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ABSTRACT In order to make Thermostatically Controlled Loads (TCLs) better meet the scheduling
requirements, a day-ahead scheduling of equivalent energy storage model that takes into account of the
minimum-on-off time is established. By considering the minimum-on-off time, the charging and discharging
power, as well as the energy storage are modified, and the relationship between heat exchange power and
energy storage are developed. By this way, the equivalent energy storage model more accurately reflects the
real thermodynamic characteristic of TCLs and enables TCLs to exert the actual potential to participate in
the scheduling. Finally, the simulation results verify the feasibility of the proposed scheduling method.

INDEX TERMS Thermostatically controlled loads, equivalent energy storage model, minimum-on-off time,
day-ahead scheduling.

NOMENCLATURE
A. SETS AND INDICES
j Index of generators
i Index of thermostatically controlled loads (TCLs)
d Index of load nodes
l Index of branches
w Index of wind farms

B. PARAMETERS
n The total number of TCLs
R Equivalent thermal resistance
C Equivalent thermal capacity
1t Time step
Tmin,Tmax The minimum and maximum value of

the indoor temperature
Tset The setting value of indoor temperature
Ta Outdoor temperature
ε Temperature control dead-band
ton, toff The running and stopping time of com-

pressors
ton,min, toff,min The minimum of on/off time
Ton Indoor temperature at time ton,min

The associate editor coordinating the review of this manuscript and

approving it for publication was Behnam Mohammadi-Ivatloo.

Toff Indoor temperature at time toff,min
F The cost of power operation
Nt The total period of time
NG The total number of generator units
ND The total number of load nodes
QGl,j ,QWl,w,

QDl,d Branches-generators, branches-wind
farms, branches-load nodes incidence
matrix

Nw The total number of wind farms
ηi The energy efficiency ratio of the i th

TCL
a1, a2, a3 The fuel cost coefficients of units
cSU, cSD The unit prices of start-up and shut-

down
cWC The unit price of wind curtailment
Pmax
G,j , P

min
G,j The upper and lower limit of the output

power of the j th unit
cTCL The unit price of increasing or decreas-

ing using TCLs
SUj, -SDj The upper and lower limit of the ramp

rate of the j th unit
Emax
agg ,E

min
agg The maximum and minimum value of

energy storage
PLMl Themaximum value of lth branch power

flow

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 70355

https://orcid.org/0000-0002-6076-4892
https://orcid.org/0000-0003-3107-1509
https://orcid.org/0000-0002-0255-8353


M. Zhang et al.: Day-Ahead Scheduling of Equivalent Energy Storage Model Considering Minimum-On-Off Time

C. VARIABLES

Tin,t Indoor temperature at time t
st The on/off state of a TCL at time t
PDR,d,t The demand response power of the

d th load node at time t
Pbase,t The baseline load power at time t
Pa,agg The aggregated average power
Pe,i,t The actual electric power of the ith

TCL at time t
Pe,agg,t The actual aggregated electric power

at time t
Pex,i,t The heat exchange power of the ith

TCL at time t
Pex,agg,t The aggregated heat exchange power

at time t
Pc,agg,t The aggregated charging and dis-

charging power at time t
Pc,down,t , Pc,up,t The upper and lower limit of charging

and discharging power at time t
Ei,t The energy storage of the ith TCL at

time t
Eagg,t The aggregated energy storage at time

t
PG,j,t The output power of the jth unit at

time t
Dd,t The power of the d th load node at time

t
PLl,t Power flow of the lth branch at time t
f1(PG,j,t ) The fuel cost of generator units
f2(SUj,t ), f3(SDj,t ) The costs of start-up and shut-down
uj,t The state of the jth unit at time t
xj,t , yj,t The start-up and shut-down operation

of the jth unit at time t
PWC,w,t The wind curtailment power of the

wth wind farm at time t , where WC
indicates wind curtailment

f4(PWC,w,t ) The cost of wind curtailment
f5(PDR,d,t ) The compensation cost of TCLs
PW,w,t The forecasted wind power of the wth

wind farm at time t

I. INTRODUCTION
The development of economy and society leads to the promi-
nent problems of resources and environment, and the utiliza-
tion of new energy has become an important way to solve
such problems. However, the continuous penetration of new
energy has brought great challenges to the power system
operation [1], [2]. Based on smart grid technologies, demand
response (DR) can not only accommodate fluctuation of new
energy sources, but also play an important role in improving
the utilization of resources in the power grid [3]–[7].

