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Abstract——The penetration of distributed energy resources 
(DERs) and energy-intensive resources is gradually increasing 
in active distribution networks (ADNs), which leads to frequent 
and severe voltage violation problems. As a densely distributed 
flexible resource in the future distribution network, 5G base sta‐
tion (BS) backup battery is used to regulate the voltage profile 
of ADN in this paper. First, the dispatchable potential of 5G BS 
backup batteries is analyzed. Considering the spatial-temporal 
characteristics of electric load for 5G BS, the dispatchable ca‐
pacity of backup batteries at different time intervals is evaluat‐
ed based on historical heat map data. Then, a voltage profile 
optimization model for ADN is established, consisting of 5G BS 
backup batteries and other voltage regulation resources. In this 
model, the charging/discharging behavior of backup batteries is 
based on its evaluation result of dispatchable capacity. Finally, 
the range of charging/discharging cost coefficients of 5G BS 
that benefits ADN and 5G operators are analyzed respectively. 
Further, an incentive policy for 5G operators is proposed. Un‐
der this policy, the charging/discharging cost coefficients of 5G 
BS can achieve a win-win situation for ADN and 5G operators. 
As an emerging flexible resource in ADN, the effectiveness and 
economy of 5G BS backup batteries participating in voltage 
profile optimization are verified in a test distribution network.

Index Terms——Voltage profile optimization, 5G base station 
(BS) backup battery, active distribution network (ADN), flexi‐
ble resource, voltage violation.
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I. INTRODUCTION 

THE development of distributed energy resources 
(DERs) has accelerated the transformation of distribu‐

tion networks from passive to active [1]. Active distribution 
networks (ADNs) have high flexibility and reliability, but 
the uncertainty and fluctuation of DERs also threaten the 
safe and economic operation of ADN. In particular, the volt‐
age violation and fluctuation are more severe for low-volt‐
age (LV) distribution networks with high-penetration photo‐
voltaics (PVs) and electric vehicles (EVs) [2].

In the classic volt-var control (VVC) architecture, ADN 
improves the voltage quality by actively controlling conven‐
tional voltage regulation devices such as on-load tap changer 
(OLTC), capacitor bank (CB), energy storage system (ESS), 
and static var compensator (SVC) [3]. However, the above 
devices cannot respond frequently due to the limitation of 
operation time and service life, which makes it difficult for 
them to alleviate the influence of distributed generation 
(DG) output and load rapid change on voltage. DG, repre‐
sented by PVs, can rapidly and continuously adjust voltage 
through active power curtailment (APC) or reactive power 
compensation (RPC) [4]. ADN often coordinates PVs with 
conventional devices through a multi-level control architec‐
ture, where the local voltage control of PV improves the re‐
sponse speed of ADN [5], and the conventional devices 
make up for the insufficient inverter capacity and limited 
night voltage support. The wide application of soft open 
point (SOP) also provides a new solution to the ADN volt‐
age problem. The power flow transfer capability of SOP can 
be used for network reconfiguration to balance the branch 
power variation caused by DG output and load fluctuation 
[6]. In addition, in order to accurately control the voltage of 
high-penetration ADN, the existing research also divides the 
control time scale according to the response characteristics 
of different voltage regulation devices. In general, the time 
scale of discrete regulation device is larger, and the time 
scale of continuous regulation device is smaller. The develop‐
ment of data-driven technology has further extended the 
time scale of ADN voltage control to the real-time stage [7]. 
Reference [8] provides a basis for PV online response by 
training historical voltage data offline through deep reinforce‐
ment learning. However, it is difficult for the conventional 
VVC to solve the ADN voltage problem completely, and 
more flexible resources are required to participate in the 
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management of ADN [9].
Flexible resources such as EVs and air conditioners have 

played an active role in the optimization of voltage profiles 
and operation costs in ADN [10]-[13]. As a significant volt‐
age regulation resource in ADN, EVs can not only adjust the 
charging/discharging behavior in response to electricity price 
incentives [14], [15], but also have a certain reactive power 
support capability. One of its limitations is that its voltage 
regulation decision is affected by the multi-dimensional un‐
certainty factors of the traffic-road-grid. Similar to EVs, the 
air conditioner is also a flexible resource on the demand 
side. Under the premise of maintaining a comfortable room 
temperature, the compressor speed can be adjusted through 
demand response, thereby changing the operation power of 
the air conditioner [16], and participating in voltage profile 
optimization of ADN. With the development of demand re‐
sponse technology, more and more flexible resources will 
participate in the active management of distribution net‐
works. Especially, 5G base station (BS) shows great poten‐
tial in providing auxiliary services for ADN [17], which can 
provide large-capacity power support steadily even at night.

5G communication provides high bandwidth, high capaci‐
ty, and low latency communication, which makes it a trend 
in communication networks [18], [19]. Since a 5G BS has a 
narrower frequency band, more 5G BSs (3-4 times of the 
4G counterpart) are needed to achieve the same coverage ef‐
fect [20]. Therefore, its installations will inevitably increase 
explosively with the promotion and development of 5G tech‐
nology. By the end of 2021, a total of 1.425 million 5G BSs 
have been built and opened in China [21]. It is estimated 
that the number of 5G BSs built in China will exceed 10 
million by 2030 [22]. The power consumption cost of 5G 
BS is as high as 15% of the network maintenance cost of op‐
erators [23], [24]. Huge electricity bills not only increase the 
cost of operators, but also hinder the promotion and develop‐
ment of 5G technology.

