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Abstract: With the increasing marketization of electricity, residential users are gradually participating
in various businesses of power utility companies, and there are more and more interactive adjustments
between load, source, and grid. However, the participation of large-scale users has also brought
challenges to the grid companies in carrying out demand-side dispatching work. The user load
response is uneven, and users’ behavioral characteristics are highly differentiated. It is necessary to
consider the differences in users’ electricity consumption demand in the design of the peak—valley
load time-sharing incentives, and to adopt a more flexible incentive form. In this context, this
paper first establishes a comprehensive clustering method integrating k-means and self-organizing
networks (SONs) for the two-step clustering and a BP neural network for reverse adjustment and
correction. Then, a time-varying incentive optimization for interactive demand response based on
two-step clustering is introduced. Furthermore, based on the different clustering results of customers,
the peak-valley load time-sharing incentives are formulated. The proposed method is validated
through case studies, where the results indicate that our method can effectively improve the users’
load characteristics and reduce the users’ electricity costs compared to the existing methods.

Keywords: consumer behavior; two-step clustering; demand response; NSGA-II algorithm;
multi-objective optimization

1. Introduction

With its important role in stabilizing the power grid, demand response [1,2] refers to
users’ active adjustment from their conventional energy consumption patterns in response
to incentive measures from energy suppliers. Recently, with the power utility companies
putting more emphasis on the interactive response from the user side, customer satisfaction,
and personal service systems, the demand response mechanism has been changed. On
the one hand, residential users are served by power utility companies. On the other
hand, residential users also test the applicability of power utility companies’ services. The
source—grid—-load interaction is further enhanced [3,4].

Presently, the development of frequent interaction between users and power utility
companies has led to higher requirements for the precise classification of users [5]. However,
with the continuous enrichment of power data collection, the power consumption data
on the user side increases exponentially, and the power demand is diversified [6]. In
this context, more and more countries combine their power systems with digitization in
order to mine the value of massive user data, so as to provide users with more reasonable
demand response incentive policies and improve user satisfaction. Therefore, it is extremely
important to use the power of big data mining technology to conduct multidimensional
analysis on the users’ electricity consumption behavior, which not only helps to grasp the
basic characteristics of the users’ electricity consumption behavior, and achieves accurate
segmentation of electricity users, but is also helpful for further research on the optimization
method of the demand response strategy, reducing the cost of demand response, and
ensuring effective interaction between the power grid and users.
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In the energy system, aggregators can quickly analyze the characteristics of users’
load and adjustable potential according to the users” household load information after
receiving the big data on the residential users’ power. Residential users are divided into
different categories according to the differences in their electricity consumption behavior,
and corresponding optimization control strategies are formulated for each category of
users. The aggregator sends the relevant optimization control strategy to the home energy
management system on the user side. Users can adjust their electricity consumption
behavior according to their actual situation to enable demand response participation. The
user demand response information interaction flow diagram is shown in Figure 1.
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Figure 1. User demand response information interaction flow diagram.

With the continuous development of the Energy Internet, the ability of users’ interac-
tion and response is increasingly enhanced, imposing higher requirements for the division
of peak and valley periods based on user demand response and the determination of peak
and valley time-varying incentives. In particular, the determination of incentives in peak
and valley periods needs to consider two aspects: (I) users’ load characteristics, correspond-
ing to users’ electricity consumption activities, and (II) the adjustable potential of the user,
corresponding to the user’s electricity consumption attitude. To formulate corresponding
strategies, we must proceed from the real-life electricity consumption patterns.

Considering the existing research, there are blanks in the case of uneven user load
response and serious differentiation of user behavior characteristics. The existing clustering
methods do not have high clustering accuracy and good generalization ability in the
actual situation, where the user’s electricity consumption is complex. Existing demand
response strategies are relatively simple. There is an urgent need to study differentiated
and interactive demand response strategies, customize peak-valley time-sharing incentives
for different user clusters, effectively reduce demand response costs, and enable interactive
adjustment of load, source, and network.

