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Abstract Renewable energy based distributed generation

(DG) has the potential to reach high penetration levels in

the residential region. However, its integration at the

demand side will cause rapid power fluctuations of the tie-

line in the residential region. The traditional generators are

generally difficult to manage rapid power fluctuations due

to their insufficient efficiency requirements and low

responding speed. With an effective control strategy, the

demand side resources (DSRs) including DGs, electric

vehicles and thermostatically-controlled loads at the

demand side, are able to serve as the energy storage system

to smooth the load fluctuations. However, it is a challenge

to properly model different types of DSRs. To solve this

problem, a unified state model is first developed to describe

the characteristics of different DSRs. Then a load curve

smoothing strategy is proposed to offset the load fluctua-

tions of the tie-line of the residential region, where a

control matrix deduced from the unified state model is

introduced to manage the power outputs of different DSRs,

considering the response order and the comfort levels.

Finally, a residential region with households is used to

validate the load curve smoothing strategy based on the

unified state model, and the results show that the power

fluctuation rate of the tie-line is significantly decreased.

Meanwhile, comparative study results are shown to

demonstrate the advantages of the unified state model

based load curve smoothing strategy.

Keywords Demand side resource (DSR), Power

fluctuation, Distributed generation (DG), Electric vehicle

(EV), Thermostatically-controlled load (TCL), Load curve

smoothing

1 Introduction

The renewable energy resources, such as wind and solar,

have aroused more and more attention around the world

due to their renewable and environmental advantages in

recent years [1]. However, renewable distributed genera-

tion (DG) with intermittent characteristics will introduce a

large amount of uncertainties to the demand side. One

concern is the severe variations to the load power of the tie-

line in an electric region [2], which will significantly

impact the stable operation of the power grid and limit the

utilization of the renewable energy [3].
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One of the traditional control strategies for the load

curve smoothing of the tie-line is the regulation of the

traditional generators [4]. However, the response speed of

these types of generators is not fast enough to follow the

power fluctuations of DGs, and the efficiency of power

generation will be reduced. Another method to tackle this

problem is through the utilization of energy storage system

(ESS), such as batteries, flywheels, etc., to respond to the

power fluctuations [5, 6]. The ESS was used to improve the

voltage profile which was affected by the stochastic outputs

of the DGs [7, 8]. The ESS was investigated for peak load

shaving of the tie-line in [9, 10]. Through dynamic

adjusting of the charging power, the ESS is able to effec-

tively respond to the power fluctuations caused by the DGs

[11, 12]. However, large scale adoption of ESS has not

economical and practical until now.

With the fast development of a smart grid, there have

been growing interests in the flexibility of demand

response. The total response capacity from different types

of demand side resources (DSRs) is considerable [13, 14].

Among all the DSRs, the DG is able to decrease its power

generation [15], and the electric vehicle (EV) is able to

operate as a mobile energy storage unit with its rapid

charging and discharging capabilities [16], and the ther-

mostatically-controlled load (TCL) can respond to the

power variations by switching between ‘‘ON’’ and ‘‘OFF’’

[17]. These available DSRs with different response char-

acteristics have been proven to be effective resources for

demand response at the demand side. Thus, a number of

DSRs are able to provide various types of ancillary services

for the power grid. Considering the response capacity from

the EVs [16] and TCLs [17], these resources were able to

mitigate the voltage variations in the distribution network

with DGs. Meanwhile, the power loss of the distribution

network was minimized based on a real-time coordination

of the EV charging load [18, 19]. The EVs were able to

operate as an EES to reshape the load profile and alleviate

the peak load relying on their rapid responding capability

[20, 21]. The TCLs, such as heat pumps, were able to

smooth the power fluctuations of the tie-line with DGs

[22, 23].

The above researches focused on improving the power

quality using a single type of DSR. However, each type of

DSR has its own response characteristics and the mathe-

matical model of each DSR is quite different. As a result, it

is difficult for an aggregator to coordinate different types of

DSRs for the operational management at the demand

side.

At present, in order to realize the coordinated control of

different types of DSRs, an aggregator is usually built for

each type of DSR. In [24], the EV aggregator and the TCL

aggregator were established separately to provide fre-

quency response service to the power grid, and the control

signal was first responded by the EV aggregator and then

the remaining unbalanced power was further compensated

by the TCL aggregator. However, the following two

aspects need to be further investigated:

1) In the existing researches, one aggregator only focuses

on one type of DSR.

2) For different aggregators with different types of DSRs,

the queuing control strategy is usually used to realize

the power control of the different aggregators.

As a result, these two aspects in fact increase the diffi-

cult to realize the coordinated control of different types of

DSRs, which also means that the response characteristics

of different types of DSRs are not fully utilized. The

existing control strategies usually lead to the excessive

dependence on one type of DSR and the control effect is

poor and the response capacity is limited during some of

the time periods. Thus it is necessary to develop a unified

mathematical model to describe their energy storage

capability and their response characteristics. And an

aggregator is able to manage different types of DSRs based

on the unified state model, which contributes to realizing

the coordinated control of different types of DSRs.

