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Abstract: The time-of-use (TOU) strategy can effectively improve the energy consumption mode of customers, reduce
the peak-valley difference of load curve, and optimize the allocation of energy resources. This study presents an Optimal
guidance mechanism of the flexible load based on strategies of direct load control and time-of-use. First, this study proposes
a period partitioning model, which is based on a moving boundary technique with constraint factors, and the Dunn Validity
Index (DVI) is used as the objective to solve the period partitioning. Second, a control strategy for the curtailable flexible
load is investigated, and a TOU strategy is utilized for further modifying load curve. Third, a price demand response strategy
for adjusting transferable load is proposed in this paper. Finally, through the case study analysis of typical daily flexible load

curve, the efficiency and correctness of the proposed method and model are validated and proved.

Keywords: Flexible load; Optimal demand response strategy; Time of use; Period partitioning; Direct load control

0 Introduction

The demand response strategy of flexible load mainly
includes electricity price and incentive guiding strategies
[1, 2]. A reasonable electricity price strategy can enable
customers to actively respond to the power price signal,
which can significantly improve the efficiency of electricity
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consumption, reliability, and economy of power system
[3]. Among the price guidance mechanisms, the time-of-
use (TOU) strategy has broadened applications in electrical
power system [4-7]. A reasonable TOU can effectively
guide customer to shave peak load [8], effectively improve
load smoothness [9], and improve the reliability of power
system [10].

The premise of obtaining the optimal TOU of peak, flat
and valley (PFV) is based on a period partitioning of load
curve, and many relevant period partitioning algorithms
have been studied [11, 12]. Reference [11] proposed an
equal step iterative technique for period partitioning, which
can avoid the uncertainty of the traditional algorithms.
Reference [12] developed a moving boundary method
(MBM), which can effectively improve the partitioning
efficiency and reduce the algorithm complexity. However,
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Co., Ltd. This is an open access article under the CC BY-NC-ND license (http: //creativecommons.org/licenses/by-nc-nd/4.0/ ).

297



Global Energy Interconnection

Vol. 6 No. 3 Jun. 2023

the above studies consider the distance between load points
as the evaluation standard, which cannot fully reflect
the period partitioning. So, the inter-class and intra-class
distances of periods should be fully considered, that is,
the Dunn Validity Index (DVI) [13] is incorporated as an
objective function in this study, which can fully reflect the
results of period partitioning, and the added constraint factor
can effectively improve the partitioning efficiency.

Currently, the peak load with a seasonal characteristic
is increasing annually [14]. For example, the increase of air
conditioning load in summer leads to the further increase
of peak load. Under the TOU policy, the optimal effect
cannot be achieved only through the independent response
of customers. Considering the direct load control strategy
to manage the high consumption load can also effectively
reduce peak load and the peak-valley difference (PVD)
of load curve. Reference [15] studies the air conditioning
load aggregation under different TOU prices. Reference
[16] mainly developed the equation model and sliding
mode controller for real-time load management of constant
temperature air conditioning, which controls the aggregate
air conditioning load by adjusting the setting value of air
conditioning. The direct load control on the curtailable
flexible load can reduce the peak load and PVD of load
curve; however, if TOU is further modified on this basis,
the interaction between the two can achieve a better effect.

This study proposes an optimal flexible load guidance
mechanism based on the direct load control and TOU price
strategy. First, a period partitioning model with constraint
factor is proposed for improving the efficiency, and the
DVI is adopted as the objective function, which can
comprehensively and effectively reflect the results of period
partitioning. Second, the control strategies of curtailable and
transferable flexible loads based on TOU are established.
For the curtailable flexible load, the equivalent thermal
parameter model is used to model the air conditioning,
where the air conditioning load is directly controlled. For
the transferable flexible load, an optimization model is
proposed. Finally, the particle swarm optimization (PSO)
algorithm is used to solve the problem.

The main contributions of this study are as follows:

(1) This study proposes a period partitioning method
with constraint factor, and it adopts DVI as the objective
function, which can achieve high accuracy and effectively
improve the period partitioning efficiency.

