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Abstract—The large-scale integration of photovoltaic (PV)
generation poses serious challenges of voltage violations and in-
stability risks to active distribution networks (ADNs). To ad-
dress these issues, this paper proposes a topology-switching soft
open point (TS-SOP) assisted real-time cooperative operation
framework of ADNs. The proposed framework ensures voltage
stability by explicitly incorporating voltage stability margin
(VSM) constraints. A TS-SOP model is developed that enhances
power flow controllability and reduces standby losses through
switchable feeder interconnections and flexible converter operat-
ing modes. The proposed framework coordinates day-ahead pre-
dispatch, intra-day dynamic correction, and real-time voltage
regulation, featuring a two-stage volt/var control. The first
stage employs model predictive control to mitigate PV-driven
fluctuations, while the second stage embeds VSM constraints in-
to droop curve parameter optimization, ensuring that local
droop control actions respect the system stability limits. Simula-
tions on a modified IEEE 33-node system demonstrates that,
compared with conventional fixed-topology SOP and droop-only
schemes, the proposed framework not only reduces network
losses and voltage violations, but also ensures VSM compliance,
effectively coordinating fast voltage regulation with system-wide
stability while improving the operating economy.
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1. INTRODUCTION

HE deployment of photovoltaic (PV) generation has ex-

panded rapidly, with an increasing number of PV units
integrated into active distribution networks (ADNs). Owing
to the stochastic and intermittent nature of PV generation,
feeder power flows can vary continuously, which may in-
duce voltage fluctuations and violations. These issues can
compromise the reliable operation of ADNs, and increase the
risk of voltage instability [1]-[3]. Therefore, effective voltage
regulation is essential for ADNs with high PV penetration.

Voltage regulation aims to maintain nodal voltages within
allowable limits by coordinating controllable resources in
ADNSs [4]. Traditionally, voltage regulation has relied on dis-
crete devices such as capacitor banks (CBs) and on-load tap
changers (OLTCs). However, due to their discrete control
steps, limited operation counts, and slow mechanical re-
sponse, these devices are often inadequate for mitigating rap-
id voltage fluctuations caused by PV and load variability [5].
With advances in power-electronic technologies, PV invert-
ers can provide fast reactive power support, making them
well suited for voltage regulation in ADNs [6]-[9].

Extensive research has been conducted on volt/var control
in ADNs with high PV penetration. Centralized optimization-
based strategies enable system-wide coordination; however,
they typically depend on comprehensive measurement and
communication infrastructures and impose significant compu-
tational burdens. Consequently, the achievable control update
rate may be insufficient to track rapid voltage fluctuations.
Local inverter control allows for rapid response with the
minimal communication [10], [11], but it often lacks system-
wide coordination and may compromise voltage security at
the system level. To balance global coordination with fast lo-
cal response, hierarchical coordination frameworks are pro-
posed, combining slower centralized setpoint optimization
with fast local droop control [12], [13]. Nevertheless, these
strategies primarily regulate reactive power and may be inad-
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equate in high-R/X feeders, where nodal voltages are strong-
ly influenced by active power injections with high PV pene-
tration [14]. This observation underscores the need to coordi-
nate both active and reactive power resources.

Accordingly, coordinated control of active power curtail-
ment of PV and reactive power support is investigated to
mitigate voltage issues [15]. For instance, a decentralized
volt/var control strategy with equitable curtailment allocation
is proposed in [16]. To enhance the PV energy utilization,
[17] and [18] formulate optimization problems aimed at min-
imizing the active power curtailment of PV while satisfying
voltage constraints, demonstrating improved voltage profiles.
However, active power curtailment directly reduces the PV
energy utilization and may compromise economic benefits.
In this context, the soft open point (SOP), a controllable
power-electronic interface that enables power exchange be-
tween feeders, has garnered significant attention. By regulat-
ing both active and reactive power flows, SOPs can reduce
dependence on PV curtailment, improve the performance of
voltage regulation, and decrease losses [19]-[21].