In this paper, a load curve smoothing strategy based on a

unified state model of different DSRs is developed for the

demand response. Based on the state models of different

DSRs, a unified state model is first developed to describe

the response characteristics of the DSRs with a unified

mathematical expression. Then, a load curve smoothing

strategy using the unified state model is proposed to

coordinate different types of DSRs to smooth the power

fluctuations caused by the DGs. A control matrix is intro-

duced to manage the power outputs of different DSRs,

where the comfort levels of the power consumers and the

response order are considered. The power fluctuation rate is

introduced as an indicator to evaluate the load power

variations of the tie-line in a residential region. The unified

state model in the proposed load curve smoothing strategy

can determine the real-time response capacity and the

response states of different types of DSRs, and the com-

plexity for managing large quantities of DSRs is signifi-

cantly reduced. Compared with the existing researches,

comparative studies show that the unified state model

based load curve smoothing strategy takes better advantage

of the response characteristics of different types of DSRs

and has a better smoothing control effect.

2 Framework of load curve smoothing strategy

Considering the response capability from different types

of DSRs, the framework of the load curve smoothing

strategy for a given residential region is shown in Fig. 1. In
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this paper, the power generation of DGs, the charging/

discharging power of EVs and the consumed power of the

TCLs are uniformly defined as the power outputs of the

DSRs. The power output of the power generation and

discharging power is a positive value, and the power output

of the charging power and consumed power is a negative

value.

In the load curve smoothing strategy, the load data of the

tie-line in the residential region, which is the sum of the

uncontrollable load, the DGs, the EVs and the TCLs, is

measured in real time. To implement the smoothing control

strategy, the real-time power demand of the region is

determined according to the power fluctuations of the load.

The power demand is compensated by the DSRs.

An aggregator is responsible for managing the power

outputs of all the available DSRs. The DSRs of the DGs,

EVs and TCLs are able to serve as an ESS under the

coordinated control of the aggregator. The aggregator is

able to obtain the operational information of the available

DSRs, evaluate their response capacity and determine their

power outputs with the unified state model. And the

required operational information of different types of DSRs

is fully discussed in Sect. 3. Compared with the response

capacity of a single DSR, the aggregated capacity of all

DSRs managed by the aggregator is significantly

increased.

According to the power demand in the residential region

and the actual response capacity from the DSRs, the power

outputs of all the DSRs are determined and the control

signals are allocated to all the available DSRs. The DSRs

accept the control signals from the aggregator, and the

power outputs of these resources are adjusted accordingly

to respond to the power demand.

3 Unified state model of DSRs

Each type of DSR at the demand side has its own

response characteristic. The unified state model is able to

describe their response characteristics with a unified

mathematical expression. The DSRs of DGs, EVs and

TCLs are investigated in this section.

3.1 State model of DG

The DGs, such as the rooftop photovoltaic panels and

the wind turbines, inject power to the power grid. The

operational area of an individual DG is shown in Fig. 2.

The PG
g;t and

�PG
g;t of DG g are expressed by (1).

PG
g;t ¼ 0
�PG
g;t ¼ PGm

g;t

(
ð1Þ

where PGm
g;t is the maximum power generation of DG g at

time point t; PG
g;t and

�PG
g;t are lower and upper limitations of

power output of DG g at time point t.

The state model of the DG is given by (2).

EG
g;tþDt ¼ EG

g;t þ
PG
g;tDt

QG
g

¼ EG
g;t þ PG

g;t

Dt
QG

g

ð2Þ

where EG
g;t is the state of DG g at time point t varies within

[0, 1]; EG
g;tþDt is the predicted state value at time point

t ? Dt; PG
g;t is the power generation of DG g at time point t;

QG
g is the accumulated energy generated by the DG with

the rated power generation, which is calculated by (3).

QG
g ¼ PGr

g DtM ð3Þ

where PGr
g is the rated power generation of DG g; M is the

number of time intervals in a day.

To build the state model of the DG, the operational

information of EG
g;t, P

G
g;t, P

Gm
g;t and PGr

g needs to be obtained

by the aggregator.

3.2 State model of EV

When traveling, an EV makes no contribution to the

power grid. When connected to the power grid, a bi-di-

rectional power flow (charging/discharging) between the

EV and the power grid can be realized.

The PV
v;t and

�PV
v;t of EV v are expressed by (4).

DGs EVs TCLsUncontrollable load

Aggregator
Load data 
acquisition

Power grid

Load curve 
smoothing 

control

Power
demand

Control signal
Information flow

Residential region

Tie-line 
load 

power

Fig. 1 Framework of the load curve smoothing strategy
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Fig. 2 Operational area of an individual DG
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PV
v;t ¼ �PVc

v ; �PV
v;t ¼ PVd

v t 2 tVsv ; tVdv
� �

PV
v;t ¼ �PV

v;t ¼ 0 t 62 tVsv ; tVdv
� �

(
ð4Þ

where PV
v;t and �PV

v;t are lower and upper limitations of

power output of EV v at time point t, �PV
v;t is assumed to be

equal to �PV
v;t; P

Vc
v and PVd

v are rated charging and dis-

charging power of EV v; tVsv and tVdv are start and finish

charging times of EV v.

The operational area of an individual EV is illustrated in

the shaded area shown in Fig. 3, which is limited by the

power output limitations and the state of charge (SOC)

limitations. Points A, B, C, D, E and F are used to obtain

the upper and lower boundaries of the operational area. The

upper boundary of the operational area follows the path of

‘‘A-B-C’’, on which the EV is charged with the rated

charging power from tVsv until the SOC
V

v is reached, where

SOC
V

v is upper limitation of SOC value of EV v. The lower

boundary of the operational area follows the path of ‘‘A-D-

E-F’’, on which the EV is discharged at the rated dis-

charging power from tVsv until the SOCV
v is reached (from

point A to D) and the EV is charged at the rated charging

power (from point E to F) to achieve the SOCVd
v at tVdv ,

where SOCV
v is lower limitation of SOC value of EV v and

SOCVd
v is the expected SOC value for traveling of EV v.