At present, there are mainly three ways for 5G operators 
to reduce the maintenance costs: ① planning the location of 
5G BS according to users’  needs, and reducing the number 
of 5G BS layouts under the premise of ensuring communica‐
tion coverage [25]; ② integrating distributed renewable ener‐
gy sources in 5G BS to reduce the cost of purchasing elec‐
tricity from the main network [26]; ③ optimizing the power 
consumption of 5G BS through active energy efficiency man‐
agement technologies such as BS dormancy [27] and power 
amplifier voltage regulation [28]. In addition, providing aux‐
iliary services for ADN can generate additional revenue to 
cover the operation costs for BS operators. 5G BS is 
equipped with sufficient backup batteries to ensure 99.999% 
power supply reliability [29]. Active energy efficiency man‐
agement technologies reduce the capacity requirement of 
backup batteries for 5G BS, making it a promising flexible 
resource in ADN. Previous research has shown that the dis‐
patchable capacity of 5G BS backup batteries can be redis‐
tributed according to the dynamic pricing of smart grid, and 
two-way energy transactions between 5G BS and smart grid 
can be realized [30]. Reference [31] proposes the concept of 
spatial-temporal energy management for BSs, which manag‐
es the power consumption of devices in 5G BS according to 

the real-time electricity price. 5G BSs can determine wheth‐
er to respond to the incentive policy of ADN in combination 
with its own electric load and the backup battery capacity de‐
mands. Nonetheless, BS operators will never prioritize auxil‐
iary services over the communication quality. Therefore, it is 
crucial to analyze the electric load and dispatchable capacity 
of 5G BS backup batteries. In our previous study [32], we 
established an electric load demand model of 5G BS based 
on data flow analysis. Reference [33] considers the effect of 
power supply interruption and backup batteries on the reli‐
ability of 5G BS power consumption, and evaluates the dis‐
patchable capacity of 5G BS under different reliability lev‐
els. 5G BS backup batteries are essentially a kind of dynam‐
ic energy storage resource. The above studies lay a theoreti‐
cal foundation for 5G BS to participate in the active manage‐
ment of ADN. The backup batteries have been proven to ef‐
fectively adjust the frequency of the power system [34], but, 
to the best of our knowledge, there is no research on 5G BS 
as a voltage optimization service provider.

To address the voltage violation problem caused by the 
fluctuation and uncertainty of DER output in ADN, this pa‐
per considers 5G BS backup battery as a new flexible re‐
source and uses it to optimize the voltage profile of ADN. 
The main contributions of this paper are as follows.

1) A novel evaluation method is proposed for the dispatch‐
able capacity of 5G BS backup batteries at different time in‐
tervals. The method is based on the analyzed electric load 
composition of 5G BS and the uncertainty of 5G users’  be‐
havior, as well as the forecasted electric load of 5G BS us‐
ing historical heat map data.

2) The dispatchable capacity of 5G BS backup batteries is 
used for voltage profile optimization of ADN, which ex‐
pands the type of voltage regulation resources in ADN and 
explores a new application for backup batteries.

3) An incentive policy that can achieve a win-win situa‐
tion for both parties is proposed, based on a detailed analy‐
sis on the range of charging/discharging cost coefficients for 
5G BS that benefit ADN and 5G operators. This win-win in‐
centive mechanism enhances the rationality for 5G BS to 
participate in ADN voltage regulation.

The rest of this paper is organized as follows. Section II 
analyzes the dispatchable potential of 5G BS backup batter‐
ies. Section III establishes a voltage profile optimization 
model for ADN with 5G BS backup batteries. Then, an in‐
centive policy for 5G BS to participate in the voltage profile 
optimization of ADN is proposed in Section IV. In Section 
V, the results of our numerical study are shown and ana‐
lyzed. Section VI concludes this paper with the final re‐
marks.

II. DISPATCHABLE POTENTIAL ANALYSIS OF 5G 
BS BACKUP BATTERIES 

A. Electric Load Composition

The electric loads of 5G BS can be divided into DC load 
and AC load according to the power supply mode. The AC 
load is the electric device that maintains the indoor environ‐
ment of 5G BS, such as air conditioners and illumination de‐
vices. The DC load is mainly the communication devices re‐
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sponsible for sending/receiving wireless signals and process‐
ing [35], such as active antenna unit (AAU), base band unit 
(BBU), synchronous digital hierarchy (SDH) system, wave‐
length division multiplexing (WDM) system, optical distribu‐
tion frame (ODF), and digital distribution frame (DDF). The 
distribution network is the main power supply for 5G BS. In 
the event of distribution system failure, the batteries provide 
a backup power supply path for the 5G BS [33] to ensure 
high-quality communication services. The basic components 
of a 5G BS are shown in Fig. 1, where FE and GE are short 
for fast Ethernet and Gigabit Ethernet, respectively.

Most of the devices in 5G BS operate uninterruptedly. 
Among the DC loads, the AAU, which is positively correlat‐
ed with the communication load, accounts for 75% [36] of 
communication consumption, while the BBU, which is also 
affected by the communication load, accounts for a slight 
portion (5%) [36]. AC load is relatively stable (power con‐
sumption is about 2 kW), which is the baseline load of the 
5G BS and is not affected by the communication load. In 
general, the total electric load of 5G BS is linearly related to 
the communication load, as shown in Fig. 2, where PBS(t) is 
the electric load of 5G BS at t; CBS(t) is the communication 
load connected to 5G BS at t; Cmax, Cbase and Pmax, Pbase are 
the maximum/baseline communication load and power con‐
sumption of 5G BS, respectively.

The total electric load of 5G BS consists of baseline load 
and incremental load, which can be expressed as:

PBS (t)=Pbase + λBSCBS (t) (1)

where λBS is slope of the PBS(t)-CBS(t) curve.

B. Electric Load Characteristics of 5G BS

Since the communication load varies with the number and 
service demands of users in the coverage area of a 5G BS, 
the electric load of 5G BS shows significant spatial-temporal 
characteristics.

The number of users connected to the 5G BS changes reg‐
ularly. During the morning peak (hours 8-10), a large num‐
ber of users move from residential areas to office areas due 
to work needs, while there is a reverse flow during the eve‐
ning peak (hours 18-20). This tidal effect causes the commu‐
nication load of the 5G BS to shift regionally at a specific 
time interval, and makes the electric load of 5G BS change 
consistently. Figure 3 shows the daily curves of the electric 
load and communication load of 5G BS in a typical area.

There are spatial-temporal structural changes in the ser‐
vice demands of users connected to the 5G BS.

The demand of users for 5G service is affected by their 
behaviors of using communication terminals. In office areas, 
terminals are generally activated during leisure time, not 
working hours. In residential areas, terminals are generally 
activated during holidays and leisure time, not working days 
and sleep time. Among all 5G application demands of users, 
video service has the highest bandwidth demands and has 
the largest impact on communication load. In the future, vid‐
eo services will account for more than 90% of 5G applica‐
tions [32]. Changes in the structure of service demands for 
users will affect the bandwidth occupancy ratio and sub-
bandwidth occupancy number of 5G BS, which will make 
the spatial-temporal characteristics of communication load 
and electric load for 5G BS more significant.

