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Abstract

In the planning of energy storage system (ESS) in distribution network with high photovoltaic penetration, in order to fully
tap the regulation ability of distributed energy storage and achieve economic and stable operation of the distribution network,
a two-layer planning method of distributed energy storage multi-point layout is proposed. Combining with the operation char-
acteristic model of energy storage battery (ESB), a multi-point energy storage collaborative operation strategy considering
the service life of ESB is proposed. A planning-operation two-layer model is constructed, in which the outer layer considers
the total cost of ESS planning to determine the layout point number and capacity of ESS, and the inner layer focuses on
the utilization rate of ESB and the operation stability of distribution network. The hybrid particle swarm optimization and
non-dominated sorting genetic algorithm is used to solve the planning and operation results of distributed energy storage
multi-point layout. Example analysis shows that after configuring a multi-point layout ESS, the total planning cost decreases
by 20.25%, the utilization rate of ESB increases to over 50%, and the voltage fluctuation and loss rate of the distribution
network decrease by 19.09% and 11.76%, respectively.

Keywords Distribution network - Distributed energy storage - Multi-point layout - Operation strategy - Site selection and
capacity determination

1 Introduction capacity and scheduling operation [6, 7]. Among them,

energy storage system (ESS) with flexible charging and dis-

With the proposal of China’s “dual-carbon” goal, accelerat-
ing the construction of a new power system primarily based
on new energy is an inevitable trend, while continuously
increasing the proportion of new energy in traditional energy
is a strategic choice for China and even the world [1-5].
However, as the installed capacity of distributed generation
(DG) continues to increase, its volatility and uncertainty
pose higher requirements for the power system’s absorption
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charging capabilities have become key to building a new
power system [8]. Therefore, how to reasonably configure
the ESS of a high-penetration new energy distribution net-
work, such as different access positions will change the sys-
tem’s flow distribution, affecting network losses and system
voltage levels; excessive capacity will make the system une-
conomical, and insufficient capacity cannot meet the demand
under different scenarios; has become an urgent problem to
be solved [9-11].

Several scholars have made progress in the optimization
and configuration of ESS in distribution network [12]. Estab-
lished a new model for calculating the life cycle of energy
storage, considering the shortcomings in the lifespan and
economic aspects, to achieve the optimal configuration and
operation of ESS [13]. Established a bi-objective model for
optimizing the ESS distribution network with the objectives
of minimizing the total cost and voltage fluctuation, which
reduces the operating cost of the distribution network [14].
Optimized the installation capacity and charging-discharging
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control strategies of user-side energy storage by considering
factors such as peak shaving benefits, demand defense ben-
efits, and life cycle cost in the objective function of energy
storage optimization [15]. Established a multi-objective site
selection and rated capacity model for ESS active distribu-
tion networks based on three aspects: vulnerability indica-
tors of power grids, active network loss, and rated capacity
of ESS, which effectively improves the operational economy
of the power grid [16]. Established an energy storage capac-
ity optimization model with load shedding rate and energy
overflow ratio as evaluation indicators, and analyzed two
modes of energy storage configuration: separate configura-
tion and photovoltaic energy storage collaborative configura-
tion, which improves the fluctuation of energy storage output
[17]. Constructed a cluster energy storage economic model
to improve the absorption of distributed energy sources and
determine the optimal timing of energy storage output in
each node of the distribution network. These references
discuss the application of ESS distribution networks from
the perspectives of planning costs, peak shaving and volt-
age regulation, and promoting the integration of renewable
energy sources, but they all focus on the fixed number of
ESS site selection and rated capacity problems under a sin-
gle typical load scenario.

