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Abstract—In recent years, distributed photovoltaic (PV)
systems have experienced accelerated deployment in
distribution networks, driven by inherent advantages.
However, high-penetration PV integration introduces
critical operational challenges, including voltage
violations and reverse power flows, which become
progressively more pronounced as penetration levels
increase and may ultimately harm user interests. To
comprehensively assess the network's PV hosting
capacity (PVHC) while safeguarding the interests of both
PV owners and load consumers, this paper proposes a
novel stochastic bi-scenario (pre-fault and post-fault)
assessment framework which explicitly quantifies and
constrains post-fault PV curtailment and load shedding,
mediated by battery energy storage (ES) systems. We
derive an analytical linearized expression for the nonlinear
PV curtailment under all N-1 contingencies, transforming
the original PVHC assessment model into a tractable
mixed-integer linear programming (MILP) model.
Furthermore, our analysis reveals that, an inherent trade-
off exists between reducing fault-induced PV curtailment
and enhancing load reliability in storage-integrated grids
due to state of charge (SOC) constraints, which holds
significant guiding importance for the practical industrial
application of PV integration. Finally, the effectiveness,
and scalability of the proposed method are verified
through different test systems.
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Post-fault analysis, PV curtailment, Reliability constraints.
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I. INTRODUCTION

istributed PV systems, leveraging core merits including

flexible deployment, low-carbon footprint, high energy
efficiency, and sustainable utilization, have emerged as a
pivotal catalyst driving the global energy transition. However,
compared to conventional power generation sources, PV
systems exhibit pronounced temporal discrepancies with load
profiles (i.e., Source-load profile mismatch [1]) and
uncertainty. This characteristic may cause multiple operational
risks in distribution systems with high penetration of PV [2],
[3], such as overvoltage and overcurrent violations [4].
Furthermore, during fault scenarios, this high level of
penetration significantly amplifies these potential safety risks.
To guide users to orderly configure PV and avoid these
problems, it is necessary to accurately assess the capacity of
PV known as the PVHC. However, conducting a
comprehensive PVHC assessment that considers both normal
and fault operating scenarios presents significant challenges
due to its inherent complexity.

In the existing literature, several methods have been
proposed for evaluating the hosting capacity of PV power in
distribution  networks.  Reference [5] systematically
summarizes the quantitative methods (deterministic methods,
probabilistic methods, optimization-driven methods, data-
driven methods) for the PVHC, and compares their technical
principles, applicable scenarios, and limitations; Reference [6]
evaluated the PVHC of distribution networks by incrementally
increasing PV penetration, verifying voltage and thermal
stability limits, and applying system reconfiguration to raise
the capacity upper limit. Reference [7] presents a fuzzy-
possibilistic method that integrates o-Cut sets and Monte
Carlo simulation to evaluate PVHC through interval modeling
of PV variability, without requiring probability distributions.
Reference [8] uses a hybrid stochastic method, combining
Monte Carlo simulation and 90% planning risk quantile, to
evaluate the PVHC of distribution networks under overvoltage
and overload constraints. Reference [9] proposes a general
method based on nomogram representation for evaluating the
PVHC affected by over-voltage curtailment. Reference [10]
constructs a feasible region model for PV access capacity at
multiple potential access locations, representing the
constraints of the maximum access capacity of PV power
among different locations. However, most of the above-
mentioned studies mainly focus on the PV capacity limit under
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voltage and power constraints during normal operation,
without considering the situation after any fault.

Adjusting PV output during contingencies is a common
operational response [11]-[13]. However, PVHC assessment
based on direct curtailment strategies may yield overestimated
results, and the curtailed energy may be unreasonably
amplified, thereby harming the interests of PV owners [35].
Conversely, completely prohibiting curtailment leads to overly
conservative assessment due to the impracticality of perfect
post-fault generation-load matching. Therefore, permitting
constrained PV curtailment, with reasonable limits, is essential
for realistic PVHC evaluation. Reference [33] instructs
inverters to reduce PV active power to a specific value post-
fault via commands from the dispatch center, yet it lacks a
concrete curtailment scheme.

Common approaches include setting maximum curtailment
limits or maximum curtailment proportions. Literature [14]
focuses on PVHC assessment under both normal operating

could achieve a lower total curtailment (or a smaller economic
value loss). In practice, users are typically more concerned
with their tolerance for the overall loss, rather than the loss
proportion of individual PV units. However, due to
characteristics such as nonlinearity and the difficulty of
deriving an analytical expression for total curtailment, no
studies have yet incorporated it as a constraint in PVHC
assessment model. Notably, analytical methods for
quantifying post-fault load losses (from reliability assessment
theory) are well-established [15]-[18] providing critical
references for curtailment loss quantification.

Notably, ES, as core regulating resources in renewable-
integrated  distribution networks, enhances operational
efficiency through peak shaving and wvalley filling [19],
regulates voltage, and improves PVHC during normal
operation [20]. Under contingency scenarios, ES demonstrates
significant value in two key aspects: on one hand, by
discharging, it provides active power support to promote

Nomenclature
General Notation in Two Scenarios
Variables
Biv The PV output power
Pl.jfad ) Qiljad Active loads and reactive loads of bus i
Parameters
Tis X Resistance and reactance of branch #j
Viins Vi Limitation of bus voltage
i min> Lij max Limitation of branch active power
Q[j,min s Q[j,max Limitation of branch reactive power
P, P> Limitation of charging-discharging power
SOC,,,, SOC_,. Limitation of SOC
Sets
Q The set of branches
Qy The set of buses
(O The set of all time intervals in a typical day
N, Number of buses
Notation in Pre-Fault Scenario
Variables
B’e:s Charging and discharging power of the ES
Pl-j,, ) Qi/,, Active power and reactive power of branch ij
V., The square of the voltage at bus i
SOC,, The SOC of the storage unit
Active and reactive power injected by the
Po. _ p j y
8ir> 081 substation