The SVv;t is given by (5). When connected to the power

grid, the state model of the EV is given by (6).

SVv;t ¼
SOCV

v;t � SOCV
v

SOC
V

v � SOCV
v

ð5Þ

SVv;tþDt ¼ SVv;t �
PV
v;tDt

QVr
v;t

¼ SVv;t þ PV
v;t � Dt

QVr
v;t

 !
ð6Þ

where SVv;t is the normalized SOC value of EV v at time

point t varies within [0, 1]; SOCV
v;t is the SOC value of EV v

at time point t; SVv;tþDt is the predicted value at time point

t ? Dt; PV
v;t is the power output of EV v at time point t; QVr

v;t

is determined by (7).

QVr
v;t ¼

QV
v

gVcv
SOC

V

v � SOCV
v

� �
PV
v;t\0

QV
v SOC

V

v � SOCV
v

� �
PV
v;t ¼ 0

QV
v g

Vd
v SOC

V

v � SOCV
v

� �
PV
v;t [ 0

8>>>><
>>>>:

ð7Þ

where QV
v is the battery capacity of EV v; gVcv and gVdv are

charging and discharging efficiencies of EV v.

To build the state model of the EV, the operational

information of SVv;t, P
V
v;t, P

Vc
v;t , P

Vd
v;t , Q

V
v , g

Vc
v , gVdv , tVdv , SOCVd

v ,

SOCV
v and SOC

V

v needs to be obtained by the aggregator.

3.3 State model of TCL

The power consumption of TCLs should be modeled to

satisfy the expected temperature requirements of the con-

sumers. Taking the TCL of the heat pump for heating as an

example, the operational area of an individual TCL is

shown in Fig. 4.

The PL
l;t and

�PL
l;t of TCL l are expressed by (8).

PL
l;t ¼ �PLc

l;t
�PL
l;t ¼ 0

�
ð8Þ

where PL
l;t and

�PL
l;t are lower and upper limitations of power

output of TCL l at time point t; PLc
l;t is the rated power

consumption of TCL l at time point t.

As depicted in Fig. 4, during the time period of [0, tLbl ],

the TCL operates with the ‘‘ON’’ state and the room tem-

perature is increasing. During the time period of [tLbl , tLdl ],

the TCL operates in the ‘‘OFF’’ state and the room tem-

perature is decreasing. The lower and upper thermostat

settings of TCL TLcon
l and �TLcon

l are defined to obtain the

controllable area. For the TCLs in the ‘‘ON’’ group, the

TCLs within the range of [TLcon
l ; �TL

l ] can be selected to

turn ‘‘OFF’’, where �TL
l is the upper limitations of room

Operational areaA

B C

D E

F

SOC

Vd
vSOC

Vs
vSOC

0 Vs
vt Vat Vbt Vct t

V
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V
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v v v vtVd

Fig. 3 Operational area of an individual EV
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temperature of TCL l. Similarly, for the TCLs in the

‘‘OFF’’ state, the TCLs within the the range of [TL
l ;

�TLcon
l ]

can be selected to turn ‘‘ON’’, where TL
l is the lower lim-

itations of room temperature of TCL l. The operational area

will help to decrease the switching frequency of the

TCL.

In order to standardize the TL
l;t and T

Lout
l;t , hLl;t (0� hLl;t � 1)

and hLoutl;t are the normalized room temperature and the

outdoor temperature of TCL respectively, which are

determined by (9). The state model of the TCL is then

given by (10).

hLl;t ¼
TL
l;t � TL

l

�TL
l � TL

l

hLoutl;t ¼
TLout
l;t � TL

l

�TL
l � TL

l

8>>><
>>>:

ð9Þ

hLl;tþDt ¼ hLoutl;t þ hLl;t � hLoutl;t

� �
al

h i
�PL

l;t

1� al
�TL
l � TL

l

¼

hLoutl;t þ hLl;t � hLoutl;t

� �
al

h i
þPL

l;t

al � 1

�TL
l � TL

l

ð10Þ

where hLl;tþDt is the predicted state value at time point

t ? Dt; al is equal to eDt= RlClð Þ; Rl and Cl are the thermal

resistance and capacitance of TCL l; PL
l;t is equal to PL

l;t in

the ‘‘ON’’ state and �PL
l;t in the ‘‘OFF’’ state; TL

l;t and TLout
l;t

are the room temperature and the outdoor temperature of

TCL l at time point t.

To acquire the state model of the TCL, the operational

information of PL
l;t, P

Lc
l;t , Rl, Cl, T

L
l ,

�TL
l , T

Lcon
l , �TLcon

l and

TLout
l;t needs to be obtained by the aggregator.

3.4 Unified state model

According to the state models in Sects. 3.1, 3.2 and 3.3,

the (2), (6) and (10) have a unified mathematical expres-

sion. Then the state model of different DSRs is given by

(11), which is further explained by (12)–(17).