As one of the important resources on the demand side, it is
of great practical significance to study how to integrate large
numbers of thermostatically controlled loads (TCLs) into the
power system operation effectively.

Because of the complex thermodynamic characteristic of
TCLs, they are difficult to participate in the scheduling prob-
lem, based on which some scheduling strategies are proposed
in [8]–[10]. In [8], a TCLs scheduling scheme for residential
users and commercial buildings is proposed. However, this
scheme can only be applied to smart homes or smart buildings
with small account of TCLs. An optimal conference schedul-
ing method with minimum energy consumption is applied
to commercial buildings with air conditioning system in [9].
In [10], a day-ahead scheduling model based on the self-
adaptive TCL grouping method is proposed. However, this
method does not consider the heterogeneity of massive TCLs.

The energy storage characteristics of TCLs have attracted
attention, and the energy storage model is a better way to
describe such energy storage characteristics. Several energy
storage models for TCLs are proposed in [11]–[15]. In [11],
for the inverter air conditioner, a thermal battery model is
established to facilitate its participation in power system
scheduling. In [12], an improved energy storage model is pro-
posedwhen the parameters of TCLs are inconsistent and there
is no short-cycling requirement. The energy storage models
in [13], [14] use the average power to calculate the power,
ignoring the time-varying power, the upper and lower limits
of the power constraint are fixed value. In [15], the time-
varying heat exchange power is adopted, but the minimum-
on-off time is not considered, which leads to the low accuracy
of the energy storage model.

Though some of the above literature establishes an equiv-
alent energy storage model for the aggregated TCLs with
heterogeneous parameters by introducing the heat exchange
power instead of the average power, to reflect the time-
varying characteristics. However, these models do not con-
sider the minimum-on-off time, resulting in deviations in the
day-ahead scheduling model.

To fill this gap, this paper introduces the minimum-on-off
time into the energy storage model, redefines charging and
discharging power constraints, energy storage constraints,
and the relationship between heat exchange power and energy
storage, so that the current energy storage model can make
TCLs better participate in the power system scheduling, fully
exert its potential and be more conducive to the stable and
safe operation of the system.

The differences between the proposed method and existing
works are listed in Table 1.

This paper is structured as follows: The day-ahead schedul-
ing model and equivalent energy storage model are described
in Section II. Section III introduces the innovation of this
paper, that is, the energy storage model considering the
minimum-on-off time. Section IV develops the case studies.
Finally, Section V concludes the paper.

II. DAY-AHEAD SCHEDULING MODEL AND EQUIVALENT
ENERGY STORAGE MODEL
Because of the increasing penetration of the renewable
energy, its uncertainty and fluctuation impose great chal-
lenges to the power system operation. The participation of
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TABLE 1. The differences between the proposed method and existing
works.

TCLs in the power system operation is beneficial to accom-
modate the fluctuation of new energy sources and improve
the reliability of power system operation.

A. OPTIMIZATION MODEL CONSIDERING TCLs
Considering renewable energy sources such as wind power,
the equivalent energy storage model of large-scale TCLs is
introduced into the day-ahead scheduling model, taking the
economic optimization as the objective function, which is
defined as following:

minF =
Nt∑
t=1

NG∑
j=1

(
f1(PG,j,t )+ f2(SUj,t )+ f3(SDj,t )

)
+

Nt∑
t=1

Nw∑
w=1

f4(PWC,w,t )+
Nt∑
t=1

ND∑
d=1

f5(PDR,d,t )

(1)

f1(PG,j,t ) = a1,j + a2,j · PG,j,t + a3,j · P2G,j,t (2)

f2(SUj,t ) = cSU · xj,t (3)

f3(SDj,t ) = cSD · yj,t (4)

f4(PWC,w,t ) = cWC · PWC,w,t (5)

f5(PDR,d,t ) = cTCL · PDR,d,t (6)

If PDR,d,t is positive, it means the load is shifted from time
t to other time; if it is negative, it means the load is shifted
from other time to time t .