pin Qin Active power and reactive power of bus
L2 =i injection
Binary Variables
Sij 1 when branch ij is connected
Notation in Post-Fault Scenario
Variables
pinw Qi"vxy Active power and reactive power of bus
it 4 it P .
injection under a fault on branch xy
Pg” Qg” Active and reactive power injected by the
e ™ substation under a fault on branch xy
P2, Q" Active power and reactive power of branch ij
it =it
under a fault on branch xy
P Charging and discharging power of the ES
e under a fault on branch xy
LY, The curtailment coefficient
Py The curtailed PV power
VY The square of the voltage at bus 7 under a fault
o on branch xy
Parameters
AY Outage rate of the branch xy
G The limitation of PV curtailment
H™ The limitation of the reliability index
Binary Variables
P Indicator of whether bus i is affected due to a
o fault in the branch connecting buses x and y.
q” 1 when the demand of bus 7 is completely
’ recovered due to a fault in branch xy
Vit Adaptive McCormick partitioning variable
Y 1 when branch #j is connected after network
v reconfiguration due to a fault in branch xy
Sets
Q. The set of N-1 contingencies

conditions and high-impact fault scenarios, limiting PV
curtailment to within 7%. However, this simple and
mandatory curtailment ratio setting may lead to unreasonable
curtailment schemes, as alternatives potentially exist that

power supply restoration and enhance system reliability [21]-
[24], as exemplified by existing studies [25] that integrate ES
with network reconfiguration to minimize outage losses during
faults; on the other hand, through charging, it absorbs
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otherwise curtailed PV generation, protecting PV owners' where S™ =(S/",...,S/",..,S}')"  denotes the installed
interests while ensuring technical effectiveness and economic  capacity of PV power generation at each location.
rationality in PVHC assessment. e=(l, ..., 1),,, denotes N-dimensional Unit column vector.

However, a not yet fully clarified conflict exists in the
application of ES for simultaneously ensuring power supply
reliability and minimizing PV curtailment during grid faults.
Under ES support, a complex, coupled, and constraining
relationship exists among PVHC, expected power supply
reliability, and PV curtailment during faults. There is an
urgent need for ES-integrated PVHC methodologies that
safeguard the interests of both load consumers and PV owners.

To fill the knowledge gap in the aforementioned studies, in
this paper, we propose a PVHC assessment method in storage-
integrated distribution systems, considering post-fault PV
curtailment and load shedding constraints. The main
contributions of this work can be summarized as follows.

1) To quantify the losses that PV owners may incur under
potential distribution-network faults, we derive an analytical
expression for the expected PV curtailment, explicitly
considering both post-fault network reconfiguration and
battery-energy-storage  support. This analytical metric
provides the quantitative basis for safeguarding PV owners'
interests.

2) By embedding the PV curtailment and load shedding
constraints, a stochastic bi-scenario (pre-fault and post-fault)
PVHC assessment framework is proposed. The application of
this method can simultaneously protect the interests of PV
owners and load consumers.

3) Based on the proposed method, we uncover the inherent
trade-off between reducing fault-induced PV curtailment and
enhancing load reliability with PVHC held constant. Further
analysis finds that this is due to the competition between these
two factors for the utilization of the limited SOC in ES
applications, which holds significant guiding importance for
the practical industrial application of PV integration.

The rest of the paper is organized as follows. Section II
presents the model's objective function, system security
constraints under both pre-fault and post-fault conditions, and
the overall framework of the paper. Section III provides a
detailed exposition of the pre-fault model. Section IV provides
a detailed exposition of the post-fault model. Section V
provides a detailed PV curtailment constraint and reliability
constraint. Section VI validates the effectiveness and
scalability of the proposed model and evaluation methodology
with both the 10-bus and IEEE 33-bus systems. Section VII
provides a summary and concluding remarks.

Il. PROBLEM DESCRIPTION

This section presents the objective function for the PVHC
assessment based on a bi-scenario framework which considers
system security constraints under both pre-fault and post-fault
conditions, along with the reliability constraints and PV
curtailment constraints proposed to safeguard user interests.

A. Objective Function

The objective of the proposed framework is to maximize the
PVHC under the bi -scenario (pre-fault and post-fault) coupled
constraints.

max e'S"V, (1)

B. Pre-fault system security constraints

Under the pre-fault operation, the state variables of ES and
network topology (NT) constitute determinants of PVHC,
which are derived from the power flow equations as well as
the voltage and power security constraints:

F (X, y™,8"™) <0, vieQ, ., )
where X represents the state variables related to ES in the
pre-fault state at time z. Y™™ represents the state variables
associated with NT in the pre-fault state. Here the subscript “#”
denotes time ¢. Q. represents the set of all time intervals in
a typical day. Eq. (2) represents the constraint relationship
imposed by these two types of state variables on S* .

C. Post-Fault System Security Constraints

The proposed PVHC assessment framework takes into
account the potential contingency scenarios that may occur at
any time in a typical day, specifically the set of all N-1
contingency scenarios is denoted as F= {1, ..., K}. Under the
post-fault scenario, the operation of an ES unit evolves from
its pre-fault SOC. Therefore, the pre/post-fault state variables
of ES and NT influence PVHC, which are derived from the
operation security constraints of each post-fault system.

FPo (XS, XP Y Y 8™y <0, vie Q. (3)

Whel‘e X]post Z(ng)st,“.’X;x)st X;?St) , Yt-pust Z(Ypust Ypost Ypost)

R, ¢ s X e Y
represents the state variables related to ES and NT in all fault
scenarios k at time ¢, respectively. Eq. (3) represents the
constraints on S*¥ imposed by X, Y, X" and Y™

due to the post-fault network security constraints.

D. PV Curtailment Constraint and Reliability Constraint

To safeguard user interests, it is necessary to incorporate
both PV curtailment and reliability constraints into the PVHC
assessment framework, thereby enabling the analysis of their
impacts.

The pre-fault and post-fault variables (XM, X, YP YP*)
affect the total PV curtailment and load-shedding in all fault
scenarios during time interval ¢. These totals are denoted
respectively as G™"(-) and HP™(-), respectively. Based on

this, the two constraints are expressed as follows.
T

z G[post (Xfre , Xfost , Ytpre , Ytpost ) S Gexp , (4)

t=1

T
z Htpost (Xfre , XFOSt , Ytpre , thpost ) £ Hexp , (5)

t=1
where G denotes the limit for PV curtailment aimed at
safeguarding PV owners, and H®® denotes the limit for the
reliability index aimed at safeguarding load users

E. Overall Framework of This Paper

The procedural workflow of the proposed methodology, as
summarized in Fig. 1. It contains both pre-fault and post-fault
scenarios, delineating the three aspects of requirements in the
PVHC assessment.
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(i) Pre-fault operational security constraints (considering
network reconfiguration and multi-timescale regulation of ES);

(il) Secure operation constraints under N-1 post-fault
scenarios (incorporating post-fault network reconfiguration
and emergency support from ES);

(ii1) For the requirements of safeguarding user interests,
including constrained power supply reliability for load
consumers and PV curtailment constraints for PV owners.