As for the optimal layout of ESS in distribution net-
work under different demand scenarios, [18] established an
economic model for reducing power grid loss, improving
the reliability of distribution networks, and profiting from
energy storage, and planned the capacity of ESS accordingly
[19]. Described the impact of different energy storage loca-
tions and capacities on the wind power integration capacity
of the system by establishing a correlation analysis model
between the configuration of energy storage and wind power
integration capacity [20]. Dynamically planned the nodes
and rated capacity of ESS by constructing an energy stor-
age distribution center in the distribution network area, but
this significantly increased the investment cost [21]. Mainly
constructed a long-term uncertainty-adaptive ESS plan-
ning and operation model from the perspective of economic
cost and energy storage capacity, but did not optimize the
optimal number and location of ESS. Moreover, in solving
the double-layer planning model with coupled internal and
external parameters, many scholars focused on converting it
into a second-order cone programming model [20] or using
the Karush—Kuhn-Tucker (KKT) method [22, 23], which
is complex and has biased calculation efficiency, and there
are also problems with the difficulty of model conversion.
Meanwhile, in using intelligent optimization algorithms to
solve the model, many scholars improved the particle swarm
algorithm (PSO) to transform the double-layer model into a
multi-objective function processing model [4, 24], but there
are still shortcomings in the application methods for directly
and effectively solving the double-layer model.
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In summary, there is currently insufficient in-depth
research on seeking the optimal number of distributed
energy storage layout points through dynamic planning in
distribution network with high penetration PV. There are
deficiencies in research on whether distributed energy stor-
age planning methods in fixed scenario are suitable for other
seasonal scenarios.

Therefore, in order to fully tap the regulation ability of
distributed energy storage, improve the adaptability in dif-
ferent seasonal scenarios, and achieve economic and sta-
ble operation of distribution network, a two-level planning
method for multi-point layout of distributed energy storage
is proposed.

The Sect. 1 introduces the research background of this
article and analyzes the main hot topics and shortcomings of
current research. In the Sect. 2, a model for PV access to the
distribution network and an operation model for ESB were
established, and a collaborative operation strategy consid-
ering battery life was proposed. Considering both the plan-
ning cost of ESS and the stability requirement of distribution
network, a two-layer model of planning-operation for multi-
point layout was constructed. In the Sect. 3, to reduce the
difficulty of solving the two-layer model, a hybrid approach
of particle swarm optimization and non-dominated sorting
genetic algorithm (PSO-NSGA-III) was utilized. This sec-
tion provided a detailed introduction to the solving process
of the hybrid algorithm. The Sect. 4 validated the effective-
ness of the model and algorithm by simulating different sce-
narios on the IEEE-33 distribution network. The Sect. 5 is
the conclusion of this article.

2 Distribution Network and ESS Model
Construction

2.1 Distributed PV Access to Distribution Network
Model

Taking Fig. 1 as an example, distributed photovoltaic (PV)
are connected to a distribution network model with a radial
feeder with n nodes. It is assumed that at time ¢, the load at
node i is P;+jQ;, i=1,2,...,n.

The voltage drops and impedance branch loss of node i
at time 7 is given by Eq. (1), where U, is the voltage at the

U2 U1 U  Un
Ri+jXi

PLi+QL1

PLo+Qr2 Pin+QLn

Fig. 1 Distributed PV access distribution network model
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end of branch i at time ¢, and R; and X; are the resistance and
reactance of branch i.

PR+ O X;
AU[,(t) — 1 l[] 1 1
i,(t)
2 2 1
ploss _ R(Py; +0p) M
o U2

i,(1)

After adding a PV power source with a power of P” Vi,m at
the end of the line of node i at time ¢. The voltage drops and
impedance branch loss at node i at that time are:

(P = P,I-?(‘,/))Ri + 01X,

AU, =
i(t)
e @
PV 2 2
pioss _ JiPri — Pig)) + Q1)
i - U2

i(1)

According to Eq. (2), when the output power of the PV
system P’ Vi,(t) is less than the end load P;; at time ¢, all the
electrical energy generated by the PV system is consumed
by the load. Increasing P’ V,»,(,) can reduce the voltage drop
AU, ,, and power loss P, ;. When PV, , is greater than
P, AU, ) first decreases in the forward direction, then
increases in the reverse direction, that is, the end voltage
increases, even exceeding the initial voltage, while the losses
also increase. Therefore, in a distribution network with high
PV penetration, due to the intermittency and fluctuation of
PV energy, ESS need to be installed to improve the flow
of the distribution network, enhance the power quality, and
better integrate new energy sources.

2.2 Energy Storage Battery Model

The remaining capacity of an energy storage battery (ESB)
is generally represented by the State of Charge (SOC). Dur-
ing the charging and discharging process of the ESB, the
SOC and the charging and discharging power model are
given by the following equation.

