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Abstract 

Thermostatically controlled loads (TCLs) are regarded as having potential to participate in power grid regulation. This 
paper proposes a scheduling strategy with three-stage optimization for regional aggregators jointly participating 
in day-ahead scheduling to support demand response. The first stage is on the profit of aggregators and peak load 
of the grid. The line loss and voltage deviation of regulation are considered to ensure stable operation of the power 
grid at the second stage, which guarantees the fairness of the regulation and the comfort of users. A single tempera-
ture adjustment strategy is used to control TCLs to maximize the response potential in the third stage. Finally, digital 
simulation based on the IEEE 33-bus distribution network system proves that the proposed three-stage scheduling 
strategy can keep the voltage deviation within ± 5% in different situations. In addition, the Gini coefficient of distribu-
tion increases by 20% and the predicted percentage of dissatisfied is 48% lower than those without distribution.

Keywords Demand response, Thermostatically controlled loads, Three-stages scheduling strategy, Regional 
aggregators, PPD, Gini coefficient

1 Introduction
Renewable energy (RE) will be the main energy source 
in the future because of its green and renewable char-
acteristics. However, with the development of RE, its 
own characteristics of randomness and intermittence [1] 
make the scheduling of the system difficult. To increase 
the flexibility of the traditional scheduling model, a trend 
that the system considers the demand side as partially 
controllable is inevitable. Thermostatically controlled 
loads (TCLs), such as air conditioning loads, heat pumps, 
electric water heaters, and refrigerators, can serve as 
indispensable demand response (DR) [2–4] resources, 
and can be progressively used to address RE variability 
quickly, economically and effectively [5].

Using the adjustability of TCLs to regulate the vari-
ability of renewable energy resources has important 
practical significance for the power grid [6–8]. The main 
purpose of TCLs participating in power grid regulation 
is to solve the consumption problem. Reference [9] uses 
maximum power tracking control to control TCLs in 
real time, realizes household photovoltaic consumption, 
and promotes the development of household distributed 
energy resource technology. A real-time zero-energy 
potential evaluation method with the adoption of TCTR 
for PVACs is proposed to balance the PV generation and 
ACs in [10], while through the benefit-driven approach, 
the optimal scheduling of distributed energy resources 
and flexible TCLs are realized in [11]. While the above 
only consider the situation in which RE generation is 
more than loads, RE often cannot fully meet the load 
demand and the participation of the power grid is also 
needed to ensure the balance between the supply and 
demand of regional power when RE is being completely 
used.
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On the demand side, the concept of aggregator is 
often used to represent the aggregated loads participat-
ing in power grid regulation. TCL adjustability is often 
used for grid frequency regulation [12, 13], and a volt-
age regulation strategy is proposed in [7], one which uses 
the adjustability of TCLs to ensure the voltage stability 
of the power grid. Aggregated TCLs can also be used to 
realize the optimal allocation of power grid regulation 
tasks [14–23]. TCLs are used to participate in day-ahead 
dispatch [21–23], while a day-ahead scheduling strategy 
with TCLs is proposed to achieve peak load shedding 
[24]. A hierarchical control strategy for TCLs is proposed 
to meet the scheduling requirements, ensure user com-
fort and reduce communication requirements in [16]. A 
two-stage strategy is proposed to optimally dispatch the 
adjustable quantity provided by TCLs in [14], with the 
lower stage adopting the active control strategy and the 
upper stage establishing the energy exchange market. A 
real-time local electricity market for heating, ventilation, 
and air conditioning loads (HVACs) considering multi-
ple distributed energy resources (DERs) is proposed in 
[19]. However, the application of the market mechanism 
will result in some aggregators not obtaining the allo-
cated amount when there is a small number of aggrega-
tors. This will lower the enthusiasm of aggregators to 
participate in regulation. Furthermore, when the loads of 
aggregators have a certain spatial concentration, regional 
regulation will have a certain impact on the safe and sta-
ble operation of the power grid.

