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Permanent electricity availability should not be taken for granted since grid sustainability and reliability are at stake when there is
no balance between supply and demand. �is paper employs a load balancing demand-side management (DSM) approach based
on fuzzy logic, considering the low energy users who have insignificant influence on system peaks. �rough the K-means
clustering algorithm, suitable candidates for DSM are identified, and the control mechanism is based on energy utilization and
load priority.�e results reveal that about 3.7 kW in power saving was achieved permonth.�is result indicates that, with a proper
energy management strategy for an individual customer, almost a flatter load profile and power saving can be achieved.

1. Introduction

Electrical energy has been one of the most unsubstitutable
and flexible sources of energy [1]. It is a vital resource in
boosting the economy of any country. �erefore, electricity
intake is on the ever-increasing side leading to unreliable
and low grid efficiency [2]. Meeting this ever-increasing
demand means overexploiting the limited resources by
establishing new power plants [3]. Towards meeting sus-
tainable energy goals, microgrids have gained popularity as a
worldwide trend of exploring green energy technologies
[4–6]. Microgrids’ challenges regarding reliability and sta-
bility have compelled many types of research on how to
match demand with the available supply [7–9]. Also, finding
appropriate ways of energy saving through customer-utility
involvement has led to the concept of demand-side man-
agement (DSM) [10]. �rough DSM, moderating power
consumption and decreasing peak demand have become the

most significant concern of both customers and utility
companies [11, 12]. �erefore, in achieving sustainability,
reliability, and stability of any electricity grid, DSM is in-
dispensable and unavoidable [11].

DSM refers to programs seeking to modify consumers’
energy consumption through efficiency improvements or
shifting loads on the electric grid’s customer side [13]. �ey
encourage customers to consume less during peak hours and
more in off-peak hours through financial incentives and
behavioural change [10, 14]. DSM can be categorized as
energy efficiency and demand response (DR) as illustrated in
Figure 1. Energy efficiency programs encourage users to
consume less energy while enjoying the same service level
through energy-efficient devices [15]. DR programs target
the demand profile whereby customers may either reduce
their consumption during peak periods without altering the
off-peak periods [16–18] or shift some loads from peak hours
to off-peak hours due to high prices imposed during peak
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periods [13, 16]. DR consists of intended electricity con-
sumption pattern adjustments by end-users aiming at al-
tering the total energy consumption or the timing and level
of a sudden rise in demand [16, 19]. It has three main
categories: time of use (ToU), direct load control, and load
shifting. ToU method is when there are no fixed electricity
prices; instead, different prices are set for other usage times,
and high fees are imposed during peak loads. �e electricity
price is determined by how much and when electricity is
used [20].

In the direct control method, utilities have access to end-
user customers and limit customers’ electricity usage by
switching down some of the appliances during peak de-
mands. Most of the appliances suitable for direct load
control are heavy loads such as refrigerators, air condi-
tioners, and cooling devices [21]. Load shifting is shifting
loads from peak to off-peak times to allow even distribution
of the load. �is method does not change the overall energy
consumed; as an alternative, it keeps the demand and supply
to the required possible level to increase system efficiency.

Apart from the mentioned programs, DSM makes use of
variousmethods such as electricity tariffs [22], incentives [23],
penalties [24], power-saving technologies, and government
policies [25–27]. Incentivemechanisms are programswherein
a customer is being paid a monetary amount for his ability to
reduce load during peak hours. �is amount is separate from
their standard rates of electricity applied, and it can be carried
out as bill rebates or cash compensation [28, 29]. �e pricing
mechanism uses different prices apart from ToU to reveal the
cost and value of electricity within that hour. It is divided into
two: real-time pricing (RTP) and critical peak pricing (CPP).
RTP rates a varying price throughout the day by dividing a
day into slots while CPP is when the electricity market charges
differently depending on the supply cost of electricity [30].
DSM and DR can be used interchangeably.

By tradition, utilities have been managing demand from
their side through reducing transmission losses and in-
creasing generation capacities without success [31]. �rough
DRPs, successful energy management is possible; however,
when usage patterns and customers’ behaviours are taken
into account, more realistic results can be attained since they
are crucial towards success load management and decision
making [32].

2. Related Works and Contribution

Referring to the available literature works, different re-
searchers have implemented energy management in the
electricity market using fuzzy logic. Yuan et al. (2018)
proposed an energy management strategy based on fuzzy
logic to distribute generated energy depending on the load
demanded adequately. �e method presented an improve-
ment in the overall performance of the system [9]. On the
other hand, Nehrir et al. (1999) implemented a customer-
interactive DSM strategy using fuzzy logic to shift the water
heater’s usage pattern [33]. Results offered the possibility of
flattening the load profile through fuzzy rules.

Similarly, through the fuzzy controller, three parameters
were taken into account: cost, demand, and comfort. �e
benefit of renewables was analyzed to show how they impact
cost and energy saving. Results showed better improvement
of load profile through shutting down of loads during peak
hours [34].