(2) This study adopts the equivalent thermal parameter
model to establish the curtailable flexible load model. On
this basis, the peak load and PVD of the curtailable flexible
load curve (FLC) can be effectively reduced through further
modifying of TOU.
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(3) This study establishes an optimization model
of TOU with transferable flexible load and solves it by
PSO algorithm. At the same time, the peak load shaving
and valley load filling effect with different proportions
of transferable flexible load is discussed. Appropriately
increasing the proportion of transferable flexible load
benefits further peak shaving and valley filling.

The rest of the paper is organized as follows: Section 1
introduces the PFV period partitioning optimization model
with constraint factors. Section 2 investigates the flexible
load modelling based on TOU, including the curtailable
flexible load and the transferable flexible load. Section
3 proposes the solution method of flexible load control
strategy and peak-valley electricity price model based on
the PSO algorithm. Section 4 concludes the paper with an
analysis of the case study.

1 PFV period partitioning model with constraint
factors

The period partitioning on typical day is the premise
to obtain the optimal TOU prices. Considering the
shortcomings of the existing period partitioning methods,
a period partitioning algorithm with constraint factors is
proposed, and DVI is adopted as the objective function to
establish the model.

1.1 Period partitioning model

In this study, the MBM is used to enumerate states of
period partitioning, the objective function is determined
by DVI, and the constraint factors are added to constrain
the PFV periods. The number of hours in PFV periods are

greater than or equal to 77 , 7. and T". hours, that is, to

min® * min® min

meet the following constraints:

r=Tr

min

T./' > Tf
e (M

T’ +T/ +T" =24
where 77, T, and T represent the number of load points
in PFV periods, respectively; T , T/ , and T, are the
constraint factors of PFV periods, respectively.

Assuming that the typical daily load curve can be
expressed as PL={PL,PL,,..,PL,...,PL,}, where
PL, represents the load value of the #-th hour of the
daily load curve, a new daily load curve is obtained by
arranging it in ascending order, which can be expressed
as PL'={PL/,PL,,..,PL,,}. Let MV, and MV, be the
moving variables in the load curve in ascending order,
and MV, < MV,, MV, is the maximum load in the valley
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period, which distinguishes between valley period and flat
period boundaries. MV, is the maximum load in the flat
period, which distinguishes between flat period and peak
period boundaries. By setting MV, and MV, as the decision
variables and enumerating the states of period partitioning
under the constraints of constraint factors, the objective
function adopts DVI. During the movement of decision
variables, the DVI of each step is calculated, and the optimal
period partitioning is determined by the value of DVI, and it

can be expressed as:
min {Vx eggnivli Eﬂn{ K "}}
DVI(MVI,MVz) — 0<m#n<K i m> Y
x, = x|}

where K represents the number of clusters; m and n denote

max {|

0<m<K,Vx;,x;€Q,

classes m and n, respectively; x; and x; represent elements
within a class.

According to the definition of DVI, the ratio of the
shortest distance (inter-class) between any two cluster
elements to the maximum distance (intra-class) between
elements in any cluster determines the DVI value. The
increase in DVI value means the decrease in intra-class
distance, increase in inter-class distance, and improvement
in clustering effect.

1.2 The period partitioning algorithm based on
an improved MBM

This study proposes an improved MBM to optimize
the period partitioning, and constraint factors are added to
constrain the PFV periods. The proposed improved MBM is
described, and the corresponding flow chart is shown in Fig. 1.

Stepl: Input a typical daily load curve:
PL={PL,PL,,..,PL,..,PL,}.

Step2: Arrange the typical daily load curve in ascending
order: PL' ={PL!,PL;,...,PL,,}.

Step3: Set the initial values of moving boundaries MV,
and MV, as shown in Eq. (3) and Eq. (4):

MV, =PL (m=T, T, +1,.24-T> ~T/ )y  (3)

‘m in >~ min

MV,=PL (n=T) +T} T, +T, +1,..24-T" ) (4)

Step4: Initialize the moving variables. Let m =T, , and
n= Tn‘l/in +T, m/m

Step5: Calculate the objective function DVI.
Step6: Update the moving variables. If n <24 -T7

n=n+1. Otherwise, m=m+1, n=m+1. Then, calculate
objective function DVI.