For the fairness of scheduling, and ensuring the com-
fort of users and reducing the impact of regulation on the 
grid operation, this paper proposes a three-stage sched-
uling strategy of regional aggregators of TCLs jointly 
participating in day-ahead scheduling. The main contri-
butions of this paper are as follows:

Firstly, a three-stage framework is proposed for TCLs, 
in which the TCLs are scheduled at grid, aggregator and 
load levels by regulating TCLs in a distributed manner. 
At the first stage, an electric power transaction is built for 
aggregated TCLs in which the total regulation is obtained 
when aggregators can get the maximum interest and the 
peak load is at the minimum. The second stage is a dis-
tribution regulation among aggregators where the change 
of grid operation caused by regulations is considered, 
and an optimal adjustment strategy is then proposed to 
control the aggregated TCLs to achieve the regulation 
objective at the third stage. Each aggregator can get regu-
lation and interest from power system operation. The 
fairness of adjustment can be ensured because of the spa-
tial distribution of TCL aggregators in the distribution 
network. The three-stage scheduling strategy proposed 
in this paper has better performance in the interests of 

aggregators and peak load in voltage constraint than the 
two-stage strategy.

Secondly, a single temperature adjustment strategy is 
proposed to control TCLs in the three-stage day-ahead 
scheduling strategy. The temperature change of each user 
with heterogeneous TCL can be calculated. Because of 
the different initial setting temperatures, load parameters 
and space environments, the single temperature adjust-
ment strategy for each TCL has advantages in the com-
fort level compared to group adjustment. Based on the 
single temperature adjustment strategy, a subsidy settle-
ment method considering the adjustment contribution of 
each user is proposed in the paper.

In the following, the framework of the three-stage 
scheduling is introduced in Sect. 2. The regulatory capac-
ity of the TCL aggregator is described in Sect.  3, and 
the three-stage optimization model of the strategy is 
explained in Sect. 4. Section 5 is the case study based on 
the IEEE 33-bus distribution power system, and the con-
clusion is presented in Sect. 6.

2  Framework of three‑stage schedule
In a smart grid, the load data of the users can be obtained 
by advanced metering infrastructure (AMI) in real-time. 
Users can control their appliances with their phones 
using the Smart Home Cloud Platform (SHCP). Accord-
ingly, it is possible for loads to participate in demand 
response with the grid and RE. The framework is a three-
stage optimization strategy proposed in this paper.

(1) In the first stage, the distributed aggregators 
(DAGGs) determine the adjustable range (AR) of 
loads within the jurisdiction and report it to the 
total aggregator (TAGG) which is not real and only 
used to represent DAGGs to participate in regula-
tion. TAGG participates in day-ahead scheduling 
with grid and RE under the condition that the peak 
of the electricity is at a minimum, the interests of 
the aggregator are the largest, and the total regula-
tions of each time are obtained.

(2) In the second stage, because of the different spa-
tial distributions of aggregators, TAGG obtains the 
regulation quantity (RQ) of each DAGG when the 
power grid loss is at a minimum, and the voltage 
deviation is in the allowable range.

(3) In the third stage, DAGG obtains the specific tem-
perature change (TC) of each load with the best 
user comfort and sends the TC of each load to the 
users. The users regulate their TCLs with a new 
temperature setpoint (NTS) through the SHCP. 
Finally, the adjustment results (ARS) are sent to 
DAGGs by AMI (Fig. 1).
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3  Regulatory capacity of TCL aggregator
In many studies, the virtual energy storage [7, 14], high-
dimensional [8], capacitance resistance [25], thermal 
inertia [24] and black box models [26] have been used 
to represent TCLs. For a single TCL, the model is always 
described by an equivalent thermal parameter (ETP) 
model [27, 28], and the indoor temperature and the 
building wall temperature can be written as:

where Ti, Tm and To represent the indoor temperature, 
building wall temperature and outdoor temperature, 
respectively. R1 and R2 are the equivalent thermal resist-
ances between indoor air and outdoor, indoor air and 
wall, respectively. Ca and Cm are the respective equiva-
lent heat capacities of the indoor and the wall, and Q is 
the heat exchange capacity of TCL. s(t) indicates the start 
and stop of the TCL, and is calculated as:

where Tset is the set temperature of the TCL and δ rep-
resents the temperature dead zone. Ignoring the wall 
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parameters, the expression of the indoor temperature is 
simplified as:

where η represents the energy efficiency ratio, and P is 
the electric power of the TCL. The values of P can be cal-
culated as:

Since the TCL generally works through the compressor, 
when the load is turned on, the electric power is the rated 
electric power, and when the load is turned off, the electric 
power is 0.