In summary, this paper presents an interactive demand response strategy based on
two-step clustering, first extracting and analyzing customers’ electricity consumption
characteristics by using a two-step clustering method, and then proposing a demand
response strategy optimization method that takes into account the clustering of electricity
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consumption behavior and customizes time-varying incentives. The specific contributions
are as follows:

e Inorder to solve the problem of poor clustering under the complex electricity consump-
tion situation of users in the existing research, we constructed a two-step clustering
model based on the principle of reverse regulation. Our method can improve the poor
clustering results of previous research that only adopted the first step of clustering
based on a k-means clustering algorithm or the second step f clustering based on
self-organizing competitive neural networks.

e Inorder to solve the problem that the single demand response strategy in the existing
research is unable to effectively interact with the user side, we propose an interactive
demand response optimization strategy based on two-step clustering. According to
the clustering results of resident users, the peak and valley periods are determined by
the primary class, and the peak-valley load time-sharing incentives are customized by
the secondary subclass.

e  The improved NSGA-II algorithm is used to solve the multi-objective peak—valley
load time-sharing incentive model, which solves the problem that the existing research
does not consider the difference of user power demand, and effectively improves the
load characteristics of residential users through flexible incentive forms.

2. Related Work

The accurate segmentation of power users should be supported by big data [7], user-
centric [8], and use clustering algorithms [9], which is the most widely used and most
effective research method in the process of user electricity consumption behavior analysis,
and is the basis for users to participate in demand response.

For the research on accurate segmentation of power users, an efficient and energy-
saving ELDCA algorithm was proposed in ref. [10], which constructed optimal load-
balancing clustering at each internal intersection of grid cells based on clustering fitness
values. A power load behavior identification method was proposed in ref. [11], which
provides reliable distribution network maintenance guarantees for residential power load
on the basis of classification and identification. In ref. [12], the SON input layer was defined
as the input of the complete dataset, and through the analysis of differentiated data by a
clustering algorithm, the ideal clustering effect was obtained. In order to extract typical
daily load curves of load clustering, a k-shaped algorithm based on the similarity criterion
of shape was applied, and the load amplitude constraint was introduced [13]. Some studies
have tried to implement autoencoder-based clustering that automatically converts smart
meter data into more clustering-friendly representations that can retain the original data
characteristics [14]. Ref. [15] proposed a method that first encodes an arbitrary load into
an embedding centroid vector, and then carries out clustering based on the embedding.
In order to link the objectives of forecasting and clustering via a feedback mechanism to
return the goodness of fit as the criterion for the clustering, ref. [16] attempted to integrate
the hierarchical structure and the forecasting model using a novel closed-loop clustering
(CLC) algorithm.

In terms of the research on residential users’ participation in the demand response
of TOU price, considering the characteristics of residents’ load operation, and aiming at
the optimal benefit of electricity companies, researchers established a day-ahead market
game decision model and proposed a distributed parallel game solution algorithm to
solve the iterative problem of large-scale residents’ load game [17]. By constructing the
response characteristic model of users to TOU price, it was proven that the implementation
of TOU price policy is conducive to reducing the peak-valley difference and improving
load stability [18]. The diversified needs of users, the degree of satisfaction, and the
implementation characteristics of automatic demand response are fully considered in
ref. [19]. According to the overall price response capability of consumer psychology, a
unified user response model considering the time-shift ability of different load types
was established, and the response model was modified according to the satisfaction of
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users [20]. In ref. [21], a real-time integral package was proposed, where a negative integral
was adopted in peak periods and a positive integral was adopted in valley periods to
guide users to actively participate in peak shaving and valley filling. One investigation
studied the public perceptions of and willingness to participate in urban energy demand
response through a questionnaire survey. The results suggest that income level, behaviors,
and external motivation factors are the key factors that determine public willingness to
participate [22]. In ref. [23], a two-step settlement mode was adopted for the dynamic
pricing, to ensure that there was no increased expenditure of residents compared with
the existing price. Ref. [24] proposed a game-theory-based demand response program
that merges the incentive- and price-based DRP concepts, with a focus on the residential,
commercial, and industrial sectors.

In summary, domestic and foreign studies on user-side demand response have achieved
fruitful results. However, on the one hand, with the normalization trend of home offices
and online learning, the power consumption behavior of residential users has become more
flexible and difficult to predict. On the other hand, with the more diversified electrical
equipment of residential users, the uncertainty of power load increases, so the question
of how to mobilize users to participate in demand response actively and effectively is of
great significance. In addition, although the effect of load control is fast and accurate, the
communication and infrastructure requirements are high, which is not conducive to privacy
protection. Large-scale promotion is more difficult. Therefore, there is an urgent need to
carry out research on interactive and differentiated demand response strategies.

3. A Two-Step Clustering Model Based on the Analysis of Consumer Behavior

In this section, we introduce the basic framework of user behavior, and propose a
two-step clustering model based on the analysis of consumer behavior.