The optimal scheduling problem is subjected to the follow-
ing constraints.

(1) Power balance constraint
NG∑
j=1

PG,j,t +
NW∑
w=1

(PW,w,t − PWC,w,t )

=

ND∑
d=1

Dd,t −
ND∑
d=1

PDR,d,t (7)

(2) On-off state of units

uj,t =

{
1 unit is on
0 unit is off

(8)

(3) Start-up and shut-down variables of units

xj,t − yj,t = uj,t − uj,t−1
xj,t + yj,t ≤ 1 (9)

FIGURE 1. TCL duty cycle (refrigeration mode).

(4) Output power constraint of the units

uj,t · Pmin
G,j ≤ PG,j,t ≤ uj,t · P

max
G,j (10)

(5) Ramp rate constraint of units

−SDj ≤ PG,j,t − PG,j,t−1 ≤ SUj (11)

(6) Power flow constraint of branches

PLl,t =
NG∑
j=1

QGl,j · PG,j,t

+

NW∑
w=1

QWl,w · (PW,w,t − PWC,w,t )

+

ND∑
d=1

QDl,d · (−Dd,t + PDR,d,t )

−PLMl ≤ PLl,t ≤ PLMl (12)

Based on the above formulas, the day-ahead scheduling
model of a large number of TCLs is established. In order
to make scheduling more accurate and reliable, the equiva-
lent energy storage model is introduced into the day-ahead
scheduling model.

B. ETP MODEL OF TCLs
According to references [16]–[18], the first-order ETP model
can be defined as following:

Tin,t+1=Tin,t ·e−1t/RC+(1− e−1t/RC )·(Ta,t−st ·QR) (13)

As shown in Fig. 1, when TCL is in the refrigeration
mode, the indoor temperature rises to the upper temperature
limit Tmax, and TCL is switched on, which makes the indoor
temperature drops. When the temperature drops to the lower
temperature limit Tmin, the TCL is switched off. By this way,
the indoor temperature is kept within the temperature dead-
band [Tmin, Tmax].
According to Fig. 1, the relationship between the switching

states of TCL and the indoor temperature is as following:

st+1 =


0 Tin,t+1 < Tmin

1 Tin,t+1 > Tmax

st otherwise

(14)
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where s = 1 represents the on state; s = 0 represents the off
state. Tmax and Tmin are usually expressed by Tmax = Tset +
ε/2 and Tmin = Tset − ε/2.

C. CONVENTIONAL EQUIVALENT ENERGY STORAGE
MODEL
In references [13], [14], the charging and discharging power
Pc,agg,t of TCLs is calculated directly by using Pa,agg.

Pc,agg,t = Pe,agg,t − Pa,agg (15)

The working mode of TCLs is periodically on/off switch-
ing. When the operating duty cycle of TCLs is steady-state,
the average power Pa,agg is calculated by the duty cycle of
operation, and can be expressed by:

Pa,agg =
ton

ton + toff
· Pe,agg,t (16)

In eq. (15), Pe,agg,t can be expressed by eq. (17).

Pe,agg,t =
n∑
i=1

Pe,i,t · si =
n∑
i=1

Qi
ηi
· si ≈ n ·

Qave

η
· si (17)

where Qave means the average value of Qi.

Qave =
1
n

n∑
i=1

Qi (18)

However, eq.(15) ignores the time-varying power, and
Pa,agg is a fixed value. Since the temperature changes with
time, the average power also changes with temperature.

D. IMPROVED EQUIVALENT ENERGY STORAGE MODEL
In order to improve the accuracy of the model, In ref-
erences [15], the average power is replaced by the heat
exchange power to calculate the charging and discharging
power.

The aggregated charging and discharging power of TCLs
Pc,agg,t is expressed by eq. (19).