POESS.At

— 1,

SSOC,(z) = max Ssoc,(z—m) T EeEsa, »S50¢,min
s

PEESS. A
. 5 .
Ssoc. = MiN  Ssoc i-an T —Fams > S50C.max

Ssocs = Ssoc.e
3 3
|P BESS| < |P€fss’ < |PmaxBESS|

min

EBESS — ﬂPBESS

where P(,)BESS represents the charging and discharging power
of ESB at time ¢, with a positive value for discharging and a
negative value for charging. S¢oc () and Sgoc 1.4, TEPresent
the remaining energy of ESB at time ¢ and 7-At, respectively.
A. and A, represent the charging and discharging efficiency.
EBESS represents the rated capacity. P, 555 and P, , BESS
represent the upper and lower limits of the charging and dis-
charging power, respectively. Sgoc nax a0d Sgoc min FEPTESENE
the upper and lower limits of the charging and discharging
depth, respectively. Sy and Sgpc, represent the SOC at
the start and end of the operating cycle, respectively. f rep-
resents the energy rate of the ESB, and Af represents the
time interval.

2.3 Multi-Point Collaborative Operation Strategy
Considering Battery Life

Based on the characteristics of the ESB, there is a maxi-
mum limit to the number of charge and discharge cycles
that the battery can undergo during its entire lifespan. In
order to avoid frequent charge and discharge cycles that
may affect the life of the ESB, it is necessary to develop
a charging and discharging strategy for the ESS within
a certain operating period to reduce unnecessary charge
and discharge cycles. The traditional strategy is to design
the time-of-use pricing intervals for the ESS based on the
power difference between the PV system and the load,
which can be referred to in reference [25]. Based on the
multi-point energy storage planning, this paper proposes
a collaborative operation strategy for multi-point energy
storage considering battery life, which reduces the fre-
quency of charging and discharging of the energy storage
system (ESS) and thus reduces the loss of the energy stor-
age battery to achieve optimal operation. The objective
function f'is combined with the charging and discharging
frequency of the ESB (RBESSfre) to satisfy f=min {RBESSf,e}.

e Firstly, the average charging and discharging power of
the ESS during its operation cycle is compared with the
average net load of the distribution network system at
each time. If it does not exceed the specified range, the
charging and discharging interval strategy of the ESB
remains unchanged. If it exceeds the specified range,
the number of exceeded intervals is calculated.

e Then, the ESB with the highest frequency of charging
and discharging in the ESS is identified, and its interval
is shifted to the valley period of the time-of-use pricing
interval. The size of the interval shift is the number
of calculated intervals in step 1, and the charging and
discharging power of the ESB is determined according
to the new interval.
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Repeat the above steps to obtain the minimum value of
the objective function f.

2.4 The Outer Planning Model

Citations the outer planning model primarily considers
the economic costs of ESS planning for the distribution
network.

ey

@)

Objective Function
ESS typically consist of storage units, power conver-
sion system (PCS), and auxiliary equipment.

[/, =min{C,,,} = min{C, +C, +C;}

_ L yae® ESs NUM [EBESS
€ =365 y(1+y>"**“ G (Y B
A “4)
C — HCb + Z (kBESS ZE}’SS)

)

BESS BESS
Cf = Z (£Emr + a)|P

mn,r,max

where C,,, represents the total planning cost of the
ESS in the distribution network. C,« C, and C;rep-
resent the investment and construction cost of energy
storage (converted to daily investment and construc-
tion cost matching the operation period), operation and
maintenance cost (considering the long-term partial
capacity decay of ESB and the need for replacement),
and auxiliary equipment cost, respectively. y and y5£55
represent the discount rate and service life of energy
storage. C bBESS represents the unit capacity investment
and construction cost of energy storage. EBESS,,, ~and
PBESSin’,,maX represent the layout capacity of the r-th
energy storage and the maximum charging and dis-
charging power during the operation period, respec-
tively. NUM represents the total number of energy
storage layouts. u represents the conversion ratio of
operation and maintenance cost, which is selected as
10% based on reference [15] and engineering experi-
ence. k555 represents the replacement rate of ESB.
e and w represent the capacity coefficient and power
coefficient of auxiliary equipment in the ESS.
Constraint conditions

The planning model mainly considers constraints on
the operating power of PV, the maximum number and
location of energy storage layouts, and the characteris-
tics of ESB.

Constraint on operating power of PV.