C. Dispatchable Capacity Analysis

Due to the spatial-temporal characteristics of electric load, 
the required capacity of 5G BS backup battery varies at each 
time interval. The minimum backup battery capacity depends 
on the maximum power supply interruption time and power 
load curve of the 5G BS, which can be calculated by [33]:
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Fig. 1.　Basic components of 5G BS.
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SOC BSn
aLt =
∫

t

t + Tad

P BS
a (τ)dτ

E BS
a0

´ 100% (2)

The value of Ta,d is determined by the reliability index 
and the battery reliability rate of 5G BS. The premise of 
backup batteries participating in ADN voltage optimization 
is to ensure the power supply reliability of 5G BS. During 
the failure of the distribution system, the power supply time 
of backup batteries of the ath BS should not be less than Ta,d.

Tad =max{T BS
areT

BSESS
are } (3)

The value of PBS
a  is determined by the communication 

load of 5G BS. The tidal effect of 5G users makes the com‐
munication load of 5G BSs in office areas and residential ar‐
eas have obvious changes at a specific time interval. Howev‐
er, the communication loads of 5G BSs located in certain ar‐
eas (shopping malls, hospitals, etc.) are uncertain because of 
the irregular flow of 5G users. Baidu heat map is a tool that 
can utilize the geographic information generated by mobile 
users when using location-based service applications (includ‐
ing active and background applications) to represent differ‐
ent degrees of crowd aggregation at a certain time interval 
in an area [32]. Therefore, it is adopted to reflect the com‐
munication load of 5G BS. Figure 4 shows an example of a 
heat map in residential area, where different colors correspond 
to the crowd aggregation degree at different time intervals. 
The darker the color, the denser the crowd. By extracting the 
color information in each pixel of the map and superimposing 
the same color pixels, the total amount of crowd aggregation 
in the area at different time intervals can be obtained. The elec‐
tric load of 5G BS is further calculated according to the meth‐
od of data flow analysis [32] in the previous study.

When the 5G BS is working normally, the area covered 
by the transmitted signal is a regular hexagon, and the cover‐
age area of a single 5G BS is about 0.104 km2 [37]. There‐
fore, multiple 5G BSs need to be planned for the same node 
in ADN to ensure the quality of communication services.

When 5G BS backup batteries participate in the voltage 
profile optimization of ADN, the dispatchable capacity of 
5G BS backup batteries connected to the same node can be 

aggregated as:

E BSd
jt =∑

a = 1

N BSd
jt

(1 - SOC BSn
jaLt )E

BS
a0 (4)

D. Dispatchable Capacity Evaluation of 5G BS Backup Bat‐
teries

Figure 5 shows the evaluation system of dispatchable ca‐
pacity for 5G BS backup batteries. First, collect historical 
heat map data of different types of areas (residential, com‐
mercial, and office areas), and calculate historical crowd ag‐
gregation data. Different neural network models are trained 
for different regions, working day, and non-working day to 
predict crowd aggregation data. Furthermore, the electric 
load of 5G BS is calculated according to the forecasted re‐
sults, and the maximum power interruption time is set up ac‐
cording to the reliability index and battery reliability rate of 
all 5G BSs. Finally, the capacity demand of each 5G BS  
backup battery is calculated according to (2) - (4), the BSs 
with the dispatchable capacity of 5G BS backup batteries are 
selected and the aggregated dispatchable capacity of 5G BS 
backup batteries at each node of ADN is calculated accord‐
ing to (4).

III. VOLTAGE PROFILE OPTIMIZATION MODEL FOR ADN 
CONSIDERING 5G BS BACKUP BATTERIES 

The compact form of the voltage profile optimization mod‐
el for ADN can be expressed as:

ì
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(5)

where F(x t ) is the objective function, including the costs of 
network loss and voltage regulation resources; x t denotes the 
decision variables; and the inequality and equality vector 
constraints are affected by power flow and voltage regula‐
tion resources, and the specific constraints of each element 
will be described in the following subsections.

The objective function and constraints describe the volt‐
age profile optimization problem of ADN as a mixed integer 
second-order cone programming (MISOCP) problem, which 
can be solved by commercial software.
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Fig. 4.　Example of heat map with color corresponding to crowd aggrega‐
tion degree.
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A. Objective Function

The objective function is the cost of network loss and flex‐
ible resources, which can be expressed in (6)-(11).

F =Floss +FESS +FBS +FSVC +FCB +FOLTC (6)

Floss =Closs∑
T = 1

24∑
tÎ T
∑
jÎ SB

lijtrij (7)

FESS =CESS∑
T = 1

24∑
tÎ T
∑

jÎ SESS

(bch
ESSjt P

ch
ESSjt + bdis

ESSjt P
dis
ESSjt ) (8)

FBS =∑
T = 1

24∑
tÎ T
∑
jÎ SBS

C BS
cht P

ch
BSjt +∑

T = 1

24∑
tÎ T
∑
jÎ SBS

C BS
dist P

dis
BSjt (9)

FSVC =C SVC
Q ∑

T = 1

24∑
tÎ T
∑

jÎ SSVC

QSVC
jt (10)

FCB =CCB∑
T = 1

24∑
tÎ T
∑
jÎ SCB

(bIN
CBjt + bDE

CBjt ) (11)

FOLTC =COLTC∑
T = 1

24∑
tÎ T
∑

jÎ SOLTC

(bIN
OLTCjt + bDE

OLTCjt ) (12)

It is noteworthy that CBS
cht and CBS

dist are time-varying val‐
ues, and the method for determining their values is de‐
scribed in detail in Section IV.