Step7: Termination of iteration criterion. If n=24-T" |
stop the iteration; otherwise, go to Step3.
Step8: Output optimal period partitioning and the

corresponding values of MV, and MV,

Input load data:
PL={PL,PL,,...,PLy,}

Arrange the typical daily load curve in
ascending order: PL’ = {PL,’, PL! ,.“,PLZ’A}

'

Set the variation range of moving boundaries:
MV, = PLy(m = T, Toi +1,..24 =T, = Ti1)
MV, = PL;(n = Ty + T, T + T 41,24 = T3 )

!

Initialize the moving variables:
m =Ty, and n="Ty, + T},

—>| calculate the objective function DVI |<—

@ Yes, n=n+1

No

Update the moving variables by
m=m+1, n=m+1

o>
Yes

( Output optimal period partitioning)

Fig.1 Flow chart of PFV period partitioning

Consequently, the load PL, belongs to valley period
in [PL{, MV,]; the load PL, belongs to flat period in
(MV,, MV,]; the load PL, belongs to peak period in
(MV,, PL,, .

2 Flexible load modeling based on TOU

The flexible load mainly refers to the curtailable [17]
and transferable flexible loads [18]. According to the
characteristics of both flexible loads, models of them based
on TOU, respectively, are established.

The curtailable load refers to the load that can directly be
curtailed or interrupted in a short time and this action does
not impact customers significantly. The air conditioning
is one of curtailable loads. The operation power of air
conditioning with the change of temperature can be
expressed by heat pump load equivalent thermal parameters
model [19]:

1

T =T~ OR()~ (T, + QRx()~T})e ™ (5)

out out

where 7/ and 7" represent the indoor temperature at time #
and time #+1, respectively; """ is the outdoor temperature at

out

time #+1; Q is the equivalent heat ratio; equivalent thermal
resistance and equivalent thermal capacitance are expressed
by R and C, respectively; x(f) represents the working state
of the load; x(¢) = 1 and x(f) = 0 indicates that the load is in
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working and off state, respectively.

The actual working characteristics of the air conditioning
involves the air conditioning refrigeration starts when
the indoor temperature reaches the upper limit and turns
off when the indoor temperature reaches the lower limit,
therefore, the indoor temperature reaches the dynamic
cycle under the action of the air conditioning. Setting
the operation cycle of the air conditioner as &, and the
opening and closing times as &, and &, respectively, and
substituting the indoor temperature limit values 7, and

in,max

T, ... into the equivalent thermal parameter model:

in,min

in,max out in, mm

A A,
T =T (1—(3% "”]+T ekc™ (6)

At

ey o
l}’l mm ( out UPR) (1 - eRC " J_{— 7—1‘}1 maX (7)

S=Con TS0 ®)
where 77 is the air conditioning energy efficiency ratio; P is
the rated power of air conditioner.

According to the Equations (6)—(8), when the outdoor
temperature is constant, the on and off times of the air
conditioner are:

RC T, T
_ ln in,max out 9
§0ﬂ At (zn,min _Tz'mt ) ( )
RC UPR + 7—;11 max - ]-‘GM[
Son =~ In( ) (10)
At UPR+T;n min - 7:]“!

By linearizing the equivalent thermal parameter model
of air conditioning, it can be obtained that the curtailment of
in At is:

P curaitment € I)Zﬂ

’ Son (AD) + 6, (AD)

where P, , (At) is the total power of air conditioning in At.

conditioning load P

air curtailment

B (M) (11)

The direct load control is adopted to curtail the air
conditioning load, and the air conditioning load after
curtailing is adjusted by the electricity price demand
response strategy (i.e., TOU). Under the TOU strategy [20],
the air conditioning load is further modified, and it can be
expressed by :

App
Po
Pp,tutal PpO,tota/ PpO,total Ap
S
Pf,mml Pfo,mtal + PfO‘tutul E P (12)
0
v,total P\)O,total R'O,tolal Ap
v
| Po
where B s Pro o a0d Py, are the curtailable load

powers in PFV periods before the implementation of TOU.
P P

> otat> Lr s @04 P, are the curtailable load powers
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in PFV periods after the implementation of TOU; p,
represents the initial electricity price before TOU; p,, p,and
p, represent the electricity prices in PFV periods. £ is the
electricity price elasticity matrix [11], as shown below:

& &

p of “pv
E=le, &5 ¢, (13)

gvp gtf gvv

The transferable load refers to the flexible load with
constant total operation power but variable operation time,
such as electric vehicles or washing machines. By utilizing
the characteristic of transferable flexible load that can be
transferred from one to another period, the purpose of peak
shaving and smoothening load curve can be achieved.