PV PV PV
J»(f),min < P/ ) — Pj,(r),max (5)
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where P" J(tmax and prv J,(1min TESPECtively represent
the upper and lower limits of the output value of PV
installed at node j and time 7.

Maximum layout number and position constraints for
energy storage.

ZSGI—

€S (6)
SG,r 75 SG,r+1

where Sg; represents the set of energy storage node
to be installed. N, represents the maximum layout
total number of energy storage plans. S, represents the
layout position of the r-th energy storage, and multiple
energy storages cannot be laid out in the same position.

ESB characteristic constraints are shown in Eq. (3).

2.5 The Inner Operational Model

ey

2

The utilization rate of the ESB (H?%S ) is used to

represent the potential of energy storage to improve

the distribution network flow, and to characterize the

frequency of charge and discharge that the ESB can

reduce. The objective function f, can be expressed as:
fy = max{HESS ) = max{ 1 - REES |

NUM
o T E Seear )
HBESS — s
con TNUM

where T represents the duration of statistical calcula-
tion cycle. Sy represents the collection of ESB charg-
ing and discharging power at all moments. Sggg)— ,
represents the 7-th moment when the charging and dis-
charging power is 0.

One of the important indicators to measure the stabil-
ity of the distribution network is the voltage fluctuation
at nodes. As analyzed in Sect. 2.1, the penetration of
high-penetration PV will exacerbate voltage fluctua-
tion. Therefore, the daily voltage deviation index U,,,
is selected to evaluate the ability of the ESS to improve
voltage fluctuation, and the objective function f; can be
expressed as:

f3 - mm{ exc}

Uoe = F Doy 2o

where N represents the number of load nodes. U; ,, and
U, * represent the voltage and reference voltage of the
i-th node at time ¢, respectively. AU, .. is the maxi-
mum allowable deviation of the voltage at the i-th node.

N
Ui = Ui @

l max
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(3) The network loss rate is an important economic indi-
cator for assessing the operation level of a power sys-
tem. Due to the high penetration rate of PV, the system
network loss increases due to the occurrence of power
generation inversion. Therefore, the network loss rate
is selected as the indicator to evaluate the ability of
energy storage configuration to reduce system network
loss. The objective function f, can be expressed as:

f4 = min{rlplou }
L, 3 Pl ©)
ﬂpl()ss = ﬁ X 100%
ZL] wa (Pﬁ,(r) +P£.(r)d)

where Pl-ym’m and Pi_(,)l”“d represent the line loss and
end node load of branch i at time ¢, respectively. M is
the total number of branches.
(4) Constraint conditions
The operational model mainly considers the power
balance constraint, flow constraint, node voltage con-
straint, and line current constraint of the distribution
network.
Power balance constraint.

2 (PES + PPV + PBESS) — Z (Pload+PlusS) (10)

where PES represents the power supply of the distribu-
tion network. P*Y and PBEES represent the grid-con-
nected power of PV and energy storage respectively.
P4d and P represent the power consumption of
the system and the active power loss of the system,
respectively.

Power flow constraints [26].

+B,,sins,,)=0

mn

P =V X 3 V(G085
N .

Q= VX Y, Vu(G,,siné,, +B,,c0s5,,) =0

(11

where P, and Q,, represent the active power and reac-
tive power transmitted from node m, respectively. V,,
and V, and represent the voltages at node m and node
n, respectively. G, and B,,, are the conductance and
susceptance between node m and node n, respectively.
,, 1s the phase angle difference between node m and
node n.
Node voltage constraints.

U. <U.

imin = ~i (1)

< Ui,max’Vi €EE (12)

where U; .. and U; ;, denote the upper and lower lim-
its of the voltage amplitude at node i, respectively, and
E represents the set of nodes in the power grid.

Line current constraints.

|Iijw(1) < Iij,max7 V(l,J) eFE (13)

where I, represents the maximum load flow between

node i and j, and Il-jm represents the current of the line
during time period .