Recent studies have advanced SOP-assisted operations for
loss minimization and voltage regulation [22], uncertainty-
aware management [23], and combined centralized-local con-
trol to reduce communication and computational burdens
[24]. Extensions have also considered distribution network
reconfiguration [25], [26] and multiplexed converter designs
to improve asset utilization [27]. Building on these develop-
ments, hierarchical multi-timescale volt/var control strategies
that coordinate SOPs and PV inverters via droop control
have been proposed to enhance the performance of voltage
regulation [28]. Despite this progress, several challenges re-
main for SOP-based voltage regulation in ADNs. First, con-
ventional SOPs are capital-intensive and typically deployed
with fixed feeder connections [22], which limits the operat-
ing flexibility and hinders widespread adoption. Second, con-
verter loss models in many studies are often simplified (e.g.,
linearized) and neglect standby or no-load losses [24], [28]-
[31], which may bias the evaluation of operating cost. Third,
limited attention has been given to incorporating voltage sta-
bility margin (VSM) constraints, although such constraints
are increasingly important as ADNs operate closer to techni-
cal limits [32].

To address these issues, a topology-switching soft open
point (TS-SOP) assisted real-time cooperative operation (RT-
CO) framework of ADNs is proposed with explicit VSM
constraints. Within this framework, a TS-SOP model with
switchable feeder connections and converter operating
modes is developed to enhance the power-flow controllabili-
ty and reduce the no-load losses of converter. The VSM is
explicitly incorporated into the multi-timescale optimization,
and local droop control is implemented based on optimized
volt/var droop curves. The main contributions are summa-
rized as follows.

1) A TS-SOP assisted RTCO framework of ADNs is pro-
posed with explicit VSM constraints. The proposed frame-
work coordinates day-ahead pre-dispatch, intra-day dynamic
correction, and real-time voltage regulation, featuring a two-
stage volt/var control, thereby improving voltage regulation
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capability, satisfying explicit VSM constraints, and enhanc-
ing operating economy.

2) A TS-SOP model with switchable feeder connections
and converter operating modes is developed, improving the
operating flexibility and power-flow controllability while re-
ducing the no-load losses of converter compared with con-
ventional fixed-topology SOPs.

3) Droop curve parameter optimization is deployed for the
volt/var droop curves of PV inverters and TS-SOP, where
critical operating points are identified and the VSM is im-
posed as an explicit constraint. The optimized volt/var droop
curves are then used for local droop control, improving both
voltage security and stability in ADNSs.

The remainder of this paper is organized as follows. Sec-
tion II presents the problem formulation and the proposed
framework. Section III details the TS-SOP design, illustrat-
ing the TS-SOP model in ADN and the optimization formula-
tion. Section IV presents case studies for model validation.
Finally, Section V concludes this paper.

II. PROBLEM FORMULATION AND PROPOSED FRAMEWORK

A. Problem Formulation

This paper considers the real-time cooperative operation
of ADNs with high PV penetration. The objective is to im-
prove operating economy while maintaining voltage security
and stability. In addition to conventional discrete devices
such as OLTCs and CBs, power-electronic resources includ-
ing the TS-SOP and PV inverters are utilized to provide real-
time active and reactive power support for nodal-voltage reg-
ulation. Voltage security, voltage stability, and operating
cost, mainly driven by network loss cost, are critical operat-
ing concerns in ADNs [33], [34], and are adopted as the pri-
mary performance metrics in this paper.

Although conventional SOPs have been widely investigat-
ed for mitigating voltage fluctuations and reducing losses,
fixed feeder connections constrain the power flow flexibility,
and no-load losses of converter persist when the transferred
power is low. With increasing PV penetration, these limita-
tions may reduce the voltage regulation headroom, driving
the ADNs closer to voltage-security limits, and increasing
the risk of voltage instability. Meanwhile, the growing port-
folio of flexible resources such as PV inverters, energy stor-
age systems, and SOPs, enhances controllability but increas-
es operating complexity. Therefore, the central challenge is
to coordinate heterogeneous resources to improve operating
economy while maintaining voltage security and stability,
which motivates the proposed framework in this paper.