In this study, the electricity price elasticity matrix [21]-
[23] describes the change of transferable flexible load:

P -P

7L, peak TL, peak P, =Dy
PTL,peak Do
PT,L lat _PTL,ﬁaz - E Py =Py (14)
PTL,/Iat Py
PT’L,vaI/ey _PTL,vaIley Py~ Do
PTL valley L Po ]
where P, peal PTL’_ﬂm, and PTL walley TEPTESENE the powers of

transferable flexible load before the implementation of

TOU; P, > By jarr @0d B, TEpresent the power of

transferable flexible load after the implementation of TOU.
The hourly transferable load after considering TOU can

be expressed by:

Py ()= 3 g, Loy (15)

nepfv} po

By (1 +

where m = p, f, v represents PFV periods.

3 Flexible load control strategy and optimization
of TOU strategy

The difference of PFV electricity prices directly
affect the transfer of load between different periods. This
section details the adoption of the PSO algorithm to obtain
the optimal electricity prices and provides the specific
constraints and objective function.

3.1 The constraint conditions

(1) The electricity consumption of customer: the total
electricity consumption of transferable load remains
unchanged before and after TOU:

total total R O (16)

TL a/tzr TL ,before

(2) The benefit of customer: for the transferable flexible
load, the electricity charges of customers do not increase
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before and after TOU. The constraint can be expressed as:
C2 — EBzola/ _ EBmla/ < 0 (17)

TL ,after TL ,before
where EB;, . and EB;  are the electricity bills paid by
customers for transferable flexible load before and after the

implementation of TOU:

24
EB;‘(Z,az:f'ter = Z PT’L (t)pn (t)
t=1
/ " (18)
EBTZ,L;)efaVe ZZ l)TL (t)pO
t=1

(3) The power supplier’s benefit: TOU can reduce the
investment cost of power supplier, and the total benefit after
carrying out TOU should not be less than that before TOU:

G = EB]’"{Z,aalﬁer (- §O)EB[T(Zl,uz:e/me =0 (19)
where ¢ is a coefficient which can be found in reference [24].

(4) The temperature control load constraint: for
temperature control load such as air conditioning, the indoor
temperature has upper and lower limits:

{64 =T,y ~ T, (0 =0 0
€ =T, ()T, 20

and T

in,min

where T,

in,max

represent the upper and lower limits
of indoor temperature, respectively.

(5) The curtailment amount constraint of the curtailable
load: when the curtailable load can be curtailed, the
curtailment amount of the curtailable load cannot exceed the
total amount of the curtailable load:

Cﬁ = PCL,mm/ ®- Pc

'L, curtailment (t) > 0 (21)
where B, . uimen (1) 18 the curtailment amount of the

curtailable load at time ¢ F, ,,,(?) is the total curtailment
amount of curtailable load at time ¢.

(6) The electricity price constraint: the reasonable price
should be limited for preventing peak and valley load
inversion:

{Q =p,—p; =0 @)
C=p,—p, =0

(7) The marginal price constraint: the electricity price in
valley period shall not be lower than the marginal electricity
price:

C=p,-p.=0 (23)
where p, is the marginal price.

3.2 Objective function

Designing a reasonable price demand response strategy
for flexible load can effectively reduce PVD of load curve
and smoothen the load curve. This study considers the
objective functions for minimizing the peak load and PVD
of the load curve.

E(, )=min{ > P (p»} (24)

I<r<24

Fy(p,ymin{ max 7,,,,(p,) = min £,,,,(p,)| (25)

I<1<24
In this study, a single objective problem is applied by
transforming a multi-objective optimization problem, and it is:
F=aF +pBF,+H (26)
where o and f are the weight coefficients of the objective
function. H is the penalty function term [11].

3.3 Optimization algorithm

The PSO algorithm[25] can continuously iterate and
calculate through particles, and the individual extreme
values of particles and the global optimal solution of the
entire particle swarm is updated in each iteration. The
iteration does not stop until the optimal solution satisfying
all constraints is found.