Pc,agg,t = Pe,agg,t − Pex,agg,t (19)

In eq. (19), Pe,agg,t can be calculated in eq. (17) and
Pex,agg,t can be calculated in eq. (23).
The relationship between Pc,agg,t and PDR,t is expressed

by eq.(20).

−PDR,t = Pc,agg,t (20)

If Tmax is taken as theminimumpoint of energy storage, the
energy storage Ei,t of ith TCL can be written as following:

Ei,t =
CiTmax,i

ηi
−
CiTin,i,t
ηi

=
Ci(Tmax,i − Tin,i,t )

ηi
(21)

According to eq. (21), the relationship between Pex,i,t and
Ei,t is expressed by eq. (22).

Pex,i,t =
Ta,i,t − Tin,i,t

ηiRi
=

Ta,i,t −
(
Tmax,i −

Ei,tηi
Ci

)
ηiRi

(22)

Furthermore, the aggregated heat exchange power of the
TCLs Pex,agg,t is defined by:

Pex,agg,t =
n∑
i=1

Pex,i,t =
Eagg,t
CaveRave

+ n ·
(
Ta − Tmax,ave

ηRave

)
(23)

where Eave, Cave, Rave and Tmax,ave are the average values,
which can be defined as following:

Cave =
n

n∑
i=1

1
Ci

(24)

Rave =
n

n∑
i=1

1
Ri

(25)

Tmax,ave =
1
n

n∑
i=1

Tmax,i (26)

The values of η and Ta of each TCL are nearly the same,
therefore, here we assume that all the η and Ta are the same.
The change of energy storage 1E of large-scale TCLs

during 1t can be expressed by eq. (27).

1E = Eagg,t+1 − Eagg,t = (Pe,agg,t − Pex,agg,t )1t (27)

According to eq. (17), eq. (23) and eq. (27), the recursive
relationship between Eagg,t+1 and Eagg,t is defined by:

Eagg,t+1 = Eagg,t +
(
n ·

Qave

η

−
Eagg,t

CaveRave
− n ·

(
Ta − Tmax,ave

ηRave

))
1t (28)

To sum up, the power of TCLs can be equivalent to the
charging and discharging power, and the storage of heat /
cool can be equivalent to the energy storage, thus establishing
the energy storage model of large-scale TCLs. However, this
model does not consider the minimum-on-off time, resulting
in deviations in the day-ahead scheduling model.

III. ENERGY STORAGE MODEL CONSIDERING
MINIMUM-ON-OFF TIME
In order tomake the schedulingmodel more accurate, the pro-
posed method introduces the minimum-on-off time into the
energy storage model, and modifies the charging and dis-
charging power constraints, energy storage constraints, and
the relationship between heat exchange power and energy
storage.

A. CHARGING AND DISCHARGING POWER CONSIDERING
MINIMUM-ON-OFF TIME
When considering the minimum-on-off time, the TCL’s
dynamic of the indoor temperature is shown in Fig. 2. When
TCL is in the ‘‘on’’ state, the available temperature range
is: [Tmin, Ton]. Similarly, when TCL is in the ‘‘off’’ state,
the available temperature range is: [Toff, Tmax].
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FIGURE 2. Refrigeration mode with minimum-on-off time.

When Pc,agg,t is negative, the TCL needs to be turned
off (TCL in ‘‘on’’ state). For the ith TCL in ‘‘on’’ state,
the probability of being controlled is only:

θ1 =
tion − tion,min

tion
(29)

Furthermore, combined with eq. (19), for a large number
of TCLs, the actual available down load is:

Pc,down,t = (Pmin
e,agg,t − Pex,agg,t ) ·

ton,ave − ton,min,ave

ton,ave
(30)

where Pex,agg,t is calculated according to eq. (23) and ton,ave
can be calculated in eq. (31).

ton,ave = −RaveCave ln(
Tmin,ave − Ta + QaveRave
Tmax,ave − Ta + QaveRave

) (31)

According to eq. (17), the lower limit Pmin
e,agg,t in eq. (30) is

obtained by setting all the TCLs off and it is usually set to 0:

Pmin
e,agg,t = 0 (32)