Also, the application of fuzzy logic has been realized in
hybrid microgrids for energy management and supervisory
control [35–38]. Multiagent energy management based on
fuzzy logic was introduced, aiming at managing energy in a
stand-alone renewable energy system [39]. Ravibabu et al.
(2009) developed a fuzzy-based DSM controller to reduce
peaks by prioritizing vital loads during peak hours [1]. He
did not take care of the customers’ comfort, and the research
was limited to a single house. Another implementation of a
fuzzy-based DSMwas done for the residential customers of a
grid-connected microgrid by assuming that both the loads
and generations are noncontrollable. �e simulation results
of 25 rules presented improvement in the profile [40].

Furthermore, a DSM for residential customers was
employed using the multiscale and multilayer method. Each
household was equipped with its control system to limit
loads during peak periods [41]. A multiagent-based DR was
proposed based on the multistep hierarchical algorithm for a
multimicrogrid system to ensure its reliability and cost
reduction. �e method proved to be more cost-effective
compared to conventional energy management systems
[42]. A dynamic pricing DR was illustrated using rein-
forcement learning, which took care of the service provider’s
benefit and customers’ cost reduction. Simulation results
promised a balanced and reliable power system with reduced
energy and operation cost [43]. To improve grid resilience
and provide a cost-optimal solution for system operators,
both mixed-integer linear and nonlinear approximation
were used. �e MINLP result is too large for nonlinear and
nonconvex networks to provide efficient solutions [44].

On the other hand, providing an optimal solution using
mixed-integer linear programming is time-consuming and
slow, especially for larger datasets [45]. Most of the
explained energy management system relies on traditional
methods such as abstract and deterministic rules, which
mainly encounter disadvantages like their inability to
guarantee optimal results, especially when there are any
fluctuations in the variables. Besides, abstract works usually
approximate reality and rely on the developer’s experience,
hence sometimes unrealistic [43]. �e significant advantage

Demand-side management

Energy efficiencyDemand response

Time of use

Load shifting

Direct load control

Figure 1: General classification of DSM.
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of fuzzy logic over others is that no mathematical modelling
is needed for the controller design.�e outputs and inputs of
a fuzzy controller are mapped with membership functions,
and final rules are set to obtain the desired outcome [46].
Also, upon an unexpected change in the system parameters,
no modifications are required in the controller, and since the
outputs depend on the effects of the inputs, the same rule
base can still be used [47].

Generally speaking, many DSM methods based on fuzzy
logic have been implemented; however, most of these studies
did not take care of the customers’ usage patterns and their
load types. Also, demand response programs in electricity
markets have predominantly been conducted in developed
countries compared to developing ones [10, 48, 49]. Ob-
tained results may not be feasible to most developing
countries’ load profiles due to less flexible loads and even low
per capita energy consumption [2]. Moreover, the behaviour
point of view in developing countries with many isolated
microgrids is different from well-established countries with
reliable power. �erefore, the present study aims at bridging
this gap by developing a DSM based on fuzzy logic to control
other clusters of customers independently to enhance cus-
tomer participation since energy management is following
how much and when they consume electricity. In this study,
clustering and load limiting reduce the burden to low energy
users as they do not influence peaks in the system.�e study
has utilized data collected from Ngurudoto solar microgrid,
Arusha, Tanzania. �e proposed method presents the po-
tential of balancing energy in the microgrid based on the
load limiting.

�e new contributions of this work can be listed as
follows:

(i) A new fuzzy logic-based DSM approach has been
proposed to match microgrid customers’ real sit-
uations in the developing world with a vast dif-
ference in consumption

(ii) �e clustering approach has been used to facilitate
customer prioritization; hence, low energy users did
not suffer energy management burden

(iii) �e adopted method can enhance or trigger the
DSM’s embracement since the benefit is equally
distributed depending on the potentiality of energy
usage

(iv) Customer usage pattern has been well established,
which helps the power provider and customers plan
for both energies, comfort, and cost-saving properly

3. Materials and Methods

3.1. Data Collection. Consumption data were collected from
a solar battery microgrid called Ngurudoto based in Arusha,
Tanzania. It has a 7.5 kW capacity with wireless and com-
munication modules for data communication, as shown in
Figure 2. Electricity consumption was recorded using smart
meters installed in each house. For each intelligent meter,
real-time data were recorded using a combination of remote
sensing devices, a data logger, and a remote PC. Collected

demand data were analyzed using Microsoft Excel, Python,
and Matlab. Fuzzy logic was done using MATLAB R2018a
software.

3.2. K-Means Clustering. K-means clustering is an unsu-
pervised machine learning algorithm in which the grouping
is done based on similarities and differences. It requires the
following inputs:

(i) Number of cluster centres (K)
(ii) Training sets (x1, x2, x3. . .)

�e methodologies involved in K-means clustering are
summarized in Figure 3 and explained as follows:

(i) �e first step involves randomly initializing the
value of K, which represents the number of clusters
to be formed. �e optimal value of K can be cal-
culated using the elbow method.