The flow chart of TOU optimization is shown in Fig. 2.
The solving steps of electricity price based on PSO
optimization algorithm are as follows:

Initialize local variable pf™(p) and

lobal location variable g’" (p), let k =1
g &m (P

€
Update position variable x;,, (p)
and velocity variable vis) (p)

v

Calculate the fitness value
F(xk,(p))of iteration k&

'

Update the localoptimal location

of PFV electricity price

v

Update the global optimal

location of PFV electricity price

Output the optimal peak, flat and
valley electricity prices

Fig.2 Flow chart of TOU optimization based on PSO
algorithm.

No, k=k+1

Step 1: Initialize particle swarm parameters. Set the total
number of particles to M, and set ~=0. Randomly initialize

the position and velocity of each particle:
0

xmn = rmn (xmax - ‘xmin ) + xmin (27)
0
an = rmn (Vmax - Vmin ) + Vmin (28)

where ,,, is a random number between 0 and 1.
Step2: Initialize local and global optimal location
variables. Calculate the local optimal position variable
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gbest

ple" (p) of the m-th particle and find its fitness value. Then,

the global optimal position variable is calculated g° ( p);
Step3: update position and velocity variables by:

Vi (p) = wivi ' (p)+ i (pi " (p) — x,, (p)

k-1

+e,1, (g " (P) =, (P)} 29

%,,(P) = x,,'(P)+V,,(P) (30)
where ¢, and ¢, are learning factors, generally ¢, =¢, = 2;

rt7and 7" are uniformly distributed random numbers

between 0 and 1. w is the inertia factor;
Step 4: Calculate the fitness value F(x! (p)) of iteration k;

mn

Step 5: Update the local optimal location of PFV
electricity price. Compare F(x! (p)) with F(p%"'(p)), if

mn

F(x,,(p) <F(pp™ (p)), p,,(p)=x,, (p); Otherwise,
P (D)D), (P);
Sep6: Update the global optimal location of PFV

electricity price. Compare p,*(p) and gi, ",

k,qbest (k—1),best

ifpmn (p)<ggn

k.best _ _k—1,best,
ggn gn s

Step 7: Terminate the iteration when the maximum

k ,best — k,qbest
gn mn

, let g (p); Otherwise,

number of iterations is reached; Otherwise, k=k+1, go to
step 3;
Step 8: Output the optimal PFV electricity prices.

4 Case study

In this study, the load curves in summer and winter are
used to analyze the proposed method. The used load power
in per-unit is listed in Table 1, and the load curves are drawn
in Fig. 3, and it includes the total load, curtailable load,
transferable load and basis load for winter and summer. It
can be seen from Fig. 3 that there are two peaks at 11:00
and 20:00 for summer and at 8:00 and 19:00 for winter.
The experiment is implemented on a PC with Windows 10
operating system, Intel Core i5-9400F 2.90GHz CPU and 8
GB RAM.

Table1 Load data

Time Total load/p.u. Time Total load/p.u.
/hour  winter summer /hour winter  summer

1 0.83 0.63 13 0.74 0.93

2 0.78 0.62 14 0.75 0.92

3 0.75 0.60 15 0.78 0.90

4 0.73 0.58 16 0.83 0.88

5 0.70 0.59 17 0.87 0.92

6 0.74 0.65 18 0.94 0.96

7 0.82 0.72 19 1.00 0.98

8 0.91 0.85 20 0.96 0.96

9 0.90 0.95 21 0.95 0.98

10 0.88 0.99 22 0.91 0.96

11 0.86 1.00 23 0.88 0.90

12 0.82 0.99 24 0.86 0.80
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—&— Total load curve ~—®@- Basis load curve ~®- CLC - TLC
120 T T T
z
= 80
3
g L
S 40
0 L
0 4 8 12 16 20 24
Hours
(a)The typical daily customer load curves of a place in summer
120
Z 80t
=
g 40
-
oL
0 4 8 12 16 20 24

Hours
(b)The typical daily customer load curve of a place in winters

Fig.3 The typical daily customer load curves of a place in
summer and winter

The peak load, valley load, and PVD of curtailable load
curve (CLC), transferable load curve (TRLC), FLC, and
total load curve (TLC) in summer and winter are shown in
Fig. 4. The indoor setting temperaturel (T1) limits, 7}, .,
and 7}, ,, in summer are 28 °C and 23 °C, respectively. The

and T,

in,min

indoor setting temperature2 (T2) limits, 7,

in summer are 26 °C and 23 °C, respectively. The indoor
setting temperature limits T, .., and 7}, .;, in winter are

28 °C and 23 °C, respectively. In the partitioning of PFV
periods, the minimum period constrains are 7%, =4, T/, =4,
and T, =4. ¢ and p, is 0.062 and 0.65 ¥. The price elasticity
matrix used in this study is taken from reference [26].