EG
tþDt

SVtþDt

hLtþDt

2
64

3
75 ¼

EG
t

SVt

hLt

2
64

3
75þ

PG
t 0 0
0 PV

t 0
0 0 PL

t

2
4

3
5 dGt

dVt

dLt

2
64

3
75 ð11Þ

EG
tþDt ¼ EG

1;tþDt; . . .;E
G
g;tþDt; . . .;E

G
NG;tþDt

h iT
SVtþDt ¼ SV1;tþDt; . . .; S

V
v;tþDt; . . .; S

V
NV ;tþDt

h iT
hLtþDt ¼ hL1;tþDt; . . .; h

L
l;tþDt; . . .; h

L
NL;tþDt

h iT

8>>>>><
>>>>>:

ð12Þ

EG
t ¼ EG

1;t; . . .;E
G
g;t; . . .;E

G
NG;t

h iT
ð13Þ

SVt ¼ SV1;t; . . .; S
V
v;t; . . .; S

V
NV ;t

h iT
ð14Þ

hLt ¼

hout1;t þ hL1;t � hout1;t

� �
a1

..

.

houtl;t þ hLl;t � houtl;t

� �
al

..

.

houtNL;t
þ hLNL;t

� houtNL;t

� �
aNL

2
666666664

3
777777775

ð15Þ

PG
t = diag PG

1;t; . . .;P
G
g;t; . . .;P

G
NG;t

h i
PV
t = diag PV

1;t; . . .;P
V
v;t; . . .;P

V
NV ;t

h i
PL
t = diag PL

1;t; . . .;P
L
l;t; . . .;P

L
NL;t

h i

8>>>><
>>>>:

ð16Þ

dGt ¼ Dt

QG
1

; . . .;
Dt
QG

g

; . . .;
Dt

QG
NG

" #T

dVt ¼ � Dt
QVr

1

; . . .;� Dt
QVr

v

; . . .;� Dt
QVr

NV

" #T

dLt ¼ a1 � 1

�TL
1 � TL

1

; . . .;
al � 1

�TL
l � TL

l

; . . .;
aNL

� 1

�TL
NL

� TL
NL

" #T

8>>>>>>>>>>><
>>>>>>>>>>>:

ð17Þ

where NG is the number of DGs; NV is the number of EVs;

NL is the number of TCLs.

Based on the state model given by (11), the unified state

model is given by (18).

x t þ Dtð Þ ¼ x tð Þ þ P tð Þd tð Þ ð18Þ

where x is the state matrix of DSRs; P is the power output

matrix of DSRs; d is the time interval matrix after cor-

rection of DSRs.

4 Load curve smoothing strategy

4.1 Steps of load curve smoothing strategy

Based on (18), a load curve smoothing strategy is

developed to smooth the load power fluctuations of the tie-

line.

The rT , determined by (19) and (20), is used as an

indicator to evaluate the power fluctuations.

rT ¼ f T
PD
max � PD

min

PD
rated

� �
ð19Þ

PD
max ¼ max PD

t ;P
D
t�Dt; . . .;P

D
t� n�1ð ÞDt

� �
PD
min ¼ min PD

t ;P
D
t�Dt; . . .;P

D
t� n�1ð ÞDt

� �
T ¼ nDt

8>><
>>: ð20Þ
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where f T �ð Þ is a function to calculate the power fluctuation

rate of the load during the time period T; PD
rated is the rated

load value; PD
min and PD

max are the minimum and maximum

load values of the tie-line during the time period T,

respectively; PD
t is the load power of tie-line at time point

t.

The rt, determined by (21), is used to evaluate the real-

time power fluctuation.

rt ¼
PD
t � PD

t�Dt

Dt
ð21Þ

The ddrop and drise, which are used to limit the variations

of rt, are further defined by (22).

ddrop ¼ �PD
ratedr

T
limit

T

drise ¼
PD
ratedr

T
limit

T

8><
>: ð22Þ

where rTlimit is the limitation of power fluctuation rate dur-

ing time period T.

Based on the unified state model and the definition of

the power fluctuation rate, the following steps are used to

implement the load curve smoothing control strategy.

Step 1 Determining target power change of the load.

The following rules are used to determine the target

smoothing load power of tie-line P�
t .

1) If rt\ddrop, where ddrop is the drop rate limitations of

power fluctuation rate, then

P�
t ¼ PD

t�Dt þ ddropDt ð23Þ

2) If rt [ drise, drise is the rise rate limitations of power

fluctuation rate, then

P�
t ¼ PD

t�Dt þ driseDt ð24Þ

3) If ddrop � rt � drise, then

P�
t ¼ PD

t ð25Þ

Thus, DP�
t is determined by (26).

DP�
t ¼ P�

t � PD
t ð26Þ

where DP�
t is the target power change of tie-line, which

needs to be balanced by the DSRs considering their

response capacity. If DP�
t is higher (lower) than zero, then

the chosen DSRs have to increase (decrease) their power

outputs to accomplish the target smoothing load value.

Step 2 Determining response capacity of DSRs.

To realize the load curve smoothing control with the

unified state model, the P tð Þ given by (16) is decomposed

into BP tð Þ, i.e., the real-time power output Pi
jj tð Þ is

replaced by Bi
jj
�Pi
jj tð Þ, as given by (27).

P tð Þ ¼ BP tð Þ
Pi
jj tð Þ ¼ Bi

jj
�Pi
jj tð Þ

�
ð27Þ

where B is the power output control matrix of DSRs; �P tð Þ
is the upper power output matrix of DSRs; i denotes the

types of DSRs, i [ {G, V, L}; element �Pi
jj tð Þ of �P tð Þ is the

upper power output limitation of DSR j; element Bi
jj of B

(BG
jj 2 0; 1½ �, BV

jj 2 �1; 1½ �, BL
jj 2 �1; 1f g) is defined as the

power output control variable, which is used to increase or

decrease the power output of DSR j.