When Pc,agg,t is positive, the TCL needs to be turned
on (TCL in ‘‘off’’ state). For the ith TCL in ‘‘off’’ state,
the probability of being controlled is only:

θ2 =
tioff − tioff,min

tioff
(33)

Similarly, combined with eq. (19), for a large number of
TCLs, the actual available up load is:

Pc,up,t =
(
Pmax
e,agg,t − Pex,agg,t

)
·
toff,ave − toff, min,ave

toff,ave
(34)

where Pex,agg,t is calculated according to eq. (23) and ton,ave
can be calculated in eq. (35).

toff,ave = −RaveCave ln(
Tmax,ave − Ta
Tmin,ave − Ta

) (35)

According to eq. (17), the upper limit Pmax
e,agg,t in eq. (34)

can be obtained by setting all the TCLs on:

Pmax
e,agg,t = n ·

Qave

η
(36)

FIGURE 3. Refrigeration mode with minimum-on time.

Finally, the constraint of Pc,agg,t of TCLs participating in
the scheduling can be defined by:

Pc,down,t ≤ Pc,agg,t ≤ Pc,up,t (37)

where Pc,down,t is derived from eq. (30), eq. (31) and eq. (32),
as well asPc,up,t is derived from eq. (34), eq. (35) and eq. (36).

By this way, the minimum-on-off time can make Pc,agg,t of
TCLs closer to the actual value.

B. ENERGY STORAGE CONSIDERING MINIMUM-ON-OFF
TIME
When considering the minimum-on-off time, the temperature
change in the ‘‘on’’ range is shown in Fig. 3.

The minimum value of TCLs energy storage occurs when
all TCLs are closed and the temperature is at the maximum
value. When ton,min exists, only the TCLs whose temperature
is within [Tmin,Ton] can be turned off. Therefore, when the
temperature is distributed uniformly in the range [Ton,Tmax],
the energy storage is the minimum value.

According to the eq. (13), Ton,ave can be calculated in
eq. (38).

Ton,ave = Tmax,ave · e
−ton,min /RaveCave

+(1− e
−ton,min /RaveCave

) · (Ta − QaveRave) (38)

Further, Ton,middle,ave can be written as following:

Ton,middle,ave =
Ton,ave + Tmax,ave

2
(39)

The minimum energy storage of individual TCL is:

Emin,i =
Ci(Tmax,i − Ton,middle,i)

η
(40)

Then the minimum energy storage Emin
agg of large amounts

of TCLs can be calculated by:

Emin
agg =

n∑
i=1

Ci(Tmax,i − Ton,middle,i)
η

≈ n ·
Cave(Tmax,ave − Ton,middle,ave)

η
(41)

Similarly, the temperature change in the ‘‘off’’ range is
shown in Fig. 4.
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FIGURE 4. Refrigeration mode with minimum-off time.

The maximum value of TCLs energy storage occurs when
all TCLs are opened and the temperature is at the minimum
value. When toff,min exists, only the TCLs whose temperature
is within [Toff, Tmax] can be turned on. Therefore, when the
average temperature is at the midpoint of range [Tmin,Toff],
the energy storage is the maximum value.
Toff,ave can be calculated in eq. (42).

Toff,ave = Tmin,ave · e
−toff,min /RaveCave

+(1− e
−toff,min /RaveCave

) · Ta (42)

Toff,middle,ave can be calculated as following:

Toff,middle,ave =
Toff,ave + Tmin,ave

2
(43)

The maximum energy storage of individual TCL is:

Emax,i =
Ci(Tmax,i − Toff,middle,i)

η
(44)

Then the maximum energy storage Emax
agg of large amounts

of TCLs can be written as following:

Emax
agg =

n∑
i=1

Ci(Tmax,i − Toff,middle,i)
η

≈ n ·
Cave(Tmax,ave − Toff,middle,ave)

η
(45)

Finally, The limits of the energy storage of aggregated
TCLs participating in the scheduling are expressed by
eq. (46).

Emin
agg ≤ Eagg,t ≤ E

max
agg (46)

where Emin
agg is derived from eq. (38), eq. (39) and eq. (41),

as well as Emax
agg is derived from eq. (42), eq. (43) and eq. (45).

