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Abstract——Distribution networks are commonly used to dem‐
onstrate low-voltage problems. A new method to improve volt‐
age quality is using battery energy storage stations (BESSs),
which has a four-quadrant regulating capacity. In this paper,
an optimal dispatching model of a distributed BESS consider‐
ing peak load shifting is proposed to improve the voltage distri‐
bution in a distribution network. The objective function is to
minimize the power exchange cost between the distribution net‐
work and the transmission network and the penalty cost of the
voltage deviation. In the process, various constraints are consid‐
ered, including the node power balance, single/two-way power
flow, peak load shifting, line capacity, voltage deviation, photo‐
voltaic station operation, main transformer capacity, and power
factor of the distribution network. The big M method is used to
linearize the nonlinear variables in the objective function and
constraints, and the model is transformed into a mixed-integer
linear programming problem, which significantly improves the
model accuracy. Simulations are performed using the modified
IEEE 33-node system. A typical time period is selected to ana‐
lyze the node voltage variation, and the results show that the
maximum voltage deviation can be reduced from 14.06% to
4.54%. The maximum peak-valley difference of the system can
be reduced from 8.83 to 4.23 MW, and the voltage qualification
rate can be significantly improved. Moreover, the validity of the
proposed model is verified through simulations.

Index Terms——Energy storage station, distribution network
voltage regulation, peak load shifting, mixed integer program‐
ming.

I. INTRODUCTION

THE development of renewable energy has attracted in‐
creasing attention for global energy transformation [1],

[2] owing to the increasingly serious environmental issues
caused by the use of conventional energy sources. Distribut‐
ed generation (DG) is an important feature in the future de‐
velopment of power grids [3]. As an important part of a
power grid, the distribution network is close to power users
and closely related to their daily lives. DG unquestionably
affects the existing distribution network to a certain extent.

Coordination and interaction between DG and distribution
networks is necessary to ensure the comprehensive utiliza‐
tion of resources and energy, energy interconnection, and im‐
provement of power quality [4], [5]. However, the power gen‐
eration characteristics of DG are significantly influenced by
factors such as season and weather owing to its intermittent
and fluctuating nature [6] - [8]. The distribution network has
switched from the traditional single-power-source radial net‐
work to a multi-power-source complex network as a result of
the increasing penetration of DG in the distribution network
[9], [10]. The traditional distribution network is faced with
several problems such as high voltage drops [11] - [13], re‐
newable energy accommodation [14]-[17], and difficulties in
network expansion [18]-[20].

A battery energy storage station (BESS) has the advantag‐
es of quick response, reduced pollution, small space require‐
ment, and a short construction period [21], [22]. It can be
used to relieve power supply shortage during peak periods
and to provide peak shaving and valley filling services for
the system [23], [24]. It can also address the issue of power
shortage caused by insufficient reactive power compensation
by outputing reactive power, providing voltage regulation
service for the system, improving the voltage of the terminal
power network [25], and postponing expansion of transmis‐
sion capacity [26]. In China, the main owner of grid-side
BESSs is the State Grid Corporation of China. The BESSs
can be directly controlled by the system operator during
scheduling or control processes. China is trying to improve
the market and price mechanism of power auxiliary services,
including frequency modulation with BESSs, peak regula‐
tion, backup power supply, black start, demand-side re‐
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sponse, and other auxiliary services, which fully reflect the
market value of BESS.