[l Peak load

W Valley load W PVD

T T

Load/ MW

CLC TRLC FLC TLC
Load curve
(a) Peak load, valley load and PVD of the original
load curves in summer

Load/ MW

CLC TRLC FLC TLC
Load curve

(b) Peak load, valley load and PVD of the original
load curves in winter

Fig. 4 Peak load, valley load and PVD of the original load
curves in summer and winter

4.1 Analysis for the curtailable load

Fig. 5 shows the outdoor temperature and setting
temperatures of the air conditioner in summer and winter.
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The CLCs in summer and winter before and after air
conditioning control at different temperatures are shown in
Fig. 6 (a) and Fig. 6 (b), respectively. It can be seen from
Fig. 6 (a) that when the setting temperature is higher than or
equal to the outdoor temperature, the air conditioning load
control will not be implemented, and the air conditioning
load curve will not change. When the outdoor temperature
is higher than the setting temperature, the air conditioning
load is significantly reduced because of the direct control of
the air conditioning load. Table 2 shows that the curtailable
load at T2 is greater than that at T1, because the difference
between T2 and the outdoor temperature is greater, so the
power of the air conditioning load is greater than that at T1.
As seen from Fig. 6 (b), the PVD significantly reduces after
air conditioning control.

P 35 T T T T T
2 —=— Qutdoor temperature .
£ 30 e Setting TI E 1
s =
% 25 L — Setting T2 — ;4
5 —
= 20 L L L L L
0 4 8 12 16 20 24
Hours

(a) Outdoor temperature and different setting
temperatures of air conditioner in summer

oo %900 ¢
eo 00000
20 1

10 4
—=— Outdoor temperature —e— Setting temperature
N . . . .

0 4 8 12 16 20 24
Hours

Temperature/°C

(b) Outdoor temperature and setting
temperature of air conditioner in winter

Fig.5 Outdoor temperatures and setting temperatures of air
conditioner in summer and winter

—#- Before control ~ -@- After control(T1) —— After control(T2)

80

= L
= 60
S 40
<
S20r
0
0 4 8 12 16 20 24
Hours
(a) Comparison of the curtailable load in summer
before and after control at different temperatures
100 T T T T T
E —m- Before control -@- After control
3
<
=]
-
0 4 8 12 16 20 24
Hours

(b) Comparison of the curtailable load
in winter before and after control

Fig. 6 Comparison of the curtailable load before and after
control

Fig. 7 (a) shows the peak load, PVD, and valley load in
summer at different setting temperatures before and after
air conditioning load control. Before and after the control of
curtailable load (i.e., air conditioning load), the peak load
of curtailable load drops down to 49.10 MW from 74 MW
(33.65%), and the PVD drops down to 36.42 MW from
61.31 MW (40.60%) at T1. The peak load of curtailable
load drops down to 49.13 MW from 74 MW (33.61%),
and the PVD drops down to 36.45 MW from 61.31 MW
(40.55%) at T2. Fig. 7 (b) shows the peak load, PVD, and
valley load in winter before and after air conditioning load
control. Before and after the control of curtailable load, the
peak load of curtailable load decreased from 97.22 MW to
74 MW, a decrease of 23.88%, and the PVD decreased from
79.84 MW to 59.2 MW, a decrease by 25.85%. As the peak
load of the curtailable load is mainly controlled, the valley
load of the curtailable load does not change significantly.
The load control of curtailable load can effectively reduce
the peak load and PVD of curtailable load.