In the pre-fault operation, distribution networks with ES
generate variables of ES and NT, which directly influence the
system's PVHC. In fault analysis, these variables are passed to
each N-1 contingency scenario, generating corresponding
post-fault ES and NT variables for each scenario. Furthermore,
PV curtailment and load shedding can be quantified based on
ES and NT across all N-1 contingency scenarios. In this paper,
due to protection the interest of PV owner and load consumers,
both must be constrained. This directly affects the post-fault
ES, which indirectly influences the pre-fault ES strategy,
thereby impacting the PVHC. Through this closed-loop
coupling mechanism, a comprehensive assessment of the
PVHC is achieved. Pre-fault operation is detailed in Section
111, while post-fault operation is analyzed in Section IV.

Following the (2) stablished in Section II, this section
elaborates on the operational constraints required to ensure
pre-fault system secure operation. The pre-fault secure
operation is characterized by the Constraints (6)-(17).

PRE- FAULT SECURE OPERATION MODEL

is defined by (6) and (7), respectively.

PI_‘“—Z ij,t ZPlkt’VZEQN’U’lkegzL tEQume’()
jea(i) keb(i)

0= 0,,-> 0,,.VieQ,ij,ik e, te Q. (7)
Jjea(i) keb(i)

PI4+PS+PS —Pg, P! =0, Vi€ Oy, 1 € Q. (8)
,teQ

0"+0% -Qg,, =0, VieQ, ©)
where a(i) represents the set of all buses connected to and
downstream of the bus i b(i) represents the set of all buses
connected to and upstream of the bus i. €3, represents the set

in in
of buses. P} and QO

e

represent the active and reactive power

injected by bus 7 in the pre-fault state, respectively. Pl.’l;’ad and

load
0

respectively.

represent the active and reactive loads of bus i

PCSS

it

represents the charging and discharging

power of the ES at bus i (positive value indicates charging,
negative value indicates discharging). Pg,, and Qg,,

represent the active and reactive power injected by the
substation at bus i. Pl.iv represents the PV output at bus i. Q

denotes the set of branches.

B. Pre-Fault Voltage and Branch Capacity Constraints

Voltage constitutes a critical power quality parameter in
distribution networks [26]. As an operational security
constraint, it should not exceed its upper and lower limits to

PV power curve

PVHC

PV Load PV Load
V| Ba Ba rs B3
IL.B Pre-faults 5 .
(details in III): Pre-fault system security operation
' ES and NT states (Pre-
pre pre pre pre
: Xx:l Yt=l Xt=2 Yt=2 fault)
]
]
'
f E 1 2 LK 1 2 @ K N- ]\t:gt:::::m\ Influences decision T
o, 1 L Y | L I 4
]| o000 010: e ( )
11.C Post-fault: :
(details in IV) » Post-fault system security operation ES and NfT sltf;tes (Post-
' ault)
[
0 post y7post post post
X Y Xhi 2ka = \. J/
\ Ul oottt ererrerer LA LU L L e ey Required
M I EE . L X L L I I L L L L I LI I EEISISISS IIIIIDgODOIOIaIao0aTxam . .
} i adjustments
(" ) ( B

Post-fault PV
curtailment amount

(G™)

IL.D PV curtailment and
reliability (details in V)

Load shedding
amount ( f7post)

Limited PV curtailment
and load shedding

\_

\. J

Fig. 1. Transition between pre-fault and post-fault and procedural
workflow of the proposed methodology.

A. Pre-Fault Power Injection

The pre-fault power flow balance constraints are given by
(8)-(9), where the active and reactive power injection at bus i

guarantee the power quality. In this work, we employ a linear
power flow model [27] to formulate network reconfiguration
as follows.

{(S”t 1)+ x/t ij th i
(I=s; )+ B, 1+

ij.t

-V

MoV jeQ, je, teQ, »(10)

<V,
2V, =V,

.t i/
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mm—VztSVmax’ViEQN’tEQtime’ (11)

ij ,min <szl S}?ma)(’ VijeQL, tEQtime’ (12)
Qij,min < ij < ij ,max ° v’] eSQL’ IEQtimc > (13)
2 S =Ny =L Ve, (14)

ey

where s, denotes the switching status of branch i/ in the pre-

fault state ( s,, =1

i

=0 is open). V,
V... and V. are the upper bound and lower bound for
the square of the voltage amplitude. F,, and O,
active power and reactive power flowing from bus i to bus j.
Pgmax and P are the upper bound and lower bound of
and 0,

bound and lower bound of reactive power for the branches. 7,

indicates the branch is closed, while

Sis .. Tepresents the square of the voltage at

bus i.

are the

ij,min

active power for the branches. Q.

ij ,max

are the upper

,min

and x; are the resistance and reactance of branch i,

respectively. N, represents the number of buses, (14) denotes

the radial constraint to ensure unidirectional power flow.

C. Pre-Fault ES Operation Constraints
In ES unit constraints, the permissible charging/ discharging
limits of power are expressed in (15), the SOC limits in (17).
PT<PT<P> VieQ,teQ, , (15)

min it — 7 max?

Es,loss — (1 77 )Pcss

PP = Ve 1€ Oy, (16

loss C,loss D,loss
P = max(PS"™, P2

SOC, =S0C,, , + P =P
‘ ’ ! , VieQy,teQ, . ,(17)
SOC,,, <8S0C,, <S0C,_,,
where Po> and P are the upper and lower bounds of the

charging-discharging power, respectively; SOC,, denotes the
SOC of the storage unit at bus i in the pre-fault state. BS"
PD,]oss

it

and are charging and discharging power loss,

and SOC,;,

lower bound of the SOC. The overcharging or over-
discharging of the ES is avoided to prevent damage to its
lifespan.