In some studies, the advantages of BESSs have been in‐
vestigated in terms of improved voltage quality in the distri‐
bution network [21], [22], [25]. Distributed and localized
control methods have also been proposed for distributed
BESSs [27]. Distributed control with a consensus algorithm
keeps the feeder voltage in the required range within the de‐
sired range of the state of charge. The entire control struc‐
ture makes good use of the capacity of BESSs under various
operation conditions while ensuring voltage regulation. In
[28], a heuristic strategy was proposed based on voltage sen‐
sitivity analysis to select the most effective location to in‐
stall a certain number of BESSs in the network while avoid‐
ing the combinatorial nature of the problem. Moreover, in
[29], a voltage control scheme suitable for installing BESSs
in a low-voltage distribution network was proposed. The ba‐
sic feature of this approach is that the minimal information
is required to predict potential voltage problems and deter‐
mine the BESS control strategy, which enables the elimina‐
tion of these potential problems in advance. Another study
[30] proposed a concept to solve the voltage fluctuation
problem in a distribution network with high penetration of
photovoltaic (PV) system and BESSs. In [31], a coordination
method of multi-battery energy storage systems was pro‐
posed to solve the low-voltage problem in a distribution net‐
work. In [32], a virtual energy storage system was investigat‐
ed, which provides voltage control in a distribution network
to accommodate more DG systems.

The contributions of this study are twofold. First, an opti‐
mal dispatch model for distributed energy storage is pro‐
posed to optimize the operation of the distribution network,
which includes the voltage distribution improvement and
peak load shifting. The power exchange cost of the distribu‐
tion and transmission networks and the minimum penalty
cost of voltage deviation are considered as the objective
functions. Various constraints such as voltage limits, power
flow, and line capacity, are considered. Second, mixed-inte‐
ger linear programming (MILP) is applied, which avoids ran‐
dom initialization and repeated iterations and improves the
accuracy of the model. This model can fully utilize the regu‐
lating capacity of the BESS, which plays a significant role
in voltage regulation, load shifting, and renewable energy
consumption. In addition, optimal operation contributes to
postponing the construction of transmission lines and increas‐
ing the transformer capacity, thereby significantly reducing
the system costs. The effectiveness of the proposed optimal
dispatch model is verified using an example.

II. OPTIMAL DISPATCH MODEL OF DISTRIBUTED ENERGY

STORAGE

A. Objective Function

The aim of the established optimal dispatch model of the
distributed energy storage in the distribution network is to
minimize the power exchange cost between the distribution
network and the transmission network and the penalty cost
of node voltage deviation, as shown in (1).

min F =∑
t = 1

T

Ct Pt + ρ∑
i

N∑
t

T

|Uit - 1| (1)

where F is the objective function; ρ is the penalty coefficient
of the voltage deviation, which should be adjusted according
to the operation of the distribution network; T is the total
number of time periods for scheduling the distribution; N is
the total number of nodes in the distribution network; Pt is
the interactive power between the distribution network and
the transmission network at time period t; Ct is the time-of-
use price of power supply for the distribution network sys‐
tem; and Uit is the voltage amplitude of node i in the distri‐
bution network at time period t.

B. Constraints

The constraints of the proposed model include the power
balance constraints of system nodes, the power flow con‐
straints of distribution network, the operation constraints of
BESSs, the peak load shifting constraints of distribution net‐
works, the transmission capacity constraints of line, the volt‐
age constraints of system nodes, the operation constraints of
PV power station, and the main transformer capacity and
power factor constraints of distribution network.
1) Power Balance Constraints of System Node

Each node in the system needs to maintain a power bal‐
ance in both active power and reactive power. As shown in
Fig. 1, for any node i at time period t, the active power bal‐
ance constraint should satisfy (2). Similarly, the reactive
power balance constraint of node should satisfy (3).