[l Before control [l After control(T2) [l After control(T1)

12 T T T
E 0
S 80
<
S 40
0
Peak load PVD Valley load
(a) Comparison of peak load, PVD and valley load
of curtailable load in summer at different setting
temperatures before and after control
120 T
E % [l Before control
32 [l After control
S 40
0

Peak load PVD Valley load

(b) Comparison of peak load, PVD and valley load

of curtailable load in winter before and after control
Fig.7 Comparison before and after control for peak load,

PVD, and valley load of curtailable load

Table 2 Comparison of summer curtailable load after control
at different temperatures

Time/h Curtailable load at T1 Curtailable load at T2

/MW /MW
13 17.41 17.45
14 15.30 15.34
15 3431 34.34
16 49.11 49.13
17 30.09 30.12
18 32.20 32.23
19 17.41 17.45

303



Global Energy Interconnection

Vol. 6 No. 3 Jun. 2023

4.2 Analysis for period partitioning

When the curtailable load is curtailed, the period
partitioning result of the typical FLC in summer based on
improved MBM without and with considering period hours
limitations are shown in Figs. 8 (a) and 8 (b), respectively.
As can be seen from Figs. 8 (a) and 8 (b), if the period hour
limitation is ignored, some period (e.g., peak) may have
fewer hours, so the effect of peak shaving and valley filling
can worsen.

-@- Peak - Flat -= Valley

Load/MW

4 8 12 16 20 24

(a) The period partitioning result in summer based on
improved MBT not considering period hours limitations

Load MW

40
0

Hours
(b) The period partitioning result in summer based on
improved MBT considering period hours limitations

Fig. 8 Comparison of the period partitioning results of the
typical FLC in summer

The period partitioning result of the typical FLC in
winter based on improved MBM considering period hours
limitations is shown in Fig. 9. In this study, the improved
MBM is used to determine the PFV periods, and the DVI
is adopted as the objective function. Different period
partitioning methods are used to verify the efficiency of the
proposed method. Comparisons of load curves in summer
and winter under different period partitioning methods are
shown in Table 3 and Table 4, respectively. As can be seen

=

=

3

<

=]

fis|
-o- Peak
- Flat
-=- Valley

40 R R . R R
0 4 8 12 16 20 24

Hours

Fig. 9 The period partitioning result of the typical FLC
in winter
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from Table 3 and Table 4, DVI values of the three methods
including the MBM, the “MBM + DVI” and the “improved
MBM + DVI” are equal, but the method proposed in this
study takes the least amount of time.

Table 3 Comparison of summer load curve under different
period partitioning methods

Method DVI Computing Time
MBM 0.0178 70 ms
MBM + DVI 0.0178 46 ms
The proposed 0.0178 42 ms

Table4 Comparison of winter load curve under different
period partitioning methods

Method DVI Computing Time
MBM 0.0107 117ms
MBM + DVI 0.0107 76ms
The proposed 0.0107 66ms

4.3 Transferable load analysis

The optimization results are shown in Table 5 and Table 6,
respectively. Table 5 and 6 show that the initial electricity
price is higher than that in the low period and lower than
that in the peak period, while the electricity price in flat
period changes slightly.

Table 5 PFV electricity prices of transferable FLC in
summer at T1 based on PSO algorithm

Periods Electricity Price
peak 1.0115
flat 0.8788
valley 0.3500

Table 6 PFV electricity prices of transferable FLC in winter
based on PSO algorithm

Periods Electricity Price
peak 0.7784
flat 0.6253
valley 0.3515

The TRLCs in summer and winter before and after TOU
are shown in Fig. 10. In Fig.10 (a), the transferable flexible
load decreases in the peak period, increases in the valley
period, and remains slightly changed in the flat period. In
Fig. 10 (b), as the curtailable load in winter has decreased
whole day after the air conditioning control and the overall
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TRLC has decreased after being regarded as transferable
load, the TOU also plays a role in reducing the PVD. The
peak load, PVD, and valley load of transferable load in
summer at different setting temperatures before and after
TOU are shown in Fig. 11 (a). The peak load, PVD, and
valley load of transferable load in winter before and after
TOU are shown in Fig. 11 (b). TOU pricing strategy can
effectively reduce the PVD and peak load of the TLC.

