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The sharp rise in population during the last half century has created immense
pressure on the resources required for generation of energy essential to lead
a comfortable and healthy lifestyle. The drive towards 100% electrification
in developing countries like India has also contributed to this increase in
demand. Till recently, fossil fuel was use to supply the bulk of this power.
Now, the world is moving more and more towards renewable energy. This
paper presents a model where several regions are combined together based
on the demand profile of the regions segregated as urban, semi urban and
rural along with the flexibility to schedule loads on the basis of availability
of renewable energy sources within the area of the regions. The main focus
is on detailed neural-networking based load forecasting and developing a
load management system to manage load based on availability of distributed
generation capacity and available tariff system. A solution is proposed in
this paper based on a new approach to answer load management on the basis

Renewable of region, population demographics and per capita energy consumption. A
Soft computing considerable amount of improvement to manage demand is intended to be
attained and has been demonstrated in this research work.
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1. INTRODUCTION

The electricity demand is predicted to increase substantially in the future. The major contributors
would be the rising population, improvement in lifestyle, rural electrification and growing demand for air
conditioning and digital devices in the semi-urban and urban areas. The growth of electricity demand is
projected to be 2.1% per year globally, of which a major portion will be contributed by the developing
countries. The increased generation to meet the demand will result in higher CO, emissions and faster
depletion of fossil fuels. These factors combined with the sustainable development goals are pushing
renewable energy to the forefront, playing a major role in meeting the electricity demand growth [1], [2]. In
such a scenario, the proper utilisation of the available resources and providing efficient service to the
consumers can be done by effective load management systems [3]. Load management approach can either be
targeted towards supply side management or demand side management as explored by Deka et al. [4] and
Tan et al. [5]. Compared to the supply side management, demand side management has been a more explored
area. The simplest approach towards demand side management considers the objective of peak load and
consumer cost reduction proposed by Teive [6] but it is not the most efficient as it does not consider the
integration of renewable sources or appliance usage pattern of consumers thus reducing consumer comfort.
The application of computational intelligence is finding increased application in many fields [7]-[11]. It has
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also gained immense importance in developing load forecasting and management techniques [12]-[15].
Different techinues have been applied to propose solutions for unit commitment problem, improvement of
stability and reactive power compensation [16]-[18]. However, though some of these techniques consider
consumer comfort [19] but none of them consider the difficulty of applying the solution to a large consumer
base. The area under a utility which is expected to implement these solutions is bound to have huge
variations in the behaviour and lifestyle pattern of the consumers. This leads to a difference in the appliance
concentration and usage pattern. The division of the supply area into rural, semi urban and urban regions can
provide a better framework for determining the parameters needed to design aggregate models of different
consumer categories. Integration of renewable sources, battery storage, electric vehicles and the involvement
of the consumers in the demand side management makes the system more efficient [20]-[22]. Artificial
intelligence integrated techniques have demonstrated good efficiency in reducing demand and cost [23], [24].
An approach to mitigate the problems occurring from increased renewable penetration in the domestic sector
has been proposed by Gong et al. [25]. The scheduling flexibility of different type of loads are required to be
considered to move towards the goal of efficient operation of integrated systems [26]. However, these
proposed solutions are designed for particular consumer categories. They do not explore the challenges that
would be faced while applying these solutions to different consumer categories with variation in usage
pattern. Also, based upon the region where the solution needs to be applied, the same consumer class may
have different electricity usage behaviour. This difference may also render the solution inefficient for
widespread application. Thus, a framework needs to be developed for the identification of the type of region
and the consumer category preferably from the load consumption pattern. Based on the output of this
framework, the required modifications can be made to the parameters of the solution to increase its efficiency
for different consumer bases. Rural electrical demand and growth trends are explored by Oluwasii et al. [27].
Equivalent models of loads with flexible schedules would make the systems more robust and require less
computational resources for operation making demand side management easier [28], [29]. While such models
can be efficiently implemented in urban areas, the demand side management of rural areas may require a
different approach of processing data [30]. With increase in distributed generation systems there has been a
rise of clusters of consumers and generator units. The active participation of such units can be facilitated
through aggregators and virtual power players [31]. The design of energy storage units, generation unit
commitment and scheduling solutions for such systems have been an area of vigorous research lately [32],
[33]. Performance analysis of such systems under islanded conditions is also of great importance. Improved
communication is key to the efficient operation of such systems. IoT and cloud computing can be used to
develop an efficient communication system [34]. Increased penetration of electric vehicles in the
conventional system has given rise to the need of optimal voltage control of the distribution system and
efficient power management of an electric vehicle [35], [36]. However, the approach towards developing a
load management system based on regional classification of loads is yet to be taken. There have been several
approaches towards integration of renewable energy sources in the demand response strategies. But, the
concept of regional renewable energy resource development strategy based on the characteristics and growth
prediction of regional loads is still unexplored.