∑
jiÎΦl

P l
jit - ∑

ik ÎΦl

P l
ikt +P grid

it +P pv
it +P bess

it =P load
it (2)

∑
jiÎΦl

Ql
jit - ∑

ik ÎΦl

Ql
ikt +Qgrid

it +Qpv
it +Qbess

it =Qload
it (3)

where P l
jit and Ql

jit are the injected active and reactive pow‐
er of the line connected with node i, respectively; P l

ikt and
Ql

ikt are the output active and reactive power of the line con‐
nected with node i, respectively; P grid

it and Qgrid
it are the active

and reactive power injected into node i by the power grid,
respectively; P pv

it and Qpv
it are the active and reactive power

injected into node i by the PV power station, respectively;
P bess

it and Qbess
it are the injected or output active and reactive

power of the BESS, respectively; P load
it and Qload

it are the ac‐
tive and reactive power of the load, respectively; and Φ l is
the set of all lines in the system.
2) Power Flow Constraint of Distribution Network with Dis‐
tributed Energy Storage

A backward/forward sweep load flow algorithm [33], [34]
is commonly used in the power flow calculation of a distri‐
bution network. To analyze the distributed energy storage

lP

PVP
lP

loadP

gridP
bessP

i,t

j,i,t i,k,t

i,t

i,t

i,t

Fig. 1. Diagram of power flow direction of node.
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and solve the problem of voltage adjustment in the distribu‐
tion network using a mathematical programming algorithm,
a simplified power flow model is formulated on the basis of
this algorithm. The longitudinal voltage drop is significantly
larger than the transverse voltage drop because the distribu‐
tion network is an inductive network. Hence, the transverse
component of the voltage is ignored. Moreover, the tradition‐
al unidirectional power flow in the power grid is not applica‐
ble because of the distributed power supply and energy stor‐
age. Therefore, in this study, the unidirectional/bidirectional
constraint conditions of power flow in the distribution net‐
work are established. In the calculation process, the bidirec‐
tional power flow constraint can be adjusted according to
the actual grid structure and the operation state of the grid.

The single/bidirectional constraint of power flow in a dis‐
tribution network containing distributed energy storage is de‐
scribed in (4) and (5).

r l
ji P

l
jit + xl

jiQ
l
jit

U0

= (2Dl
jit - 1)(Ujt -Uit) (4)

{P l
jit D

l
jit ³ 0

P l
jit (1-Dl

jit)£ 0
(5)

where r l
ji and xl

ji are the resistance and reactance of line l, re‐
spectively; Uit and Ujt are the voltages at the beginning
node i and the end node j at time period t, respectively; U0

is the voltage of the balance node of the distribution net‐
work; and Dl

jit is a binary variable representing the direction
of the power flow, whose value is 1 if the line power flow is
consistent with the predefined branch direction or 0 other‐
wise.

Equation (4) is the constraint of the line voltage drop, and
(5) represents the relationship between the P l

jit and the bina‐
ry variable Dl

jit. If the value of Dl
jit is 1, (5) makes P l

jit ³ 0,
and the power flow direction is from j to i. If the value of
Dl

jit is 0, (5) makes P l
jit £ 0, and the power flow direction is

from i to j.
3) Operation Constraints of BESS

The BESS model established in this study has a four-quad‐
rant regulating capacity, as shown in Fig. 2.

Figure 2 shows that the output active power P bess and the
output reactive power Qbess of BESSs need to be controlled
in the circular area. Here, P besscap is the installed capacity of
the BESS. The power of BESSs satisfies the following con‐
straints [35]:











é
ë
ê

ù
û
ú

P bess
it

Qbess
it

2

£P bessmax
i (6)

0£P bessd
it £P bessmax

i (7)

-P bessmax
i £P bessc

it £ 0 (8)

where P bess
it and Qbess

it are the output active and reactive power
of BESS i at time period t, respectively; P bessmax

i is the maxi‐
mum output active power of BESS i, which is determined
by the number and rated power of the power converter in
the BESS; and P bessd

it and P bessc
it are the discharging and

charging power of BESS i at time period t, respectively.
The charging and discharging efficiencies of BESSs are

considered to ensure that the energy stored in BESSs satis‐
fies the following constraints [36].