(ii) Distance between the data points and the initialized
cluster centres is calculated by using the sum of
square distance as follows:

WSS �  D Xi, Yi( 
2

� 
N

i�1

N

j�1
Xij − Yij 

2
. (1)

(iii) Depending on theminimum distance obtained, data
points are grouped to the nearest cluster centres.

(iv) �e new centroid is calculated from the groups of data
points moved to the same group, i.e., μ � 

data points in a certain cluster/total data points in that
cluster

(v) �e mean is now repositioned as a new centroid.
(vi) �is process is repeated to all the clusters until there

is no change in cluster centroids representing the
clusters formed.

3.3. Case Study. �e main objective of this study was to
design a DSM model for load management during peak
hours. �e microgrid located in Arusha, Tanzania, was
considered as a case study whereby connected houses were
grouped according to their usage patterns through clus-
tering. �e loads were also grouped into two groups: vital
and nonvital, as illustrated in Table 1 to appreciate their
importance. By applying DSM based on load priority and
direct load control techniques, consumption was limited
through cutting off nonvital loads during peak hours to
supply power to the vital loads. Figure 4 represents the
proposed model for controlling the loads according to their
priority during peak hours. F1, F2, F3, and F4 are the fuses
connected to the houses’ nonvital loads in the respective
clusters. �e clusters suitable for energy management were
selected according to the energy usage resulted from load
profile classification. �is selection helped prevent low en-
ergy users from the burden of the high cost of energy
management.

�e fuses have a control signal from the fuzzy controller
which trip off during peak hours when the load exceeds the
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set limit. �is mechanism allows shutting down of only
nonvital loads leaving the vital loads connected. �e se-
lection of loads is based on customer priority.�e fuzzy logic
controller being the central part of the circuit has two inputs:
time and comparator. A comparator compares the reference

set maximum current and the current flowing while the
timer in the input time checks whether it is peak or off-peak.
�e outputs of the two are then fed to the fuzzy controller. A
controller’s output sends the desired control signal to the
connected houses to limit the power consumption.

Table 1: Total loads in the microgrid with their classifications.

S. no. Name of the load Power consumption (W) Number of loads Description depending on the priority
1. Fridges 90 4 Nonvital
2. Radios 5 6 Vital
3. Tube lights 40 36 Vital
4. Computers 15 4 Vital
5. Televisions 60 3 Nonvital
6. Phones 4 38 Vital
7. Water pump 200 1 Nonvital

Start

Number of
clusters k

Centroid

Distance of objects to
centroid

Grouping based on
minimum distance

Number of
object move

group?

No

Yes
End

Figure 3: K-means clustering algorithm.
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Figure 2: Data collection framework.
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3.4. Fuzzy Logic Controller. �e fuzzy controller is an arti-
ficial intelligence system that can be used to either reduce,
control, or modify power consumption. It works so that only
consumers’ priority loads are connected during peak hours,
and within the off-peak hours, loads can be increased
without exceeding the limit. �e general working mecha-
nism of a fuzzy controller contains the following
components:

(i) Input
(ii) Fuzzification
(iii) Inference engine (rules)
(iv) Defuzzification
(v) Output

3.5. Fuzzy Membership Functions. For all the input and
output variables, fuzzy membership functions are essential
for defining linguistic rules that govern their relationships.
For this case, the trapezoidal membership function is used
for input time, as shown in Figure 5.

Figure 6 shows zmf and smf, the most appropriate
membership function for the feedback or comparator. For
the output signals, constant and linear membership func-
tions were used, as shown in Figure 7.

�e most crucial task in the designing of the fuzzy
controller is the development of the fuzzy rules. �e
number of rules always depends on the number of con-
sidered membership functions for both input and output
blocks. In this study, the fuzzy controller is designed to
limit power usage during peak hours by switching off some
of the loads depending on the priority set. In this study,
several rules are used, a few of them being mentioned
below:

(i) If time is off-peak (am) and feedback is < set
current limit (A), then cluster 3 is all, cluster 4 is all,
and cluster 8 is all

(ii) If time is peak (am) and feedback is < set current
limit (A), then cluster 3 is all, cluster 4 is all, and
cluster 8 is all

(iii) If time is off-peak (pm) and feedback is < set
current limit (A) then cluster 3 is all, cluster 4 is all,
cluster 8 is all

(iv) If time is low and feedback is medium, then cluster
3 is no change, cluster 4 is no change, and cluster 8
is no change

(v) If time is peak (am) and feedback is > set current
limit (A), cluster 3 is vital, cluster 4 is vital, and
cluster 8 is vital

(vi) If time is off-peak (am) and feedback is none, then
cluster 3 is all, cluster 4 is all, and cluster 8 is all

(vii) If time is peak (pm) and feedback is > set current
limit (A), cluster 3 is vital, cluster 4 is vital, and
cluster 8 is vital

(viii) If time is off-peak (pm) and feedback is none, then
cluster 3 is all, cluster 4 is all, and cluster 8 is all

4. Results and Discussion

4.1. Case Study. �is study proposed fuzzy logic-based load
management for an isolated solar microgrid. Twenty-two
residential houses were considered whereby the K-means
clustering algorithm was performed on the collected real-
time electricity consumption data using the Scikit-Learn
Python package [50]. Clustering was done to identify cus-
tomers’ typical usage pattern, grouping them into respective
clusters and hence controlling their demand according to
how they consume power. Load limiting and load priority
techniques were used for the individual clusters to achieve a
flatter load profile.