3.1. Analysis of Power Consumption Behavior of Users

There are differences in the electricity consumption behavior and electricity consump-
tion attitudes of different users. Electricity consumption behavior can be measured by
smart meters and other equipment, reflecting the load characteristics of power users; elec-
tricity consumption attitudes are not easily measured or observed directly in the mindset,
reflecting the regulation potential of the users. In the current big data context, it is important
to conduct in-depth mining and analysis of customers’ electricity consumption behavior
and explore their regulation potential.

Electricity consumption behavior is jointly determined by the behavioral subject, be-
havioral environment, behavioral measures, and behavioral outcomes. Behavioral subjects
refer to the users themselves. The behavioral environment refers to the non-self factors
that affect the electricity consumption behavior of users, such as meteorological factors,
holiday factors, etc. Behavioral measures refer to the means by which users implement
their electricity consumption behavior, including electric vehicles, air conditioners, etc.
Behavioral outcomes refer to the final load curve generated by the user after a series of
electricity consumption behaviors.

In this study, to analyze the basic characteristics of users’ electricity consumption
behavior, four points were examined according to the concept and component of users’ elec-
tricity consumption behavior: subjectivity, predictability, uncertainty, and high-dimensional
complexity. These features are also the basis for user behavior analysis. A typical user’s
electricity consumption behavior architecture is shown in Figure 2.
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Figure 2. Framework of consumer power consumption behavior.
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Subjectivity means that the customer actively accepts the power supply from the
energy system and actively changes their electricity consumption behavior according to
the actual situation, including package changes of the external environment, changes
of family members, encountering unexpected conditions, etc. Predictability means that
the user’s electricity consumption behavior follows a certain internal law. Uncertainty
refers to the users’ random electricity consumption behavior due to random events or the
model deviation caused by incomplete analysis of user electricity consumption behavior.
High-dimensional complexity means that the user behavior model is affected by many
factors, cannot be represented by a fixed function expression, and has a non-analytic and
nonlinear relationship.

Through the analysis of users’ electricity consumption behavior, we fully considered
the impact of users’ attitudes on the segmentation of users’ electricity consumption behavior
and demand response strategies, in addition to considering the users” activities. This
analysis was divided into self-influencing factors, climate influence factors, and social
influence factors. Self-influencing factors include the user’s gender, age, Internet access,
Internet access frequency, number of rooms, housing, etc.; climate factors include daily
maximum temperature, daily minimum temperature, daily average temperature, daily
average humidity, daily wind level, etc.; social factors include the user’s social class,
occupation, salary, family size, family income, and family expenditure.

3.2. Two-Step Clustering Model

Based on the first step of clustering of the user’s daily load and the second step of
clustering of the user’s basic data, our model uses a BP neural network to reverse the
adjustment and correction of the comprehensive clustering results, in order to adjust the
output of the second step of clustering to the results of the first step of clustering in a
flexible form through the self-adaptive learning ability and nonlinear mapping ability of
the BP neural network. Through the function of the feedback mechanism, the error caused
by the insufficient information is corrected by using sufficient information, and the user
load characteristics are correlated with the adjustable potential, which can enable accurate
classification considering the multidimensional influencing factors of the users’ electricity
consumption behavior. The two-step clustering model is shown in Figure 3.
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Figure 3. Two-step clustering model based on the reverse correction principle.

Moreover, electricity consumption is an explicit behavior that can be measured or
perceived by sensors such as smart meters, so we can use users’ daily load data to reflect it.
Attitudes on electricity consumption (including whether to accept the demand response,
etc.) are implicit behaviors, such as thinking patterns and attitudes, which are not easy
to directly observe. We can use a user’s basic dataset to reflect the user’s electricity
consumption attitude. Through the in-depth analysis of the user’s daily load and basic data,
we can comprehensively reflect the user’s electricity load characteristics and adjustment
potential, and then provide guidance and support for subsequent research on demand
response strategies.

The first step is to classify the daily load dataset through K clusters with the same
electricity consumption. The basic steps of the procedure are indicated as follows:

Randomly select K power users’ electricity load characteristics as the initialized centroids.

The cluster assignment consists of minimizing the sum of the squared objective func-
tion, which is defined as follows:

J(C) = min f Z umndZ(cm,xn) 1)

m=1XEcy

where u,,, = 1 indicates that user n belongs to class m while u,;, = 0 indicates that
they do not; d(cm, xn) is the intra-cluster distance, ¢, is the cluster centroid, and x,, is the
user’s dataset.

The Calinski-Harabasz index (CHI) is used to recalculate the cluster centroid c,, based
on the current cluster members.

