
allowable capacity, permission is denied to remaining
appliances.

These remaining appliances have to wait until the
completion of the operation of schedulable appliances
connected to the grid. After completion of the operation of
those schedulable appliances, the server again sends command
and allows power to appliances those are in waiting
(considering their priorities).

V.EXPERIMENTAL SETUP

In this setup, as explained in IV A, only one Home Area
Network of customer-1 is made and for remaining customers
programmable load is used that responds to the server as good
as real Home Area Networks. The layout and actual view of it
is presented in Fig. 10 (a).

Lamps having rating of 75 W and 25 W are used instead of
PHEV and washing machine respectively to save energy
during experiment. Time slot having one minute instead of
one hour is used to save overall time during the experiment.

Wit @ @ @ @ @ @ @ @
2 3 4 56 7 8 910
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&

Microcontroller GSM
ATMEGA 2560 “ MODEM

(a) Layout of programmable load

(c) Complete setup (Server, programmable load and HAN1)

Fig. 10 Programmable load and complete setup

The complete setup is shown in Figs. 10 (a) and (b). The
front panel of the server that is made using LabVIEW, is
shown in Figs. 10 (c¢) and 11. The actual consumption and
Real Time Price currently used are also shown in it.

The values of total consumption of customer -1 and other
customers (2-9) are stored in Ms-Excel files. The path for
those files is clearly shown on the panel presented in Fig. 11.

A. Experimental Results

In this experimental work, two types of schedulable
appliances are considered. One is type A (washing machine
having power rating of 1 kW) and the other is type B (PHEV
having power rating of 3 kW). Washing Machine and PHEV
are given power through smart plugs A and B respectively.
The algorithm shown in Fig. 9 can work on multiple off-peak
periods during the day. In this work, only two off-peak periods
are considered. First one is between 12:00 AM to 08:00 AM
(for type B appliances having higher rated power) and another
one is 09:00 AM to 4 p.m. (Type A appliances having lower
rating of power). In the experimental work done here, four
different types of cases are considered and it is proved that
these results are very identical with the simulations results

obtained in [19].

1) Case-1

In this case, the appliances are allowed to run at any time
without considering low priced slots. Any PAR reduction and
cost minimization technique is not applied here. The PAR is
3.44 in this case. Value of PAR in this case is the highest
among all the cases. This is shown in Fig. 12 (a).

2) Case-2

During the off-peak period at night between 12:00 AM to
08:00 AM, all the type B schedulable appliances are allowed
to consume power during low prized time slots. Similarly, all
the type A appliances are allowed to consume power during
the second declared off-peak period between 09:00 AM to
16:00 PM. In this case, peak demand crosses the permissible
limit of 22 kW. This shows the rebound peak. Fig. 12 (b)
shows the experimental results which presents rebound peak
in it. The PAR, in this case, is 2.94.
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4) Case-4

In this case, the setup works exactly as explained in case 3.
If any fault occurs in power grid of a nearby region, some or
all the schedulable appliances are forced to stop their
operation by sending command (e.g. SEBn#, n=1, 2, ........n).
Using this emergency cutoff, more customers can get power to
run required (or emergency) appliances until the fault is
cleared. This is shown in Fig. 12 (d).

B. Comparison of Cost of Energy Consumed in Different
Cases

Fig. 13 represents the comparison of the cost of energy
consumed in different cases. In second case the cost of energy
consumed is the lowest but this strategy should not be used as
PAR, in this case, is 2.94. The strategy shown in a third case
should be used as the PAR, in this case, is 1.72 which is the
lowest among all cases.

VI. CONCLUSION

In this work, experimental work is carried for different
cases for setup of a small smart grid. The algorithm for the
utility server and HEC to minimize peak load, PAR and cost
of energy are presented here. To avoid the rebound peak
condition during the off-peak period, the server continuously
monitors the current demand of the grid. When grid capacity

reaches near allowable capacity, it stops giving permission to
remaining appliances. Remaining appliances get power in next
time slots of the same off-peak period. During the day, more
than one off-peak period can be handled by the algorithm
designed here. This gives more flexibility and smoothen the
process of PAR reduction. If we consider only the cost
minimization problem, the PAR rises and the load shifts
towards lowest energy cost duration as presented in Fig. 12
(b). As a result, the customer gets a benefit of lowest energy
cost but peak load condition arises during that off-peak period
and that results in the extra burden of power on the utility
during that time slots. Although lowest energy cost is achieved
in the second case, it is not an advisable solution because
rebound peak condition occurs during the off-peak period.
This condition is eliminated in the third case. In the third case,
the value of PAR is 1.62 in simulation work and 1.73 in
experimental work. Experimental result for third case is shown
in Fig. 12 (c). Experimental results for cost of energy
consumed by different customers in different cases are
presented in Fig. 13.

Experimental results are very identical with simulation
results. If more numbers of schedulable appliances are used,
PAR can be reduced further. Although the emergency cut-off
facility shown in the fourth case is not a part of PAR reduction
process, it is very useful when the major fault occurs in the
power station or nearby interconnected power grid. The
strategy presented in this work can also be applied to
commercial and industrial sector.
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