The constraints involved in the pre-fault secure operation
model are shown in Fig. 2.

respectively. SOC, are the upper bound and

Power injection (6)-(9) Security constraints (10)-(14) ES power (15)-(16)

Decoupled
constraints

Decoupled
constraints

Decoupled

constraints T coupled

constraints
in total

Coupled constraints
on ES SOC (17)

Coupled constraints
on ES SOC (17)

Coupled constraints
on ES SOC (17)

N =1 =2 =T Y]
b

Allintervals in a typical day

Fig. 2. Pre-fault system security constraints.

D. Impact of PV Uncertainty Considering Correlation
and Its Reformulation

The PV power output P’ at different locations at the same

time is uncertain [28], [34], and these uncertainties are
correlated, which can be modeled using a normal distribution
[29]. The correlation between PV outputs at bus i and bus J,
the PV outputs can be modeled as follows.

él;V — El;V,fcst + AezV,cn'or

( PI’V PI’V) N

it 2 bivariate

( va fest va fest ( 1% RL’V,&;;[ )2 , (O_I’V P[L’V,fcsl) o )(18)

Vi, jeQy, teQ

time
where o denotes standard deviation coefficients. Coefficient
p:\f reveals the correlation between PV outputs at different

buses. Rewriting (18) as matrix form, although a single PV
unit might follow other distributions, when the PV system
comprises numerous and geographically dispersed units, the
PV outputs in each period follows the N-dimensional
multivariate Gaussian distributions in (19) [36], which can be
justified by the Central Limit Theorem [37].

f)tPV _ Nw (Prpv,fcst ’va ), Vi e Qtime , (19)
where @ is the number of PV units. Under this influence, the
power injection P becomes a random variable, and the
matrix form of the injections (8) is updated as follows.

P"+P" 4P —Pg —P’V =0, VieQ (20)
The N-dimensional multivariate Gaussian distribution that
active power injections follow can be formulated as follows.
13:" ~Nw (u:)72:))5 vreglime' (21)
Based on the information of related random variables in
(19), the expressions of the elements in (21) are shown in (22).
The elements related to active power

p[ load Pess_,’_Pgl +PPVfcst
= zj’v

Since state variables have been transformed as random
variables, it is necessary to rewrite the security constraints
(11)-(12) as chance constraints, which reflect restrictions on
the probability of exceeding the limits.

Pr{V,, <V, <V, }=21-p".VieQ, teQ,, ,(23)
Pr{P, ., <P <P }21-p VieQ,, teQ, (24)

ij,min ij

time *

, VieQ (22)

time *

where Pr{s} is the probability that inequality constraints hold.

Since a linear power flow formulation is adopted in this paper,
both voltage V;, and branch power F,, also follow normal

distributions under the influence of PV uncertainty. Taking
voltage as an example, its distribution can be expressed as
follows:

V, - JZo+p), VieQ, . (25)
where @ is the vector of standardized normal distributions.

X is the covariance matrix of voltage, p. is the mean value

of voltage. These variables are influenced by the NT s, , the

power of ES, the load, and the installed capacity of PV S*" .
Their analytical expressions can be derived based on the
aforementioned relationships and will not be elaborated here.
Then, the transformations of security constraints (23) are
proposed as follows.
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The chance .con.straints (23). can be rewr.itten as two parts P 4 P gy g P pgn = [ Y
because there is little probability of breaking the constraint | _— Joad o s 30
from both sides: 0" +07q; =0g;, (30)
VieQy, Qi e,

Pr{ﬁi,t = max}ZI_pV

PriV, 2V, < p"  Vie iy, 1ol

(26)

time

Based on (25), chance constraints (26) can be transformed
as follows:

Y+ @ (1-pY )2 (1) <V,
w1+ @7 (1= p¥ ) EY (i.0) viea,
/’li\,/z _(D’I (pv) Ztv (l’l) 2 V;nin

where @'

,teQ.(27)

time

is the inverse function of standardized normal
is smaller than 0.5, (27) can be

transformed as linear constraints (28) and second-order cone
constraints (29).

O (1= ") Aviacs = Vo — 14

(D_ (1_p )ﬂ’Vmin,i,t = Iui,t _Vmin
2 > ZV ., .
e = (l l), VieQ,,teQ
ﬂ’\zlmin,i,z 2 Z:IV (l’l)

where A, .,» Adymn., denote auxiliary variables which are

distribution. When p"

,VieQ,, teQ,. ,(28)

(29)

time 2

greater than or equal to the variance of bus voltage %" (i,i) .
=) (i) Through the

aforementioned transformations, the uncertainty model has
been converted into a deterministic one. The resulting PVHC
assessment model, incorporating the above constraints, is a
mixed-integer second-order cone programming model, which
can be solved efficiently. The branch power flow constraints
(24) are handled in a similar manner and are not presented to
conserve space.

It should be noted that the post-fault condition analysis in
Section IV is also affected by PV uncertainty. A similar
methodology is applied, which involves extensive derivations.
We do not present the details as they are not the core
contribution of this paper and to conserve space.

represents linear combination.

IV. POST-FAULT SECURE OPERATION MODEL FOR EACH N-
1 FAULT

Following the (3) established in Section II, this section
elaborates on the operational constraints required to ensure
post-fault system secure operation. The post-fault secure
operation model of the distribution network is characterized
by constraints (30)-(35). The superscript xy is used to describe
the outage scenario in constraints (30)-(46) due to the fault at
branch xy, the fault on line xy is one of the contingencies in
the set Q.

The constraints involved in the post-fault secure operation
model are shown in Fig. 3.
A. Post-Fault Bus Injection

The power flow balance constraints in the post-fault state
are given by (30). To calculate post-fault PV curtailment, we

introduce the PV curtailment coefficient L,

where P and Q™ denote the active and reactive
injection power at bus 7 in the post-fault state, respectively;

Pgi and Qg represent the active and reactive power

injected by the substation at bus i; P""

). represents the PV
power output at bus #; L7, denotes the curtailment coefficient,

takes values ranging from 0 to 1, which measure the PV
curtailment due to the fault.

s

(“Power flow considering | [~
post-fault network

ion (31)33)) |
k=1

= i i
=1 =2
N

Allintervals in a typical day

Fig. 3. Post-fault system security constraints.