Clustering with K-means gave ten groups of clusters as
per Figure 8, which was obtained using the elbow method
that determines the number of clusters from the sample data

Smart 
meters

Reference current 

Supply

FI

F2

F3

F4

Cluster 3

Cluster 4

Cluster 8

Cluster 10

Nonvital loads
Fuzzy controller

Smart
meters 

Feedback
circuit 

Timer
circuit 

Figure 4: Proposed model for fuzzy logic load control.

Advances in Fuzzy Systems 5



provided. �e results are represented by the elbow point or
the first turning point of the graph where a small decrease in
the error sum is observed. �e appropriate K value is at
number ten from the data used, as indicated in Figure 8.
�erefore, the number of clusters found is ten.

From the cluster results in Figure 9, houses have been
grouped based on similar usage pattern. All the clusters
demonstrated variations in demand which indicated that
there is a need for DSM. Apart from the usage patterns,

clusters 3, 4, and 10 represented households falling in the
highest use cluster. Given solar-powered microgrids, these
customers may be regarded as potential users who mostly
decide or influence the system’s overall peak demand. On the
other hand, clusters 6 and 9 consist of the lowest electricity
users; one may assume that their primary usage is for
lighting and phone charging. In the context of DSM, these
customers should not be burdened with either the high
prices or switching off some loads since they do not influence
peaks in the system. �e remaining clusters, 1, 2, 5, 7, and 8,
represent medium-use customers. �is study’s clustering
results have shown great potential for a successful DSM
program due to the proper load balancing technique.
Clusters help identify customers responsible for energy
management by assessing their degrees of peak generation.
�e importance of clustering results can be supported by
Hannes et al. (2019), who explained that customers would
strongly participate in any program if only they generate
profit from it [51].

Figure 10 shows the composition of houses in each
cluster. Cluster 2 represents a group with most customers
while clusters 4, 6, 8, 9, and 10 each have only one customer,
indicating that they have unique usage patterns.

From the results obtained, one individual house for each
cluster of interest was chosen as a case study for DSM. �e
choice was made based on the highest consumer in each
cluster to cater for the worst-case scenario. Table 2 shows the
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clusters with their respective reference houses selected. �e
assumption made in this study is that customers with the
usage pattern of 600W and above are suitable candidates for
DSM. Hence, clusters 3, 4, 8, and 10 were chosen, repre-
sented by load profiles of houses 14, 12, 22, and 10.

�e grouped customers were then characterized by both
pattern and magnitude of consumption. By using the col-
lected demographic data, different types of customers falling
into each consumption category and load profiles were
characterized. Figure 11 shows the relationship between
different demography attributes and power usage for all the
houses. Results show that the highest energy consumer is in
house 14, falling under cluster 3. High consumption cus-
tomers also tend to have indoor businesses, as explained by
house number 14, which has a bar business.�ese results are
further supported by authors in ref. [52] who analyzed
customers’ consumption patterns in Tanzanian rural
microgrids. From the demographic results, it is clear that the
number of house members and their indoor businesses
influences electricity usage. Medium-use customers repre-
sented by house number 10, falling under cluster 10, show
considerable electricity usages. According to the survey data,
one may argue that electricity consumption is due to many
students who claimed to be using electricity for studying
purposes. �e argument is in correlation with the study by
Elizabeth et al. (2020), who suggested that medium energy
households’ presence was due to school children’s presence
[53]. �e same applies to house number 8, which seemed to
have a significant consumption since they owned a small
shop. House numbers 1, 9, 19, 20, and 21 characterized the
small users since they contain either a single family member
or a more significant number of older adults who do not
consume a considerable amount of energy due to their
lifestyles. �e present study tries to accommodate the low
energy users by proposing a DSMmechanism which did not
burden them since their electricity usage was not significant
in the system peak generation.

�e surface viewer in Figure 12 shows the three-di-
mensional plot of three parameters: time, power, and the
cluster power output after fuzzy logic DSM.�e graph shows
managed clusters 3, 4, and 8. In cluster 3, the off-peak dates
represented by days before 14 were uncontrolled since the
set power limit was not reached. �is situation allows both
vital and nonvital loads to be switched on similar to how
Nehrir et al. (1999) explained the water heater operation

scheduled during off-peak hours [33]. Peak days in the range
of 18–22 marked the concentration area whereby the fuzzy
logic controller helped limit the power usage to 1300W
using a 7.5 A fuse. �e yellow colour shows the shaved or
clipped area after DSM, which is the operator’s target. For
cluster 4, the allowable load was set as 800W during peak
hours. Load limiting was done via a 4A fuse which shut
down excess loads observed on the 21st day. Likewise, in
cluster 8, all the loads were limited to 600W during peak
hours. Excessive loads found in the range of 24–26 days were
shaved to 600W, as depicted in the diagram.