B. Illustration of Proposed Framework

The proposed framework of ADNs with explicit VSM con-
straints to coordinate flexible resources is illustrated in Fig.
1. The proposed framework coordinates operations across
multiple timescales, consisting of a day-ahead pre-dispatch
stage (DPS) and a real-time scheduling stage (RTSS). The
RTSS is further divided into an intra-day dynamic correction
stage (IDCS) and a real-time voltage regulation stage
(RVRS). Both the DPS and IDCS are formulated as central-
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ized optimization problems, while the RVRS is implemented
through real-time volt/var control. In Fig. 1, 4 is the current
time index; Typc is the horizon length; and Az, Az, and Ag
will be explained in the following text.
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. VSM constraints
Initial

information

N Hourly decisions
of OLTCs and CBs

Central
controller

Typical scenarios

AC DC2 ACDCI
! TS-SOP N !
1 Energy storage 1
' Distribution system DC DC systgei,n (Eség) !
1 IDCS (system-wide, At) 1
1 | VSMconstraints ! 1
! VSM ! ! ; :
‘| constraints w ’ Hourly prediction errors ‘ ! Optimal |
l l —references of| <
| | Inverter-based reactive and ! droop curves|,
3 Hourly ' | active power decisions, and || 3
'|prediction errors| | switch status of TS-SOP |! !

The next dynamic window
Dynamic window

| i h h+l htTypc1 h+Tye |
3 rr N . At Time :
| D12 - AdAg |
; \ \ |
! LAl 1 |
LT k ,,,,,,,,,,,, Implementation time axis ,
——————————————————————————— i————————————————————w

Real-time inverter

Local volt/var control |
reactive power |

7] in TS-SOP and PVs | |
RVRS (local, Ag)

/|Real-time voltage
'| measurements

Fig. 1. Proposed framework of ADNs with explicit VSM constraints.

In the DPS, operating schedules for discrete devices such
as OLTCs and CBs, as well as the TS-SOP, are determined
by solving an operating-cost minimization problem with ex-
plicit VSM constraints over the scheduling interval Az. The
TS-SOP model incorporates switchable feeder connections
and operating modes of converter, and it is embedded into
the network power flow equations to improve the operating
flexibility and economy. Within the RTSS, the IDCS applies
rolling-horizon model predictive control (MPC) with a time
step Az, where a prescribed VSM requirement is enforced as
a stability constraint in each prediction horizon. First, the
IDCS determines the active power setpoints of TS-SOP and
feeder-connection modes together with reactive power set-
points for all controllable devices. Next, droop curve parame-
ters are optimized for the TS-SOP and PV inverters to sup-
port the RVRS. In the RVRS, the TS-SOP and PV inverters
regulate reactive power outputs at a fine time resolution of
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A¢ based on local voltage measurements and the optimized
volt/var droop curves. This local regulation tracks the upper-
layer setpoints, thereby maintaining voltage security and sta-
bility while improving the operating economy.

III. TS-SOP DESIGN

SOPs have been extensively studied for power flow opti-
mization, service restoration, and voltage regulation, as they
enable controllable exchange of active and reactive power
between feeders. In most applications, however, feeder con-
nections are fixed [22], and loss models are commonly lin-
earized, while the no-load losses of converter are neglected
[24], [28]-[30]. These assumptions constrain the operating
flexibility and may bias the evaluation of operating cost. To
address these limitations, a TS-SOP is designed with an inte-
grated ESS, as shown in Fig. 2.

AC-DC1
Feeder 1
Feeder 2
DC-DC
Feeder 2m—1
Feeder 2m %
AC-DC2 ESS

Fig. 2. Configuration of TS-SOP with integrated ESS.

The TS-SOP consists of two bidirectional AC-DC convert-
ers (i.e., AC-DC1 and AC-DC2), a bidirectional DC-DC con-
verter, and an ESS. Each AC-DC converter can be connected
to a selected feeder from a predefined set, and the DC-DC
converter interfaces the ESS with the common DC bus. Four
operating states of TS-SOP are shown in Fig. 3. During peri-
ods of low power transmission, the TS-SOP can switch to
Mode 3 to shut down converters, thereby eliminating no-
load losses. The TS-SOP interfaces with the ADN through m
feeder pairs, corresponding to 2M feeders. The configuration
with M=2 is studied in this paper. The TS-SOP operates in
three modes. In Mode 1, it transfers active power between
two selected feeders and provides reactive power support.
Compared with a fixed-topology SOP, the TS-SOP improves
flexibility by reconfiguring AC-side connections, as shown
in Fig. 3(a) and (b). In Mode 2, it exchanges power with the
ESS through a single feeder, as shown in Fig. 3(c), thereby
enabling feeder-level support and temporal power shifting.
When the inter-feeder transfer power is insufficient to offset
the no-load losses of converters, the TS-SOP avoids Mode 1
and either operates in Mode 2 or switches to Mode 3 to shut
down converters, which improves the TS-SOP utilization
and reduces the no-load losses of converters.
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Fig. 3. Operating modes of TS-SOP. (a) Mode 1: connecting Feeder 1 and