Power injection
| with PV curtailment and
(| load shedding 30) |

based on pre-fault SOC

Post-fault ES power \‘
34)-35 )
(34-35) J

AlIN-1
contingency
scenarios

sets in total

T<K
decoupled
constraint

B. Post-Fault Voltage and Branch Capacity Constraints

Following fault occurrence, to mitigate load shedding, the
network undergoes post-fault reconfiguration. Eq. (32)
represents the post-fault voltage constraints and (33)
represents the post-fault branch power constraints.

{(s” D+ P +x, 00 <V -V

ij,t it ijt —

1 U,+rPU’“l+x Q” >VW Vj'.‘f , 31
Vi,jeQy, e, teQ, , xyeQ,
Viin SV SV, Vi€ Qy, 1 €Q, xy Q. (32)
{ By < B < B ,VijeQ,, teQ,.., xveQ,,(33)
Oymin <05t <Oy max

where V™ represents the square of the voltage at bus i and
time ¢ after the fault; £” and Q" represent the active and

reactive power flowing through the line connecting buses i and
J» respectively. s;”, denotes the switching status of branch 7.

C. Post-Fault ES Constraints

The same ES unit operates across both pre-fault and post-
fault scenarios. During the post-fault period, its charging
power must not exceed the remainder capacity, while the
discharging power is constrained by the available energy
capacity (subject to the pre-contingency SOC).

P <PV <P, VieQuteQ, ,xveQ., (34
T =T )E >(SoC  -80C,))
(T —Tsw) BT <(S0C,, - SO max) (35)
VieQg, teQ,. .. xyel,
where P> denotes charging/discharging power of the ES at
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bus i and time . I'y, denotes duration of the repair-and-

switching interruptions associated with the fault of the branch
connecting buses x and y. I'g, denotes duration of the

switching-only interruptions associated with the fault of the
branch connecting buses x and y fault. Eq. (35) ensures that
the ES system maintains sufficient capacity for charging and
discharging operations during the line reconfiguration and
restoration phases following a fault on line xy.

V. PV CURTAILMENT AND RELIABILITY CONSTRAINTS TO
SAFEGUARD USER INTERESTS

This section elaborates on the PV curtailment constraints
and reliability constraints to safeguard user interests. The
McCormick envelope is employed to relax the nonlinear terms
introduced by the curtailment formulation. To mitigate the
approximation errors inherent in the McCormick relaxation,
we propose an adaptive piecewise McCormick method.

A. Post-fault PV Curtailment Constraint

The PV curtailment constraint, corresponding to (4) in
Section II, is elaborated in this section, and serves as one of
the core constraints of this paper. Its content is as follows.

P =(1-L2)P"Y, VieQy, 1eQ,.., e Q, ,(36)
IADIDI LTS (37)
tE€Q e XWEQE i€Qy

In (30), Lf‘,PjV denotes the energy of PV generation power
integrated into the grid, (1—Lf;)3§v represents the curtailed
PV power due to various operational constraints and system

requirements. The constraints based on piecewise-McCormick
are formulated as follows.

Xy load _xy ess, Xy 3% 3% PV
P+ Pl + P = Pg” 2 3 PoiLy 4 Loy P~ P Lo V1)

i min,s” i,t,s min
seS

xy load _ xy ess, X PV PV PV
P,., + RJ 9i +Pi,z _Pg,,, Z Z(PmaxLi.L.v+Lmax, .Pim_ P (rm .yu,«)

seS

P B B Pg < Y BIL +L PE ~PLr,) OO
ses
PY+ Bl + Py —Pg” < 3 Ly + Lo P = PrinLi V0)
: . i — 1. s s .52 i1,
VieQ, teQ, ., xyeQ,
L, = ZLi,t,s , VieQy, 1eQy,, (39)
seS
PV PV .
E,t = ZPi,I,.S' 3 Vl € QN s te Qtime (40)
seS
Dy =L VieQ, teQ, (41)
seS
Lmin,x = Lmin + (Lmax _Lmin )(S - 1)/ | S | , VS c S (42)
Lmax,s = Lmax + (Lmax _Lmin )S/ | S ‘
Lmin,syi,t,x < Li,t,x < Lmax,.vyi,t,x H VZ € QN s te Qtimc » S € S (43)
PV PV PV .
Rnin,syi,t,s S Pi,t,s S Pmax,syi,t,s > vl € QN > te Qtime > RIS S (44)
Vi €01}, VieQ, teQ, ., s€S (45)

B. Reliability Constraint
The reliability index employed in this study is quantified

by the load shedding on a typical day. Based on the
aforementioned model, the specific expression of (5) in
Section II is presented as follows.
> X X AR LB + A (T ~T,)(1-g) B < HO" (46)
1€Q e Qg i€Qy

where A" denotes outage rate of the branch xy. p;" is a binary

indicator, p;7 =1 if' busiis affected by line xy failure at time ¢,

else 0. The specific calculation methodology for these
reliability indices is accomplished in [30].

C. The Trade-off Between Reliability and PV
Curtailment and Its Industrial Applications

In this subsection, we identify a potential inherent trade-off
between improving load-supply reliability and reducing PV
curtailment under fault scenarios. That is, attempts to decrease
load shedding (enhancing power supply reliability) often
require greater PV curtailment. Conversely, efforts aimed at
reducing PV curtailment may lead to increased load shedding
(reducing power supply reliability). We guess that ES system
is a key factor cause this trade-off. This relationship may
further affect the effectiveness of both reliability and PV
curtailment constraints, thereby posing significant challenges
to the protection of interests for PV owners and load
consumers. A detailed analysis of this interplay will be
provided in the following case study.

Regarding the industrial application of this trade-off
relationship, we will discuss it in two categories of regions:
those with high power supply reliability requirements and
those with low power supply reliability requirements.

For regions with high reliability demands, distributed PV
integration planning should follow the intrinsic trade-off
relationship. A clear PV integration and collaboration
mechanism should be established. The core of this mechanism
is to assess the PV owner's acceptance level for PV
curtailment. If an owner seeks large-scale integration but
cannot accept high post-fault PV curtailment, according to the
trade-off, co-investment in additional ES with the grid
operator is necessary. If the owner neither accepts significant
curtailment nor is willing to co-invest in ES, the grid operator
should decline the connection request. Otherwise, the owner
will face unsatisfactory revenue, and the grid operator will
bear additional operational risks.