UmnXn

N
»
on =" @
»

Repeatedly executing step 3 until convergence, the Calinski-Harabasz index is used
to find the optimal value of K for the user’s dataset. SSB and VRCy are used to measure
the separation of the clusters.

k
SSB =Y njl|m; — m|? €)
i=1
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where ¢; is ith cluster; n; is the number of points within cluster c¢;; x represents the data
points of cluster c¢;; and m; is the centroid of cluster ¢;. When the value of VRCy decreases,
separation increases, which indicates the clustering quality.

The second step is using a self-organizing competitive neural network to adjust the
user’s adjustable potential, and to identify the user clusters with the same electricity
consumption patterns. The basic steps of the procedure are indicated as follows:

The input vector of the SON, which is the principal component X after PCA re-
ducing the dimensionality of the dataset, is normalized with the synaptic weight vector

A

Wi(j =1,2,- -+ ,m) of each neuron in the competition layer to obtain X.
A
When the network receives the input data X, W]- (j=1,2,---,m) in the competition
A
layer is compared with X, and the one with the greatest similarity with W;(j = 1,2,--- ,m)

A
is determined as the winning neuron, denoted as Wj:. The measure of similarity is deter-
mined by the Euclidean distance method (or the cosine of the included angle).

X-W in {x-w 6
=W = _min %W ©
A A A AT A A ATA
||X—VV]*H = (X*Wj*) (X*Wj*) = 2(17W]-* X) (7)
ATA ATA
Wi X = max (Wp X) (8)

A
The weight vector W;: of the wining neuron is adjusted in accordance with the
following function:

A A A A
Wi(t+1) =W (t) j#j"

where «a is the learning rate, which shrinks over time, and « € (0, 1].
The above steps are iterated until the value of « is less than 0 or a threshold value.
Finally, based on the principle of reverse correction, the second step’s clustering
result is used as the training dataset of the BP neural network to reversely correct the
primary clustering result. The two-step clustering process is then repeated to obtain
clusters corresponding to the user’s electricity consumption behavior.

©)

4. Interactive Response Strategy

In this section, we propose a user-side interactive response strategy based on two-step
clustering of users’ electricity consumption behavior to customize time-varying incentives.

The comprehensive clustering method, which combines k-means and an SON for two-
step clustering, along with a BP neural network for reverse adjustment and correction, is as
previously discussed. Considering the influence of users’ electricity consumption activities
and attitudes toward electricity consumption on the demand response optimization strategy,
residential users are subdivided into primary classes and secondary subclasses. The peak
and trough load periods are determined by the primary class, and the peak—valley load
time-varying incentive is customized by the secondary subclasses.

The user-side interaction response strategy process is illustrated in Figure 4. The
multi-objective peak-trough load incentive model takes the minimum electricity cost of the
user and the peak-trough load difference of the equivalent load as the objective functions,
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and employs the improved NSGA-II multi-objective optimization algorithm to solve them.
Through the above methods, the enthusiasm of various users’ participation in demand
response is improved, the adjustment potential of various users is fully tapped, and the
load characteristics of various users are improved.

Mining and Analysis of User's Mining and Analysis of User
Daily Load Data Basic Data
Data
Mining || | Electricity Activity | | Electricity Attitude |
Analysis - - -
Fusing K-means and SOM for Quadratic Clustering and
A Comprehensive Clustering Method for Reverse Adjustment and Correction
of BP Neural Network
User ‘ Primary class ‘
Classifi-
cation ‘ Secondary subclass ‘
Multi-objective Peak trough Time-sharing Incentive Optimization Model
Based on Double-layer Clustering
Interactive
Response || The Improved NSGA-II Algorithm is Used to Solve the Multi-objective Peak
Modeling trough Time-sharing Incentive Optimization Model
Determine the Peak trough Time-sharing Incentive of Various Users

Figure 4. Interactive response strategy of time-varying excitation based on power consumption
characteristics.

4.1. Residential Load Modeling

By analyzing the daily electricity consumption of residential users, it was concluded
that the user’s load is mainly based on their basic non-dispatchable load, dispatchable
load, electric vehicle (EV) load, and energy storage device load. Other load types are not
considered in this paper. Therefore, the total load of the user is as follows:

In(t) = Iy (1) + L (8) + I (8) + 15 (1) (10)

where I,,(t) is the total load at t of the user 1; IZ(t) is the basic non-dispatchable load at t of
the user n; 12 (t) is the dispatchable load at t of the user ; IF (t) is the electric vehicle (EV)
load at  of the user n; and I} () is the energy storage device load at t of the user n.

The basic non-dispatchable load of residential users belongs to the daily fixed load.
For example, a rigid demand load such as a refrigerator satisfies IZ(t) = I™"(t), where
[Min(#) is the minimum load demand at ¢ of the user 7.