0£Eit £C N
i (9)

Eit =Eit - 1 +Hitηc P bessc
it - (1-Hit)

P bessd
it

ηd

(10)

EiT =Ei0 (11)

SOCmin £ SOCit £ SOCmax (12)

where C N
i is the rated capacity of BESS i; Eit is the energy

stored in BESS i at time period t, which limits the energy
stored in BESS at each time period within its rated capacity;
ηc and ηd are the charging and discharging efficiencies of
BESSs, respectively; Hit is a variable that represents the
charging state (Hit > 0) or discharging state (Hit < 0) of
BESS i; EiT is the remaining energy of BESS i at the end
time period; Ei0 is the initial energy stored in BESS i at the
beginning time period; SOCit is the state of charge of BESS
i at time period t; and SOCmin and SOCmax are the permissi‐
ble minimum and maximum states of charge, respectively.

Equation (10) establishes the power balance relationship
of BESSs between adjacent time periods. Equation (11) spec‐
ifies that the energy stored in the BESS should return to the
initial value after a working cycle is completed.
4) Peak Load Shifting Constraints of Distribution Network

Figure 3 shows a schematic diagram of a BESS participat‐
ing in the peak load shifting of a distribution network,
where Pgridpeak and Pgridvalley are the peak and valley target
power of the distribution network, respectively. The total ac‐
tive power interaction between the distribution network and
the transmission network should satisfy (13).

Pgridvalley £P grid
t £Pgridpeak (13)

where P grid
t is the interactive active power between the distri‐

bution network and the transmission network.P

Q
bess,capP

bessP

bessQ

Fig. 2. Diagram of four-quadrant regulating capacity of BESS model.
grid, peakP

grid, valleyP

Time

Load Without BESS
With BESS
Load shifted

Fig. 3. Schematic diagram of a BESS participating in peak load shifting
of a distribution network.
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5) Transmission Capacity Constraints of Line
The upper limit constraint of the transmission capacity of

line is mathematically expressed as:
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ijt

2

£ S l
ij (14)

where S l
ij is the transmission capacity of line l whose start‐

ing node is i and ending node is j.
6) Voltage Constraints of System Node

The voltage constraint of the system node [16] is given
by (15).

U min
i £Uit £U max

i (15)

where Uit is the voltage amplitude of node i at time period
t; and U min

i and U max
i are the minimum and maximum voltag‐

es of node i, respectively.
7) Operation Constraints of PV Power Station

The operation constraints of PV power station are repre‐
sented by (16) and (17). Although the PV power station can
generate reactive power, it must satisfy the constraint given
in (17).

0£P pv
nt £P pvmax

nt (16)
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2

£ S pv
n (17)

where P pv
nt and Qpv

nt are the active and reactive power outputs
of PV power station n at time period t, respectively; P pvmax

nt

is the maximum active power of PV power station n at time
period t; and S pv

n is the installed capacity of PV power sta‐
tion n.
8) Main Transformer Capacity and Power Factor Con‐
straints of Distribution Network

To ensure economic viability and that the service life of
the transformer is not reduced, the long-term working load
rate should not exceed 85%. If the overload is frequent (if
the overload time exceeds 30%), the service life of the trans‐
former is adversely affected. In view of the characteristics of
electric power generation, the power factors at the users’
end have an important effect on the full utilization of the
equipment, which can save electrical energy and improve
voltage quality. To improve the economic benefit of the elec‐
tricity supply and its consumption by users, the constraints
of the main transformer capacity and the power factor of the
distribution network are also established.

P gridmin £P grid
t £P gridmax (18)

Qgridmin £Qgrid
t £Qgridmax (19)
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where Qgrid
t is the reactive interactive power of transformer i

at time period t; S i
trsfN is the rated capacity of transformer i;

M is the number of connected transformers; and φN is the
minimum power factor allowed by the total load of the distri‐
bution network.

Formulae (18) and (19) represent the constraints of the ac‐
tive and reactive interactive power of the transformer be‐
tween the transmission network and the distribution network,
respectively. Formula (20) represents the capacity constraint
of the transformer between the distribution network and the
transmission network. Formula (21) is the power factor con‐
straint of the interactive power between the distribution net‐
work and the transmission network.