Feeder 2. (b) Mode 1: connecting Feeder 3 and Feeder 4. (¢) Mode 2: only
AC-DCI1 converter is connected. (d) Mode 3: both AC-DC1 and AC-DC2
converters are de-energized.
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Binary variables b, ,,, b,,,, and by, are introduced to de-
scribe the converter conduction states, where ¢ is the time in-
dex, and m is the feeder index. Specifically, b,,,=1 (or
b,,,=1) indicates that AC-DC1 (or AC-DC2) is connected
and conducting via feeder m, and b;,=1 indicates that the
DC-DC converter is energized.

The TS-SOP operates in three modes described as follows.

1) Mode 1 requires b, ,, =b,,, =1 for two distinct feed-

ers (m,#m,). The state of the DC-DC converter, b, €{0, 1},
remains an independent decision variable, permitting option-
al ESS use. Active power and reactive power are exchanged
between the two connected feeders.

2) Mode 2 is activated when exactly one AC-DC convert-
er is connected to a feeder m (b,,,,=1 for i=1 or 2), the op-
posite converter is idle (b;,,=0,Vn), and the DC-DC con-
verter is on (b; ,=1). The TS-SOP supports the single feeder
using that AC-DC converter and the ESS.

3) Mode 3 ensures that all converters are de-energized,
ie, b,,,=b,,,=0 for every feeder m, and b;,=0. No-load
losses are eliminated.

Compared with conventional fixed-topology SOPs, the TS-
SOP enhances power transfer flexibility and exploits the ca-
pability to de-energize converters to reduce no-load losses,
thereby improving the operating economy of ADN.

A. TS-SOP Model in ADN

This subsection develops an integrated mathematical TS-
SOP model in ADN, which includes loss models that ac-
count for the no-load losses of converter, TS-SOP operating
constraints, and LinDistFlow-based network power flow
equations.

1) Loss Models

The total losses of the TS-SOP include the losses of the
two AC-DC converters, the DC-DC converter, and the ESS.

1) AC-DC converters

The losses of the two AC-DC converters are modeled in
(1) and (2). Each converter is connected to the common DC
bus on the DC side and to a selected feeder on the AC side.
To enable dynamic feeder-connection reconfiguration, the
feeder connection of each AC-DC converter is modeled us-
ing binary selection variables associated with the AC-side
switch matrix.

2,t,m,

TS-SOP,L __ TS-SOP TS-SOP \2
Pl,/,,m _bl.l,m(ca0+ca1S1,l,m +Ca2(Sl,z,m ) (1)
TS-SOP,L __ TS-SOP TS-SOP \2
PZ, t,m - bZ, t,m (caO + cal SZ, t,m + caZ (SZ, tm ) ) (2)
where P[5 and P;3,°°"" are the active power losses of

AC-DC1 and AC-DC2 connected to the m™ feeder at time ¢,
respectively; S|5,°" and S,3,°°" are the corresponding appar-
ent power magnitudes of AC-DC1 and AC-DC2 converters
connected to the m™ feeder at time ¢, respectively; and c,,
¢,;, and ¢, are the no-load loss coefficient, constant voltage
loss coefficient, and ohmic loss coefficient of AC-DC con-
verters, respectively.

2) DC-DC converter

The loss of the DC-DC converter, which connects the
ESS device to the DC bus, is modeled as:

P3T,§-SOP’L:bstt(cd0+cd1|P3T,§_SOP|+Cdz (PaTj-SOP )2) 3)

where P35 %°"" and P53 %" are the loss and active power of
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the DC-DC converter at time ¢, respectively; b,, is the bina-
ry conduction-state variable of the DC-DC converter; cg,
¢4, and cy, are the no-load loss coefficient, constant voltage
loss coefficient, and ohmic loss coefficient of DC-DC con-
verters, respectively.

3) ESS
The loss associated with the ESS is expressed as:
Pt g (P @
where P;5 5" and P;3"5°" are the loss and active power of

the ESS at time £ C.ux 18 the loss coefficient of auxiliary and
management systems; and ¢ iS the internal resistance loss
coefficient of the ESS.
2) TS-SOP Operating Constraints

Along with the loss models in (1)-(4), the TS-SOP is sub-
ject to the following operating constraints.