Figures 13 and 14 show the rule viewer of the outputs for
clusters 3 and 4, respectively. �e rule viewer is used to show
the effectiveness of the output. From these diagrams, two
points were taken into consideration: off-peak and peak
periods. On the sixth day, cluster 3, represented in Figure 13
represents the off-peak points. A feedback current of 2.99A
corresponding to a power of 657.8W gave an output power
of 657W after fuzzification. �e results show almost the
same energy before and after fuzzification, indicating that
the loads were not managed or shifted. In the exact figure,
peak points are represented by the 17th day. �e power
observed was 1738W single-phase, which gave a feedback
current of 7.9 A to the controller, and hence, the power was
limited to 1000W by switching off nonvital loads.

Similarly, cluster four, represented by Figure 14, shows
the results during off-peak and peak periods. Load cur-
tailment is observed during peak hours while nothing was
done during off-peak hours. �e fuzzy controller achieved
the above through the feedback current received.

Figures 15–18 represent the monthly load profiles before
and after implementing DSM for clusters 3, 4, 8, and 10,
respectively. �e results show that the generated power can
be fully utilized except during peak power periods by
implementing fuzzy logic-based energy management
scheme as the author depicted in ref. [9]. Before optimi-
zation, the load demand is higher than the set limits. After
applying a fuzzy logic controller, closer to a flat load profile is
seen, which helps avoid system collapse and blackouts, es-
pecially during peak hours. �e profiles clearly show that
each cluster’s peaks have been restricted to match the
corresponding limits set. Also, the overall load profile before
and after implementing fuzzy logic DSM is shown in Fig-
ure 19. �ere is a significant reduction in demand during
peak periods due to the clusters that have taken part in DSM.
�ese results show more improvement in the design and
implementation than that reported by Ravibabu et al. [1]
since many houses have been included in the clustering
approach. Also, with this approach, small electricity con-
sumers are not taken into consideration until when they
satisfy for DSM.

Figure 20 shows energy savings for different days in a
month and the overall energy saving per month. �e graph
shows the power saving of almost 3700W per month. �e
amount of saving achieved is very significant in the DSM
context, and it assures the system stability in case of peak loads.
Different energy savings are also observed for different days
due to the variable nature of demand [54]. Moreover, on the
3rd, 5th, 7th, 11st, 13th, 14th, 16th, 19th, 22nd, and 24th days, the

Table 2: Houses for reference in each cluster.

Cluster number Reference house
1 House 7
2 House 17
3 House 14
4 House 12
5 House 8
6 House 1
7 House 5
8 House 22
9 House 15
10 House 10

8 Advances in Fuzzy Systems



savings are approximately close to zero, and one may argue
that no load was either shifted or switched off. In this scenario,
the argument can be that most of the houses were in the off-
peak range, hence retaining the same energy before and after
DSM. Likewise, the highest energy saving was achieved on the

27th day, and onemay suppose that several nonvital loads were
shut down to avoid overloading the system.

It is clear from the obtained results that, with fuzzy logic-
based energy management strategy, demand profiles can be
levelled, and available generation can be optimized
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appropriately to meet consumers’ needs. Since the proposed
method tried to operate the loads partly, the system’s effi-
ciency can be improved. �e above observation is in line
with ref. [55] and further supported by ref. [33]. On the other

hand, since both the customers’ load demand and the power
generated from solar microgrids are uncertain and sto-
chastic, the fuzzy logic controller has proven to be the most
efficient and effective method compared to mathematical
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models discussed by the authors in ref. [9].

5. Conclusion

�e available gap between demand and supply due to the
increase in electrical appliances, leading to a shortage of
electricity during peak usage, is pronouncing. DSM pro-
grams offer an enhanced chance to exploit consumption
diversity and accordingly reduce the peak demand for
electricity. Shifting loads from peak to off-peak or
switching off some loads during peak hour’s period can be a
challenge to specific customers; hence, exploiting their
usage pattern through clustering leads to more flexible
DSM techniques. In this work, the fuzzy logic-based DSM
programs are used as a load limiter to control loads during
peak hours. �is control mechanism helps in the proper
utilization of the available power at a given time by giving
priority to vital loads depending on the preference set by
customers.

Moreover, the proposed program favours all kinds of
customers, hence encouraging their participation in DSM.
�erefore, this study is essential to guarantee energy saving
and customer satisfaction. It can be further extended to
account for cases where consumers are given incentives for
their willingness to participate in the DSM program.

Data Availability

�e data used to support the findings of this study will be
available upon request.

Conflicts of Interest

�e authors declare that they have no known competing for
financial interest or personal relationships that could have
influenced the work reported.

Authors’ Contributions

�is paper was a collaborative effort between the authors.
�e authors contributed collectively from the idea devel-
opment to manuscript preparation.

5 10 15 20 25
Time (days)

Po
w

er
 (W

)

800

600

400

200

0

Limit line

Before DSM
After DSM

Figure 17: Load profile before and after the implementation of
DSM in cluster 8.

