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This paper investigates on dynamic topology reconfiguration of distribution
networks to enhance PV hosting capacity. Firstly, a dynamic topology
reconfiguration model of distribution networks considering N-1 security
constraints is proposed to accommodate intermittent PV generation, and thus
high penetration of renewable resources can be ensured to satisfy operational
requirements under both normal and fault conditions with load transfer of
feeders. Then, a hosting capacity enhancement strategy is presented to
decrease risks of voltage and line overloading with reactive power flexibility of
energy storage inverters, and is implemented to enhance the maximum hosting
capacity of distributed renewable energy sources. Finally, simulation results have
validated the effectiveness of the proposed method for PV hosting capacity
enhancement of distribution networks.
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renewable energy

1 Introduction

Global low-carbon and environmental concerns have enabled various distributed
renewable energy sources (RESs), such as solar photovoltaics (PV), wind and hydro
power, to be grid-connected with gradually increasing penetration in distribution
networks (Wang S. et al, 2020). However, technical problems such as nodal voltage
violation, reverse overload and power quality deviation caused by large-scale distributed
RESs have become increasingly prominent (Alam et al., 2015; Hu et al., 2021; Martinenas
et al, 2017; Jia et al, 2024). Numerous methodologies to increase hosting capacity of
distribution networks, including demand response of flexible loads (Ding et al., 2023; Zhang
et al., 2023), standby energy storage systems (Zheng and Jin, 2021; Jia et al., 2022; Zheng
etal,, 2023), have been reported. Nevertheless, the existing research fails to fully make use of
the potential of reactive power regulation of flexible resources. Also, the N-1 security issues
have not been considered as boundary conditions for the evaluation of PV hosting capacity.
Therefore, this paper focuses on providing insightful perspectives and discussions on the
dynamic topology reconfiguration of distribution networks for PV hosting capacity
enhancement.

The main contributions of this work can be twofold as listed: (1) A dynamic topology
reconfiguration model of distribution networks considering N-1 security constraints is
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(a) PV hosting capacity enhancement strategy with flexibility resources
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(b) Dynamic topology reconfiguration model with N-1 Security constraints

A model of distribution networks for PV hosting capacity enhancement. (A) PV hosting capacity enhancement strategy with flexibility resources. (B)

Dynamic topology reconfiguration model with N-1 Security constraints.

proposed to accommodate intermittent PV generation, and thus
high penetration of renewable resources can be ensured to satisfy
operational requirements under both normal and fault conditions
with load transfer of feeders; (2) A hosting capacity enhancement
strategy is presented to decrease risks of voltage and line overloading
with reactive power flexibility of energy storage inverters, and is
implemented to enhance the maximum hosting capacity of
distributed renewable energy sources.

2 Evaluation model of PV hosting
capacity considering diversified
flexibility resources

This paper proposes a strategy to enhance the PV hosting
capacity of distribution networks by considering the reactive
power flexibility of energy storage systems (Dubey and Santoso,
2017; Wang et al., 2021). Based on the principle of four-quadrant
operation of energy storage converters, the reactive power
feasible region of energy storage is obtained using the
apparent power and active power as boundaries (Li et al,
2021; Yan et al, 2019). In Figure 1A, the blue rectangle
represents the feasible region of the energy storage system’s
active and reactive power. Then, using Minkowski summation,
the feasible range for the active power and energy of a single
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electric vehicle are combined to obtain the feasible range for a
cluster of electric vehicles. By jointly planning the cluster of
electric vehicles and the energy storage system (Masiello et al,,
20245 Ju et al, 2023), this strategy aims to reduce the risk of
voltage violations and line overloads in the distribution network,
thereby improving the PV hosting capacity of distribution
networks. The four-quadrant operation of energy storage and
the cluster of electric vehicles are illustrated in Figure 1A.

To accurately evaluate the maximum hosting capacity of the PV
system in distribution networks, the optimization objective is to
maximize the total installed capacity of photovoltaic systems
connected to distribution networks (Yuan et al., 2024), ensuring
grid safety while accommodating the maximum number of
distributed PV systems. The objective function is shown in
Equation 1:

Npy
max z AP

i=1

(1)

where Npy represents the total number of nodes for photovoltaic
integration, and AP;"V denotes the additional photovoltaic capacity
at node i.