Thus, the objective of this work is to develop a load management system based on diversification of
load on a regional basis. The regional loads have been proposed to be categorized as urban, semi urban and
rural based on per capita energy consumption, population growth and load profile. Along with this, to
develop a flexible and robust load management system based on the subcategories, renewable energy
integration becomes inevitable. The proposed regional load management system model is based on the
following approach:

— A fuzzy logic tool-based approach is used to develop region wise load profiles of different categories of
consumers.

— The real time load data is correlated with the developed load profiles to classify the region from which the
data is obtained as urban, semi urban and rural.

— The loads to be supplied per hour are classified into two categories-one which can be supplied by
renewable and the other which has to be supplied form grid.

— The proposed model can be further used to predict the supply growth requirement in the future to meet
the power demand based on the growth pattern of the selected loads in the concerned region.

The rest of the paper layout is as; section 2 elaborates the fuzzy inference system used to develop the
regional load profiles, rescheduling strategy by particle swarm optimization (PSO) and the fuzzy tool to
classify loads for being supplied from renewable or grid. Section 3 describes various performance metrices
and graphical representations of the proposed technique. Section 4 summarises the main outcomes of this
literature.
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2. PROPOSED LOAD MANAGEMENT STRATEGY

In this section we first present the load switching and rescheduling models of the regional loads and
then propose a method to determine the percentage of loads that can be supplied by renewable energy. This
process will contribute towards renewable energy growth planning based on the composition and growth of
load demand in the regions supplied by different utilities.

2.1. Model of switching schedule of loads

The area supplied by each utility can be divided into three regions Urban, Semi-Urban and Rural based on
the population. The loads of every region can be further subdivided into residential, commercial, industrial,
agricultural and public lighting. It is understandable that each area will have different concentration of loads based on
the income and lifestyle of the people and accordingly the percentage of total load as well as loads of individual
category that can be supplied with the renewable energy will vary. The loads of each type again comprise of non-shift
able and flexible loads. In our work we have taken Residential and commercial loads of an urban and a rural area
respectively. To provide an effective model for load to renewable energy mapping first it is required to develop a
switching profile of each load and a rescheduling strategy to reduce the peak load and stress on generation facilities. In
order to develop a switching profile fuzzy logic has been used in this work. It has been seen that a reasonable
modelling of consumption pattern can be done by computational intelligence using individual appliances as basic
building blocks [37]. An upper limit on the number of appliances that can be switched on at the same time is provided
by a prefixed hourly maximum power consumption value. This value has been determined by forecasting with ANN.
ANN was selected for it’s efficiency in multivariate forecasting [38], [39]. The fuzzy rule base of the system has been
developed after extensive study of the data provided by surveys over multiple cities and towns spread over different
regions [40], [41].

The number of urban residential and commercial appliance ownerships are considerably higher compared to
the rural areas. The usage patterns of the appliances were used to develop the Fuzzy Rule base an example of which is
shown in Table 1. The time of the day has been divided into five membership functions namely early morning (EM),
morning (M), afternoon (A), evening (E), late evening (LE). Also, the priority of the appliances and their probability
to be switched on has been divided into 5 membership functions namely very high (VH), high (H), medium (M), low
(L), very low (VL). Trapezoidal membership functions have been taken for both the input parameters whereas the
output parameter has been modelled by triangular membership functions.