Then the revised unified state model is given by (28),

which can be used to manage and control the power output

of all the DSRs.

x t þ Dtð Þ ¼ x tð Þ þ BP tð Þd tð Þ ð28Þ

The response order of the DSR is determined by the row

order in the unified state model, which is updated with

time. For example, the response order of the DSRs at row

m and n should be exchanged: � for the column matrix

(x tð Þ and d tð Þ) in (28), the element at row m is exchanged

with the element at row n; ` for the diagonal matrix (B and
�P tð Þ) in (28), the diagonal element at row m is exchanged

with the diagonal element at row n. The response order of the

DSRs is determined according to the different dispatching

costs of different DSRs or other response orders preset by the

aggregator. The response order of the DSRs for the smoothing

control utilized in this paper is discussed in Sect. 4.2.

Based on the unified state model, the response capacity

for increasing power output Pup tð Þ is given by (29), and the

response capacity for decreasing power output Pdn tð Þ is

given by (30). The Pup tð Þ is an N 9 1 matrix, and the non-

negative element at row m indicates the response capacity

of the mth resource for increasing power output. The Pdn tð Þ
is also an N 9 1 matrix, and the non-positive element at

row m indicates the response capacity of the mth resource

for decreasing power output.

Pup tð Þ ¼ �B� Bð Þ�P tð ÞL0 ð29Þ

where the diagonal elements of �B are the maximum values

of the control variables; L0 is an N 9 1 matrix with each

element equal to 1.

Pdn tð Þ ¼ B� Bð Þ�P tð ÞL0 ð30Þ

where the diagonal elements of B are the minimum values

of the control variables.

To introduce the response capability of the state model,

the lower triangular matrix �B� and B� are defined to

evaluate the response capacity for increasing and
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decreasing power output. The elements of �B� and B� are

defined by (31) and (32).

�B�
jk ¼

0 j\k
�Bjj j� k

�
ð31Þ

B�
ij ¼

0 j\k

Bjj j� k

�
ð32Þ

Then the response capacity for increasing and

decreasing power output is further given by (33).

Pup� tð Þ ¼ �B� � Bð Þ�P tð Þ
Pdn� tð Þ ¼ B� � Bð Þ�P tð Þ

�
ð33Þ

where Pup� tð Þ is an N 9 1 matrix, and the non-negative

element at row m indicates the response capacity of the

1 * m resources for increasing power output; Pdn� tð Þ is an
N 9 1 matrix, and the non-positive element at row

m indicates the response capacity of the 1 * m resources

for decreasing power output.

Step 3 Determining the actual control matrix B�.

1) If DP�
t [ 0, obtain the maximum subscript j1 of P

up�
j1;1

which satisfies P
up�
j1;1

�DP�
t . And the 1 * j1

resources in the unified state model have to increase

their power output to realize the active power

change DP�
t as given by (34).

B�
jk ¼ �Bjk j ¼ k; j� j1

B�
jk ¼ Bjk j ¼ k; j[ j1

B�
jk ¼ 0 j 6¼ k

8<
: ð34Þ

2) If DP�
t¼ 0, there is no need to adjust the element

values of B as given by (35).

B� ¼ B ð35Þ

3) If DP�
t\0, obtain the maximum subscript j2 of P

dn�
j2;1

which satisfies P
up�
j2;1

�DP�
t . The 1 * j2 resources

in the unified state model have to decrease their

power output to realize the negative power change

DP�
t as given by (36).

B�
jk ¼ Bjk j ¼ k; j� j2

B�
jk ¼ Bjk j ¼ k; j[ j2
B�
jk ¼ 0 j 6¼ k

8<
: ð36Þ

Thus the power outputs of all the DSRs are determined

by (37). Meanwhile, the state model of the DSRs is updated

by (38), and the row order of the unified state model is

updated with the response order of the DSRs.

P tð Þ ¼ B� �P tð Þ ð37Þ

x t þ Dtð Þ ¼ x tð Þ þ P tð Þd tð Þ ¼ x tð Þ þ B� �P tð Þd tð Þ ð38Þ

The advantages of the unified state model for load curve

smoothing control primarily include three parts. First,

different types of DSRs are able to be described in the

unified state model, which provide a new solution for

managing the large number of DSRs in the aggregator with

different types of DSRs. Secondly, once the required

response capacity is determined, the new power output

control matrix is correspondingly generated to manage the

power outputs of the DSRs in real time. Thirdly, the states

of the DSRs at the next time step are able to be predicted

and obtained, which will be used for short-time prediction

of DSRs.

4.2 Response order for smoothing control

In this paper, it is assumed that the connecting states of

the EVs include the charging state (PV
j;t ¼ �PVc

j;t ), the idle

state (PV
j;t ¼ 0) and the discharging state (PV

j;t ¼ PVd
j;t ). It is

also assumed that the connecting states of the TCLs include

the ‘‘ON’’ state (PL
j;t ¼ �PLc

j;t ) and the ‘‘OFF’’ state

(PL
j;t ¼ 0). To respond to the power demand, the control-

lable EV can change its connecting state between charging

state and idle state (‘‘charging $ idle’’) and between idle

state and discharging state (‘‘idle $ discharging’’), and the

controllable TCL can change its connecting state between

‘‘ON’’ state and ‘‘OFF’’ state (‘‘ON $ OFF’’). The

response modes of ‘‘charging $ idle’’ and ‘‘ON $ OFF’’

are just to change the time period for power consumption,

and the cost of the EV’s ‘‘charging $ idle’’ mode is ver-

ified to be lower than the cost of TCL’s ‘‘ON $ OFF’’

mode [25]. However, the EV battery has to discharge

power to the power grid in the response mode of

‘‘idle $ discharging’’, which requires more cost compen-

sation than other response modes [26].