Power balance constraints are shown in Equations 2-5:

g L ppv di b pd _ =
P+ Py + P =P =P, - P = z “ij,t(Pij,r + 7’:‘in;‘,¢) (2)

jei
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S PV ess es,dis es,ch d ev
it +Qi,t + Qi,t + Qi,t B PR SN N
= z “ij,z(Qij,t + xiinj,t) (3)
Jjei
. P2, +Q%
I," > ijt ijt (4)
it =
Uiy
PV PV PV PV
b :(Pi,o +AP; )'rt (5)

Line power flow limit constraint is shown in Equation 6:

0 < ij¢Sijr < Sij, max (6)

Energy storage operation constraints are shown in Equation 7
through Equation 9:

Ui, min < Ui,t < Ui, max (7)

where P{, and P!} represent the active power injected by the
substation and photovoltaic system at node i at time ¢,
Pes,dis Pes,ch
it it
discharging power of the energy storage system at node i at
time t, respectively; P¢} and P, indicate the active power of

respectively; and denote the charging and

electric vehicles and other electrical loads at node i at time ft,
respectively; QF, and Q}; represent the reactive power injected by
the substation and photovoltaic system at node i at time ¢,

respectively; Q"

and Q%3 represent the reactive power of
the energy storage charge and discharge at node i at time f,
respectively; Qf} and Qgt denote the reactive power of electric
vehicles and other electrical loads at node i at time t, respectively;
P;j; and Q;j; indicate the active and reactive power flows on
branch (i, j) at time ¢, respectively; r;; and x;; represent the
resistance and reactance values on branch (i, j), respectively; f,-j,t
denotes the squared current value on branch (4, j) at time ¢; PE(Y
represents the existing photovoltaic capacity at node i; and rfV
signifies the theoretical output of unit capacity distributed
photovoltaic systems at time ¢, with its output curve related to
local solar irradiance and generation efficiency (Wang Z. H. et al.,
2020). The apparent power for branch (i, j) is represented by S;; ;.
The upper and lower limits of the voltage at node i are
represented by U; max and U min, respectively.

Energy storage operation constraints: considering the energy
storage power and power operation constraints, the feasible range of
energy storage active power is obtained, and the adjustable feasible
range of reactive power is obtained under the constraint of apparent
power. The energy storage operation constraints are to be satisfied

as follows:
0< Pe_zi,ch Sﬂichpt_:h, max N @
{ 0< P%is < ﬂi?’%?"s' mex (0SB + By <1) (8)
Pgs,dis At
Bl = B+ P A = = ©)

1
where ,Bf}t‘ and ﬁfis are the charging and discharging state variables of
the energy storage battery at node i, taking values of 0 or 1, ensuring

that charging and discharging cannot occur simultaneously within
the same time period. P ™ and P& ™ are the upper limits for the

charging and discharging power of the energy storage battery at

node i, respectively. y" and

discharging efficiencies of the energy storage battery at node i,

represent the charging and

respectively, and At is the time. EfY and Pfj’d‘\ P39 represent
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the remaining capacity and charging/discharging power of the
energy storage battery at node i during time period ¢, respectively.

Considering the inherent power and energy limitations of the
battery, the feasible domain for characterizing the active power over
multiple time periods by the passage of time is shown in
Equations 10-17:

. P;]is, max )
g max{ (EES A t0)>,Efs"“‘“} (10)
1
Efts, min2 _ max{(Eil?tSO _ rhchp;h,max (td _ t)), E?S, min} (1 1)
Efts,min — maX{EftS,minl’ Efts,minZ} (12)
EE ™! = min{(EE + PP (¢ - t) ), EFS ™) (13)
P(_iis, max
g min{(EEf R t)>,E.ES'“‘“} (14)
i ito r,idls i
Ef™ = min{E[y ™™, Efy ™} (15)
] EES, min __ EES, max _
PES, min _ oy it+1 it , _p_dls, max 16
Lt At i ( )
. ) EFS' max _ E,ES’ min o
PIFtS, ax _ mm{ St+1 x |t ,Pich, ax (17)
t
where E[»™, Ef> ™", PI>™ and P[> ™™ represent the maximum