The dispatchable load of residential users refers to the partial load that can be dis-
patched frequently. For example, with washing machines, rice cookers, dishwashers,
dehumidifiers, sweeping robots, etc., the usage period and power can be adjusted. The
formulation can be expressed as follows:

T
Y L) = s (11)
t=1

0 < I2(t) < IMaX(t),¥n (12)

where s is the total amount of partial loads that can be scheduled frequently. In daily life,
its maximum value is [} (t).
The constraints of the electric vehicle load model for residential users are as follows:

P
Py =l e 13)

[

When IF(t) >0, 15+ (t) = 12(¢).
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When I (t) < 0,15 (t) = [P (t), and have:

$ler_q
Y () =s@—sh (14)

t=tar
i < 1P (1) < )

to

0<SE4+ Y IP(t) <Ento= 7,67 +1,...... P _q (16)

t=t

where y; is the discharge efficiency of electric vehicles; y. is the charging efficiency of
electric vehicles; IJ (t) represents the energy changes when charging electric vehicles;
min max

1P~ (t) represents the energy changes when electric vehicles are discharged; r™" and 7!

are the minimum and maximum hourly energy change, respectively; ¢} and tiey are the
time needed for the electric car to return home and start from home, respectively; S; and sQ

are the remaining power at time t§” and the electric vehicle power at time tiw , respectively;
and Ej, is the maximum capacity for electric vehicles.
The constraints on the load of residential energy storage devices are as follows:

dn(t) = dn(t—1) +€5(t) (17)

When I3 (t) > 0, e5(t) = L (t) s
When IF(t) < 0,e5(t) = L) and have:

ps 7
— <) < o (18)
dn(0) = dy (19)
0 <dy(t) <di®™ (20)

where ji; is the energy storage device’s charge and discharge efficiency; cj@* is the maxi-
mum value of the charge and discharge capacity of the energy storage device; d,(t) is the
remaining power of the energy storage device at time t; d, (t — 1) is the remaining power of
the energy storage device at time t — 1; e5(t) represents the difference between d, () and

da(t —1); d2 is the initial battery value; and d,(t) is less than the maximum capacity 4.

4.2. Multi-Objective Peak—Valley Time-Varying Incentive Optimization Strategy Based on
Two-Step Clustering

The assumptions of the multi-objective peak—valley time-varying incentive optimiza-
tion strategy are as follows:

e The peak-trough load period is based on the user’s daily electricity consumption,
which can reflect the load characteristics of the power user, and the user can participate
in the peak-trough load time-varying incentive response by adjusting the usage of
household appliances.

e  The impact of peak-trough load incentives on the total daily electricity consumption
of residents within a certain range is almost negligible, so the default total user load
before the electricity price of peak—-trough load period optimization is consistent with
the total load after peak—trough load incentive optimization.

In order to take full account of the activities and attitudes related to the electricity
consumption of power users under the influence of the external environment—that is, to
take into account the load characteristics and regulation potential of power users—in the
fourth part, a comprehensive clustering method was designed, combining k-means and
the SON to carry out secondary clustering with a BP neural network to carry out reverse
adjustment correction, where the residential users are grouped into k clusters (called
primary classes). Each class is subdivided into two subclasses (referred to as secondary
subclasses), with k; indicating stronger and k, weaker regulatory potential. From the
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primary k class, it can be determined that the peak and trough load periods of time-varying
incentives for users’ classes are Tyr and Ty, respectively. From the secondary subclasses, it
can be determined that the peak and trough load time-varying incentives of subclass k;
are py, s and py, o, respectively, while the peak and trough load time-varying incentives of
subclass k; are py, s and py,, respectively.

The objective of the users’ peak—trough load time-varying incentive optimization
strategy is to minimize the users’ electricity consumption costs and the differences be-
tween peak and trough load periods. Therefore, the functions for minimizing electricity
consumption costs for users with strong and weak regulatory potential are shown in
Equations (10) and (11), respectively:

Fy=minPy = Y Le(Opes+ Y Ing(D)pigg (21)
tEka tGTkg

Fi» = minP, = Z lnf(t)pk2f + Z lng(t)szg (22)
tEka tETkg

where Py, is the electricity consumption cost of the user 1, while [,¢(¢) and I;,¢(t) are the
responded loads to the peak and trough load periods, respectively, after the implementation
of the incentive policy.

The function for minimizing the difference between user n’s peak and trough load
periods is shown in Equation (12):

F, = min[maxl, (t) — minl, ()] (23)

where [, (t) is the total load of user # in time period ¢.