B. Constraints

The constraints of the voltage optimization model for 
ADN include power flow constraints, capacity and operation 
constraints of voltage regulation resources (ESSs, 5G BS 
backup batteries, PVs, SVCs, CBs, and OLTCs).
1)　Power Flow Constraints
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î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

∑
iÎ π( j)

(Pijt - lijtrij )+Pjt = ∑
kÎ δ( j)

Pjkt

∑
iÎ π( j)

(Qijt - lijtrij ) +Qjt = ∑
kÎ δ( j)

Qjkt

Pjt =P PV
jt +P ESS

jt +P BS
jt -P L

jt

Qjt =QPV
jt +QCB

jt +QSVC
jt -QL

jt

vjt = vit - 2(Pijtrij +Qijt xij )+ lijt (r
2
ij + x2

ij )

"ijÎ SB   "jÎ SN       

(13)

lijt =
P 2

ijt +Q2
ijt

vit
(14)

ì
í
î

ïïlijmin £ lij £ lijmax

vjmin £ vj £ vjmax   
(15)

Formulas (13)-(15) are Distflow branch constraints, which 
are employed to illustrate the radial topology feature for 
ADN [38]. Formula (13) is for active power balance, reac‐
tive power balance, and voltage balance. Formula (15) is the 
security constraint of ADN. The nonconvexity results from 
(14), and the second-order cone relaxation technique effi‐
ciently relaxes the original model into (16). The exactness of 
this relaxation and its duality with the original model have 
been rigorously proved in [39].













 











           2Pijt

           2Qijt

lijt - vijt 2

£ lijt + vit (16)

2)　5G BS and ESS Constraints
The electric power of the 5G BS backup batteries at each 

time interval is constrained by the electric power at the end 
of the previous time interval and the dispatchable capacity 
of the current time interval. The charging/discharging power 
of 5G BS is constrained by the output power of BS convert‐
er and power load at each time interval. Formula (17) is the up‐
per limit constraint of charging/discharging power, which is af‐
fected by the electric load of 5G BS. Formula (18) is the ca‐
pacity constraint of the backup batteries, which is limited by 
dispatchable capacity of 5G BS backup batteries. Formulas 
(17) and (18) are determined based on the evaluation results in 
Section II.
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ïïï
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bdis
BSjat + bch

BSjat £ 1

0 £P ch
BSjat £ bch

BSjat P
chmax
BSjat

P chmax
BSjat =P convter

BSja -P BS
jat

0 £P dis
BSjat £ bdis

BSjat P
dismax
BSjat

P dismax
BSjat =P BS

jat

"jÎ SBS   (17)
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E BSn
jt =∑

a = 1

N BSd
jt

SOC BSn
jaLt·E

BS
a0

E BS
jt =E BS

jt0
+∑

a = 1

N BSd
jt

(ηch
BSja P ch

BSjat -P dis
BSjat /η

dis
BSja  )  

E BS
jt0
=max{E BS

jt - 1E
BSn
jt } 

E BSn
jt £E BS

jt £E BSn
jt +E BSd

jt

"jÎ SBS   (18)

ESS needs to consider the charging/discharging power 
constraints and the capacity timing relationship.
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bdis
ESSjt + bch

ESSjt £ 1

0 £P ch
ESSjt £ bch

ESSjt P
chmax
ESSj

0 £P dis
ESSjt £ bdis

ESSjt P
dismax
ESSj

E ESS
jt =E ESS

jt - 1 + η
ch
ESSj P

ch
ESSjt - 1 -P dis

ESSjt - 1 /ηdis
ESSj

E ESSmin
j £E ESS

jt £E ESSmax
j

"jÎ SESS   (19)

3) Constraints of　Other Voltage Regulation Resources
The operation constraints of PVs, SVCs, OLTCs, and CBs 

can be expressed as (20)-(23), respectively.
(P PV

jt )2 + (QPV
jt )2 £(S PV

j )2    "jÎ SPV   (20)

QSVCmin
j £QSVC

jt £QSVCmax
j     "jÎ SSVC (21)
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vjt = vprit( )kmin +∑
s

ksa
OLTC
sjt

aOLTC
sjt £ aOLTC

s - 1jt      sÎ[2N max
OLTC ]

nOLTC
jt £N max

OLTC

nOLTC
jt =∑

s

aOLTC
sjt

nOLTC
jt - nOLTC

jt - 1 £N max
OLTCbIN

OLTCjt - bDE
OLTCjt

nOLTC
jt - nOLTC

jt - 1 ³ bIN
OLTCjt -N max

OLTCbDE
OLTCjt

bIN
OLTCjt + bDE

OLTCjt £ 1

∑
tÎ T

(bIN
OLTCjt + bDE

OLTCjt )£DnOLTCmax
jT

"jÎ SOLTC   (22)

1847



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 6, November 2023

ì

í

î

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

QCB
jt = qCB

stepnCB
jt

aCB
sjt £ aCB

s - 1jt    sÎ[2N max
CB ]

nCB
jt =∑

s

aCB
sjt

nCB
jt £N max

CB

nCB
jt - nCB

jt - 1 £N max
CB bIN

CBjt - bDE
CBjt

nCB
jt - nCB

jt - 1 ³ bIN
CBjt -N max

CB bDE
CBjt

bIN
CBjt + bDE

CBjt £ 1∑
tÎ T

(bIN
CBjt + bDE

CBjt )£DnCBmax
jT

"jÎ SCB   (23)

The variable definitions of CB are similar to those of 
OLTC and will not be repeated here.

IV. INCENTIVE POLICY FOR 5G BS TO PARTICIPATE IN ADN 
VOLTAGE OPTIMIZATION 

A. Analysis of Benefit Condition for ADN

The dispatchable capacity of 5G BS backup batteries that 
can be used for voltage profile optimization is a new flexi‐
ble resource in ADN, which makes it possible for 5G BS op‐
erators and ADN to achieve a win-win situation.

In this paper, two schemes are set up to analyze the eco‐
nomic advantages of 5G BS backup batteries participating in 
the voltage profile optimization of ADN at interval τ. The 
voltage regulation amplitude is the same for both schemes. 
The types and capacities of other flexible resources are iden‐
tical, except for the composition of energy storage.

1) Scheme 1: only ESS participates in voltage profile opti‐
mization. The charging electric power and discharging elec‐
tric power of node j ESS are E ESSch

j  and E ESSdis
j , respectively.

2) Scheme 2: both ESS and 5G BS backup batteries partic‐
ipate in voltage profile optimization. The charging electric 
power and discharging electric power of ESS for node j are 
(1 - a)E ESSch

j  and (1 - b)E ESSdis
j , respectively. The charging 

electric power and discharging electric power of backup bat‐
teries for node j are aE ESSch

j  and bE ESSdis
j , respectively. This 

paper considers the electric power of backup batteries aggre‐
gated at node j, and does not consider the distribution elec‐
tric power of electric power among 5G BSs.