Table 1. Fuzzy rulebase of AC

. Time of day
Load priority EM M A E LE
VH L M VH VH L
H VL L H H VL
M VL VL M M VL
L VL VL L L VL
VL VL VL VL VL VL

The entire day has been divided into T time periods for each of which every appliance is assigned a switching
value through the fuzzy logic program such as:

Sl =a,va€e[01] D

Yhia # Y )

Soidpt < rfir 3)
h

Ytdi< o )

P, = P,(.)|P;(t) subject to (1) to (4) (5)
. 2

Obj = [224, (TN R — Pregn)” + ] ©)

K = 1000 * /[rt; — rtye]? @)

Where Obj is the objective function and x is the penalty function incorporated into the objective function to
ensure that the appliances complete their runtimes. This has been used as a soft penalty function to allow a
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small amount of flexibility in the appliance runtimes. This can be justified with the fact that rt;is the average
runtime of the 1™ appliance which means some appliances belonging to the 1™ set will have less runtimes
than the average while some will have more. The best population among multiple runs is selected based on
the Obj function value. The area and load division structure are shown in Figure 1(a) and the structure of the

fuzzy system is shown in Figure 1(b).
[ Area Under Utility ]

Urban Semi-Urban Rural

C Residential ) C Commercial ) ( Industrial ) ( Agricultural ) ( Public Lighting )

()

Fuzzy Inference
System

Fuzzification i Defuzzification

v b

Fuzzy Rulebase

(b)

Figure 1. Structures of the area division and fuzzy logic process (a) area and load division structure and (b)
fuzzy structure

2.2. Classification of regions
The load profiles that were developed using fuzzy logic are utilised to classify different regions
based on the correlation between the output of the fuzzy logic program and the actual load demand input or

the region. The synthetic load profile L)S(;,(nth and the actual load demand profile L, are first normalized

using the formula:
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LXY,h
LXY,h __ “synth 8
synth,norm — LXY,max ( )
'synth
h
h _ Lact
Lact,normh - Laacct (9)
max
XYh _ vN XYh
Lsynth — 4i=1 Ysynth,i (10)
where: L)S(;I'lhth'i =fuzzy logic output of h'™" hour of the i" load of Y™ type of X" region
N=total number of loads of Y™ type in X! region
max.__

na =maximum value of the input load profile in time period T
Then the correlation between them is obtained using the following formula:

COV(LaCt,norm'L)s(;{nth,norm) (11)

G(LaCt.norm)*G(L;(ynth,normY)

XY —
Cor(Lact,norm! Lsynth,norm) -

Lact € XYifcor(Lact,normr L)s(;{nth,norm) 2 0'8 (12)

where: VX € [Urban, Semi Urban, Rural]
VY € [Residential, Commercial, Industrial, Agricultural, PublicWorks]

2.3. Rescheduling of loads for better load factor

After formation of the switching profiles each appliance of Y™ type in X region is obtained as
[afY,afY ..., a¥Y] € RM*N where M = nglZ]Y:’l i a:i and N = H where X'=total number of regions,
Y'=total number of consumer types and A = total number of appliances in under each consumer type of each
region. Each appliance will have a different set of starting and stopping time [tstart, tstop] € RM*2) petween
which they can be rescheduled. This start and stop times have been decided by taking into consideration the
different user data obtained from surveys and data repositories of utility services. PSO has been used to
perform the rescheduling to minimize the objective function developed as:

2
Obj = min [SH, (£, ¢! x B™® —avg. Load) | (13)
Where H denotes the maximum time slots the day has been divided into, M denotes the total number of

appliances under consideration defined earlier, ¢ € [0,1] denotes the switching status of the load satisfying
the following conditions:

E,—E == (kZ+k2) (1)
oF =[01]vte [tstart,iltstop,i] (14)
(H] =0vté¢ [tstart,irtstop,i] (15)
rtfY = afyf —afy (16)

Pirt(h) = the power consumption demand of ith load on the runtime slot corresponding to the h' time slot of

the day and avg. Load = %Z?zl 211\11 P]-rt(i). The function of the load scheduling program is to bring the load

demand factor as close to 1 as possible by filling in the valleys and reducing the peaks in the daily demand
curve. This serves to ensure that the load consumption is fully optimised so that when the loads are selected
for renewable or grid supply there is no wastage of resources due to inefficient load consumption pattern. The
demand to be supplied at each time slot can be defined by:

M P =31 NSLj(h) + ZE., CLi(h) — Sk, DLy(h). (17)

Where NSL;j(h) = j™ non-schedulable load at h™® time slot, CLy(h) = k'™ connected load at h™ time slot
which was either already present in the time slot of concern or disconnected from another time slot and
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connected to the present time slot and DL;(h) = 1™ disconnected load which has been disconnected from the
time slot in concern and shifted to another time slot.