The peak-trough incentive optimization model was constructed with constraints
considering the users’ total load, the peak—trough load electricity price ratio, and the
electricity price at each time period.

The total load of users after implementing the time-varying incentive policy should
satisfy the following constraint, which remains unchanged:

Zlno(t) = 2 lnf(t) + Z lng(t) (24)

teT teTy teTy

where I,,0(t) is the original total load of user 7 in each time period, while I,,¢(t) and I (t)
are the load in the peak and trough load time periods, respectively, after implementing the
incentive policy.

Constraints (14) and (15) limit the peak—trough load electricity price ratio. For the
peak-trough load electricity price ratio, adopting the peak—valley time-varying incentive
policy within a certain threshold helps reduce the peak load. When the peak—-trough load
electricity price ratio exceeds the threshold range, the original peak-trough load time
period is reversed, causing a burden on the grid’s operation. Therefore, it is necessary to
satisfy the following constraints:

p< il < p (25)
Piig

o< Pt < g 26)
pkzg

where & is the minimum peak load electricity price ratio, while f is the maximum peak
load electricity price ratio. According to the current standard peak—valley time-of-use tariff,
weseta =2, =5.

Constraints (16)—(19) limit the incentive policies:

P fmin < Pkif < P fmax (27)
Pgmin < Pk;g < Pgmax (28)

P fmin < Pkof < P fmax (29)
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Pgmin < Pkyg < Pgmax (30)

where p fmin and pmax are the minimum and maximum incentive of the peak load time
period, respectively, while pemin and pgmax are the minimum and maximum incentive of
the trough load time period, respectively.

4.3. Improved NSGA-II Multi-Objective Optimization Algorithm

At present, the NSGA-II algorithm is often used to find the optimal solution for
multiple objective functions [25]; it is composed of simulated binary crossover (SBX) and
polynomial mutation (PM) combined with a single-gene genetic recombination operator
to produce the next generation [26,27]. Because the single-gene recombination operator is
unpredictable in solving mathematical problems, the search rate and solution accuracy are
reduced. Therefore, we introduced the combinations of SBX with PM, order crossover (OX)
and PM, parent-centric crossover (PCX) and PM, and simplex crossover (SPX) and PM into
the crossover mutation algorithm. The next generations generated based on SBX and OX
are distributed with the parent generation as the central axis, while those generated based
on PCX and SPX are distributed in all directions, with the parent generation as the center.

In the optimization iteration process of the algorithm, the selection probability of
the gene recombination operator is iteratively updated to utilize the advantages of each
recombination operator in different periods as much as possible. Therefore, a feedback
route map of the gene recombination operator, as shown in Figure 5, was established to
improve the NSGA-II algorithm.

Parent individual Ft

»
»

Rapid non-dominant
sequencing and screening for
N cross-inherited individuals

(_OX+PM r « PCX+PM )

P Genetic recombination e
(_scx+pm Y v (" SBX+PM )

Parent individual Ft-1

Update selection probability
Xi

Figure 5. Feedback roadmap of the gene recombination operator.

Assuming that only one gene recombination operator performs crossover mutation
at a time, the probability of each gene recombination operator satisfies the following
data expression:

X:{Xl,XZ,...,Xo},XiG (0,1) (31)

where i is the genetic recombination operator and O is the number of genetic recombination
operators. At the beginning of the algorithm, we set X; = %. At each iteration, the
probability of the genetic recombination operator is periodically updated as follows:

Xi=GtT (32)
(Ci+17)

1

Ito

where C; is the number of successful offspring produced by i, while T is a constant in order
to avoid the loss of the genetic recombination operator in the iterative process. We set
T=1

The improved NSGA-II algorithm performing multi-objective optimization is com-
posed of the steps as shown in Figure 6.
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| |
| |
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Setting the parameter and | generation of individuals |
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- — — 1

No

To achieve the expected
maximum Algebra

The population number N of the
offspring is obtained

The Pareto optimal solution set
is obtained

Calculate the degree of
satisfaction and choose the best
solution

End

Figure 6. Flowchart of the improved NSGA-II multi-objective optimization algorithm.

5. Performance Validation

In this section, we present simulation experiments to test the effectiveness of the
proposed clustering method and demand response optimization strategy.

5.1. Experimental Environment and Data Introduction

We selected the measured user load data and the basic user dataset of Irish smart me-
ters as the research object [28], and the simulations were carried out using MATLAB R2019a.