If the PV owner's required integration capacity is small,
making the trade-off less binding, then the aforementioned
issues will not arise.

For areas with low reliability requirements (e.g., rural grids),
which entails relaxing strict load shedding constraints, based
on the trade-off relationship, PV curtailment can be allowed
with a large adjustment room. Under such circumstances,
whether PV owner require large or small integration capacities,
or have high or low requirements for post-fault PV curtailment,
these demands can be relatively easily accommodated.

VI. CASE STUDIES

In this section, all case studies are implemented by CPLEX
12.1 with MATLAB 2024a on a PC with an Intel Core 15/2.7-
GHz-based processor and 16 GB of RAM.

A practical 10-bus distribution system from East China, the
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IEEE 33-bus test system and the 123-bus test system are used
to verify the effectiveness of the proposed method and to
uncover the inherent trade-off between enhancing load-supply
reliability and reducing PV curtailment in the presence of ES.

A. 10-Bus Distribution Test System

The proposed approach is tested using the 10-bus
distribution system [31] and presented in Fig. 4. For this
system, it is considered that all the circuits have a switch. For
quality requirements in this system, the lower and upper
bounds of voltage magnitude are defined in 0.95 and 1.05 p. u.,
respectively. The system has two PV units located at buses 4
and 6, and two ES units installed at buses 3 and 7. As done in
[32], all branches are equipped with a switch. The standard
deviation coefficients o*" for these two PV are set to 0.05,
with a correlation coefficient of 0.5. The confidence level for
the chance-constrained security limitations is set to 0.95.

PVI PV2

9 1 2 3 |BEE4 10 5 |gEE6 7 8

———— bt
! |
[ — R

. Substation Energy storage (ES) BEE Photovoltaic (PV)

Fig. 4. Network structure of the 10-bus distribution system.

1) Simulation Results with Basic Parameters

Under this system, to safeguard the interests of users, we set
the upper limit of PV curtailment to 4.35 MWh and the
expected load shedding to 0.15 MWh. By applying the method
proposed in this paper, the capacity of PV integration point 1
(PV1) is 4.2 MW, and that of PV integration point 2 (PV2) is
9.72 MW. The PVHC is 13.92 MW.

The higher integration capacity of PV2 compared to PV1 is
primarily attributed to their distinct power transmission paths.
The power generated by PV1 follows the transmission path:
Substation 9-bus 1-bus 2-bus 3-bus 4, where each line
segment is constrained by its respective thermal stability limit.
When PV power is integrated at bus 4, the surplus power
beyond local load consumption flows to Substation 9 through
this path. In contrast, PV2 is connected at bus 7, which
exhibits a shorter power transmission path. This reduced path
length enables a higher capacity for reverse power flow,
thereby allowing greater PV integration.

To further compare the differences between the proposed
method and existing research methods, we establish three
scenarios.

Scenario 1. Considering only security constraints;
Scenario 2: Incorporating post-fault PV curtailment constraints;
Scenario 3: Considering both post-fault PV curtailment and

reliability constraints.
TABLE |
COMPARISON OF DIFFERENT SCENARIOS

Scenario PVHC qut—fault PV Post—'fault load
(MW) curtailment (MWh) shedding (MWh)
Scenario 1 21.71 11.50 4.35
Scenario 2 14.17 Upper limit to 0.15 5.58
Scenario 3 13.92 Upper limit to 0.15 Upper limit to 4.35

Scenario 1 represents the result under security constraints
typically considered in existing research. Comparing Scenario
1 and Scenario 2, although the PVHC in Scenario 1 is
significantly higher than that in Scenario 2, the energy of PV

curtailment in Scenario 1 is extremely large—dozens of times
greater than that in Scenario 2. This would severely
undermine the interests of PV owners. Furthermore, the load
shedding increases in Scenario 2 compared to Scenario 1.
This occurs because the operation of ES tends to reduce post-
fault PV curtailment, thereby impairing its effectiveness in
load restoration. This reflects a certain trade-off relationship
between the two factors. Therefore, to simultaneously
safeguard the interests of both PV owners and load consumers,
both PV curtailment and load shedding can be incorporated as
constraints (Scenario 3), which is the focus of this paper.
Under these constraints, resulting in a PVHC of 13.92 MW.
Compared to Scenario 2, the PVHC only decreases by 1.76%,
while the reliability is significantly improved (load shedding is
reduced by 22.04%). These results demonstrate the feasibility
and effectiveness of the proposed method.
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Fig. 5. Comparison of ES SOC profiles under different methods.

To investigate the behavioral differences of the ES under
various methods, this study compares the SOC profiles of the
ES under both the conventional method that considers only
normal operating conditions and proposed method presented
in this paper, which accounts for user demand both pre-fault
and post-fault. The comparative results are illustrated in Fig. 5.

Under the conventional method, which does not account for
post-fault PV and load loss, the SOC exhibits a wide range of
variation. The ES completes a full charge—discharge cycle
within a day to achieve arbitrage by leveraging the difference
between peak and off-peak electricity prices. Also, The ES
system is charged at 12:00 (PV output peak), with the
objective of enhancing the PVHC.

The two ES SOC curves in Fig. 5 reveal significant
differences in ES behavior under different methods. It can be
observed that the differences between the two are manifested
in two periods: 11:00-15:00 and 18:00-24:00, 00:00-10:00
(primarily nighttime). These periods reflect the effect of PV
curtailment constraints and reliability constraints, respectively.
The following discussion elaborates on this difference.

During the period of high PV output (11:00-15:00), the
method proposed in this paper has a lower SOC level
compared to the traditional method. This strategy aims to
reserve sufficient capacity for post-fault charging, thereby
reducing PV curtailment which demonstrates the effectiveness
of the PV curtailment constraint. During the remaining periods
(18:00-24:00, 00:00-10:00), the proposed method maintains a
higher SOC than the traditional method. This is to ensure that
the ES retains sufficient energy to support the load after the
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fault, thereby reducing load shedding.

Additionally, for the proposed method, the ES charge
during periods of high PV output in the pre-fault to enhance
the system's PVHC, while also achieving arbitrage through
intraday charging and discharging cycles. Under post-fault,
considerations for load support require reserving storage
capacity during daytime and increasing charging at night,
which puts the pre-fault operational trend and post-fault
requirements in conflict. Since reliability constraints and PV
curtailment constraints are both hard limits, whereas
maximizing PVHC and achieving arbitrage are optimization
objectives, the resulting SOC curve of the ES essentially
reflects an effort to optimize pre-fault operational goals
(namely, PVHC and arbitrage) as much as possible while
satisfying the two post-fault constraints.