The minimum-on-off time defines the upper and lower
limits of Eagg,t and makes it fluctuate within the actual range,
which is conducive to exert the actual potential of TCLs to
participate in the scheduling.

FIGURE 5. The six-bus system.

C. THE RELATIONSHIP BETWEEN Pex,agg,t AND Eagg,t
As it can be seen from eq. (22), Pex,agg,t of TCLs has a
relationship with Eagg,t and then the constraint between them
can be obtained as eq. (47).

Pex,agg,t=
n∑
i=1

Pex,i,t=
Eagg,t
CaveRave

+n·
(
Ta − Tmax,ave

ηRave

)
(47)

D. THE RELATIONSHIP BETWEEN Eagg,t+1 AND Eagg,t
According to eq. (27), the recursive relationship between
Eagg,t+1 and Eagg,t is defined by:

Eagg,t+1 = Eagg,t + Pc,agg,t ·1t (48)

In the day-ahead scheduling model based on the proposed
equivalent energy storage model, the constraints include not
only the conventional constraints in the scheduling model,
but also the relevant constraints of the TCLs energy storage
model.

The constraints used in the optimization problem are as
follows:
• Conventional constraints in the scheduling model,
including eq. (1) ∼ (12).

• Constraints of the proposed TCLs energy storage model
(The relationship between Pc,agg,t , Eagg,t and Pex,agg,t ):
1) The constraints of Pc,agg,t : including eq. (31) ∼ (32)

and eq. (35) ∼ (37).
2) The constraints of Eagg,t :including eq. (38) ∼ (39),

eq. (41) ∼ (43) and eq. (45) ∼ (46).
3) The relationship between the Pex,agg,t and the limits

of Pc,agg,t : including eq. (30) and eq. (34).
4) The relationship between Pex,agg,t and Eagg,t : includ-

ing eq. (47).
5) The relationship between Eagg,t+1 and Eagg,t : includ-

ing eq. (48).

IV. CASE STUDIES
In this paper, the nonlinear problems are transformed into
linear problems by quadratic programming, MATLAB soft-
ware and Matpower, Cplex, Yalmip tool packages are used
for simulation.

A six-bus system is used for verification, as shown
in Fig. 5. The system consists of three generator units G1,
G2 and G3, respectively on bus 1, 2 and 6, and a wind farm
on bus 5. The parameter of generator units refers to [19], [20]
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FIGURE 6. The forecasted load and wind power for six-bus system.

TABLE 2. Data of generator units in the six-bus system.

TABLE 3. The parameters of the TCLs.

and are listed in Table 2, the forecasted baseline load andwind
power are shown in Fig. 6.

The case studies consist of 50000 TCLs. It is assumed that
all TCLs are working in refrigeration mode. Considering the
randomness of massive TCLs and heterogeneous parameter
distribution, the parameters are set to random normal distri-
bution, with the mean value and relative standard deviation
are listed in Table 3, and the initial state of TCLs is assumed
to be stable.

A. SCHEDULING RESULTS
For comparison, four scheduling models are developed as
follows:
• Model 1: Traditional scheduling model: only Pc,agg,t
constraint of TCLs is considered and it is calculated
by eq. (15), in which Pa,agg is 120MW, calculated by
eq. (16).

• Model 2: The scheduling model considers the TCLs
equivalent energy storage model, but Pc,agg,t is calcu-
lated by Pa,agg, the same as Model 1 (This method
follows the idea of many existing methods [13], [14]).

• Model 3: The scheduling model considers TCLs equiv-
alent energy storage model, and Pc,agg,t is calculated

FIGURE 7. The scheduling results of Model 1. (a) Scheduling results.
(b) Pc,agg,total . (c) Eagg,total . (d) Output of generator units.

through Pex,agg,t . Pex,agg,t is calculated by eq. (23), then
Pc,agg,t is calculated by eq. (19) [15].

• Model 4: The scheduling considers minimum-on-off
time, the charging and discharging power constraints in
eq. (37), the energy storage constraints in eq. (46) and the
relationship between heat exchange power and energy
storage in eq. (47) are redefined.