1) Active power constraints

The active power balance between the ESS and the DC-
DC converter is given by:

P%T?-SOP:_(P;‘IE-SOP_PZ?-SOP,,L) (5)

And the active power balance of the TS-SOP at the DC
bus is enforced by:

TS-SOP TS -SOP TS-SOP
2 P + z P +P+

L.tm 2,t,m
meN, meN,,
TS-SOP,L TS-SOP,L TS-SOP,L __
z Pl,t,m + 2 PZ,t,m +P3,r =0 (6)
meN, meN,,
where P3,%°" and P,3;°°" are the active power outputs of

AC-DC1 and AC-DC2 converters connected to the m" feed-
er at time ¢, respectively; and N is the set of feeder posi-
tions associated with the TS-SOP.

2) Capacity constraints

The apparent power ratings of the two AC-DC converters
and the active power rating of the DC-DC converter are im-
posed as:

TS-SOP \2 TS-SOP 2 AC-DC1
\/(Pl.t,m + (Ql.t,m S Smax (7)
TS-SOP \2 TS-SOP \2 AC-DC2
JPET P+ (OF57 ) <S5 ()
DC-DC TS-SOP DC-DC
_Smax < P3,t < Smax (9)

where Q15 °°" and 0;5,)°" are the reactive power outputs of
AC-DC1 and AC-DC2 converters connected to the m" feed-
er at time ¢, respectively; SAS P! and SAC P are the appar-
ent power ratings of AC-DC1 and AC-DC2 converters, re-
spectively; and SPSPC is the active power rating of the DC-
DC converter.

3) ESS constraints

The state-of-charge (SoC) dynamics of the ESS are mod-
eled as:
(P;‘I"?—SOP _;P;lf-SOP.L)At (10)

rated

SoC,,,=S0C,—

t+1

where SoC, and SoC,,, are the SoC values of the ESS at
time intervals ¢ and 7+ 1, respectively; Az is the length of
one time interval; and E ., is the rated energy capacity of
the ESS. The charging/discharging power limits and SoC
limits are imposed by (11) and (12), respectively. The cyclic
SoC condition over the scheduling horizon is enforced
as (13).
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_PESS<PTS—SOP<PESS (11)
max — © 4,¢ — % max

SoC,. <SoC,<SoC, (12)

SoC,=SoC, (13)

where PES is the maximum charging/discharging power of
the ESS; SoC.,,, and SoC,,,, are the lower and upper limits
of SoC, respectively; and SoC, and SoC, are the initial and
final SoC values, respectively.

4) Feeder selection constraints

To ensure that each AC-DC converter is connected to at
most one feeder at each time and that the feeder connections
are consistent with the TS-SOP topology shown in Fig. 3,

the feeder selection constraints are imposed as:

> by, <1

pPEN, (14)
> by, <1
qgeN,, '
bl_,,p+b2,t’qﬁl Vp,qeN,.p#q (15)
where b, and b, are the binary variables indicating the

connection of AC-DC1 converter to feeder p and AC-DC2
converter to feeder ¢ at time ¢, respectively. Equation (15)
enforces coordinated switching such that the two AC-DC
converters do not connect to different feeders that would vio-
late the predefined TS-SOP topology, thereby supporting
flexible and secure power exchange among multiple feeders.
3) LinDistFlow-based Network Power Flow Equations

The LinDistFlow-based network power flow equations rep-
resent the ADN with PVs, CBs, and TS-SOP [13], offering a
good trade-off between computational efficiency and accura-
cy for radial distribution networks under normal operating
conditions. The corresponding power flow equations are giv-

en as:
z Pt.ji+Pt,i: z Py (16)

JjieQ, ike Q,
z Qt,ji+Qt,i= z Qi 17)

JjieQ, ike Q,

ri'Pt,i'+xi‘Qt,i'

VeV =y =0 (18)
P,,=P! —P;+P[> 5" (19)
0,=0/-0,+05,"+0.} (20)
where P, ; and P, are the active power flows entering node

i from upstream node ; and leaving node i towards down-
stream node k at time ¢, respectively; O, and Q,, are the
corresponding reactive power flows; P,; and Q,; are the net
active and reactive power injections at node i at time ¢, re-
spectively; V,; is the voltage magnitude at node i at time #;
Q, is the set of branches; r; and x are the resistance and re-
actance of branch ij, respectively; V, is the reference (slack-
bus) voltage magnitude; P;} and Q} are the active and reac-
tive power outputs of the PV inverter at node i at time ¢, re-
spectively; Py, and O}, are the active and reactive power de-
mands at node i at time ¢, respectively; Qf is the reactive
power injection of the CB at node i at time ¢ and P/, 5"

ti,m
and Q/%,%°" are the active and reactive power injections of
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the TS-SOP connected to the m™ feeder at node i at time ¢,
respectively.