III. SOLUTION OF MODEL

To avoid the iterative solving process of the intelligent al‐
gorithm, the model is converted to an MILP problem. The
model needs to be linearized first and then solved using com‐
mercial software. In this study, the big M method [15] is ad‐
opted to linearize the nonlinear variables in the model.

A. Linear Transformation of Objective Function

The objective function has a nonlinear term |Uit - 1|,
which is linearized as:

|Uit - 1|= 2Vit - (Uit - 1) (22)

where Vit is a continuous variable that satisfies the con‐
straints in (23).

{0£Vit - (Uit - 1)£M (1- α it)

0£Vit £Mα it

(23)

where M is an arbitrarily large positive number; and α it is a
binary variable. When Uit ³ 0, α it = 1, Vit =Uit - 1, then
|Uit - 1|=Uit - 1. When Uit £ 0, α it = 0, Vit = 1-Uit, then
|Uit - 1|= 1-Uit. Thus, (22) is linearized.

B. Linear Transformation of Constraints

In the power flow constraint of the distribution network
containing distributed energy storage given in (4), Dl

jit (Ujt -
Uit) is a nonlinear term, and the linearization transformation
process is shown in (24)-(27).

r l
ji P

l
jit + xl

jiQ
l
jit

U0

= 2(Wjt -Wit)- (Ujt -Uit) (24)

{Wjt =Dl
jitUjt

Wit =Dl
jitUit

(25)

{-M (1-Dl
jit)£Wjt -Ujt £M (1-Dl

jit)

-M (1-Dl
jit)£Wit -Uit £M (1-Dl

jit)
(26)

{0£Wjt £MDl
jit

0£Wit £MDl
jit

(27)

For the nonlinear term, i.e., P l
jit D

l
jit in (5), the lineariza‐

tion transformation process is shown in (28)-(30).

V l
jit =P l

jit D
l
jit (28)

{V l
jit ³ 0

P l
jit -V l

jit £ 0
(29)
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{0£V l
jit -P l

jit £M (1-Dl
jit)

0£V l
jit £MDl

jit

(30)

By the above derivation, when Dl
jit > 0, the power flow di‐

rection is from j to i; when Dl
jit < 0, the power flow direc‐

tion is from i to j.
In (10), the nonlinear terms Hit P

bessc
it and Hit P

bessd
it are lin‐

earized in the same manner.

C. Model Solving Procedure

Figure 4 shows the flow chart of the model solution. Be‐
fore the model is solved, the parameters of the distribution
network should first be read, including the network struc‐
ture, PV station parameters, and BESS parameters. Then, all
the data are put into the MILP model to solve it. The MILP
model includes objective functions, constraints, and their lin‐
earization process. Finally, the optimal BESS operation
curve can be obtained.

IV. SIMULATION RESULTS AND DISCUSSION

A. Simulation Background

In this study, a modified IEEE 33-node distribution sys‐
tem is used to simulate and verify the model. The system
consists of 33 nodes and 32 branches. CPLEX is used to
solve the model. The topology of the modified IEEE 33-
node system is shown in Fig. 5.

1   2       3   4      5   6        7     8   9     10  11    12  13    14  15     16   17   18

19   20   21   22

23   24   25  

26   27   28   29   30   31   32   33

1     2    3      4    5      6     7     8     9    10   11   12   13   14   15   16   17

19   20   21    

23   24

26  27   28   29   30   31  32 

PV 1 

BESS 4 PV 4 

PV 2 BESS 1  PV 3 BESS 2 BESS 3 18

22
25

Ttansmission
network

Fig. 5. Modified IEEE 33-node system.