and minimum energy values and the upper and lower limits of active
power of the energy storage battery at node i during time period ¢. t,
and t4 denote the initial and final time periods, respectively. Ef; is

the initial capacity of the energy storage battery at node i, and the

initial capacity is equal to the final capacity. EF>™ and EF>™®

denote the maximum and minimum values of the capacity of the

Eft& max 1 , Ezlj‘tsy min 1) EEtS, maxZ’

energy storage battery at node i. and

EF>™n2 represent the upper and lower bounds of the energy at time
t projected backward from the start period and projected forward
from the end period, respectively.

Based on the apparent power constraint of the energy storage
battery, the feasible domain of reactive power is derived, as shown in

Equations 18, 19:

[P <S8 <SP (18)
QEtS,min — 0

19

g [(sFmy (PE)’ (9

where Sff and Pff‘ represent the apparent power and active power of

the energy storage battery at node i during time period t. ths % and
QES, min

it
node i during time ¢. Thus, the flexibility characterization model for

denote the lower and upper limits of the reactive power at

active and reactive power of distributed energy storage resources can
derived as shown in Equations 20, 21:

ES, min ES ES, max
Pi,t < Pi,[ < Pi,t

(20)

Q]-ES’ min < QES < ES, max (21)

it it = it
where QF} represents the reactive power of the energy storage
battery at node i during time t.
The feasible region constraints for the virtual battery power of
the clustered electric vehicles are to be satisfied (Zhao et al., 2020;
Xin et al,, 2024) as shown in Equations 22-25:

SOEEY™ = min{ (SOE; .1, + PR (t — T;0)At), SOER™}

i,nt

(22)
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SOE[™ = max{(SOE, — P> (Tipa — t)At), SOE,r,}  (23)

i,m,t

SO E]_EVmax - SO E]_EVmin
Pf,r\::nax — mln{ int+1 v in,t ; er,l:zax} (24)
) SO EEVmin - SO EEVmax )
pfr\l{tmm — max{ int+l o it ; pln:’m} (25)

where SOE[Y™ and SOE}Y™™ represent the maximum and
minimum energy values of the onboard battery for the nth
electric vehicle at node i during time period ¢, respectively; T’
and T, represent the periods when the nth electric vehicle at node
i is connected to and disconnected from the grid, respectively; P/
and P/ represent the maximum and minimum charging powers
for the nth electric vehicle at node i, with the minimum power
defaulting to 0; PE/™™ and Py represent the upper and lower
limits of the power for the nth electric vehicle at node i during time
period t.

The flexibility of cluster electric vehicles can be characterized
using the Minkowski method by summing the power and energy
boundaries of single electric vehicle (Michaelides, 2020), and the
comprehensive power and energy boundaries are shown in

Equations 26-31:

EV
Ni

SOE[Y VP = % SOEL ™ W, (26)

it
n=1

EV
Ni

SOE[) VP™™ = % SOE[ ™ W, (27)
n=1

i,m,t
NEV

=PI, (28)
n=1

EV VBmax
P it int

NEV
pEY VEmin _ z pEVminyy, (29)
n=1
where N;EV represents the number of electric vehicles in the
cluster at node i; W;,,, indicates the grid-connected status of the
nth electric vehicle at node i at time ¢, taking values of 0 or I;
SOEF) VBmax and SOEFY VEmin represent the upper and lower
bounds of the battery energy for the integrated virtual battery
model at node i; P VB and PFY VB™in represent the upper and
lower bounds of the charging power for the integrated virtual
battery model at node i.

SOEEVMI = SOEl'glvmaxWi,n,Hl (Wi,n,t+1 - Wi,n,t) (30)

int+1 int+1

SOELV!® = SOEE™™ W, (W = W) (31)

int+1 int+1

where SOEEVar and SOE:Vder

i,n,f+1 in,t+1
battery energy values of the nth electric vehicle at node i at

are used to represent the

time t+ 1 when connected to and disconnected from the grid,
respectively.