The scheduling results are shown in Fig. 7∼ Fig. 10.
From the four scheduling results, we can draw the follow-

ing conclusions:

1) It can be seen from Fig. 7 that if the equivalent
energy storage model is not considered, although the
limit of Pc,agg,total(sum of charging and discharging
power of all load nodes) is constrained, the maximum
energy storage value reaches 400MWh, far exceeding
the actual energy storage limit. This shows that in
Model 1, TCLs are insufficient to meet the scheduling
requirements.

2) Due to the different calculation methods of Pc,agg,t in
Model 3 and Model 4, the upper and lower limits of
Pc,agg,total in Fig. 7 (b) and Fig. 8 (b) are fixed values,
while the upper and lower limits of Pc,agg,total in Fig. 9
(b) and Fig. 10 (b) are time-varying.
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FIGURE 8. The scheduling results of Model 2. (a) Scheduling results.
(b) Pc,agg,total . (c) Eagg,total . (d) Output of generator units.

3) Compared with Model 3 and Model 4, Eagg,total (sum of
energy storage of all load nodes) in Model 4 fluctuates
within the range of actual energy storage, and Pc,agg,total
is closer to the actual value under the premise of consid-
ering the minimum-on-off time.

4) From Fig. 7∼ Fig. 10, it can be seen that the equiva-
lent energy storage model considering the minimum-on-
off time can limit the charging and discharging power,
energy storage of TCLs to a safe range, exert the actual
potential of TCLs to participate in the scheduling.

B. THE LOAD TRACKING CONTROL RESULTS
In order to verify effectiveness of the proposed scheduling
model, load tracking control is adopted, so that the actual
aggregated power of TCLs is as close as possible to the
power of day-ahead scheduling. PI controller is used in the
load tracking control. The four control models consider the
minimum-on-off time.

The state of energy storage (SOC) at time t is defined as
eq. (49).

SOCt =
E ′agg,t
Emax
agg

(49)

FIGURE 9. The scheduling results of Model 3. (a) Scheduling results.
(b) Pc,agg,total . (c) Eagg,total . (d) Output of generator units.

where E ′ agg,t is the aggregated energy storage obtained by
the tracking control.

In the following examples, the results of the load tracking
control are compared, as shown in Fig. 11∼ Fig. 14.

From Fig. 11∼ Fig. 14, the following conclusions can be
obtained.

1) In Fig. 11, because the equivalent energy storage model
of TCLs is not considered in the scheduling Model 1,
the load tracking control effect is very poor, and it can
hardly be tracked. During 3 ∼ 18h and 21 ∼ 24h, SOC
is either close to 1 or close to 0, which obviously shows
that the potential of TCLs has been exhausted at this time
and it is impossible to fully participate in power system
scheduling.

2) In Fig. 12, the equivalent energy storagemodel is consid-
ered in the scheduling Model 2, but Pc,agg,t is calculated
by Pa,agg. It can be seen from the figure that although
the scheduling results in Fig. 12 can be tracked in most
of the time, the tracking fails in 20 ∼ 24h, and its SOC
is close to 0.

3) In Fig. 13, Pc,agg,t is calculated by Pex,agg,t , the tracking
performance is a little better than Model 2, but it is not
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FIGURE 10. The scheduling results of Model 4. (a) Scheduling results.
(b) Pc,agg,total . (c) Eagg,total . (d) Output of generator units.

FIGURE 11. The load tracking control results of Model 1. (a) Charging and
discharging power. (b)SOC of the equivalent energy storage model.

fully tracked. In 19 ∼ 24h, the load tracking fails, and
the SOC is close to 0.

4) Fig. 14 shows the results of load tracking control using
the proposed scheduling model. It can be seen from
the figure that not only the power scheduling results

FIGURE 12. The load tracking control results of Model 2. (a) Charging and
discharging power. (b)SOC of the equivalent energy storage model.