Four PV stations (PV 1-4) and four BESSs (BESS 1-4)
are connected to the system, and the parameters are present‐

ed in Table I. The battery type of the BESS is a lithium iron
phosphate battery and the capacity of each BESS is 2 MWh.
The power prediction curves of the PV stations are shown in
Fig. 6. The branch parameters and the maximum static load
of the modified IEEE 33-node system are presented in Ta‐
bles II and III, respectively. The time-of-use electricity price
of commercial load in Shanghai, China, in summer is adopt‐
ed in the simulation (see Table IV for details). The time peri‐
od is set to be 15 min. Therefore, a day is divided into 96
time periods. Only unidirectional power flow is allowed in
the simulation owing to the radial network architecture of
this system.

B. Simulation Results and Discussion Without BESS

The power curves of system operation and the node volt‐
age profile without BESSs are shown in Figs. 7 and 8, re‐
spectively. In terms of the DG, the peak load period is re‐
duced to some extent because of the role of the distributed
PV station during daytime. However, PV power curtailment
occurs at the PV stations to some extent at a rate of approxi‐
mately 6.34% owing to the power limit of the transmission
line. During the peak-load period at night, the peak load
hardly varies because of the absence of PV power output. In
terms of the system node voltage, the allowable deviation
of a three-phase power supply voltage of 10 kV (or less) is
±7% of the rated voltage according to the Chinese national
standard GB/T 12325-2008. Figure 8 shows that the overall
voltage deviation of the distribution network is high without
BESS, and the minimum voltage drops to approximately
0.86 p. u. at approximately 07: 30 p. m. because of the long
supply radius. The voltage deviation is approximately 14%.

Read distribution network parameters

Read the load prediction curve

Read the distributed PV prediction curve

Set upper and lower power limits of peak load shifting

Set the penalty cost coefficient for voltage deviation

Substitute all the data into the model for solution

Obtain the optimized operation curve of BESS

Start

End

Fig. 4. Flow chart of model solution.

TABLE I
PARAMETERS OF PV STATION AND BESS

Station

PV 1

PV 2

PV 3

PV 4

BESS 1

BESS 2

BESS 3

BESS 4

Node

4

9

13

29

6

11

15

30

Installed capacity (MW)

2.0

2.5

2.0

2.5

1.0

1.0

1.0

1.0

00:00 06:00 12:00 18:00 24:00
Time

0

0.5

1.0

1.5

2.0

2.5

Po
w

er
 (M

W
)

PV 1 
PV 2
PV 3
PV 4

Fig. 6. Power prediction curves of PV 1-4.
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C. Simulation Results and Discussion with BESS

After the BESS is connected to the distribution network,
Pgridpeak and Pgridvalley are set to be 7.39 and 3.17 MW, respec‐
tively, and the BESS charging and discharging efficiencies
are 0.95.
1) Analysis of System Operation

The power curves of system operation with BESSs are

TABLE II
BRANCH PARAMETERS OF MODIFIED IEEE 33-NODE SYSTEM

Branch
No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Beginning
node

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

End
node

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Impedance (p.u.)

0.0922+j0.4070

0.4930+j0.2511

0.3660+j0.1864

0.3811+j0.1941

0.8190+j0.7070

0.1872+j0.6188

0.7144+j0.2351

1.0300+j0.7400

1.0440+j0.7400

0.1966+j0.0650

0.3744+j0.7400

1.4680+j1.1550

0.5416+j0.7129

0.5910+j0.5260

0.7463+j0.5450

1.2890+j1.7210

Transmission
capacity (MW)

13.5

13.5

13.5

13.5

13.5

5.5

5.5

5.5

5.5

5.5

3.5

3.5

3.5

3.5

3.5

3.5

Branch
No.

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Beginning
node

17

2

19

20

21

3

23

24

6

26

27

28

29

30

31

32

End
node

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Impedance (p.u.)