For residential users, according to the differences in electricity consumption activities
and attitudes toward electricity consumption of each user, users with similar electricity
consumption behaviors can be classified into the same class. In order to improve the
enthusiasm of users to participate in demand response, we customized corresponding
incentive strategies for each type of residential user. This paper presents a two-step clus-
tering analysis based on the reverse correction principle, which divides the 48 households
selected in this paper into four primary classes, as shown in Figure 7a—d. Each primary
class is further divided into two secondary subclasses based on the basic user information
dataset, and finally achieves the distinction between two secondary subclasses with fixed
and random user behavior characteristics. The first class (Figure 7a) contains 12 users,
mainly with basic unschedulable loads. The second class (Figure 7b) contains 12 users, and
most of them are typical unimodal users, who are mainly based on the basic load and have
a certain schedulable load. The third class (Figure 7c) contains 11 users, and most of them
are typical bimodal users, who are characterized by insignificant differences between the
bimodalities. The electricity consumption characteristics of the third class entail higher
loads at noon and at night, and they are mainly electric vehicle users. The fourth class
(Figure 7d) contains 13 users, most of whom are typical bimodal users, characterized by
unstable daily load data, high total electricity consumption, and large power fluctuations.
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The difference between the fourth class and the third class of bimodal users is that the
bimodal difference is obvious. The electricity consumption characteristics of the fourth
class of users entail a higher load during the day, and most of these users have energy
storage devices. Analyzing the basic information of users, we found that the fourth class of
users are mainly freelancers who work at home, as well as housewives.
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Figure 7. Results of two-step clustering based on the inverse correction principle. (a) The first class.
(b) The second class. (c¢) The third class. (d) The fourth class.

It should be noted that according to the analysis of the clustering results, the daily
load data of users in the first class are relatively stable; their total electricity consumption is
low, and their power fluctuation is small. No time-varying incentives were formulated for
this class of users.

According to the typical load distribution diagram of each user class, the peak and
trough load periods of TOU price for each user category were determined as follows:

The peak and trough load periods of TOU price for users of the second class: peak
load periods are 9:00-11:00 and 16:00-20:00; trough load periods are 0:00-9:00, 11:00-16:00,
and 20:00-24:00.

The peak and trough load periods of TOU price for users of the third class: peak load
periods are 10:00-13:00 and 18:00-24:00; trough load periods are 0:00-9:00 and 13:00-19:00.

The peak and trough load periods of TOU price for users of the fourth class: peak load
period is 9:00-22:00; trough load periods are 0:00-9:00 and 22:00-24:00.

Based on the basic user dataset, each primary class was divided into two secondary
subclasses, so as to distinguish the two secondary subclasses with fixed and random user
behavior characteristics. The users of the second, third, and fourth classes, along with their
secondary subclasses, were taken as the analysis objects for simulation analysis. The load
characteristics of each type of user are shown in Table 1.



Information 2022, 13, 421

14 of 17

Table 1. Analysis of the load characteristics of various kinds of users.

Daily Average Daily Mean
User Category Lo}a, d /kWhg Difference between Typical Load
Peak and Valley/kWh
Subclass1 15.14 2.16
The second class Subclass? 15.28 295 Schedulable load
. Subclass1 21.54 2.87
The third class g}, 1262 20.29 3.12 EV
Subclass1 30.98 3.71 Energy storage
The fourthclass g 1, o660 33.21 4.19 device

5.2. Experimental Results

The advantages of the interactive demand response strategy based on two-step clus-
tering were compared and analyzed through the following two cases. The specific case is
as follows:

Case A: K-means clustering is performed for users based on load data only, without
considering multidimensional influencing factors of users’ electricity consumption behavior,
and then the multi-objective peak—trough load time-varying incentive is solved.

Case B: The two-step clustering method based on the reverse regulation principle
proposed in this paper is used to subdivide users, and the multi-objective peak-trough
load time-varying incentive is solved for each subclass.

A residential user was randomly selected from the dataset of this paper. Figure 8 shows
the comparison of the load curve of the user under the two cases. Compared with the user’s
original load curve, the load values of Case 1 and 2 fall back during the peak load period
and rise in the trough load period, and the overall load curve tends to be gentle compared
with the original load curve. Among the cases, Case 2 has the stronger load stability and
more obvious optimization effect, proving the effectiveness of the method proposed in this
paper and the necessity of considering the multidimensional influencing factors of users’
electricity consumption behavior. Table 2 compares the electricity consumption costs to the
user under the two cases. Case 1 saves CNY 1.79, while Case 2 saves CNY 2.28. It should
be noted that in order to verify the advantages of the demand response strategy proposed
in this paper, we conducted a comparative analysis of the relative values. The absolute
values of the actual situation varied according to the different user groups. Therefore, it
can be concluded that Case 2 takes into account the two objective functions and has better
optimization performance.