However, due to effect of switching on and off the electric vehicle
engine on the power range of the integrated model in successive time
periods, the corresponding energy coupling on the time axis cannot
be achieved (Li et al., 2017). To address this issue, a random variable
SOEfxlv Bexchange ohould be included in the time-coupling equation
of the virtual battery model for the electric vehicle cluster. Thus, the
virtual battery model for the EV cluster at node i is obtained as
shown in Equations 32-35:
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NEV
,exchange ‘max
SOEEX—IVB # = ZSOEEXI (Win,tﬂ - W?,n,t) (32)
i=1
PftV VBmin < Pft\/ VB < PftV VBmax ( 33)
SOELY VP™ < SOE} VP < SOE}, VP (34)

SOEFY '® = SOEEY V® + PEY BAt + SOEL,, =™ (35)

it+1 it+1

where SOEF) VB and P} VP are used to represent the battery energy
and charging power variables of the virtual battery model for the
cluster of electric vehicles, respectively.

3 Optimal dynamic network
reconfiguration strategy for PV hosting
capacity enhancement

In this paper, considering the intermittency of PV generation
and operational requirements of distribution networks in normal
and fault conditions, a dynamic topology reconfiguration model of
distribution networks with N-1 safety constraints (Cao et al., 2024),
based on network radial constraints (Lei et al., 2020), switching
frequency constraints, post-fault switching frequency constraint,
branch current constraints, and maximum PV capacity as the
objective function is developed. In the context of N-1 security,
the model dynamically reconfigures distribution networks by
changing the switching state in real time, ensuring the radial
shape of distribution networks, solves the load transfer problem
after equipment or line fault, and enhances the PV hosting capacity
of distribution networks with variable topology. The principle of
dynamic topology reconfiguration of distribution networks and N-1
security constraints is shown in Figure 1B.

1) To ensure that distribution networks maintain a radial
structure in both normal and fault conditions, a state
variable k is introduced, and the radiality constraints of the
network are shown in Equations 36-40) (Lei et al., 2024; Xiao
et al., 2017):

ﬁf‘]t +‘B’;l.,t = afj,t,l =1,...,m (36)
;(_)ﬁffj,tzl,i=1,...,n (37)

]E 1
Bs;, = 0,j € N(0) (38)
ﬁf.‘j’te{O,l},i:l,...,n,jeN(i) (39)
0<of <1,l=1,...,m (40)

where N, represents the number of N-1 faults, k = 0 denotes the
normal operating state and 1 ~ N denotes the fault state. ocfj,t is the
connectivity variable for branch (i, j) at time ¢, with a value of
1 indicating that the switch is closed and a value of 0 indicating that
the switch is open. /35(” is the node hierarchy identification variable
at time ¢, with a value of 1 indicating that 7 is the parent node of j at
time t, and a value of 0 indicating otherwise.

2) During the reconfiguration process, excessive switching
operations can negatively impact the lifespan of the
equipment, as well as lead to increased power outage losses,
equipment degradation, and higher maintenance costs.
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Therefore, reconfiguration process of distribution networks
must satisfy the following switching frequency constraints as
shown in Equations 41, 42 (Yadav and Jain, 2016):

T
z|afj,t z]t 1|<Nt] max (41)
t=1
T
z Zlafjt 1]t 1|<NSA max (42)

ijesy, t=1

where Njj max represents the upper limit on the number of switch
operations for branch (i, j) within the total reconfiguration period;
S;, denotes the set of branches; and Nga, max represents the upper
limit on the total number of switch operations within the period.
3) After a fault occurs in the equipment or line, in order to ensure
that the power supply of distribution networks can be restored
quickly during the reconfiguration process, it is necessary to
transfer the entire feeder’s load with the minimum number of
switching operations. The switching frequency constraint after
the fault is shown in Equation 43:

Y Sleb, - | <2k =01, N,

ijesy, t=1

(43)

4) To ensure the thermal stability of equipment and lines, the current
from distributed PV access should not exceed the thermal stability
limits of the grid equipment and lines to prevent overload.
Therefore, the branch current limitation constraint for the
distribution networks is shown in Equation 44:

Ik <1k <k

ij,min = “ijt = *ij, max

(44)

where I¥ 17, max represents the maximum current carrying capacity of

branch (i, j), and I¥,

ij, min
Due to the use of absolute value operators in the constraints

denotes its actual current value.