1000

800

600

400

200

0
5 10 15 20 25

Time (days)

Po
w

er
 (W

)

Limit line

Before DSM
After DSM

Figure 18: Load profile before and after the implementation of
DSM in cluster 10.

6000

5000

4000

3000

2000

1000
5 10 15 20 25

Time (days)
300

Po
w

er
 (W

)

Before DSM
After DSM

Figure 19: Total load profile before and after the implementation of
DSM for all the targeted clusters.

0
500

1000
1500
2000
2500
3000
3500
4000

1 3 5 7 9 11 13 15 17 19 21 23 25 27
To

ta
l

Po
w

er
 (W

)

Days

Energy saving

Figure 20: Daily and total power saving for the overall system.

Advances in Fuzzy Systems 11



Acknowledgments

�e authors would like to express their heartfelt gratitude to
the Nelson Mandela African Institution of Science and
Technology (NM-AIST) for facilitating this research and to
the Water Infrastructure and Sustainable Energy Futures
(WISE-Futures) for sponsoring this work. �e authors are
also grateful to everyone for their kind assistance, especially
Mr. Arbogast Nyandwi and Mr. Geradius Deogratias.

References

[1] P. Ravibabu, A. Praveen, C. V. Chandra, P. R. Reddy, and
M. K. R. Teja, “An approach of DSM techniques for domestic
load management using fuzzy logic,” in Proceedings of 2009
IEEE International Conference on Fuzzy Systems, pp. 1303–
1307, Jeju Island, Korea, August 2009.

[2] J. �akur and B. Chakraborty, “Demand side management in
developing nations: a mitigating tool for energy imbalance
and peak load management,” Energy, vol. 114, pp. 895–912,
2016.

[3] A. U. Mahin, M. A. Sakib, M. A. Zaman, M. S. Chowdhury,
and S. A. Shanto, “Developing demand side management
program for residential electricity consumers of Dhaka city,”
in 2017 International Conference on Electrical, Computer and
Communication Engineering (ECCE), pp. 743–747, Cox’z
Bazar, Bangladesh, February 2017.

[4] C. K. Sao and P.W. Lehn, “Control and powermanagement of
converter fed microgrids,” IEEE Transactions on Power Sys-
tems, vol. 23, no. 3, pp. 1088–1098, 2008.

[5] M. Malekzadeh, A. Khosravi, and M. Tavan, “Immersion and
invariance-based filtered transformation with application to
estimator design for a class of DC-DC converters,” Trans-
actions of the Institute of Measurement and Control, vol. 41,
no. 5, pp. 1323–1330, 2019.

[6] G. H. Philipo, Y. A. Chande Jande, and T. Kivevele, “Demand-
side management of solar microgrid operation: effect of time-
of-use pricing and incentives,” Journal of Renewable Energy,
vol. 2020, Article ID 6956214, 12 pages, 2020.

[7] A. A. Zaidi, T. Zia, and F. Kupzog, “Automated demand side
management in microgrids using load recognition,” in Pro-
ceedings of 2010 8th IEEE International Conference on In-
dustrial Informatics, pp. 774–779, Osaka, Japan, July, 2010.

[8] P. R. Babu, H. Gopal, and K. Sreenivasulu, “Energy man-
agement through Demand Side Management techniques–a
case study,” in Proceedings of 27 National System Conference
NSC, pp. 74–77, IIT Kharagpur, December 2003.

[9] Y. Yuan, T. Zhang, B. Shen, X. Yan, and T. Long, “A fuzzy
logic energy management strategy for a photovoltaic/diesel/
battery hybrid ship based on experimental database,” Energies,
vol. 11, no. 9, p. 2211, 2018.

[10] D. Kuiken and H. F. Más, “Integrating demand side man-
agement into EU electricity distribution system operation: a
Dutch example,” Energy Policy, vol. 129, pp. 153–160, 2019.

[11] M. H. Imani, K. Yousefpour, M. T. Andani, and M. J. Ghadi,
“Effect of changes in incentives and penalties on interruptible/
curtailable demand response program in microgrid opera-
tion,” in Proceedings of 2019 IEEE Texas Power and Energy
Conference (TPEC), pp. 1–6, College Station, TX, USA,
February 2019.

[12] N. Z. Khanna, J. Guo, and X. Zheng, “Effects of demand side
management on Chinese household electricity consumption:

empirical findings from Chinese household survey,” Energy
Policy, vol. 95, pp. 113–125, 2016.

[13] T. Logenthiran, D. Srinivasan, and T. Z. Shun, “Demand side
management in smart grid using heuristic optimization,”
IEEE Transactions on Smart Grid, vol. 3, no. 3, pp. 1244–1252,
2012.

[14] C. W. Gellings, ;e Smart Grid: Enabling Energy Efficiency
and Demand Response, �e Fairmont Press, Inc., Atlanta,
Georgia, 2009.

[15] P. Palensky and D. Dietrich, “Demand side management:
demand response, intelligent energy systems, and smart
loads,” IEEE Transactions on Industrial Informatics, vol. 7,
no. 3, pp. 381–388, 2011.