To further validate the effectiveness of the proposed method,
a comparative analysis is conducted. with an evaluation
approach based on a fixed curtailment ratio cap, assuming no
reliability constraints in this comparison.

Maintaining the same total curtailed PV energy, the
comparison is designed as follows: First, the PVHC of the
system is evaluated based on a fixed curtailment cap, and the
corresponding total curtailed PV energy is -calculated.
Subsequently, this curtailed energy is incorporated as a
constraint into the proposed evaluation framework to
recalculate the PVHC. The comparison results of these two

methods are presented in Table II.
TABLE II
COMPARISON OF DIFFERENT CURTAILMENT CONSTRAINT METHODS

Set fixed curtailment

. Proposed method
Curtailment  Curtailment ratio cap method [14]
ratio energy PV . PV .
PVHC  generation = PVHC  generation

output output

7% 0.61 15.19 109.52 17.61 127.06
MWh MW MWh MW MWh

10% 0.89 15.37 110.54 18.52 133.38
MWh MW MWh MW MWh

The results above indicate that the proposed method yields
a higher PVHC compared to the approach with a fixed
curtailment ratio cap. This is because the fixed curtailment
method imposes a uniform curtailment constraint on all PV
integration points, failing to fully account for differences in
NT and the actual operational requirements at different buses.
As a result, the method of [14] lacks flexibility. In contrast,
the proposed method enables differentiated PV curtailment
strategy based on the actual operational conditions of each PV
location. Under the same total curtailment amount, the
proposed method offers greater flexibility and adaptability,
thereby supporting higher PV integration capacity and
achieving greater PV power generation.
2) Adaptive McCormick Envelope Verification

The piecewise McCormick envelope can more effectively
reduce errors. Increasing the number of partitions strengthens
the relaxation at the cost of higher computational effort to
solve the resulting mixed-integer problem. Empirically, the
algorithm performs well with four partitions. Simulation
analysis reveals that the curtailment coefficient L , exhibits
high-density distribution (85% of observations) within [0.8,1].
Consequently, the original uniform quadripartition (0.25
interval width) is adapted to a non-uniform partitioning. This

scheme compresses the local envelope width in the high-
density region. As validated experimentally, the adaptive
McCormick envelope significantly reduces relaxation errors
for the bilinear term P"'L” by 49.37%.
3) Sensitivity Analysis
(a) PV Curtailment

By setting the expected load shedding to 4.35 MWh, the
PVHC is evaluated under varied PV curtailment levels, as
demonstrated in Fig. 6.

15.5

Photovoltaic hosting capacity (MW)

0 0.05 0.1 0.15 0.2 0.25
PV curtailment (MWh)

Fig. 6. Curve of PVHC variation with PV curtailment.

In Fig. 6, when set the expected load shedding at 4.35 MWh
as the PV curtailment constraints increase from 0 to 0.25MWh,
the PVHC increase from 12.33 MW to 14.98MW. As the
allowable PV curtailment rate increases, the system's PVHC
correspondingly rises. This occurs because when PV installed
capacity approaches the system's operational limits, power
injection elevates bus voltages to the allowable upper limit. By
proactively curtailing the energy of PV generation that would
otherwise cause voltage violations, the system can safely
accommodate additional PV installed capacity.

(b) Load Shedding

By setting the upper limit of PV curtailment to 0.1MWh,

the PVHC is tested with varied load shedding, shown in Fig. 7.
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Fig. 7. Curve of PVHC variation with load shedding.

In Fig. 7, when the upper limit of PV curtailment is
maintained 0.1MWHh, as the load shedding constraints increase
from 4.35 to 4.6MWh, the PVHC increase from 13.39 MW to
13.94 MW. This increase in PVHC can be attributed to the
relaxed load-shedding constraint, which reduces the
requirement for ES systems to provide supportive discharge
during post-fault restoration. Consequently, a greater portion
of the storage capacity can be allocated to mitigating voltage
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violations and power flow limits, thereby unlocking further
potential for PVHC.
4) Uncertainty Parameters Analysis

For regions without existing PV integration, when
evaluating PVHC, coefficients can initially be assumed. After
PV systems have been preliminarily integrated, if an
assessment of the additional PV capacity that can be integrated
is required, the continuously collected actual PV output data
can be used to dynamically calibrate the initial coefficients
through statistical methods [38]. This iterative process enables
the uncertainty characterization in the model to gradually align
with the actual operational characteristics of the system,
thereby enhancing the accuracy and reliability of the
evaluation results.
(a) Standard Deviation Coefficients

The impact of power fluctuations is further discussed in this
section. The standard deviation coefficients vary from 0.05 to
0.1. PVHC becomes smaller along with the enlargement of
standard deviations.

TABLE 1lI
COMPARISON OF DIFFERENT STANDARD DEVIATION COEFFICIENTS
Standard deviation
coefficients
PVHC 13.92MW

(b) Correlation Coefficients

To test the impact of correlations in uncertainties, the
correlation coefficients of random variables vary from 0.3 to
0.7. PVHC becomes smaller along with the increase of
correlation coefficients

0.05 0.075 0.1

12.60MW __ 11.29MW

TABLE IV
COMPARISON OF DIFFERENT CORRELATION COEFFICIENTS
Correlation coefficients 0.3 0.5 0.7
PVHC 14.83MW  13.92MW  13.01MW

5) Trade-off Relationship Between PV Curtailment and
Load Shedding

In Section V, we briefly introduced the trade-off
relationship between PV curtailment and load shedding. In this
section we analyze this relationship in detail through three
case studies and present the corresponding results in Table V.