3 A Model Solution Method Based on PSO
and NSGA-IIl Hybridization

3.1 PSO and NSGA-IIl Algorithm Hybridization

In the two-layer optimization model of this paper, the outer
layer model is a single-objective problem and the inner layer
model is a three-objective problem, which requires parameter
transmission between the inner and outer levels during the
solution process. Since converting a multi-objective problem
into a single-objective problem by weighting requires normali-
zation of parameters with different dimensions and it is diffi-
cult to obtain reasonable weighting coefficients, and the model
in this paper is also difficult to transform into a second-order
cone programming form. To this end, a hybrid algorithm of
PSO and NSGA-III is employed to solve the bi-level multi-
objective model. Among them, the advantages of PSO are fast
convergence speed, fewer adjusted parameters [27], making
it suitable for optimizing outer targets. NSGA-III is a novel
multi-objective genetic algorithm proposed on the basis of fast
non-dominated sorting genetic algorithm [28], which can well
address the optimization problems with three or more objec-
tives in an effective manner.
The solution steps of the algorithm are as follows.

1. The outer PSO initializes the velocity and position com-
ponents of the outer population particles;

2. Based on the outer population, the inner NSGA-III
selects, recombines, and mutates to generate an initial
population P, of size N, and then produces a population
Q, of size N. Using non-dominated sorting mechanism,
N excellent individuals are selected from R, (R,_P,UQ,)
to form a new generation of evolutionary population.
R, is divided into different non-dominated layers F; ,
F, -+, and the non-dominated sets with higher priority
are preserved for the next generation;

3. When |F,,UF, U---UF, ,|]<N and
|F UF, U--UF, |>N, F,,is defined as a critical layer,
and individuals are selected based on reference points to
enter the next generation until the size of the offspring
population is equal to N.

Selection based on reference points:

@ Springer
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This method selects individuals to maintain population
diversity and good distribution. Assuming that each target
dimension is divided into p equal parts on the normalized
hyperplane, the number of reference points H for M-dimen-
sional targets is:

_ M4p-1)!

pI(M = 1)! (14)

In 3-dimensional multi-objective optimization, if each
objective is equally divided into 3 parts, 10 reference points
with uniform distribution will be generated on the normal-
ized hyperplane.

4.  When the reference points are uniformly and widely
distributed on the entire normalized hyperplane, the
selected population will be widely and uniformly distrib-
uted on the true Pareto front. As the Pareto front solution
set only provides non-dominated solutions for multiple
objectives, corresponding methods need to be adopted to
select the optimal solution from the Pareto solution set.
Therefore, the entropy weight method (EWM) is used
to select the optimal solution [29]

5. The optimal solution obtained from the inner NSGA-III
is passed to the outer PSO to calculate the individual fit-
ness function and update the outer population particles.
The process of steps 25 is repeated until the optimal
evaluation result (population iteration accuracy is less
than 0.5%) is obtained or the maximum iteration times
are reached.

The solution process is shown in Fig. 2
3.2 The Relationship of the Two-layer Model

The relationship between the inner layer and outer layer of
the two-layer model is shown in Fig. 3 the outer layer deter-
mines the layout points and capacity plans of the ESS. The
inner layer solves the charging and discharging power, layout
location, and collaborative operation strategy of each ESB.

4 Simulation Analysis
4.1 Simulation Setup

The IEEE-33 distribution network is selected as the test sys-
tem. The total active power load of the system is 3715 kW
(baseline value), with a rated voltage of 12.66 kV. The
allowable range of voltage deviation is 11.90-13.42 kV
(0.94 p.u-1.06 p.u), and the maximum transmission cur-
rent of the line is 0.55 kA. The topology structure is shown
in Fig. 4 In the network, the total installed capacity of PV

@ Springer
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Fig. 3 The relationship of the two-layer model
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is 2.5 MW, accounting for 36.5% of the total daily load
demand, and the access points are at node 16 and 17. The
typical daily load curve, typical daily PV summer and win-
ter output prediction curves of the system are shown in
Figs. 5and 6 respectively. The parameters of the ESB are
shown in Table 1.

Table 1 Energy storage battery parameters

A 90% u 10%

Mais 90% yPESS 15

B 0.25C KBESS 5%

€ 0.25 y 6.5%

w 0.18 Initial SOC 50%
C,BESS 3800 ¥ /(kW h) [Ss0c min Ss0C max) [0.10.9]

Firstly, based on the summer typical daily load demand
and PV output, the following four scenarios are set up for
comparative analysis.

Scenario 1: Access to PV power without considering
ESS.

Scenario 2: Considering the ESS without considering
multi-point layout.

Scenario 3: Considering the multi-point layout without
considering the coordinated operation strategy.

Scenario 4: Considering the multi-point layout and coor-
dinated operation strategy.