In order to utilize the unified state model in the

smoothing control, the response order of the DSRs for

increasing and decreasing power output is shown in Fig. 5.

The structure of both Fig. 5a and 5b is divided into three

layers. The first layer introduces the response order of the

DSR type during the load curve smoothing. In the second

layer, each column represents the response order of the

DSRs with the corresponding DSR type. In the third layer,

each unit provides the satisfied constraints of the corre-

sponding DSRs. And the response order of Fig. 5a and 5b is

then introduced in detail. Two main principles of the cost

of demand response and the utilization level of renewable

energy are considered when deciding the response order of

the DSRs.

As shown in Fig. 5a, the response order of the DSRs for

increasing power output is the charging EVs to stop

charging, the ‘‘ON’’ state TCLs to switch off, the idle EVs

to discharge and then the uncontrollable DSRs. The

response order for increasing power output is shown as
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follows: � the charging EV with higher state value will

have the priority to stop charging; ` the ‘‘ON’’ state TCL

with higher state value will have the priority to switch off;

´ the idle EV with higher state value will have the priority

to discharge; ˆ the DSRs, which have reached their upper

power output limitations can be seen as the uncontrollable

load, and the DGs are seen as the uncontrollable load for

increasing power output.

As shown in Fig. 5b, the response order of the DSRs for

decreasing power output is the discharging EVs to stop

discharging, the ‘‘OFF’’ state TCLs to switch on, the idle

EVs to recharge, the DGs to decrease power generation and

then the uncontrollable DSRs. The response order for

decreasing power output is shown as follows: � the dis-

charging EV with lower state value will have the priority to

stop discharging; ` the ‘‘OFF’’ state TCL with lower state
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value will have the priority to switch on; ´ the idle EV

with lower state value will have the priority to charge; ˆ

the DG with higher state value will have the priority to

decrease power generation; ˜ the DSRs, which have

reached their lower power output limitations, can be seen

as the uncontrollable load.

5 Case studies and simulation results

In this section, a residential region introduced in [23]

with households and high photovoltaic penetration is used

to realize the load power smoothing control for the load

power of the tie-line. The power capacity and the house-

hold number of the residential region are assumed to be the

same with an IEEE 33-node distribution network with the

maximum load power of 5084 kW introduced in [27]. To

determine the number of the households, it is assumed that

there are 10–40 households on each bus and each house-

hold has been installed with rooftop photovoltaic panels

[28]. It is also assumed that the rooftop area varies within

the range of [60, 100 m2] and the power density is 100 W/

m2. The daily profiles of the photovoltaic generation and

the uncontrollable load are provided by UKGDS [29].

The number of EVs per household is set to be 1.86 [30].

These EVs are privately owned, and 67% of them are

home-based-work EVs and 33% of them are home-based-

other EVs [31]. The traveling time distributions of the start

traveling time (tVdj ) and the finish traveling time (tVsj ) are

shown in Fig. 6 [32]. The rated charging and discharging

power (PVc
j;t and PVd

j;t ) of the EVs is 7 kW [33]. It is assumed

that the EVs start charging as soon as their daily trips are

finished. The other parameters, such as the battery capacity

(QV
j ), the charging and discharging efficiencies (gVcj and

gVdj ), the minimum expected SOC (SOCVd
j ), the SOC lower

and upper limitations (SOCV
j and SOC

V

j ), are given in

[33].

Each household is assumed to have its own TCL of heat

pumps. The rated power consumption (PLc
j;t ) of the TCL is

6 kW [34]. The other parameters, such as the outdoor

temperature (TLout
j;t ), the limitations of the room temperature

(TL
j and

�TL
j ), the upper and lower thermostat settings (TLcon

j

and �TLcon
j ), the thermal parameters (Rj and Cj), are provided

by [17].

5.1 Control effect of load curve smoothing

Without the load curve smoothing control, the power

outputs of the DGs, the EVs, the TCLs, the non-control-

lable load and the tie-line total load power in the residential

region are shown in Fig. 7. The load curve of the TCL

power is flat, and the charging load peak of the EVs

appears in 16:00–20:00. It is obvious that the power fluc-

tuations of the total load power are primarily caused by the

intermittent power outputs of the DGs during the daytime.

The response capacity from the DGs, the EVs and the

TCLs are used to smooth the power fluctuations of the tie-

line.

The limitation of the power fluctuation rate (rT ) is

assumed to be 10% per 15 min [11]. The total load power

(PD
t ) without control, the target smoothing load power (P�

t )

and the actual load power with control during a day are

compared in Fig. 8a. It is clear that the power fluctuations

of the load are effectively smoothed. In order to further

illustrate the smoothing effect of the load power in the time

period with high power fluctuations, the load power with-

out control and with control from 08:00 to 15:00 are shown

in Fig. 8b. It is obvious that the actual load power exactly

follows the target load power. The total responded power

from all the DSRs during the day are shown in Fig. 8c.