The costs of the two schemes, i.e., Fsce1 and Fsce2, are ex‐
pressed as:

ì

í

î

ïïïï

ïïïï

Fsce1 =CESS (E ESSch
j +E ESSdis

j )    "jÎ SCB

Fsce2 =CESS [(1 - a)E ESSch
j + (1 - b)E ESSdis

j ]+
C BS

chτaE ESSch
j +C BS

disτbE ESSdis
j     "jÎ SBS SESS

   (24)

The cost savings of scheme 2 compared with that of 
scheme 1 can be expressed as:

FjADN = xaE ESSch
j + ybE ESSdis

j (25)

where x =CESS -C BS
chτ; and y =CESS -C BS

disτ.
If Fj,ADN > 0, we can get:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

x
y
>-

bE ESSdis
j

aE ESSch
j

    y > 0

x
y
<-

bE ESSdis
j

aE ESSch
j

    y < 0

(26)

Formula (26) is the benefit condition of ADN. Suppose 
E ESSch

j  and E ESSdis
j  are equal to 60 and 40 kWh, respectively. 

Figure 6 shows cost savings of ADN Fj,ADN with different a 
and b values. As can be observed from Fig. 6, if y > x and y >
0, the more discharging capacity allocated by 5G BS backup 
batteries, the more cost of ADN can be saved; if y < x and x >
0, the more charging capacity allocated by 5G BS, the more 
cost of ADN can be saved. For the ADN, the larger the val‐
ues of x and y, the more cost will be saved. However, the ex‐
cessive values of x and y will damage the interests of 5G BS 
operators.

B. Analysis of Benefit Condition for 5G Operators

Under scheme 2, the revenue of 5G operators can be ex‐
pressed as:

Fjope =C BS
ch aE ESSch

j +C BS
dis bE ESSdis

j -Fjdeg (27)

5G BS backup batteries frequently participate in the volt‐
age profile optimization of ADN by charging and discharg‐
ing, which inevitably aggravates the degradation of batteries. 
For the 5G operators, the revenue from ADN needs to be 
greater than the degradation cost of backup batteries, i.e.,

Fjdeg <(CESS - x)aE ESSch
j + (CESS - y)bE ESSdis

j (28)

The battery degradation characteristic is analyzed in [40]. 
The results show that the cycle life of batteries is directly re‐
lated to the depth of charging/discharging (DoD), a parame‐
ter that can be used to determine the battery degradation 
cost. DoD can be expressed as:

DoD(·)
BSja =

P (·)
BSjatDτ
E BS

a0
(29)

where DOD(·)
BSja = DODch

BSja /DODdis
BSja ; and P (·)

BSjat = P ch
BSjat /

P dis
BSjat.
Equation (30) shows the relationship between the degrada‐

tion cost coefficient and DoD [41].

C deg
BSja =

FreBS

2A(DoD(·)
BSja )-Be-C·DoD(·)

BSjaηch
BSjaη

dis
BSja

= f (DoD(·)
BSja )

(30)

where A, B, and C are the function coefficients.

Further, Fjdeg can be expressed as:
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Fig. 6.　Cost savings of ADN with different a and b values.
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Fjdeg =∑
a = 1

N BSd
jt

C deg
BSja (E ch

BSja +E dis
BSja )

∑
a = 1

N BSd
jt

E ch
BSja = aE ESSch

j

∑
a = 1

N BSd
jt

E dis
BSja = bE ESSdis

j

(31)

It is assumed that the degradation cost coefficient of each 
5G BS for node j is equal. It is noteworthy that the charging/
discharging behavior of 5G BS backup batteries is difficult 
to keep consistent in the actual operation, so the degradation 
cost coefficient of 5G BS is unequal. Under this assumption, 
substituting (31) into (28) yields:
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í

î

ïïïï

ï
ïï
ï

C deg
BSja <CESS -CjADN

CjADN = x + (y - x)
bE ESSdis

j

aE ESSch
j + bE ESSdis

j

(32)

where CESS -CjADN is the benefit coefficient obtained by the 
5G BS from node j of ADN.

Formula (32) is the benefit condition of 5G operators. 
Suppose E ESSch

j  and E ESSdis
j  are equal to 60 and 40 kWh, re‐

spectively. Let C deg
BSja =CjADN. Figure 7 shows the degradation 

cost coefficient of 5G BS under different a and b values. As 
can be observed from Fig. 7, the area above the plane can 
guarantee that C deg

BSja >CjADN, and the x and y values of this 
area can make 5G operators benefit from ADN.

C. Incentive Policy for 5G Operators

Declaration  The definitions of variables are the same as 
in the previous two subsections, with an additional time-
varying property. For example, CESSt represents the cost coef‐
ficients of ESS at t.

This subsection presents a dynamic incentive policy to 
guide 5G operators to participate in the voltage profile opti‐
mization of ADN. On the premise of ensuring the absolute 
benefits of 5G operators, the charging/discharging tasks un‐
dertaken by the ESS are redistributed to 5G BSs, thereby re‐
ducing the ESS cost of ADN and realizing a win-win situa‐
tion for ADN and 5G operators. The principles of this incen‐
tive policy are as follows.

Principle 1: in any interval, xt < 0 and yt < 0 are not satis‐
fied simultaneously.

Principle 2: in any interval, CESSt - xt <C degmax
BSjt  and CESSt -

yt <C degmax
BSjt  are not satisfied simultaneously.

Principle 3: in any interval, C degmax
BSjt <CESSt -CADNjt.

C degmax
BSjt  can be expressed as:

C degmax
BSjt =max{ f (DoD(·)up

BSjt )} (33)

Among them, Principle 1 ensures that ADN has a feasible 
benefit plan at any interval, which is derived from the bene‐
fit condition of ADN. Principle 2 ensures that 5G operators 
have a feasible benefit plan at any interval, which is derived 
from the degradation characteristic of backup batteries. Prin‐
ciple 3 is an absolute benefit condition for 5G operators, 
which can be further expressed as:
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λ1 (t)
λ1 (t)+ λ2 (t)

xt +
λ2 (t)

λ1 (t)+ λ2 (t)
yt < h(C degmax

BSjt )

λ1 (t)= at E
ESSch
jt

λ2 (t)= bt E
ESSdis
jt

h(C degmax
BSjt )=CESSt -C degmax

BSjt

(34)

where λ1 (t) and λ2 (t) represent the charging and discharging 
electric power redistributed to 5G BS from the task undertak‐
en by ESS, respectively, and they are fixed positive values 
at each interval. h(C degmax

BSjt ) is a fixed value at each interval, 
and its value has three situations, i.e., ① situation 1: 
h(C degmax

BSjt )> 0; ② situation 2: h(C degmax
BSjt )= 0; ③ situation 3: 

h(C degmax
BSjt )< 0.