Although the adjustable potential of a single TCL is lim-
ited, aggregating TCLs can provide great regulation poten-
tial for the power grid because of the large scale and large 
number of TCLs. The sum of the electric power for all 
TCLs at t is given as:

where Pi is the electric power of TCL i, and s(i) represents 
the on–off state of the TCL i, which is related to the setting 
temperature of the TCL. Therefore, the power model of the 
aggregator can be represented by a function with Tset, as:

(4)
Ti(t + 1) = To(t + 1)− (To(t + 1)− Ti(t))e

−1/R1Ca

(5)
Ti(t + 1) = To(t + 1)− QR1 − (To(t + 1)− QR1 − Ti(t))e

−1/R1Ca

P =
Q

η
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∑
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N
∑
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s(i)·Prated

Fig. 1 Framework of three-stage schedule
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When the maximum setting temperature change is ∆T, 
the power of the aggregator can be described as:

Then, the maximum adjustment capacity of the aggre-
gator can be expressed as:

The minimum adjustment capacity should be 0. There-
fore, the adjustment range of the aggregator can be rep-
resented as:

Each DAGG calculates the adjustable interval accord-
ing to the user load parameters and preferences in the 
jurisdiction area and sends the information to TAGG to 
participate in the day ahead optimal scheduling.

4  Three‑stage optimization model of strategy
Based on the framework of the three-stage schedule, a 
three-stage optimization model is built. Figure  2 shows 
its overall flowchart. As can be seen, the first stage cal-
culates the total adjustment amount by a multi-objective 
genetic algorithm (NSGA-II) when the peak load is at a 
minimum and the aggregator interest is at its maximum. 
The second stage distributes regulation to each aggrega-
tor when the voltage constraint is satisfied and the line 
loss is at a minimum, while the third stage is to calculate 
temperature change when the predicted percentage of 
dissatisfied (PPD) is at a minimum. PSO is used to solve 
the optimization problem in the second and third stages.

4.1  The first stage
In the first stage, an electric power transaction is built, 
and the minimum peak load of the power grid after TCL 
regulation is taken as the optimization goal to ensure the 
safe and stable operation of the power grid, expressed as:

where Pbase, i represents the power of other loads, and Pac, 

i represents the power of TCLs at time i. The power con-
straint is shown as:

(8)Paggi = Paggi(R1,Ca,To,Tset)

(9)Paggi = Paggi(R1,Ca,To,Tset +�T )

(10)
Pdmax,aggi = Paggi(R1,Ca,To,Tset)− Paggi(R1,Ca,To,Tset +�T )

(11)

[

Pdmin,aggi,Pdmax,aggi

]

=
[

0,Paggi(R1,Ca,To,Tset)

−Paggi(R1,Ca,To,Tset +�T )
]

(12)min(max(Pbase,i + Pac,i))

(13)Pbase,i + Pac,i = Pgrid,i + Pnewpower,i

The second goal of the first stage is to obtain the 
greatest benefit for the TCL aggregators. According to 
[29], the electricity price of demand response electric-
ity is the real-time electricity price of the demand side 
response market, which has a linear relationship with 
the total load, as:

where Epdr represents the real-time electricity price of 
the demand side market over a certain period of time, Pall 
represents the total load in the network at this time, while 
a and b represent positive electricity price coefficients. 
The subsidy of the aggregator to users is a quadratic func-
tion of the demand side response reduction, given as:

where B represents the total subsidy given to users by 
the aggregator, k is the subsidy cost coefficient of the 
aggregator to users, and Pdr represents the demand side 
response at this time. Lbefore and L represent the total load 
before and after the demand side response, respectively. 
Lbase represents the basic load of the power grid, and Lac 
represents TCLs’ power.

From (14) and (15), the optimization objective func-
tion can be described as:

(14)Epdr = aPall + b

(15)B = k · P2
dr = k(Lbefore − L)2

(16)L = Lbase + Lac

(17)
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where t1 and t2 are the respective start and end times of 
using TCLs. The inequality constraint should be consid-
ered, i.e.:

where Pdr, t, min and Pdr, t, max are the minimum and maxi-
mum adjustable capacities of the aggregator at a certain 
time, respectively.