Case 1: Basic parameters;

Case 2: Tighten the upper limit constraint on PV
curtailment;

Case 3: Adjust the expected load shedding to restore the

PVHC in Case 1.
TABLE V
THE TRADE-OFF BETWEEN PV CURTAILMENT AND LOAD SHEDDING

Case Load shedding PV curtailment PVHC
(MWh) (MWh) (MW)

Case 1 435 0.15 13.92
Case 2 435 0.1 13.39
Case 3 4.57 0.1 13.92

As illustrated in the Table IV, under the basic parameters
(Case 1), the PV curtailment is 4.35MWh, load shedding is
0.1MWh, and the PVHC reaches 13.92MW. When permitted
PV curtailment limit is reduced from 0.15SMW to 0.IMW to
safeguard the interests of PV owners, the PVHC decreases to
13.39MW (Case 2). Maintaining the original PVHC level
requires increasing the upper limit of expected load shedding
(Case 3), which may adversely affect the interests of users. ES
plays a critical role in this trade-off relationship. To further
reduce load shedding, it is necessary to either enhance the
discharge capability of ES or accept greater PV curtailment

(and vice versa). This is duo to the fact that when reducing
load shedding, the ES system must discharge to support the
grid. However, owing to the inherent operational constraint
that storage systems cannot charge and discharge
simultaneously, once operating in discharge mode, they cannot
store excess PV energy through charging. Therefore, to
balance the interests of both PV owners and load users,
appropriate values of PV curtailment and load shedding
constraints must be carefully determined.

B. IEEE 33-Bus Test System

In Fig. 8, the IEEE 33-bus system is used to verify the
effectiveness of the proposed methods This system has been
widely used [34]. It is considered that all the circuits have a
switch. For quality requirements in this system, the lower and
upper bounds of voltage magnitude are defined in 0.95 and
1.05 p.u., respectively. The system has three PV units
localized at buses 14, 21, and two ES units installed at buses 9
and 20.
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Fig. 8. Network structure of the IEEE 33-bus test system.

The total load of this system is 67 MW, therefore, we set
the upper limit of PV curtailment to 0.1 MWh and the
expected load shedding to 2.22 MWh. The specific results are
presented in Table VI.

TABLE VI
EVALUATION RESULTS OF IEEE 33-BUS SYSTEM
PV3 PV4 PV5 PVHC
0.86MW 1.59MW 1.84MW 4.29MW

For the distribution system with 33 buses and 37 branches,
considering fault scenarios on 31 lines and the availability of 5
tie switches for post-fault network reconfiguration, the
formulated model involves approximately 24,000 variables,
including 3,840 integer variables. At this scale, the solution
time is approximately 5 minutes.
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Fig. 9. Trade-off curve between PV curtailment and load shedding.
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Fig. 9 depicts the variation of PV curtailment and load
shedding for a PVHC maintained at 4.29 MW. The upper limit
of PV curtailment and the expected load shedding were
adjusted to maintain a constant PVHC, resulting in the
presented curve. This curve visually illustrates the trade-off
relationship between PV curtailment and load shedding. Based
on the points A and B on the curve, we present and analyze
the ES behavior at points A and B in Fig. 10.
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Fig. 10. ES profile of Point A and Point B.

At Point A, where the operational strategy of the ES system
prioritizes ensuring load restoration, its SOC curve generally
remains at a higher level, since the ES must maintain
sufficient available energy to support post-fault load supply.
However, maintaining a consistently high SOC level means
the available charging room becomes correspondingly limited,
thereby compromising its ability to suppress post-fault PV
curtailment.

At Point B, where ES system prioritizes limiting PV
curtailment, its capability for load restoration is
correspondingly weakened. As observed from the ES SOC
curve, the overall level remains in a lower range, primarily to
reserve sufficient charging room for reducing post-fault PV
curtailment. However, this strategy also limits the available
discharging room of the ES during periods without PV output,
thereby undermining its support capability for post-fault load
restoration.

C. IEEE 123-Bus Test System

To validate the scalability of the proposed method, we use
the IEEE 123-bus distribution system, which operates at a
nominal voltage of 4.16 kV. The structure is presented in Fig.
11. The system has four distributed PV (PV8, PV9, PV10 and
PV11) and three ES units installed at buses76, 95, and 300.

We set the upper limit of PV curtailment to 0.1 MWh and
the expected load shedding to 1.96 MWh to validate the
effectiveness of the method. The specific results are presented
in Table VII which demonstrates the scalability of the method
proposed in this paper.

For a distribution network system with 123 buses and 122
branches, considering fault scenarios involving 117 lines and
the participation of 5 tie switches in post-fault network
reconfiguration, the model involves approximately 250,000
variables, including 4,200 integer variables. At this scale, the
solution time is approximately 70 minutes, which is about 14
times that required for the 33-bus system. The increase in
solution time exhibits a moderate growth with the system scale

and the number of fault scenarios. Since the PVHC assessment
problem does not impose stringent requirements on solution
time, the computational time for the 123-bus system remains
within an acceptable range. This demonstrates that the
proposed method maintains good computational efficiency
and scalability even when dealing with complex systems.
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Fig.11. Network structure of the IEEE 123-bus test system.

TABLE VII
EVALUATION RESULTS OF IEEE 123-BUS SYSTEM
PV8 PV9 PV10 PVI11 PVHC
2.22MW 2.49MW 2.06MW 2.38MW 9.15MW

VII. CONCLUSION

In this work, a PVHC assessment method for distribution
networks is proposed, which considers post-fault PV
curtailment and load shedding constraints. The method
ensures secure grid operation while safeguarding the interests
of PV owners and load consumers. The main conclusions of
this study are as follows.

(a) The proposed bi-scenario PVHC assessment method
embeds PV curtailment constraints and reliability constraints
to safeguard the interests of PV owners and load consumers.
We uncover the inherent trade-off between enhancing load-
supply reliability and reducing fault-induced PV curtailment
by incorporating ES.

(b) The case study verifies the effectiveness of the proposed
post-fault interests safeguarding constraints by comparing the
ES SOC under the conventional method with that of the
method proposed method. The sensitivity analysis indicates
that tightening the upper limits of both the PV curtailment and
reliability constraints decreases the PVHC. Increasing the
standard deviation coefficients and correlation coefficients
will lead to a more conservative PVHC. The case study of
IEEE 33-bus test system and IEEE 123-bus test system
indicates the acceptable computational feasibility and
scalability of the method.

In the future, we will focus on integrating diverse flexible
resources such as adjustable loads and electric vehicles to
establish a multi-resource coordinated PVHC assessment
framework with the proposed post-analysis, thereby enhancing
the system's adaptability to high-penetration PV integration.
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