2.4. Tagging the scheduled loads to determine which loads can be supplied by renewable energy

The loads are tagged in two parts—those which can be supplied by renewable energy and those who
can be supplied by grid. The division of loads is done by using a fuzzy rule base, an example of which is
given in Table 2. The renewable energy available in the region is classified into three categories: H, M and L.

Table 2. Fuzzy rule base for load source mapping with high renewable availability
Power consumption

Runtime

VH H M L VL

VH NL NL NL L L
H NL NL L L VL
M NL L L VL VL
L L L VL VL VL
VL L L VL VL VL

The power consumption of each load has been classified into five categories: VH, H, M, L and VL
and the time duration of continuous consumption for each load starting from the hour under consideration is
divided into five categories: VH, H, M, L and VL. On every hour the different loads are tagged to be supplied
by either renewable energy or directly from the grid based on the following:

SiXY,h+rt — f(l't?(Y'h, PiXY! BR, WiXY'h) (18)
BR =YL, Af (19)
vSEh e [1,2] (20)

where: SiXY’h+rt =switch status of i™h load of Y™ type in the X region in (h + rt)™ hour

1 =possibility to be supplied by renewable sources

2 =supplied by grid

)\f( =available power from renewable source energy of i type in Xt region

N =total number of renewable energy sources in the Y region

rt =runtime of i™" load of Y™ type in X region

PXY =power rating of the i" load of Y type in the Xt region

WX =tagged status of it" load of Y type in the Xt region at ht" hour

The loads that are tagged each hour for being supplied by a certain source continues to be supplied

from that as source for the consecutive hours in which it is in continuous operation. While classifying the
different loads at those hours the load that is already tagged due to continuous operation from a previous hour
is skipped but provided with the highest priority to be provided from the supply it is already tagged with.

2.5. Redistributing the regional loads in case of source failure
Sometimes a source may fail to deliver in a region at any hour such that

YN, P < TN, P(pred)" 1)

where: YN, P(act)?’h =actual available power from renewable sources of the X" region in the h'" hour.

N, P(pred)f(’h =predicted available power from renewable sources of the X' region in the h'" hour.
In such a case it is necessary to reorganise the loads projected to be supplied by renewable energy. The loads
are redistributed according to their priority and state of operation such that

LY > LY MifrtXY > 0,rt”Y = 0 and PRYY = PRY'™ (22)
or,

L)i(Y,h > L]ZY,hifPR)i(Y,h > PR]-ZY (23)

Si)(Y,h+rt -1 (24)
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ST € [0,2] (25)

where: [0,1,2] € [switchedoff, renewablesupplied, gridsupplied]

3.

L)i(Y,h —
ZY,h
LY =

ith load of the Y 'type ofX™ region in h™" hour
ith load of the Y™ type of Z™ region in h™" hour

=Priority of the i™ load of the Y type of X' region in h™® hour
PRZ"™ =Priority of the it load of the Y type of Z™ region in h" hour

VX, Z € [urban, semiurban, rural]
VY € [Residential, Commercial, Industrial, Agricultural, PublicWorks]

1
PRI

RESULTS AND DISCUSSION
Based on the mathematical discussion given in section 2 an algorithm 1 was developed to form a

reference template to compare and distinguish between different regions and load categories, reschedule them
to decrease the load factor and finally categorize them into the loads than can be supplied by renewable and
those which need to be supplied by grid. The output of the program for providing the template for
comparison is given in Figure 2. The seasonal variation of the daily load demand output for Urban residential
area unit is shown in Figure 2(a) and that of Urban commercial unit area is shown in Figure 2(b).