Figure 8 shows the analysis of a win-win situation be‐
tween 5G operators and ADN, where Lines 1, 2, and 3 corre‐
spond to the above three situations, respectively. As can be 
observed from Fig. 8, Zone 1 is the area satisfies (34) under 
situation 1. The area above Line 1 that satisfies (26) under 
situation 2. Zone 4 is the area that satisfies (34) under situa‐
tion 3. Among them, the values of xt and yt in Zone 1 and 
Zone 4 can ensure the benefit of 5G operators, the values of 
xt and yt in this area above Line 1 can ensure the benefit of 
ADN.

To achieve a win-win situation between 5G operators and 
ADN, the xt and yt values need to be determined in Zone 1. 
If (xt yt ) is located in the first quadrant of Zone 1, it is 
more beneficial to 5G operators, and charging can bring 
more benefits. If (xt yt ) is located in the second quadrant of 
Zone 1, it is more beneficial to ADN, and the closer to 
(0, 0), the greater cost savings of ADN. The area above Zone 
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Fig. 7.　Variation of degradation cost coefficient for 5G BS with different a 
and b values.
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1 is not a win-win zone for 5G operators and ADN. In par‐
ticular, Zone 2 is excluded by Principle 2, and Zone 3 is ex‐
cluded by Principle 1.

Lines 1, 2, and 3 are the three uncertain lines in Zone 1 
envelope, which can be determined by h(C degmax

BSjt ), λ1 (t), and 
λ2 (t). The calculation method of these three parameters is 
given as follows.
1)　Calculation of h(C degmax

BSjt )
Step 1: evaluate the dispatchable capacity of 5G BS backup 

batteries, and the evaluation method is given in Section II-D.
Step 2: calculate the upper limit of the 5G BS DoD value 

for node j at t according to (35).
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(35)

Step 3: calculate C degmax
BSjt  according to (33).

Step 4: calculate h(C degmax
BSjt ) according to (34).

2)　Calculation of λ1 (t) and λ2 (t)
Step 1: determine E ESSch

jt  and E ESSdis
jt  according to (34). 

This value is calculated in the scenario where only ESS un‐
dertakes the charging/discharging task.

ì
í
î

ïï

ïï

E ESSch
jt =E ESSmax

j -E ESS
jt - 1

E ESSdis
jt =E ESS

jt - 1 -E ESSmin
j

(36)

Step 2: calculate at and bt according to (37).
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N BSd

jt E BS
a0·DoDchup

BSjt

E ESSch
jt +N BSd

jt E BS
a0·DoDchup

BSjt

bt =
N BSd

jt E BS
a0·DoDdisup

BSjt

E ESSdis
jt +N BSd

jt E BS
a0·DoDdisup

BSjt

(37)

Step 3: calculate λ1 (t) and λ2 (t) according to (34).
After h(C degmax

BSjt ), λ1 (t), and λ2 (t) are determined, the incen‐
tive policy area that can achieve a win-win situation be‐
tween 5G BS and ADN can be obtained. Under this incen‐
tive policy, the feasible areas of C BS

cht and C BS
dist vary with the 

dispatchable capacity of 5G BS backup batteries. Therefore, 
this is a dynamic incentive policy, which can achieve a win-
win situation between ADN and 5G operators at each inter‐
val. However, this incentive policy is only used to determine 
a reasonable range of values for xt and yt.

D. Voltage Optimization Process of ADN with 5G BS

Figure 9 shows the process of 5G BS participating in volt‐
age profile optimization, which requires coordination be‐
tween the evaluation system, 5G operators, and ADN.

E BSn
jt  and E BSd

jt  are evaluated and transmitted to the 5G op‐
erators and ADN in the evaluation system. 5G operators de‐
termine whether to participate in the voltage profile optimiza‐
tion of ADN based on the current electric power and the 
maximum degradation cost coefficient of 5G BS. If partici‐
pating, the C degmax

BSjt , at, and bt are calculated and sent to 
ADN, which are the three key parameters used to determine 
Zone 1. At the same time, the 5G BS constraints are intro‐
duced into the voltage profile optimization model for ADN.

V. CASE STUDIES 

A. Test System and Parameter Settings

In this paper, an improved ADN is used, and the network 
parameters are shown in [42]. Flexibility resources (includ‐
ing 5G BS backup batteries, ESSs, PVs, SVCs, CBs, and 
OLTCs) in voltage profile optimization are added to the orig‐
inal network. As shown in Fig. 10, the basic network is di‐
vided into residential area, commercial area, and office area. 
The parameter settings of the network are shown Tables I 
and II. The model parameter settings are shown in Table III. 
The simulations are conducted in MATLAB 2018a on a 64-
bit computer with a 3.0 GHz CPU and 16.0 GB RAM. The 
optimization models are programmed on the YALMIP plat‐
form, and the MISOCP is solved by the CPLEX solver.

B. Evaluation Results of Electric Load and Dispatchable Ca‐
pacity for 5G BS Backup Batteries

In Fig. 11, each node is connected to 8-12 5G BSs, and 
each 5G BS is equipped with a set of 48 V/400 A·h backup 
batteries. When the reliability index of 5G BS and reliability 
rate of 5G BS backup batteries are 99.999% and 95%, re‐
spectively, the value of Ta,d is 2.68 hours [24]. 
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constraints

deg,max
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deg,max

λ1(t), λ2(t)
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Fig. 9.　Process of 5G BS participating in voltage profile optimization.
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Fig. 10.　A real distribution network topology.

TABLE I
PARAMETERS OF VOLTAGE REGULATION DEVICES

Resource

OLTC

CB

SVC

PV

Per tap/capacity

0.001 p.u.