Table 2. Comparison of electricity consumption costs to a customer under the two demand
response cases.

Average Cost before ~ Optimized Average
Optimization/CNY Cost/CNY

Case A 14.13 12.34 1.79
Case B 14.13 11.85 2.28

Case Cost Saving/CNY
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Figure 8. Comparison of load curves of a user under two demand response scenarios.

The improved NSGA-II algorithm proposed in this paper was used to solve the multi-
objective peak—trough load time-varying incentive optimization model. The parameters
were as follows: population size N = 100; variation rate of 0.1, crossover rate of 0.9, and
maximum genetic algebra of 100. According to the algorithm flow described in Section 4.2,
the simulation calculation was carried out to develop time-varying incentives for all types
of users, and the peak—valley optimization incentive is shown in Table 3.

Table 3. Optimized incentives for all types of users.

Peak-Hour Excita- Valley-Hour Excita-

User Category tion/(CNY/kWh) tion/(CNY/kWh)
Th dd Subclassl —0.231 +0.128
e second class Subclass? —0.252 +0.136
. Subclassl —0.202 +0.141
The third class Subclass? —0211 +0.147
Subclassl —0.133 +0.064
The fourth class Subclass? —0.168 +0.088

When the peak—valley time-varying incentive policy is formulated for various users,
the incentive value is negative in the peak load period and positive in the trough load
period, so as to encourage users to reduce their power consumption in peak load periods
and increase there electricity consumption during trough load period.

Table 4 shows the daily average peak—trough load difference and electricity consump-
tion costs of various users after the implementation of the peak—-trough load time-varying
incentive optimization strategy. Compared with the data in Table 1, it can be concluded
that after the implementation of time-varying incentives, the daily average peak—valley
load difference of various users decreased, while the adjustable potential increased. In
addition, the daily power consumption costs of various users also decreased. The average
cost savings of subclass 1 and subclass 2 of the second parent category were CNY 1.28 and
1.42, respectively; the average cost savings of subclass 1 of the third class was CNY 1.91,
while that of subclass 2 was CNY 1.79; The average cost savings of subclass 1 of the fourth
class were CNY 2.46 with and those of subclass 2 were CNY 2.89.
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Table 4. Average daily peak-valley difference and power costs before and after the implementation

of the strategy.
Da.lly Mean Average Cost Optimized
User Catego Difference before Average Cost
gory between Peak Optimization Cost/CgNY Saving/CNY
and Valley/kWh /ICNY
The second  Subclassl 1.27 7.26 5.98 1.28
class Subclass2 1.31 7.34 5.92 1.42
The third Subclass1 1.33 10.34 8.43 1.91
class Subclass2 1.39 9.74 7.95 1.79
The fourth ~ Subclassl 1.89 14.87 12.41 2.46
class Rubclass2 1.72 15.94 13.05 2.89

6. Conclusions

The construction of smart grids is leading the traditional electric power industry to
develop in the direction of intelligence, digitalization, and automation. The interaction
between power users and power utility companies is becoming more and more frequent,
imposing higher requirements for the accurate classification of users and the interaction of
user demand response. In this paper, a demand response optimization strategy based on
two-step clustering is proposed, and the validity and practicability of the strategy proposed
in this paper are verified by taking the refined classification of electricity consumption
behavior of residents in Ireland as an example. The main contributions of this paper are
as follows:

o A two-step clustering model based on the principle of reverse regulation was adopted
to improve the poor clustering results of the first step clustering based on k-means
clustering algorithm and the second clustering based on self-organizing competitive
neural networks, as well as to improve the clustering quality and clustering accuracy.

e By customizing the peak—valley time-varying incentives for different types of residen-
tial users, and using the improved NSGA-II algorithm to solve the model, the goal of
saving users’ electricity consumption costs and reducing the peak-trough differences
in the grid’s power load was realized.

This paper verifies the effectiveness of the demand response optimization strategy
based on two-step clustering through simulation, but is limited by data and technology;
the following aspects still need to be further studied:

e  This paper does not consider the differences in the electricity consumption behavior of
users in different countries and regions. In the future, the demand response optimiza-
tion strategy proposed in this paper should be applied to more measured datasets to
analyze the applicability of this method.

e  In the follow-up, the non-cooperative game problems formed by power suppliers for-
mulating different sales strategies for different types of residential users will be further
analyzed, and the game equilibrium of the power market will be further studied.
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