—=— Before TOU -@- After TOU(T1) —— After TOU(T2)

120

9 | - ]
o ’Wr

30

Load/ MW

0 4 8 12 16 20 24
Hours
(a) The transferable load curves in summer before and
after TOU at different setting temperatures

120

1 egggagt I g gt S ey

40 |

Load/ MW

—u— Before TOU @ After TOU

0 4 8 12 16 20 24
Hours
(b)The transferable load curves in winter
before and after TOU

Fig 10 The TRLCs before and after TOU

120
100
80
60
40
20

-' Before TOU
[l After TOU(temperaturel)
M After TOU(temperature2

Load/ MW

Peak load PVD Valley load

(a)Transferable load in summer before and after TOU

120

[l Before TOU

90 M After TOU

60

LoadMW

30

Peak load PVD

Valley load
(b)Transferable load in winter before and after TOU

Fig. 11 Comparison of peak load, PVD, and valley load of
transferable load before and after TOU

Fig. 12 (a) shows the total FLC and the load curve
in summer at different temperatures after TOU and load
control. Fig. 12 (b) shows the total FLC and the load curve
in winter after TOU and load control. The load control
strategy of curtailable load and TOU can effectively reduce
the peak load.

To better reflect the impact of transferable flexible load,
the proportion of transferable flexible load in summer is

increased by 10% and reduced by 10%, respectively. Under
the different proportions of transferable flexible load, the
load transfer amount is shown in Fig. 13. Due to the effect
of TOU electricity price, the transferable flexible load in
peak period is less than 0, which means that the load in peak
period is reduced, while in flat period it is approximately
equal to 0, indicating that the load in flat period is basically
unchanged, and in valley period it is greater than 0,
indicating that the load in valley period increases. That is,
the load is transferred from peak period to valley period to
achieve the purpose of peak shaving and valley filling.

120

90 [

Load/ MW

60 After TOU After TOU
*‘ and control(T1) f and conlr‘ol(TZ)
0 4 8 12 16 20 24
Hours
(a)Total FLC and total load curve

after TOU and load control in summer

~®-Total FLC

30

120

100 [

Load/MW

80 [

—# Total FLC

0 4 8 12 16 20 24
Hours

- After TOU and control

60

(b)Total FLC and total load curve
after TOU and load control in winter

Fig. 12 Total FLC and load curve after TOU and load contro

10

—=— After TOU(-10%)
-o— After TOU(0%)
—— After TOU(+10%)

Load transfer amount/MW
(=}

Fig. 13 Load transfer amount under different proportions of

transferable flexible load

Fig. 14 shows the comparison of peak load, PVD,
valley load of load curves in summer at temperaturel
with different proportions of transferable load. With the
increasing proportion of the transferable flexible load and
the PVD gradually decreases. Therefore, the effect of peak
shaving and valley filling will be better when the proportion
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of transferable load is increased. By properly increasing the
proportion of transferable flexible load, not only the PVD
can be effectively reduced, but also the peak-valley filling
effect can be further improved.

T T T T

[l Peak load

130 + ] Valley period 1
HPrvD

Peak and valley load/ MW

Original -10% 0% +10%

transferable load curve

Fig. 14 Comparison of peak load, PVD, and valley load of
load curve in summer with different proportions of TRLC

5 Conclusion

This study proposes an optimal guidance mechanism
of flexible load based on direct load control and TOU price
strategy, and a period partitioning model with constraint
factors is presented. First, this study proposes a period
partitioning model, which can improve the partitioning
accuracy, and a more reasonable DVI is adopted as the
objective function. Second, the direct load control strategy
is utilized for the curtailable load, and the optimal TOU
model of transferable flexible load is established. The case
study shows that the period partitioning model proposed in
this study can effectively improve the efficiency of period
partitioning while maintaining high accuracy. The TOU
strategy can effectively reduce the peak load and PVD of
transferable load. The load control strategy can directly
control the curtailable load (e.g., air conditioning), and
effectively reduce the peak load. After adopting the direct
load control strategy and then adopting the TOU strategy,
effect of the peak shaving and valley filling can be further
improved. In addition, the TOU and curtailable load control
strategy can work in combination to effectively improve the
customer’s power curve.

However, in this study, the uncertainty of price elasticity
for different types of flexible loads has not been deeply
considered in the TOU optimization. In future study, this
will be considered as a factor to incorporate into the TOU
optimization, and its impact on TOU needs to be also further
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discussed. Moreover, the optimization algorithm used in this
study has an improvement space in accuracy. Future study
will consider using solvers to achieve higher accuracy.
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