The nodal voltage security constraints of the ADN are for-
mulated as:

V<V,,<V Vii Q1)

where V and V are the lower and upper voltage limits, re-
spectively.

B. Cooperative Operation Considering Voltage Stability

Stochastic PV generation can aggravate the power flow
imbalance among feeders, increase network losses, and raise
the likelihood of voltage violations, thereby driving ADNs
closer to voltage-security limits. Therefore, the VSM is im-
posed as an explicit operating constraint.

The VSM-constrained DPS problem of the ADN is formu-
lated as:

min fppe = 2 z (ﬁgcs)s,t-’-f:\gtch ' c(:L)t)At

ceCte

(22)

© _ loss(c) TS-SOP, L(c) TS -SOP, L(c)

floasr loss z Pt,;’/' +P3,t +P4.t +
jef,
TS - SOP. L TS - SOP. i
z (Pl,t,m (C)+P2.L,m (C)) At
meN, (23 )
(©) () CB(c) CB(c)
swnchr z Ctap Kl ij Kl 1, 1]| + z Ccap N Nl—].,i|
ije, ieQq

() — PV, cut(c)

fcuLt Ccut P ti AZ
ie Qg

where prE is the total operating cost in the pre-dispatch
stage; £, fi ., and £\, are the costs associated with ac-
tive power losses, switching actions, and active power cur-
tailment of PV under operating condition ¢ at time ¢, respec-
tively; Cioo Ciaps Ccap, and C_, are the corresponding cost co-
efficients; P,5* is the active power loss of branch j under
operating condition ¢ at time ¢ P[;,>°"" and P}, """ are
the active power losses of AC-DC1 and AC- DC2 converters
connected to the m™ feeder under operating condition ¢ at
time 7, respectively; Py, %°"™9 and P, 5°""9 are the losses
of the DC-DC converter and the ESS under operating condi-
tion ¢ at time ¢, respectively; K\ is the OLTC tap position
on branch ij under operating condition ¢ at time # N*? and
PV are the number of switched CB units and the cur-
tailed PV active power at node i under operating condition ¢
at time ¢, respectively; Q,, 2., and Qg are the sets of OLTC
branches, time periods, and nodes, respectively; and C=
{Cgx» Cpy } 1s the set of the base operating condition Cpgy and
the critical loading condition Cy; .

Objective (22) is subject to various constraints, which are
described as:
1) Network Operating Constraints

Under Cgy and Cy;, the ADN satisfies the LinDistFlow-
based network power flow model with the TS-SOP in (16)-
(20). Under Cygy, the nodal voltage security constraints in
(21) are also enforced.
2) TS-SOP Operating Constraints

Under Cpy and Cy;, the TS-SOP satisfies the loss models

and operating constraints in (1)-(15).
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3) PV Operating Constraints
The PV active power is modeled as (24) and (25). Mean-
while, the PV capacity limit is given as (26).

P’l??/(c) — PIP’V av(c) P[P[V cut(c) (24)
0< PPy < PPV (25)
(PLYOY +(©O1 ) <(S7V™ Y (26)

where P/, QN PIV* and P} are the active power
output, reactive power output, available active power, and ac-
tive power reduction of the PV inverter at node i under oper-
ating condition ¢ at time ¢, respectively; and STV"™ is the ca-
pacity of PV at node i.
4) OLTC and CB Operating Constraints

Discrete operating constraints for OLTCs and CBs are im-
posed under Cpy and Cy; using the models in [23].
5) VSM Constraints

To account for voltage stability explicitly, a critical load-
ing condition Cp, is constructed by proportionally scaling
the base-load condition Cygy. Accordingly, the active and re-
active load demands at node i at time ¢ under Cy, are de-
fined by scaling those under Cgy, as given in (27).