0.7320+j0.5740

0.1640+j0.1565

1.5042+j1.3554

0.4095+j0.4784

0.7089+j0.9373

0.4512+j0.3083

0.8980+j0.7091

0.8960+j0.7011

0.2030+j0.1034

0.2842+j0.1447

1.0590+j0.9337

0.8042+j0.7006

0.5075+j0.2585

0.9744+j0.9630

0.3105+j0.3619

0.3410+j0.5362

Transmission
capacity (MW)

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

TABLE III
MAXIMUM STATIC LOAD OF MODIFIED IEEE 33-NODE SYSTEM

Node

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Load (MW)

0+j0

0.100+j0.040

0.090+j0.040

0.120+j0.030

0.060+j0.020

0.060+j0.020

0.100+j0.030

0.100+j0.030

0.060+j0.020

0.060+j0.020

0.045+j0.015

0.060+j0.025

0.060+j0.025

0.120+j0.050

0.060+j0.010

0.060+j0.025

0.060+j0.020

Node

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Load (MW)

0.09+j0.040

0.09+j0.040

0.09+j0.040

0.09+j0.040

0.09+j0.040

0.09+j0.030

0.20+j0.080

0.20+j0.080

0.06+j0.025

0.06+j0.025

0.06+j0.020

0.12+j0.030

0.20+j0.080

0.15+j0.060

0.21+j0.080

0.06+j0.020

TABLE IV
TIME-OF-USE ELECTRICITY PRICE

Time

Peak time (08:00-11:00, 13:00-15:00,
18:00-21:00)

Usual time (06:00-08:00, 11:00-13:00,
15:00-18:00, 21:00-22:00)

Valley time (22:00-06:00)

Electricity price (¥/kWh)

1.196

0.742

0.353
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Fig. 7. Power curves of system operation without BESSs.
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Fig. 8. Voltage profiles of nodes without BESSs.

136



LI et al.: OPTIMAL DISPATCH FOR BATTERY ENERGY STORAGE STATION IN DISTRIBUTION NETWORK CONSIDERING VOLTAGE...

shown in Fig. 9. It can be seen that after the BESSs are con‐
nected, the interactive power between the system and the
transmission network is significantly reduced, and no case
higher than Pgridpeak or lower than Pgridvalley occurs. At the
same time, the problem of abandoned power is significantly
improved after the connection of BESSs.

2) Analysis of Distributed Energy Storage Operation and Ef‐
fect of Voltage Regulation

Figure 10 shows the power variations of each BESS in a
day. The BESS needs to perform the peak load shifting task.
Thus, the active power variation trends of the four BESSs
are essentially the same, whereas the reactive power varia‐
tion exhibits different characteristics. BESS 1 is installed at
the junction of the branches 6-18 and 6-33. These two
branches present the most prominent low-voltage problem.
The BESSs can provide overall support of active and reac‐
tive power for the two branches. The power variation dia‐
gram shows that BESS 1 provides more reactive power dur‐
ing the night, whereas the reactive power provided during
the daytime varies significantly. Reactive power absorption
occurs more in the morning and less in the afternoon. This
indicates that there is a certain redundancy of reactive power
near node 6 during daytime, thus the node voltage is high.
In addition, since BESS 2 is installed between PV 2 and PV
3, and the PV stations around are relatively dense, it absorbs
more reactive power. Therefore, the transmission power of
the branches is limited, and there is excess reactive power
around node 11. BESS 3 can focus on the low-voltage prob‐
lem of nodes 15-18, whereas BESS 4 focuses on the low-
voltage problem between nodes 30 and 33. The two BESSs
provide reactive power throughout the day, which indicates
that the reactive power deficiencies of nodes 15-18 and 30-
33 are relatively large. However, during the peak hours of
the night load, the reactive power provided by BESS 4 de‐
creases to a certain extent because BESS 4 needs to provide
active power to perform the task of peak load shifting. Thus,
the reactive power output is limited to a certain extent.