[16] M. H. Albadi and E. F. El-Saadany, “A summary of demand
response in electricity markets,” Electric Power Systems Re-
search, vol. 78, no. 11, pp. 1989–1996, 2008.

[17] M. A. Piette, O. Sezgen, D. S. Watson, N. Motegi,
C. Shockman, and L. Ten Hope, Development and Evaluation
of Fully Automated Demand Response in Large Facilities,
University of California, Berkeley, CF, USA, 2004.

[18] K. Herter and S. Wayland, “Residential response to critical-
peak pricing of electricity: California evidence,” Energy,
vol. 35, no. 4, pp. 1561–1567, 2010.

[19] M. H. Albadi and E. F. El-Saadany, “Demand response in
electricity markets: an overview,” in Proceedings of Power
Engineering Society General Meeting, 2007. IEEE, pp. 1–5,
IEEE, Tampa, FL, USA, June 2007.

[20] J. Mays and D. Klabjan, “Optimization of time-varying
electricity rates,” ;e Energy Journal, vol. 38, no. 5, 2017.

[21] A. U. Mahin, M. A. Sakib, M. A. Zaman, M. S. Chowdhury,
and S. A. Shanto, “Developing demand side management
program for residential electricity consumers of Dhaka city,”
in Proceedings of International Conference on Electrical,
Computer and Communication Engineering (ECCE),
pp. 743–747, Cox’s Bazar, Bangladesh, February 2017.

[22] J. Torriti, “Price-based demand side management: assessing
the impacts of time-of-use tariffs on residential electricity
demand and peak shifting in Northern Italy,” Energy, vol. 44,
no. 1, pp. 576–583, 2012.

[23] J. Ma, J. Deng, L. Song, and Z. Han, “Incentive mechanism for
demand side management in smart grid using auction,” IEEE
Transactions on Smart Grid, vol. 5, no. 3, pp. 1379–1388, 2014.

[24] Q. B. Dam, S. Mohagheghi, and J. Stoupis, “Intelligent de-
mand response scheme for customer side load management,”
in Proceedings of IEEE Energy 2030 Conference, pp. 1–7,
Atlanta, Georgia, November 2008.

[25] I. K. Maharjan, Demand Side Management: Load Manage-
ment, Load Profiling, Load Shifting, Residential and Industrial
Consumer, Energy Audit, Reliability, Urban, Semi-urban and
Rural Setting, LAP Lambert Academic Publ, Sunnyvale, CA,
USA, 2010.

[26] P. Warren, “A review of demand-side management policy in
the UK,” Renewable and Sustainable Energy Reviews, vol. 29,
pp. 941–951, 2014.

[27] M. M. Eissa, “Demand side management program evaluation
based on industrial and commercial field data,” Energy Policy,
vol. 39, no. 10, pp. 5961–5969, 2011.

[28] Q. Qdr, Benefits of Demand Response in Electricity Markets
and Recommendations for Achieving;em, US Department of
Energy, Washington, DC, USA, 2006.

[29] S. Ahmad, A. Ahmad, and R. Yaqub, “Optimized energy
consumption and demand side management in smart grid
smart technologies,” Breakthroughs in Research and Practice,
pp. 550–574, IGI Global, Hershey, PA, USA, 2018.

12 Advances in Fuzzy Systems



[30] M. P. Moghaddam, A. Abdollahi, and M. Rashidinejad,
“Flexible demand response programs modeling in competi-
tive electricity markets,” Applied Energy, vol. 88, no. 9,
pp. 3257–3269, 2011.

[31] G. Strbac, “Demand side management: benefits and chal-
lenges,” Energy Policy, vol. 36, no. 12, pp. 4419–4426, 2008.

[32] S. Mohajeryami, I. N. Moghaddam, M. Doostan, B. Vatani,
and P. Schwarz, “A novel economic model for price-based
demand response,” Electric Power Systems Research, vol. 135,
pp. 1–9, 2016.

[33] M. Nehrir, B. LaMeres, and V. Gerez, A Customer-Interactive
Electric Water Heater Demand-Side Management Strategy
Using Fuzzy Logic, IEEE Power Engineering Society, Boze-
man, MT, USA, 1999pp. 433–436, 1999 Winter Meeting (Cat.
No. 99CH36233).

[34] M. M. Rahman, S. Hettiwatte, and S. Gyamfi, “An intelligent
approach of achieving demand response by fuzzy logic based
domestic load management,” in Proceedings of 2014 Aus-
tralasian Universities Power Engineering Conference
(AUPEC), pp. 1–6, Perth, UK, September 2014.

[35] M.-H. Khooban, T. Dragicevic, F. Blaabjerg, and M. Delimar,
“Shipboard microgrids: a novel approach to load frequency
control,” IEEE Transactions on Sustainable Energy, vol. 9,
no. 2, pp. 843–852, 2017.

[36] A. A. Ferreira, J. A. Pomilio, G. Spiazzi, and L. de Araujo Silva,
“Energy management fuzzy logic supervisory for electric
vehicle power supplies system,” IEEE Transactions on Power
Electronics, vol. 23, no. 1, pp. 107–115, 2008.