Algorithm 1. Fuzzy tool to map demand ro renewable supply

1 [appl_no, power_consump] = func(demographics [Region], consump_pattern [Region]);
2 [Region_type] = max (corr (Region, preGenerated_RegionProfiles));

3 [appl_sets, appliance_numbers, appl_switchingProfile] = func(Region_type);

4 Groupsimilarappliancesswitchedtogether;

5 SetMinimumandM aximumlimitsbetweenwhichtheycanbeswitchedon;

6 RunPSO;

7 for h < 11024 do
8 appl_priority = func(TOD,appl_continuity, appl_usage);
fuzzyinput = func (appl_cont RunH ours, appl_PowerConsump, perc_RencwAvail);

9
10 fuzzyoutput = appl_Supply € [rencwable, grid);
1 Select : dom,comm,ind & agri units having max (appl) € [Rencwable];
12 Reschedule : appl & [rencwable] to hours € [demand_factor < 1];
13 Supply : selected units & appliances accrording to their priority level;
14 Store : Excess renewable supply to be used during low availability hours ;
15 end
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Summer and Winter Load Demand for Unit Urban Commercial Area

T T T T T I~ T T 1
- ‘L-i*
-A-Summer Load Demand i T \
3 ~#-Winter Load Demand /’ ’ \ % *— %
’ o ) \
¢ AW )
25 |- f) O 1
= ' . .\| 4 \l \
E : W
= : \
T 20 ] .
c / . X
g X
r)
) . \
Qs ! \ A .
o / N A
g :} \\:"i
- ! LA
10 - - 4
K 4
4= \
S \
5 g kY y
* H . K
Sl ey ol T :
0 | | | | | | | | |
2 4 6 8 10 12 14 16 18 20 22 24
Time(hours)

(b)

Figure 2. Outputs of the fuzzy logic tool (b) the output of the fuzzy tool for developing unit urban
commercial load demand (continue)

The data obtained from the fuzzy tool whose outputs have been shown above were used to find
correlation with the actual energy consumption data obtained from different surveys and utility reports [40],
[41]. The output of the correlation method provided good results in identifying both the region and type of
consumer based on the normalized load demand values and the load demand profile. The result of the
comparison has been shown below in Table 3. The urban residential demand curve scores above 0.8 when
correlated with the urban residential data provided by the fuzzy tool whereas we get much lower correlation
values when the actual urban residential demand data is correlated with the other outputs of the fuzzy tool.

The same result is observed for the other regional data also. Thus, it can distinctly identify the load demand
profile based on the region and the consumer category.

Table 3. Correlation data

Real time data ) ) Output data of fuzzy tool ) )
Urban residential  Urban commercial ~ Rural residential
Urban residential 0.8414 -0.7727 -0.1234
Urban commercial -0.6735 0.8662 0.2341
Rural residential -0.1962 0.2242 0.8551

After the region and consumer category was identified from the composite actual energy
consumption data, the appliances most prevalent among the identified consumer category of the identified
region type were selected from the list of appliances developed from the data obtained from online survey
and physical survey. The number of these appliances were set according to the population of the region
obtained from government websites and the ownership percentage of each appliance among the population.
Then PSO was applied to reschedule the appliances to bring the load factor as close as possible to 1. For
developing an effective rescheduling model, the loads of the different consumer categories of a region were
classified into shiftable loads and non-shiftable loads. The start and stop times between which each load can
be rescheduled was fixed considering the region type, consumer type and load type as these factors are very
important in scheduling loads. A load of same type may have different operating schedules based on the
region and the consumer who is using it. The output after scheduling the loads for combined area loads and
rural residential loads is shown in Figure 3(a) and Figure 3(b) respectively.
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Actual and Rescheduled Summer Load Demand for Combined Rural and Urban Unit Area
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Figure 3. Actual and rescheduled load of combined area and rural unit (a) combined unit area load and
(b) seasonal rural residential unit area load before and after scheduling

After rescheduling each load of every hour was passed through the fuzzy tool developed for tagging
the loads to be either supplied by the renewable sources available or from the grid. The pseudocode of the
developed fuzzy tool is given in Algorithm 1. The outputs providing the percentage and actual values of the
rural residential hourly loads available for being supplied by renewbale in summer is shown in Figure 4(a)
and Figure 4(b) respectively. The seasonal variation can be compared by observing the outputs providing the
rural residential hourly loads available for being supplied by renewbale in winter shown in Figure 5(a) and
Figure 5(b) respectively. This system provides us with a good insight into the characteristics of the load
demand both region wise and consumer category wise. The major contribution of this work is providing a
detailed model in which the loads are mapped to their probable supplies based on the region wise
classification of urban, semi-urban and rural. The model is capable of identifying the type of region and
consumer category to be addressed from the load demand profile of the region.
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Percentage of Scaled Hourly Summer Load that can be Supplied by Renewable
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Figure 4. Percentage and actual rural residential loads available for renewable supply in summer