Figure 11 shows the voltage distribution of the system
nodes with BESSs. Under the regulation of the BESSs, the
low-voltage problem of the system during the peak period of
night load is solved. The minimum voltage increases from
0.86 to 0.955 p. u.. In addition, the voltage levels in other
time periods improve to different degrees, maintaining the
system voltage deviation within ±5% in a day.

In this study, 10:30 a.m. and 07:45 a.m. are selected as
typical time when the system has no access to energy stor‐
age to investigate the improvement of the system node volt‐
age with and without BESSs. The node voltage distribution
diagram at the typical time is shown in Fig. 12.
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Fig. 12. Node voltage distribution at typical time. (a) 10:30 a.m.. (b) 07:
45 a.m..

Figure 12 shows that the voltage deviation near node 9 de‐
creases to a certain extent at 10: 30 a. m.. The problem of
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Fig. 11. Node voltage distribution of systems nodes with BESSs.
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high voltage in the system improves to some extent. The
time with the lowest voltage (07:45 a.m.) is one of the most
prominent time with respect to the low-voltage problems in
the system, particularly at nodes 7-18 and nodes 26-33. Af‐
ter the BESSs are connected, the voltage of each node in‐
creases significantly, and the voltage deviation is controlled
within the allowable range.

After the BESSs are connected, the voltage qualification
rate of the system increases from 94.73% to 100%. The max‐
imum and minimum voltage deviations of the system de‐
crease significantly. The maximum voltage deviation decreas‐
es from 3.27% to 2.51%. The minimum voltage deviation de‐
creases from 14.06% to 4.54%. The average voltage devia‐
tion of the system decreases from 1.30% to 0.66%. There‐
fore, after the BESSs are connected, the low-voltage prob‐
lem in the system is effectively solved, and the voltage level
improves significantly.
3) Analysis of Peak Load Shifting of Distributed Energy
Storage

After BESSs are connected, the maximum interactive pow‐
er between the system and the transmission network decreas‐
es from 10.57 to 7.40 MW, reducing the peak load by ap‐
proximately 30%. The valley period of system is at a period
with a small load at night and the peak period of the PV sta‐
tion during daytime. The minimum interactive power be‐
tween the system and the transmission network increases
from 1.74 to 3.17 MW. The maximum peak-valley differ‐
ence of the system decreases from 8.83 to 4.23 MW. There‐
fore, the BESS plays an important role in peak load shifting.
The cost of interactive power decreases from ¥90483 to¥81866.

V. CONCLUSION

An optimal dispatch method for distributed energy storage
considering peak load shifting and renewable energy integra‐
tion is presented in the paper. The system power flow calcu‐
lation and energy storage optimization dispatch are trans‐
formed into MILP problems, thus the use of a complex opti‐
mization algorithm is avoided, which significantly improves
the accuracy of the model. Finally, the proposed model and
solution technique are validated using the modified IEEE 33-
node system. The conclusions are drawn as follows.

1) The BESS has a four-quadrant regulating capacity,
which can participate in the voltage regulation of the distri‐
bution network and significantly improve the system voltage
level. For the IEEE 33-node system, which is a typical exam‐
ple of a distribution network, the maximum voltage devia‐
tion can be reduced from 14.06% to 4.54%, and the voltage
qualification rate can be significantly improved.

2) The BESS plays an important role in peak load shift‐
ing. The interactive power between the distribution network
and the transmission network can be limited in a certain
range using the proposed MILP model, thereby significantly
reducing the peak consumption.

3) The BESS can promote the absorption of distributed
PV power and improve the efficiency of renewable energy.
In this study, the total PV power abandoned in the distribu‐
tion network can be reduced from 6.34% to 0%.

The proposed BESS dispatch model is mainly used for the
voltage regulation of distribution network and the optimiza‐
tion of peak-load days. The above results fully verify the va‐
lidity of the model. However, in this study, the line capacity,
main transformer capacity, power factor, and other factors
are considered as constraints in the model without in-depth
analysis. This is planned as future research.
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