(Equations 41-43), variables sf.‘j‘t, zf-‘jj need to be introduced for

linearization, as shown in Equations 45-49:

T
D sty <Nijmax (45)
t=1
T
> D8k < Noamax (46)
ijeSy t=1
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ZZzltSZk 0,1,...,N. (47)
ijeSy t=1
1]t2a1]t 1]t l’st]f_“:cjt 1 ij,t’l = ML (48)
Zizal, -l l=1,..,m,k=01,...,N, (49)

4 Discussion and conclusions

The evaluation of distributed photovoltaic hosting capacity in
distribution networks has four different scenarios. Scenario 1 is the
method proposed in this paper. Scenario 2 involves the active control of
flexibility resources such as energy storage and electric vehicles, along
with the dynamic reconfiguration of network topology, based on
normal operating conditions, and without considering the N-1
contingency state. Scenario 3 does not consider the dynamic
reconfiguration of network topology, but includes the active control
of flexible resources such as energy storage and electric vehicles.
Scenario 4 does not include the active control of flexibility resources
or electric vehicles, but considers the dynamic reconfiguration of
network topology as well as the normal operating state and the N-1
contingency state. The distributed photovoltaic hosting capacities of the
distribution network obtained from the simulation of these four
scenarios are shown in Figure 2A.

As shown in Figure 2A, the column in Figure 1 represents the
cumulative sum of the PV hosting capacity of each node in different
scenarios. Scenario 1 improves the overall photovoltaic (PV) hosting
capacity of the distribution networks by 14.27% compared to scenario
3 due to the consideration of dynamic topology reconfiguration of
distribution networks to optimize the power flow distribution in
distribution networks and alleviate issues of equipment and line
overloads. It also shows a 4.92% improvement compared to scenario
4 due to the use of energy storage inverters for reactive power control.
Although there is a reduction in the overall PV hosting capacity
compared to scenario 2, it ensures the safe operation of the grid
under the N-1 fault condition. Therefore, scenario 1 achieves an
overall optimal distributed PV hosting capacity, indicating that the
combination of dynamic network topology reconfiguration and active
control of flexible resources not only enhances the effective utilization of
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energy, but also improves the distributed PV hosting capacity of
distribution networks.

Figure 2B represents a 33-node distribution network, where blue
nodes indicate normal voltage, red nodes indicate voltage violation,
and branches of different colors represent different current values
according to the color swatches on the right side. From Figure 2B,
without considering the N-1 contingency state (scenario 2), fault
reconfiguration can be performed after a line fault to enable load
transfer at the nodes. However, failure to consider the N-1 security
leads to voltage violations at certain nodes and overloads in some
branches after fault reconfiguration. The N-1 security helps ensure
that other lines are not overloaded during a fault, thereby preventing
cascading failures. Therefore, the consideration of N-1 contingency
in the evaluation of distribution networks for PV hosting capacity
enhances the operational safety of the distribution system and
effectively avoids safety issues caused by contingency faults.

An evaluation method for the acceptance capacity of distributed
photovoltaics, considering the active regulation of flexible resources and
dynamic reconfiguration of the distribution network topology, is
proposed. The main conclusions are as follows: 1) The dynamic
reconfiguration of network topology and the adjustable potential of
flexible resources are comprehensively considered. By optimizing power
flow paths and improving grid flexibility, real-time improvements in
power flow distribution are achieved, leading to a more uniform
distribution of photovoltaic power output throughout the grid. The
proposed method makes it possible to increase the acceptance capacity
of the distribution network by more than 14.2%. 2) In the evaluation
process of photovoltaic acceptance capacity in the distribution network,
the safety of system operation is improved by considering N-1
contingency scenarios. It is ensured that the optimized photovoltaic
capacity can be delivered normally, even when line faults occur,
effectively avoiding safety issues caused by anticipated faults.
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