100 kvar

300 kvar

400 kVA

Limit of times

5

5

Placement (bus No.)

28

17, 21

5, 7, 26

16, 23, 24, 27
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According to the method in Section II-D, the electric load 
of 5G BS, the dispatchable capacity of 5G BS backup batter‐
ies, and the maximum charging/discharging power of backup 
batteries are forecasted and evaluated.

1) In areas and time intervals with heavy electric loads, 
the dispatchable capacity of 5G BS backup batteries is 
small. 

2) Due to the tidal effect of users, the dispatchable capaci‐
ty of 5G BS backup batteries in office area increases greatly 
after work (hour 17), but decreases slightly in business area. 
At night (hours 23-6), the backup batteries in business area 
and office area have a large amount of dispatchable capacity, 
up to 78%. 

3) The change of 5G service demand structure of users in 
office area leads to a larger fluctuation range (7.2%-67.6%) 
of dispatchable capacity of 5G BS backup batteries. 

4) Compared to the day time, the maximum charging pow‐
er of backup batteries is larger at night, while the maximum 
discharging power is smaller.

Substituting the maximum charging/discharging power and 
dispatchable capacity of 5G BS backup batteries into (22), 
(25), and (27) (where A = 4980, B = 1.98, C = 0.016 [43]) to 
calculate the maximum degradation cost coefficient of 5G 
BS Cdegmax

BSjt , the result is shown in Fig. 12. As can be ob‐
served from Fig. 12, Cdegmax

BSjt  does not exceed 0.2 ¥/kWh, 
which makes h(Cdegmax

BSjt ) >0 hold at any interval and node, 
which confirms that the existence of a win-win incentive pol‐
icy zone for ADN and 5G operators. The minimum value of 
Cdegmax

BSjt  is less than 0.05 ¥/kWh, which occurs at around 
hour 15. This is because the dispatchable capacity of 5G BS 
backup batteries at this interval is small. 5G BS will benefit 
from voltage profile optimization of ADN at around hour 
15, which reflects the demand of ADN for voltage regulation 
resources (ADN voltage violation is more serious at around 
hour 15).

C. Optimization Effect of ADN Voltage Profile

Three scenarios are set to verify the effectiveness of dis‐
patchable capacity of 5G BS backup batteries participating 
in the voltage profile optimization of ADN, as shown in Ta‐
ble IV. 
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Fig. 11.　Forecasted results of 5G BS. (a) Forecasted result of electric load. 
(b) Dispatchable capacity of 5G BS backup batteries. (c) The maximum 
charging power of a single 5G BS. (d) The maximum discharging power of 
a single 5G BS.

TABLE II
PARAMETERS OF ENERGY STORAGE RESOURCES

Resource

ESS

5G BS1

5G BS2

5G BS3

5G BS4

Charging 
efficiency

0.9

0.9

0.9

0.9

0.9

Discharging 
efficiency

0.9

0.9

0.9

0.9

0.9

SOC limit

[0.18, 0.9]

To be 
evaluated

Placement (bus No.)

15, 16

1-5, 16, 28

6-10, 23-25

17-22

11-15, 26-27

TABLE III
PARAMETERS OF OPTIMIZATION MODEL

Parameter

Closs (¥/kWh)

CESS (¥/kWh)

C SVC
Q  (¥/kWh)

CCB (¥/tap)

COLTC (¥/tap)

P dismax
ESSj  (kW)

Value

0.3

0.72

600

100

10

300

Parameter

[vj,min vj,max]

ΔnOLTCmax
jT

N max
OLTC

ΔnCBmax
jT

N max
CB

P chmax
ESSj (kW)

Value

[0.952, 1.052]

5

12

5

10

200
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Figure 13 shows the comparison of voltage optimization 
results in three scenarios. In particular, scenario 3 only al‐
lows the 5G BSs of nodes 15 and 16 to participate in volt‐
age profile optimization of ADN.

As can be observed from Fig. 13(a), affected by the incon‐
sistent changes in PV output and electric load, the voltage 
exceeds the lower limit at night and exceeds the upper limit 
during the day time. The minimum voltage is only 0.926 p.u., 
while the maximum voltage reaches 1.132 p.u.. After the op‐
timization, the ADN voltage profile has been significantly 
improved.

1) In Fig. 13(b), the voltage range is reduced to [1.032,
1.064]p. u., but the voltage of nodes still exceeds the upper 
limit during the daytime, especially the nodes close to OLTC 
(nodes 28, 1, and 16). This indicates that the allocation of re‐
sources in scenario 1 is difficult to consider both global and 
local voltage optimization, and more flexible resources need 
to be added to nodes with serious voltage violations to miti‐
gate the impact of OLTC on global voltage.

2) In Fig. 13(c) and (d), the allocation of resources in sce‐
narios 2 and 3 can make ADN voltage within a reasonable 
range, but the cost of scenario 3 is less. This indicates that 
5G BS participates in the voltage profile optimization of 
ADN as an energy storage resource, reducing the cost of 
ESS in ADN.

Figures 14 and 15 show the cost analysis results of flexi‐
ble resources in three scenarios. The cost coefficient of 5G 
BS used in scenario 3 will be explained in detail in the next 
subsection.

1) The costs of SVCs are the highest, accounting for 98%, 
52%, and 71% in scenarios 1-3, respectively. It indicates that 
the large-capacity reactive power compensation or absorp‐
tion is still the main method for voltage profile optimization 
of ADN. 

2) The cost of the time interval including ESS is high, the 
cost of a single time interval is up to ¥991 (hour 19 in sce‐
nario 2), and the cost of ESS at a single time interval is up 
to ¥662 (hour 3 in scenario 2). 
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Fig. 13.　Voltage optimization results of ADN. (a) Initial voltage profile. 
(b) Voltage profile in scenario 1. (c) Voltage profile in scenario 2. (d) Volt‐
age profile in scenario 3.

TABLE IV
RESOURCES PARTICIPATING IN VOLTAGE OPTIMIZATION IN 

THREE SCENARIOS

Scenario

1

2

3

OLTC

√
√
√

CB

√
√
√

SVC

√
√
√

PV

√
√
√

ESS

×

√
√

5G BG

×

×

√
Note: the symbols “√” and “×” represent that the resources are considered 
and not considered, respectively.
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Fig. 12.　The maximum degradation cost coefficient of 5G BS.
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3) Comparing scenarios 2 and 1, the cost difference at a 
single time interval is mainly caused by ESS (hours 2-5 and 
19), which indicates that ESS has a good effect on voltage 
optimization but is less economical. 