FIGURE 13. The load tracking control results of Model 3. (a) Charging and
discharging power. (b)SOC of the equivalent energy storage model.

of large-scale TCLs can be tracked well, but also the
SOC is always controlled within the range of 0∼1. This
shows that considering the minimum-on-off time in the
scheduling model to calculate the limits of charging and
discharging power and energy storage are conducive to
the stability of power system operation.

In order to clearly show the accuracy of the load tracking
control results, the integrated square error (ISE) is adopted,
as shown in eq. (50).

ISE =
∫ T

0
(P′c,agg,t − Pc,agg,t )

2dt (50)

where P′c,agg,t is the power obtained by the tracking control.
The results are shown in Table 4, from which it can be seen

that ISE of Model 4 (the proposed model) is the smallest and
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FIGURE 14. The load tracking control results of Model 4. (a) Charging and
discharging power. (b)SOC of the equivalent energy storage model.

TABLE 4. ISE results of different load tracking control methods.

far smaller than the other three models. This indicates that it
is necessary to consider the minimum-on-off time, which can
improve the accuracy of the model, so that TCLs can better
meet the scheduling requirements.

C. VERIFICATION OF THE FEASIBILITY
In order to further verify the necessity of the minimum-on-
off time in the scheduling model, the following two cases are
compared.
• Case 1: Neither the scheduling model nor the control
model considers the minimum-on-off time.

• Case 2: Both the schedulingmodel and the controlmodel
consider the minimum-on-off time.

The difference between this example and the previous one
(Section IV, Subsection B) is that the previous control models
all consider the minimum-on-off time, and this example is
verified separately.

The temperature and switch status of Case 1 and Case 2 are
compared, as shown in Fig. 15 and Fig. 16.

It can be seen from Fig. 15 that if the minimum-on-off
time is not taken into account, the switching frequency is very
high, up to once every one second, seriously affecting the life-
time of TCLs, which is inconsistent with the actual situation.
However, if theminimum-on-off time is considered, as shown
in Fig. 16, the switching frequency is obviously reduced and
the lifetime of TCLs are therefore prolonged. This verifies the
feasibility of the method proposed in this paper.

FIGURE 15. Simulation results of Model 3. (a)SOC of the equivalent
energy storage model. (b)Temperature of randomly selected 20 TCLs.
(c) Switch status of randomly selected one TCL.

FIGURE 16. Simulation results of Model 4. (a)SOC of the equivalent
energy storage model. (b)Temperature of randomly selected 20 TCLs
(c) Switch status of randomly selected one TCL.

D. VERIFICATION OF 118-BUS SYSTEM
In this section, 118-bus system is used to verify Model 4 (the
proposed mode). One million TCLs in the cooling mode are
distributed at each load bus in proportion to the bus load. The
scheduling results are shown in Fig. 17 and the load tracking
control results are shown in Fig. 18.

From Fig. 17∼Fig. 18, it can be seen that the proposed
method successfully schedules the TCLs in the 118-bus
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FIGURE 17. The scheduling results of Model 4 based on 118-bus system.
(a) Scheduling results. (b) Pc,agg,total. (c) Eagg,total.

FIGURE 18. The load tracking control results of Model 4 based on
118-bus system. (a) Charging and discharging power. (b)SOC of the
equivalent energy storage model.

system, and the load tracking control results verify the fea-
sibility of the scheduling results.

V. CONCLUSION
In this paper, the minimum-on-off time is taken into account
in equivalent energy storage model and the day-ahead
scheduling model of TCLs, in order to make the scheduling
more accurate. The main contributions are as follows:
1) An equivalent energy storage model of TCLs consid-

ering the minimum-on-off time is established. Com-
pared with [15], the designedmodel canmore accurately
depict the actual dynamic of the TCLs.

2) The minimum-on-off time is taken into account in the
day-ahead scheduling model of TCLs, based on which
the constraints of charging and discharging power,
energy storage are redefined, so that more accurate
scheduling results can be obtained.

Through load tracking control, the scheduling results can
be accurately tracked. It is shown that the scheduling model is
more accurate when the minimum-on-off time is considered.

Future work will focus on the second-order ETPmodel and
introduce it to the day-ahead scheduling model, in order to
further improve the accuracy of scheduling.
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