[37] H. Yin, W. Zhou, M. Li, C. Ma, and C. Zhao, “An adaptive
fuzzy logic-based energy management strategy on battery/
ultracapacitor hybrid electric vehicles,” IEEE Transactions on
Transportation Electrification, vol. 2, no. 3, pp. 300–311, 2016.

[38] C. Corchero, M. Cruz-Zambrano, and F.-J. Heredia, “Optimal
energy management for a residential microgrid including a
vehicle-to-grid system,” IEEE Transactions on Smart Grid,
vol. 5, no. 4, pp. 2163–2172, 2014.

[39] J. Lagorse, M. G. Simões, and A. Miraoui, “A multiagent
fuzzy-logic-based energy management of hybrid systems,”
IEEE Transactions on Industry Applications, vol. 45, no. 6,
pp. 2123–2129, 2009.

[40] D. Arcos-Aviles, F. Guinjoan, J. Pascual et al., A Review of
Fuzzy-Based Residential Grid-Connected Microgrid Energy
Management Strategies for Grid Power Profile Smoothing
Energy Sustainability in Built and Urban Environments,
pp. 165–199, Springer, Berlin, Germany, 2019.

[41] D. L. Ha, F. F. de Lamotte, and Q. H. Huynh, “Real-time
dynamic multilevel optimization for demand-side load
management,” in Proceedings of 2007 IEEE International
Conference on Industrial Engineering and Engineering Man-
agement, pp. 945–949, Singapore, December 2007.

[42] V.-H. Bui, A. Hussain, and H.-M. Kim, “A multiagent-based
hierarchical energy management strategy for multi-microgrids
considering adjustable power and demand response,” IEEE
Transactions on Smart Grid, vol. 9, no. 2, pp. 1323–1333, 2016.

[43] R. Lu, S. H. Hong, and X. Zhang, “A dynamic pricing demand
response algorithm for smart grid: reinforcement learning
approach,” Applied Energy, vol. 220, pp. 220–230, 2018.

[44] M. Bynum, A. Castillo, J. P. Watson, and C. D. Laird,
“Evaluating demand response opportunities for power sys-
tems resilience using MILP and MINLP Formulations,”
AIChE Journal, vol. 65, no. 7, p. e16508, 2019.

[45] F. Khoshniyat and J. Törnquist Krasemann, “Analysis of
strengths and weaknesses of a MILP model for revising
railway traffic timetables,” in Proceedings of 17thWorkshop on

Algorithmic Approaches for Transportation Modelling, Opti-
mization, and Systems (ATMOS 2017), Vienna, Austria,
September 2017.

[46] A. Keshtkar and S. Arzanpour, “An adaptive fuzzy logic
system for residential energy management in smart grid
environments,” Applied Energy, vol. 186, pp. 68–81, 2017.

[47] P. Yazdkhasti and C. P. Diduch, “Demand side management
using model-free fuzzy controller in a direct load control
program,” in Proceedings of 2020 IEEE Electric Power and
Energy Conference (EPEC), pp. 1–5, Edmoton, AB, Canada,
October 2020.

[48] M. Paulus and F. Borggrefe, “�e potential of demand-side
management in energy-intensive industries for electricity
markets in Germany,” Applied Energy, vol. 88, no. 2,
pp. 432–441, 2011.

[49] K. Herter, P. McAuliffe, and A. Rosenfeld, “An exploratory
analysis of California residential customer response to critical
peak pricing of electricity,” Energy, vol. 32, no. 1, pp. 25–34,
2007.

[50] F. Pedregosa, G. Varoquaux, A. Gramfort et al., “Scikit-learn:
machine learning in Python,” Journal of Machine Learning
Research, vol. 12, pp. 2825–2830, 2011.

[51] H. Kirchhoff and K. Strunz, “Key drivers for successful de-
velopment of peer-to-peer microgrids for swarm electrifica-
tion,” Applied Energy, vol. 244, pp. 46–62, 2019.

[52] N. J. Williams, P. Jaramillo, K. Campbell, B. Musanga, and
I. Lyons-Galante, “Electricity consumption and load profile
segmentation analysis for rural micro grid customers in
Tanzania,” in Proceedings of 2018 IEEE PES/IAS PowerAfrica,
pp. 360–365, Cape Town, South Africa, June 2018.

[53] E. Yoder and N. J. Williams, “Load profile prediction using
customer characteristics,” in Proceedings of 2020 IEEE PES/
IAS PowerAfrica, pp. 1–5, Nairobi, Kenya, August 2020.

[54] N. J. Williams, P. Jaramillo, B. Cornell, I. Lyons-Galante, and
E. Wynn, “Load characteristics of east african microgrids,” in
Proceedings of 2017 IEEE PES PowerAfrica, pp. 236–241,
Accra, Ghana, June 2017.

[55] G. Kyriakarakos, A. I. Dounis, K. G. Arvanitis, and
G. Papadakis, “A fuzzy logic energy management system for
polygeneration microgrids,” Renewable Energy, vol. 41,
pp. 315–327, 2012.

Advances in Fuzzy Systems 13