In the existing researches of [15–23], the control signal

was responded by only one type of DSR aggregator. In

Fig. 6 Traveling time distributions of EVs
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order to show the advantages of the proposed load curve

smoothing control strategy, the power fluctuation rate of

the load under four different control strategies is compared

in Fig. 9. The four control strategies are marked with �–ˆ:

� without any control of DSRs; ` with the proposed

control strategy based on the unified state model; ´ with

the control of only the EV aggregator; ˆ with the control of

only the TCL aggregator. Under the proposed control

strategy of `, it is obvious that the power fluctuation rate is

effectively controlled and decreased within the threshold of

10%. While under the control strategies of ´ and ˆ, the

power fluctuation rate is above the threshold of 10% during

some time periods of the day. Under the control strategy of

ˆ, the power fluctuation rate is even higher than the value

without any control strategy of � during 12:00–13:00. This

is because a large number of TCLs that are in the ‘‘OFF’’

state during the previous control period (12:00–13:00) have

to be switched on when their lower temperature limitations

are reached, which can be seen as a ‘‘secondary distur-

bance’’. And the power fluctuation becomes more serious

with the sudden increase of the load power caused by the

TCLs, which is further explained in Sect. 5.3.

5.2 Function of unified state model

In order to introduce the function of the unified state

model in the smoothing control, the response order, the

response capacity and the control matrix are illustrated in

this section. Meanwhile, different scenarios are compared

to show the advantages of the unified state model.

During the smoothing control, the response order of the

DSRs is the row order of these resources in the unified state

model. In order to illustrate this situation, the response

order of all the DSRs during the day for increasing power

output (Fig. 5a) and decreasing power output (Fig. 5b) are

shown in Fig. 10. Based on the response order discussed in

Sect. 4.2, for increasing the power output, the distributions

of the number of EVs to stop charging, the number of TCLs

to switch off, the number of EVs to discharge and the

number of uncontrollable resources during a day are shown

in Fig. 10a. For decreasing the power output, the distri-

butions of the number of EVs to stop discharging, the

Fig. 7 Power outputs of DSRs without load curve smoothing

Fig. 8 Load power without control and with control

Fig. 9 Power fluctuation rate of load under different control

strategies
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number of TCLs to switch on, the number of EVs to charge

and the number of uncontrollable resources during a day

are shown in Fig. 10b.

During the smoothing control, the response capacity of

all the DSRs is obtained based on the unified state model

(see (32)). The response capacity of the DSRs for

increasing power output (Pup�) and decreasing power out-

put (Pdn�) is shown in Fig. 11. In Fig. 11a, the point (tinc,

minc, Pinc) in the surface of the picture means the response

capacity of the 1 * minc resources for increasing power

output at time tinc is Pinc under the response order illus-

trated in Fig. 10a. In Fig. 11b, the point (tdec, mdec, Pdec) in

the surface of the picture means the response capacity of

the 1 * mdec resources for decreasing power output at time

tdec is Pdec under the response order illustrated in

Fig. 10b.

In order to illustrate the B in the smoothing control, the

values of the diagonal elements of B before control and

after control at 12:30 with a response power of

- 505.7 kW and at 13:30 with a response power of

454.4 kW are shown in Fig. 12.

Compared with the existing researches, the switching

number of TCLs and the discharged energy of EVs are

introduced to show the advantages of the unified state

model for the smoothing control under the following three

scenarios.

1) Scenario I: the unified state model is used for the

smoothing control.

2) Scenario II: the TCL aggregator is first used for the

smoothing control and the remaining unbalanced

power is compensated by the EV aggregator.

3) Scenario II: the EV aggregator is first used for the

smoothing control and the remaining unbalanced

power is compensated by the TCL aggregator.

Under each scenario, the daily switching number of each

TCL and the daily discharged energy of each EV are

counted during the smoothing control, and then the average

daily switching number of TCLs and the total daily dis-

charged energy of EVs are calculated. Under the three
Fig. 10 Response order of all DSRs
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scenarios, the probability density of the daily switching

number is compared in Fig. 13a, where the average daily

switching number of Scenario I, II, III is 21.518, 30.960,

11.275 respectively, and the probability density of the daily

discharged energy is compared in Fig. 13b, where the total

daily discharged energy of Scenario I, II, III is 0.9989103

kWh, 1.2379103 kWh, 1.6739103 kWh respectively.

As the TCLs are the first choice to respond to the power

fluctuations in Scenario II, the average daily switching

number of TCLs is much higher than the other two sce-

narios. As the EVs are the first choice for demand response

in Scenario III, the total discharged energy is much higher

than the other two scenarios. While with the proposed

unified state model of Scenario I, the average switching

number of TCLs is much lower than Scenario III, and the

total discharged energy is lower than Scenarios II and III.

With the coordinated control strategy, the unified state

model is able to take advantage of different types of DSRs

with different response characteristics, and thus the

required discharged energy of EVs is decreased with an

acceptable increase of the switching number of TCLs in the

smoothing control.

5.3 Response characteristics of DSRs

The power outputs of the DGs without control and with

control are shown in Fig. 14. It is obvious that the DG

output with control exactly follows the DG output without

control most of time. This occurs because in the response

order for the smoothing control, the DGs are the last choice

for demand response to decrease their power output. Thus

the power generations of the DGs are fully guaranteed

during the demand response process. However, during

10:00 to 11:00, the DG output with control cannot exactly

track the DG output without control. This occurs because

during this period, the response capacity from the EVs and

TCLs for decreasing power output is not sufficient, and the

DGs have to decrease their power outputs to realize the

smoothing control. And from Fig. 10b, it is clear that the

number of the available EVs and TCLs for decreasing

power output is quite small and the DGs have to decrease

their power outputs to realize the smoothing control.