Finally, because of the advantages of fast running 
speed and good convergence of solution sets, the multi-
objective genetic algorithm NSGA-II [30] is used to 
solve the double objective optimization model, and the 
adjustment amount, total benefit and total user subsidy 
are obtained.

4.2  The second stage
After obtaining the adjustment amount of the total 
aggregator, the next step is to allocate the adjustment 
amount to each aggregator. The TCLs that can be regu-
lated by each aggregator have certain spatial differences, 
so the impact of regulation behavior on power grid oper-
ation should be fully considered during distribution. For 
branch connecting points m and n, the power flow is cal-
culated as:

where vm and vn represent the respective squares of the 
voltage amplitudes of nodes m and n, rmn and xmn are the 
respective resistance and reactance of line m–n, while 
Pmn and Qmn represent the active power and reactive 
power on node m, respectively. lmn is the square of the 
current amplitude of line m–n.

The grid total line loss Ploss can be expressed as:

The optimization objective function of this stage can be 
described as:

The node voltage deviation constraint is shown as:

(18)Pdr,t,min ≤ Pdr,t ≤ Pdr,t,max

(19)
vm − vn = 2(rmnPmn + xmnQmn)− (r2mn + x2mn)lmn

(20)lmnvmn = P2
mn + Q2

mn, lmn ≥ 0

(21)Ploss =

n(i �=j)
∑

i=1

n(i �=j)
∑

j=1

lijxij

(22)min Ploss = min





n(i �=j)
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i=1

n(i �=j)
�

j=1

lijxij





(23)−5% ≤ vdiffi =
vi,t − vi,o

vi,o
× 100% ≤ 5%

where vdiffi represents the percentage voltage difference 
before and after adjustment of the ith node, while vi, t 
and vi, o represent the voltages of node i after and before 
adjustment, respectively. Finally, the multidimensional 
particle swarm optimization (PSO) algorithm [31] is used 
to obtain the adjustment of each aggregator at each time 
because the solution variables are multidimensional.

4.3  The third stage
In terms of controlling TCLs under the jurisdiction of a 
single aggregator, an optimal adjustment strategy is pro-
posed. From the user perspective, the optimization focus 
is on the comfort of users. The Fanger thermal comfort 
model is a common model used to quantify the discom-
fort of the user and describe the dissatisfaction of the 
user with room temperature. Since the discomfort is 
related mainly to the indoor temperature, other factors 
are assumed to be constants, and then the interpolation 
method is used to fit the discomfort level of the user and 
setting temperature. The fitted expression is simplified as 
[32]:

where the predicted percentage of dissatisfied (PPD) rep-
resents the dissatisfaction of the user with the indoor 
temperature, a is a positive proportional coefficient, the 
temperature setting value after adjustment is Tk set, and 
T0 set represents the expected temperature value of the 
user, which is the initial TCL setting value. Therefore, the 
discomfort level of a single user χ is expressed as:

Users have different expected temperatures, resulting 
in different discomfort levels at the same temperature. 
Therefore, the discomfort level of each user needs to be 
calculated separately, and the user adjustment behavior 
also needs to be calculated separately. The optimization 
goal at the user level is that the overall discomfort level of 
users is the lowest, which is expressed as:

The temperature constraint is shown as [28, 33]:

In the previous content, the influence of temperature 
regulation on the aggregate power of TCL was ana-
lyzed. Therefore, it is also necessary to consider the 
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set − T 0

set)
2

(25)χ = (Tk
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2

(26)min
∑

χ = min
∑

(Tk
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2

(27)0 ≤ Tk
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aggregated power constraint of TCL during optimizing 
after the change in the temperature setting value.

Because the TCLs under the jurisdiction of the 
aggregator are heterogeneous, the fitting rate between 
the daily load curves after the temperature setting 
value is changed, and the upper optimal daily load 
curve is taken as the power constraint of the user level 
optimization model. The curve fitting rate Rnew in this 
paper is greater than 0.9, i.e.:

and the fitting rate calculation is given as [36]:

where yi, t and yt represent the actual and target values at 
time t, respectively.