10 Scaled Rural Summer Residential Hourly Load that can be Supplied by Renewable
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Figure 4. Percentage and actual rural residential loads available for renewable supply in summer
(a) percentage of rural residential hourly load selected to be supplied by renewable and (b) actual value of
rural residential rescheduled load to be supplied with renewable compared to total demand

This model can be utilised to develop a roadmap for the region wise development of renewable
energy sources based on the growth of population and subsequent growth of load demand which depends
upon the type of region under question and appliance ownership percentage in such regions. So, this model
contributes in diversifying the load management system and tailor solutions to the needs of a particular
region based upon the demographic and geographical characteristics of that region. It also provides a future
roadmap of renewable energy development based on the load demand characteristic of the urban, semi-urban
and rural regions which is very important for sustainable development.
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Percentage of Scaled Hourly Winter Load that can be Supplied by Renewable
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Figure 5. Percentage and actual rural residential loads available for renewable supply in winter (a) percentage
of rural residential hourly load selected to be supplied by renewable and (b) actual value of rural residential
rescheduled load to be supplied with renewable compared to total demand

The percentage of loads that are tagged for being supplied with renewable energy is found to be
largely varying both region wise and consumer category wise. The percentage share of the loads of each
region that can be supplied from renewable sources is shown in Table 4. The load demand of the regions and
the available renewable energy vary with changes in climatic factors. The demand supply variations have
been shown in Table 5 referencing the values of which we can see a higher percentage of residential loads are
selected for renewable supply compared to commercial loads. The reason being that residential units
consume less power, are less critical and have more scheduling flexibility. For similar reasons, rural
percentage of both the category of loads are higher than urban and semi urban. the values of urban and semi
urban regions appear close to each other as the types of appliances used in these regions are nearly the same.
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Table 4. Percentage load selected for renewable supply per region and consumer category
Season  Consumer category  Urban  Semi Urban _ Rural

Summer Residential 4.79 10.42 29.1
Commercial 14.615 14.721 12.88
Winter Residential 6.09 7.1 31.26
Commercial 14.13 14.3 17.81

Table 5. Demand supply variation data

Season  Supply level ) Urban ) Semi urban ) Rural
High demand  Low demand  High demand Low demand High demand Low demand
Summer  High supply 13.99 43.79 13.78 43.47 24.75 47.70
Low supply 3.01 8.08 2.96 4.85 5.45 10.81
Winter  High supply 7.16 19.38 6.50 19.45 7.16 20.96
Low supply 1.47 4.35 1.35 4.36 9.32 19.61

The lower values obtained during winter can be attributed to the following two reasons. The first is
lesser renewable availability due to decreased solar intensity and shorter days. The second is the reduced use
of space cooling appliances resulting in increased percentage share of heavier and more crtitical loads, which
are less likely to be selected for renewable supply by the fuzzy tool, in the total load demand of the region.
So, it is evident that the developed tool can distinctly distinguish between the different load profiles.

Also, the performance of the proposed method to suggest a renewable integration approach with
distinctly different percentages for the different regions and consumer categories is also satisfactory.
Summarising, it can be said that the proposed method is capable of providing a region wise load management
solution distinctly capturing the diversity of the load demand characteristics of different regions and
consumer categories.

4. CONCLUSION

The paper describes a new approach towards load management and renewable integration method
based on regional approach considering the load demand characteristics of different consumer categories.
The region classification tool and load selection for renewable supply has been developed using fuzzy logic
and the rescheduling of loads using different parameters varying regionally for a better load factor has been
done using PSO. The proposed solution assures to contain the entire range of regions and loads as obtained
from data available from online repositories and surveys of different organisations. It is shown by the test
results that the performance of the proposed method in recognising the type of region and consumer category
from the load demand profile is satisfactory. Summarising, it can be said that the proposed method is capable
of providing a region wise load management solution distinctly capturing the diversity of the load demand
characteristics of different regions and consumer categories.
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