The power outputs of the EVs without control and with

control are shown in Fig. 15. From 08:00 to 15:00, the

power fluctuations of the EVs’ output are considerable.

Demand response of the EVs is realized by changing their

connecting state with the power grid. To increase the

power output, the charging EVs will stop charging and then

even discharge to the power grid. Thus the total power of

the EVs is sometimes higher than zero. The peak load of

the EVs without control appears during 17:00 to 20:00,

which is caused by the similar start charging time, and the

peak load value is effectively decreased with the smoothing

control.

The power outputs of the TCLs without control and with

control are shown in Fig. 16. Before 05:00, the TCL out-

puts with control almost follow the power outputs without

control. This occurs because the load power of the tie-line

does not fluctuate seriously and only a small number of

TCLs need to respond to the power fluctuations. After

05:00, the TCL outputs with control cannot follow the

power outputs without control. From 12:00 to 17:00, the

values of TCL outputs with control are close to zero, which

means that almost all the TCLs switch off to respond to the

positive power fluctuations. However, from 18:00 to 19:00,

the peak load of the TCLs with control appears. This

occurs because with the decreasing of the room tempera-

ture, the TCLs in the ‘‘OFF’’ state need to be switched on

gradually.
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To further introduce the response characteristics of the

EVs in the load curve smoothing control, the SOCs of the

EVs without control and with control are compared in

Fig. 17. Each line in the figures means the SOC variations

of an EV when connected to the power grid, and the SOC

variations during the EV’s traveling period are not illus-

trated. The line segment with an upward trend indicates the

EV is charging power (charging state). The line segment

with a downward trend indicates the EV is discharging

power (discharging state). The horizontal line segment

means the EV is just connected to the power grid and the

power output is zero (idle state). In the load curve

smoothing control, the demand response of EVs is realized

by changing their connecting state (‘‘charging $ idle $
discharging’’).

From 08:00 to 15:00, most of the EVs are traveling and

there are a small number of EVs to respond to the power

fluctuations. From 15:00 to 20:00, most of the EVs finish

their daily travel and start to charge. The charging process

is not disturbed without the load curve smoothing strategy

as shown in Fig. 17a. However, the SOC variations of EVs

with control are quite different as shown in Fig. 17b. From

10:00 to 11:00, all the controllable EVs are controlled to

charge power to respond to the positive load power fluc-

tuation, and the remaining unbalanced power is

compensated by TCLs and DGs (see Figs. 14 and 15).

From 13:00 to 17:00, many EVs are forced to charge power

so as to satisfy the EV users’ traveling demand before

departure.

The room temperatures of the TCLs without control and

with control are compared in Fig. 18. Each line in the

figures means the room temperature variations of a TCL

during the whole day. The line segment with an upward

trend means the room temperature is increasing and the

TCL is in the ‘‘ON’’ state. While the line segment with a

downward trend means the room temperature is decreasing

and the TCL is in the ‘‘OFF’’ state.

From Fig. 18a, it is obvious that the room temperature

regularly varies between 19 �Cand 23 �C. FromFig. 18b, the

room temperature with control is quite different. From 10:00

to 11:00, all the controllable TCLs are turned on to respond to

the positive load power fluctuation. Considering the power

output of the TCLs in Fig. 16, there are noTCLs in the ‘‘ON’’

state from 12:00 to 17:00, which further verifies that the

response capacity is limited during this period. From14:00 to

18:00, the TCLs are not controlled to turn on, because the

response capacity from the EVs is sufficient and the TCLs do

not need to respond to the power fluctuations.

Based on the unified state model, the power fluctuations

of the tie-line of the residential region are effectively

decreased with the load curve smoothing control. At the

same time, the comfort levels of the power consumers are

guaranteed during the process of controlling the power

output of the DSRs.

Fig. 15 Power output of EVs without control and with control

Fig. 16 Power output of TCLs without control and with control

Fig. 17 SOC variations of EVs without control and with control
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6 Conclusion

This work proposed a unified state model of the DSRs,

with which the response capacity is utilized for the load

curve smoothing. The simulation results show that the

power fluctuation rate is decreased with the proposed

unified state model based load curve smoothing strategy.

The conclusions are summarized as follows:

1) The smoothing control strategy based on the unified state

model is able to decrease the power fluctuation rate

within a preset threshold. Compared with other control

strategies, the proposed control strategy takes better

advantage of the response characteristics of different

types of DSRs and has a better smoothing control effect

without a ‘‘secondary disturbance’’ of the load power.

2) The unified state model is able to describe different

types of DSRs with a unified mathematical expression,

which gives a new solution for the DSR management

in the aggregator.

3) The comparative results show that the unified state

model with the coordinated control strategy can decrease

the total discharged energy of the EVs with an

acceptable increase of the switching number of TCLs.

4) Considering the response order of the DSRs, the power

output control matrix is deduced from the unified state

model to realize the real-time power output control of

the DSRs. Once the required power change of the

DSRs is determined, the values of the control variables

in the power output control matrix are correspondingly

generated.

5) The comfort levels of power consumers are considered

when implementing the smoothing control with the

unified state model. The SOC level of the EV is

guaranteed when it starts traveling, the temperature of

the room varies within an appropriate range and the

renewable energy from the DGs is utilized as much as

possible.
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