Because of the diversity of user regulation behav-
ior, the current set temperature regulation of TCLs 
is an integer, and the specific temperature regulation 
of each user needs to be obtained. Therefore, inte-
ger programming based on the PSO [31] algorithm is 
introduced to solve the user-level optimization model. 
The particle position update formula of PSO is given 
as:

where g(t) is the direction vector of the particle.
After obtaining the temperature regulation, how 

to get the subsidies of users becomes a new problem. 
For user i under the jurisdiction of an aggregator, this 
paper takes the average adjustment amount of N users 
with the same user preference and load at each time 
under each temperature adjustment amount as the 
contribution of the user under the corresponding tem-
perature adjustment amount [37], expressed as:

where ui is the contribution of user i, Tr is the temper-
ature regulation, and N is 1000 in this paper. Then, the 
subsidy of user i can be expressed as:

where Cusers, i is the subsidy of user i, m is the quantity of 
users, and Cusers, sum, r is the sum subsidy of DAGGs.

(28)Rnew ≥ 0.9

(29)Rnew = 1−

√

∑

(y1,t − yt)2
∑

y2t

(30)x(t + 1) =







x(t)+ 1

x(t)− 1

x(t)+ sig(c)

g(t + 1) > 0

g(t + 1) < 0

g(t + 1) = 0

(31)
ui = Pagg ,N (R1,Ca,To,Tset)− Pagg ,N (R1,Ca,To,Tset + Tr)

(32)
Cusers,i =

ui
m
∑

i=1

ui

Cusers,sum,r

5  Case studies
Based on the IEEE 33-bus distribution network system, 
RE and three aggregators are assumed to be in the areas 
that have different jurisdictions, as shown in Fig. 3. The 
prediction of RE generation and basic loads of the load 
regulation point excluding the TCL and the outdoor 
temperature change are shown in Fig. 4. The 1000 TCLs 
that are mostly air conditioning loads are assumed to be 
involved in the regulation of each DAGG, and the load 
parameters meet the distribution shown in Table 1.

Using Monte Carlo simulation, 1000 groups of load 
parameters under each aggregator are obtained. Then, 
TAGG uses the maximum regulation capacity of each 
aggregator to participate in the day-ahead scheduling. 

Fig. 3 Spatial distributions of DAGGs in the IEEE 33 nodes
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The coefficients a and b in (14) are 8.25 ×  10–5 and 0.2 
in this paper, while k is 0.00045 CNY¥/kW2 [23].

5.1  DAGG with different control points
For the three-stage scheduling strategy shown in Sect. 4, 
the simulation results of the three-stage optimization 
model are shown in Table  2. First, the power from the 
grid and optimal daily loads can be obtained by solv-
ing the optimization model of the first stage, as shown 
in Fig.  5, where the “gamultiobj” function in Matlab is 
employed to implement NSGA-II.

The peak load of the optimal daily load curve is 
14406.061 kW, and the aggregators provide 1457.283 kW 
peak shaving capacity for the power grid, leading to a 

saving of 12,241 kWh electricity. The benefit obtained by 
the aggregators is CNY¥ 7588.988, and the user subsidy is 
CNY¥ 11,386.5128. At this time, the total power regula-
tions of the aggregators are shown in Table 2.

Different locations of TCL control points can lead to 
different results in the second stage. While the differ-
ent results indicate the small difference of adjustment 
values, the change trend of regulation of each DAGG is 
the same. In this section, case 1 and case 2 with differ-
ent control points are employed to study the effectiveness 
of the proposed strategy. The TCL control points of each 
DAGG are shown in Table  2. Then, the best regulation 
of each DAGG is obtained in Table 2 by a 3 × 12 dimen-
sions PSO algorithm while the outputs are lower than the 

Table 1 Load Parameters

Parameters Aggregator

DAGG1 DAGG2 DAGG3

Tset (℃) N (22.5, 2.252), 
(15.25)

N (22.5, 2.252), 
(20, 25)

N (22.5, 2.252), (20, 
22.5)

δ (℃) N (0.3, 0.032), 
(0.25, 1)

N (0.3, 0.032), 
(0.25, 0.35)

N (0.3, 0.032), (0.3, 
0.5)

Prated (kW) N (14, 1.42), (10, 
18)

N (5.6, 0.562), 
(4.5, 7)

N (14, 1.42), (6, 14)

R (℃/kW) N (2, 0.22), (1.5, 
2.5)

N (2, 0.22), (1.8, 
2.2)