4.2 Model Calculation Results

Based on the bi-level programming model, the PSO-NSGA-
IIT are used for calculation. The planning schemes and costs
for the four scenarios are shown in Table 2; the utilization
rate of ESB, system voltage deviation index, and network
loss rate results are shown in Table 3. The fitness iteration
curves of the outer-layer function and the Pareto frontier
solution sets for each scenario are shown in Figs. 7and 8.
Comparing the results of scenarios 2, 3, and 4 with sce-
nario 1, it can be seen that configuring ESS can effectively
improve voltage fluctuation and reduce network loss in the
distribution network. It reduced the voltage deviation index
by 20.61%, 17.27%, and 19.09% respectively, and reduced
the network loss rate by 11.19%, 10.04%, and 11.76%. The
improvement effect is significant. Comparing the results of
scenario 3 with scenario 1 and 2, it is found that the con-
figuration of the energy storage layout as three points is the
optimal result, which reduces the total planning cost by
15.50% and improves the utilization rate of ESB by 33.33%.
Comparing the results of scenario 3 and 4, it is found that
after using a collaborative operation strategy for multi-point
ESB, the number of charge and discharge cycles of the ESB
is further reduced, the utilization rate of the ESB is increased
by 69.70%, and the energy storage capacity is reduced.
Therefore, combining the results of scenario 4 with Fig. 5,
it can be seen that the multi-point layout configuration
method considering collaborative operation strategy solves
the problem of severe voltage fluctuation and increased net-
work loss caused by high PV penetration in the distribu-
tion network, which once again verifies the conclusion that
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Table 2 Planning schemes and

; . Scenario  Energy storage battery Cost planning
planning costs for each scenario
Node Capacity (kW h) C, (10,00¥) c, (10,00¥) Cf(10,000¥) C,an (10,000
¥)
1 - _ _ - — _
2 14 8364 0.926 0.098 0.175 1.200
3 15,22,17 2700, 1198,2684  0.720 0.150 0.144 1.014
4 18,23,17 2651, 849, 2621 0.678 0.141 0.138 0.957
Table 3 Total energy storage capacity and system operation results 1.1
for each scenario
Scenario  Total capac- The utili-  Voltage Loss rate (%) ;/. ———— Scenario 1 o -
ity (kW h)  zationrate deviation 105 ~ — ~Scenario2 L ,,\..\.\ 1
. S| s Scenario 3 IS — -3
ndex = il \
! a Scenario 4 A \\\
£ 1 ;
1 - - 33.0 6.97 s / Y,
2 8364 033 26.2 6.19 g /A A .
= £ .
3 6582 0.44 27.3 6.27 S i N N
1 SR AN
4 6121 0.56 26.7 6.15 095 — <, \\‘ N
0 4 8 12 16 20 24
Time(h)
1.2 : : :
1151 | Fig.9 Voltage variation for 24 h
) L i
> 1.1 2000
®©
>
% 1.05 1 1500 , g‘/"\ )
- SN
£ S 1000 NAG
L 1F T & “\% i
© LR
500 | W ) 1
095 ) B ————— Scenario 1 ‘\\"," o f
: k3] ob — - Scenario 2 ‘\‘ -, 1.7 |
2 0 Scenario 3 AN W /
0.9 L L L 500 | Scenario 4 \\ A/ |
0 5 10 15 20 ) NS
Iterations 1000 ‘ ‘ ‘ \ ‘
0 4 8 12 16 20 24
Time(h)

Fig. 7 Iterative curve of outer function fitness

Q
o 75 x X Q0
% x X e X  Scenario 2
§ % O  Scenario 3
@ 65 00 0,7(3" Scenario 4
o O QoD xR
£ i
2 " © 90 x % %
b4 6 . x
%0 0.6
45
40 0.4
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Fig. 8 Pareto frontier solution set for each scenario
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Fig. 10 Net load curve of each scenario system

configuring ESS can improve the system to consume new
energy. Moreover, compared with the single-point configura-
tion, the multi-point layout method not only achieves better
improvement in the operation of the distribution network but
also significantly reduces the total cost of ESS configuration.