4) The results in scenarios 2 and 3 show that, compared 
with other sources, the backup batteries are equally effective 
in voltage regulation and is more cost-efficient. After using 
the dispatchable capacity of 5G BS backup batteries, the 
same regulation effect is achieved, but the total cost is re‐
duced from ¥10779.160 to ¥7406.269, and the costs of 
SVCs and ESS are reduced by 5.55% and 75.96%, respec‐
tively.

D. Analysis of Incentive Policy

The three key parameters that determine the win-win in‐
centive policy area for ADN and 5G operators are shown in 
Fig. 16. According to the three parameters, the reasonable in‐
centive policy areas of nodes 15 and 16 for each interval 
can be determined. 
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Fig. 16.　Three key parameters to determine incentive policy area.

Further, as shown in Fig. 17, the cost coefficients of charg‐

ing and discharging for 5G BS at nodes 15 and 16 are deter‐
mined within a reasonable incentive policy area in combina‐
tion with the difference in load characteristics. Figure 17 
shows the incentive for ADN to guide 5G BS to participate 
in voltage profile optimization. ① At nodes 15 and 16, 
ADN expects 5G BS to participate in voltage profile optimi‐
zation by charging during the period of hours 13-16, which 
is the peak PV output period. ② ADN expects the 5G BS lo‐
cated in the office area (node 16) to participate in voltage 
profile optimization by discharge during non-working peri‐
ods.

In order to verify the effectiveness of the proposed incen‐
tive policy, this subsection allows the 5G BSs of all nodes to 
participate in the voltage profile optimization of ADN, and 
sets the following three incentive schemes.

Scheme 1: incentive policy proposed in this paper.
Scheme 2: constant incentive, where the cost coefficients 

of charging and discharging of all nodes are unchanged, and 
5G BSs are regarded as conventional ESSs. The value is the 
average incentive value of scheme 1.

Scheme 3: multi-level incentives in different intervals 
[43]. The value is the average incentive value of each inter‐
val of scheme 1.

The cost coefficients of charging and discharging under 
schemes 2 and 3 are shown in Table V, and the cost coeffi‐
cients of charging and discharging under scheme 1 is shown 
in Fig. 18.

The 5G BSs adjust ADN voltage to the distribution range 
of Fig. 13(c) and (d) in coordination with other voltage regu‐
lation resources. Under the three incentive schemes, the cost 
saving of ADN and the benefit of 5G operators are shown in 
Fig. 19. 
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Fig. 17.　Cost coefficients of charging and discharging for nodes 15 and 16.

TABLE V
COST COEFFICIENTS OF CHARGING AND DISCHARGING UNDER

SCHEMES 2 AND 3

Scheme

2

3

State

Charging

Discharging

Charging

Discharging

Cost coefficient

23:00-06:00

0.407

0.494

0.654

0.561

06:00-12:00

0.407

0.494

0.436

0.454

12:00-17:00

0.494

0.407

0.632

0.307

17:00-22:00

0.407

0.494

0.265

0.613
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Fig. 14.　Cost comparison of flexible resources in three scenarios.
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Fig. 15.　Cost composition of flexible resources in three scenarios. (a) Sce‐
nario 1. (b) Scenario 2. (c) Scenario 3.
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As can be observed from Fig. 19, at some intervals, 
schemes 2 and 3 can save more costs for ADN but reduce 
the benefits of 5G operators. Only the incentive policy of 
scheme 3 can ensure that ADN and 5G operators can be in a 
win-win situation at any interval.

E. Influence of Dispatchable Capacity for 5G BS Backup 
Batteries

This subsection further analyzes the influence of dispatch‐
able capacity for 5G BS backup batteries on the ADN volt‐
age regulation effect. Taking Fig. 11(b) as a reference, in the 
case of only using 5G BS for voltage regulation, the voltage 
regulation effect at 120%, 100%, and 80% of the dispatch‐
able capacity is analyzed, and the results are shown in Table 
VI.

It can be observed from Table V, a larger dispatchable ca‐
pacity leads to a better voltage regulation effect, which indi‐
cates that 5G BS has the potential to participate in ADN 
voltage optimization on a large scale.

VI. CONCLUSION 

To alleviate the voltage violation problem caused by PV 
in ADN, this paper proposes a voltage profile optimization 
method of ADN considering 5G BS backup batteries. The 
specific conclusions are as follows.

1) The evaluation method of electric load and dispatch‐
able capacity of 5G BS backup batteries based on degrees of 
crowd aggregation is proposed for the first time. The evalua‐
tion results determine the charging/discharging behavior of 
5G BS backup batteries in different areas at different time in‐
tervals. During the hours 20-24, commercial and office areas 
of 5G BSs are light-loaded, but the ADN is heavy-loaded, so 
the 5G BS backup batteries in those two areas can partici‐
pate in voltage regulation by discharging. During the hours 
0-8, 5G BSs and ADN are all light-loaded, 5G BS backup 
batteries can participate in voltage regulation by charging. 
During the day, the voltage regulation potential of commer‐
cial areas can be more fully exploited.

2) As an emerging flexible resource, the backup batteries 
of 5G BSs show great potential and advantages in providing 
voltage regulation services for ADN. Due to the significant 
aggregation and tidal effects, the backup batteries have larg‐
er capacity, stronger controllability and regularity, compared 
to other flexible resources (including PV, EV, air conditioner, 
etc.) in voltage regulation.

3) Under reasonable incentive policies, guiding 5G BS to 
participate in voltage optimization can not only improve the 
voltage management capability of ADN, and reduce the in‐
vestment of ESS, but also bring additional benefits to 5G op‐
erators.
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Fig. 18.　Cost coefficients of charging and discharging under scheme 1.

TABLE ⅤI
COMPARISON OF VOLTAGE REGULATION EFFECTS OF DIFFERENT 

DISPATCHABLE CAPACITIES FOR 5G BS BACKUP BATTERIES

Dispatchable 
capacity (%)

80

100

120

Voltage range 
(p.u.)

[1.043, 1.114]

[1.035, 1.097]
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