2

Ca (kWh/℃) N (2, 0.22), (1.5, 
2.5)

N (2, 0.22), (1.8, 
2.2)

2

η 2.5 2.5 2.5

Table 2 The results of the three-stage optimization model in different situations

Time Total power 
regulation/
kW

Regulation in Case 1 Regulation in Case 2

DAGG1/kW
(Points: 10, 
15, 17, 31, 32)

DAGG2/kW
(Points: 23, 24, 26)

DAGG3/kW
(Points: 4, 5, 19, 20)

DAGG1/kW
(Points: 11, 
12, 13, 14)

DAGG2/kW
(Points: 23, 
24, 25, 26)

DAGG3/kW
(Points: 19, 20, 21)

6:00 1321.582 802.5116 331.3872 187.6828 774.5307 222.1977 324.8532

7:00 1457.283 692.5997 549.6249 215.0582 433.4235 460.9172 562.9421

8:00 2046.038 494.8865 931.5304 619.6210 524.8299 743.7738 777.4343

9:00 1181.328 387.7899 462.1885 331.3496 392.8116 450.9610 337.5553

10:00 1183.153 392.5036 390.4066 400.2430 402.0373 387.2477 393.8682

11:00 680.548 274.2875 271.8800 134.3801 351.6104 199.5735 129.3638

12:00 1071.073 389.7445 323.0090 358.3191 389.1078 349.2564 332.7084

13:00 1105.788 370.2248 385.7683 349.7953 382.3693 368.0969 355.3222

14:00 1248.646 406.5722 422.9994 419.0745 405.0483 423.7329 419.8649

15:00 1299.580 460.3463 443.6260 395.6081 470.3374 413.5138 415.7292

16:00 1136.680 337.3681 432.4150 366.8965 333.0938 431.8370 371.7487

17:00 1118.818 382.8485 409.2813 326.6882 378.5512 393.5508 346.7160
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regulatory capacity of each TCLs aggregators when the 
optimal operation of the grid is considered.

Comparing the regulations of case 1 and case 2, as 
shown in Fig.  6, the regulations have differences from 
6:00 to 8:00 because of the volatility of TCLs when open-
ing, but are almost the same at the other times, suggest-
ing that the proposed three-stage scheduling strategy can 
be used in different situations.

After obtaining the adjustment amount of each DAGG, 
the TCL temperature setting value is changed to take the 
best user comfort level as the optimization goal, and the 
PSO integer programming algorithm is used to optimize 
the solution, which has 1 × 1000 dimensions outputs 
between 0 and 3.

The temperature regulations are obtained by the opti-
mization of the third stage. Taking DAGG1 in case 1 as 
an example, as shown in Fig.  7, each TCL has different 
regulations to ensure the thermal comfort level.

In cases 1 and 2, the three-stage scheduling strategy can 
successfully complete the optimal scheduling, ensure the 
stable operation of the power grid and reduce the impact 
on user comfort. In general, the three-stage scheduling 
strategy proposed is suitable for regional aggregators 
with different TCL control points.

However, from the TCL power curve in case 1, there 
are errors caused by the heterogeneity of TCLs. The 
errors can be reduced by using the battery configured by 
each DAGG in Fig. 8.

Because this paper studies TCL participation in 
day-ahead scheduling and the use of a battery as the 
supplement of TCLs, the mainly affected battery char-
acteristics are the rated power and capacity. Assuming 
that the price of battery output is 0.2 CNY¥/kWh, the 
interests of each DAGG are shown in Table 3. DAGGs 

can obviously receive more interest with battery par-
ticipation, and the sum subsidy of users is now CNY¥ 
10,720.9852.

5.2  Comparison with the two‑stage scheduling strategy 
without distribution function

A. The two-stage scheduling strategy with market
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Table 3 Interest of each DAGG 

Interests DAGG1 DAGG2 DAGG3

From regulation/yuan 2671.9539 2774.8340 2142.2001

From battery/yuan 279.8827 276.6066 109.0383

Sum/yuan 2951.8366 3051.4406 2251.2384
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In the three-stage scheduling strategy proposed in this 
paper, the second stage is to distribute the regulation to 
aggregators to ensure the fairness of regulation. This sec-
tion compares the results of the three-stage scheduling 
with distribution and two-stage scheduling without dis-
tribution [6, 14, 24].