The comparison of the voltage changes in the distribu-
tion network over 24 h for each scenario is shown in Fig. 9.
Under scenario 4, ESS has the best effect on improving node
voltage, reducing the original overvoltage value of about
1.08 p.u to about 1.05 p.u, and also raising the voltage during
the 20:00-24:00 period (about 0.94 p.u to about 0.96 p.u),
making the power supply voltage within the required range.
The comparison of the net load curves in each scenario
in Fig. 10 shows that when the ESS is configured with a
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multi-point layout (scenario 4), it can better consume PV
energy and balance the load.

The charging and discharging power and SOC in scenario
3 and 4 are shown in Figs. 11 and 12 respectively. Compared
with scenario 3, the SOC trend in scenario 4 is similar, both
charging during the peak period of PV output and discharg-
ing during the peak period of load, but the charging and
discharging frequency in scenario 4 is significantly reduced.
This is because after using a collaborative operation strategy
for multi-point, effective power complementarity is formed
between the ESB. For example, ESS 2 quickly discharges
at high power from 17:00 to 20:00, reducing the number of
discharges of ESS 1 and shortening the charge and discharge
interval of ESS 1, thereby reducing the overall frequency of
charge and discharge of the ESS and improving their utiliza-
tion rate.
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Fig. 13 Voltage variation for 24 h

4.3 Validation Analysis

To further investigate the applicability and effectiveness of
the multi-point layout and its coordinated operation strat-
egy proposed, Scenario 5, 6, and 7, are set up. Scenario
5 examines the performance of the distribution network
without ESS during winter PV output and load demand.
Scenario 6 and 7 analyze the impact of the ESS configu-
ration scale on the winter distribution network operation
performance based on the ESS configuration scale of Sce-
nario 2 and 4, respectively. The system operation results
under the three scenarios are shown in Table 4. The volt-
age variation and system net load curves for each scenario
are shown in Figs. 13 and 14, respectively. The charging
and discharging power and SOC in Scenario 6 and 7 are
illustrated in Figs. 15 and 16, respectively.

The above results show that scenarios 6 and 7 respec-
tively reduced the voltage deviation index by 15.48%
and 16.96%; reduced the network loss rate by 11.22%
and 13.90%; and increased the utilization rate of ESB by
51.52% compared to scenario 6. Therefore, when facing
winter PV output and load demand, although the ESS
scale configuration was based on summer scenarios, multi-
point still has advantages over single-point configuration.
From Fig. 14 combined with Figs. 15 and 16, it can be
seen that scenario 7 showed a small-scale peak-shifting
phenomenon in the net load curve after ESS regulation.
This is because the winter PV output interval is short-
ened, and the coordinated operation strategy of using

Table 4 System operation

. Scenario Energy storage battery Distribution network
results for each scenario
Node Capacity (kW h) The utilization Voltage deviation Loss rate(%)
rate index
5 - - - 33.6 5.97
14 8364 0.33 28.4 5.30
7 18,23, 17 2651, 849, 2621 0.50 27.9 5.14
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multi-point optimizes the balance between PV output and
load demand, further reducing the voltage fluctuation and
network loss rate of the system.

5 Conclusion
This paper proposes a planning-operation two-layer model

for distributed energy storage with multi-point layout. The
conclusions are as follows:

@ Springer

e The multi-point layout of distributed energy storage is
more helpful to enhance the ability of power distribu-
tion network to consume new energy and improve the
economic efficiency and stability of the system. The
total planning cost has been reduced by 20.25%, the
voltage deviation of the distribution network has been
reduced by 19.09%, and the network loss rate of the
system has been reduced from 6.97 to 6.15%.

e Compared with the utilization rate of ESB in a single-
point layout, the utilization rate in a multi-point layout
scenario is increased to over 30%. When considering
the collaborative operation strategy of multi-point ESS,
increase the utilization rate to over 50%. This signifi-
cantly reduces the charging and discharging frequency
of ESB and improves their service life.

e When using the scale of energy storage layout configu-
ration obtained from a single season, when facing PV
output and load demand scenario of different seasons,
the multi-point layout of energy storage still has stronger
regulation ability compared to single point configuration.
The multi-point layout method enhances the coordination
of the system.

e The PSO-NSGA-III hybrid algorithm proposed in this
article is suitable for solving multi-objective optimiza-
tion problem. It can effectively find the optimal number
of distributed energy storage layout point and capacity
configuration scheme for the high PV penetration distri-
bution network, and solve the corresponding ESB charg-
ing and discharging strategy.
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