The Gini coefficient is an indicator that measures the 
inequality of income distribution and is used to measure 
the fairness of the distribution process of regulation in 
this paper. The closer its value is to 0, the more even the 
distribution is [34]. The Gini coefficient is calculated as:

where G is the Gini coefficient, n is the number of all 
members, and xi is the data of member i.

Assuming that the regulated electricity price relation-
ship of each DAGG is as shown in Fig.  9, the second 
stage in the scheduling strategy proposed in this paper is 
replaced by the market form. After optimal dispatching, 
the voltage deviations of each node of the IEEE 33-bus 
distribution power system with or without a market are 
shown in Fig.  10. As shown, the voltage deviations of 
nodes 15–18 are larger than the largest deviation using 
the two-stage strategy. When using the two-stage strat-
egy, the discomfort of the users of each DAGG is 9000, 
2686 and 2331, respectively, and these levels are signifi-
cantly higher than the discomfort of the users of each 
DAGG in the proposed strategy.

Using (33) to calculate the Gini coefficient of the two 
strategies, the Gini coefficients are 0.3510 and 0.5444 
with and without distribution, respectively. Thus, it 
proves that using the three-stage scheduling strategy 

(33)G =

n
∑

i=1

n
∑

j=1

∣

∣xi − xj
∣

∣

2n
n
∑

i=1

xi

proposed in this paper is clearly safer for the grid, more 
comfortable for users and fairer for DAGGs.

B. The two-stage scheduling strategy with voltage con-
straint

The results are compared with the two-stage schedul-
ing strategy with voltage constraint, which combines the 
first and second stages proposed in this paper into one 
stage. After solving the multi-objective optimization 
model of each first stage, the Pareto front of each strategy 
is shown in Fig. 11. It is clear that the peak load is lower 
and the total interest is greater with the three-stage strat-
egy proposed here.

Thus, the three-stage scheduling strategy proposed 
can obtain the greater interest for aggregators and better 
user comfort level when the safe and stable operation of 
power grid is guaranteed.

5.3  Comparison with the scheduling strategy based 
on group adjustment

Single control is used to control TCLs of aggregators 
in this paper, and every TCL gets its own tempera-
ture change because of the different parameters. Group 
control has always been used to control TCLs [17, 35]. 
When compared with the group control where grouping 
is based on rating power, as shown in Table 4, the single 
control can get lower PPD, which can better ensure user 
comfort.

In the third stage, the different temperature regula-
tions of each TCL are calculated in the final stage, and are 
used as a basis for subsidy allocation. However, for users 
with the same temperature change, the different setting 
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temperatures and space environments should lead to dif-
ferent contributions in the regulation, resulting in dif-
ferent subsidies. In Fig. 12, taking 50 users of DAGG1 in 
case 1 as an example, users having the same temperature 
regulations can receive different subsidies because of the 
TCLs’ heterogeneity and setting-temperature difference.

6  Conclusions
A three-stage day-ahead scheduling strategy is proposed 
for TCLs. This scheduling strategy adds a distribution 
function among the regional load aggregators to ensure 
the stable operation of the power grid, guarantee the fair-
ness of regulation among aggregators and improve user 
comfort. Furthermore, because of the heterogeneity of 
TCLs, the optimal fitting curve cannot be met entirely 
in the third stage. Therefore, the scheme in which aggre-
gators configure a certain battery is proposed to reduce 
error of load scheduling and increase aggregator profit. 
The effectiveness of the proposed strategy is verified by 
simulation with the IEEE 33-bus distribution network 
system.

The results show that the three-stage scheduling 
strategy proposed in this paper can adapt to differ-
ent situations with different TCL control points of 
aggregators. Compared with the two-stage strategy 

not containing distribution function, the proposed 
strategy can better ensure the safe and stable opera-
tion of the power grid, and keeps the voltage devia-
tion within ± 5%. Simultaneously, the Gini coefficient 
increases by 20%, and the comfort level of the users 
increases by 48% in the case study. Compared with 
the strategy based on group adjustment, the single 
temperature adjustment used in this paper can better 
insure user comfort. Given this, the subsidy settlement 
method considering the adjustment contribution of 
each user is then proposed.
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