P =ppicn) 27)

L(c)
P Li

L i
i

(28)

where P;\? and Q¥ are the active and reactive power de-
mands at node / under operating condition ¢ at time ¢, re-
spectively, and in particular, P;{™ and P/’ are the active
power demands under Cpyy and Cy;, respectively; H,; is the
constant power factor at node i; and £ is the loading factor
bounded to satisfy the target VSM requirement as follows:

1

> -
p= - VSM,

target

(29)
where VSM,,,.. is the minimum required VSM. In evaluating
the VSM constraints under Cy,, reactive power control set-
tings of PV inverters and the TS-SOP, together with the dis-
crete settings of OLTCs and CBs, are fixed at their values
under the base operating condition Cyy.

Therefore, the pre-scheduling model is formulated as Prob-
lem P1:
min e = z z (ﬁéil,t+ﬁ$3tch,t+ c(tfzt)At

ceCte,
s.t. TS - SOP operating constraints (1)-(15)

Power flow constraints (16)-(21)

VSM constraints (27)-(29)

Operating constraint of other flexible resources

(30)

C. Real-time Operation Under Uncertainties

The RTSS mitigates prediction errors and stochastic varia-
tions in PV generation and load demand via the IDCS imple-
mented using rolling-horizon MPC and the RVRS.

1) IDCS

In the IDCS, a two-step rolling-horizon MPC scheme is
established with explicit VSM constraints. The IDCS uses a
control time interval Az and a prediction horizon 7,={h,h+
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wh+Type—1}, where h is the current time index; and

T\pc 18 the horizon length. In this paper, Ty;c is set to be 8.
Within each horizon, the updated predictions of PV genera-
tion and load demand are acquired, and a two-step optimiza-
tion problem is solved in a receding horizon manner. First,
the MPC problem determines active power setpoints and TS-
SOP operating modes. The resulting setpoints are then used
to optimize volt/var droop curve parameters for the TS-SOP
and PV inverters. Only the decisions for the first control in-
terval are implemented, after which the horizon advances
and the procedure is repeated using updated measurements
and predictions.

1) Optimization of setpoints of TS-SOP and PV inverters

In the first step, the objective is to minimize the sum of
operating cost and voltage deviation over the prediction hori-
zon. Decision variables include TS-SOP configuration and
operating modes, active and reactive power setpoints of the
TS-SOP, and active power curtailment and reactive power
setpoints of PV inverters. The optimized reactive power set-
points of the TS-SOP and PV inverters serve as target operat-
ing points for droop curve parameter optimization in the sec-
ond step, while the remaining setpoints and switching deci-
sions are implemented in the subsequent RVRS. Through
this receding-horizon feedback mechanism, short-term volt-
age fluctuations can be mitigated, and the likelihood of volt-
age violations can be reduced, while VSM constraints are en-
forced within each prediction horizon.

The optimization model in this step is formulated as:

min fype = z z [(fk()?sh +f‘c(uczh AT+ afv((h) ]

S5, 1)
where f,c is the weighted sum of total operating cost and
voltage deviation over the MPC prediction horizon; £\, and
S, are defined as in (23) with 7/=h under operating condi-
tion ¢; and a is a positive parameter that weights the operat-
ing cost and voltage deviation terms.

The voltage deviation term £, is given by:

= 2=V

4, (32)
where V) is the voltage magnitude at node i under operat-
ing condition ¢ at time /; ¥ is the nominal voltage (typically
1.0 p.u.); and Qg is the set of nodes equipped with PV invert-
ers and CBs. In practical implementation, £, is used to pe-
nalize voltage deviations, with an emphasis on violations out-
side the acceptable voltage band [V , V], Where r, and
V4 are the lower and upper voltage thresholds, respectively.

To preserve the reactive power headroom of the TS-SOP
and PV inverters for real-time volt/var control, the apparent
power limits in (7), (8), and (26) are tightened using a reser-
vation factor g, where 0 <o < 1, yielding:

\/(PIi,-,SOP(C) ) + (QTS SOP(c) ) < (1
\/( PTS SOP() )2 (Qgs SOP(c) \2
(PP +(ON Y <(=a)(SP"™ (35)

TS -SOP(c)

where P57 and Q5 °" are the active power and reac-
tive power of AC-DC converter £ in the TS-SOP connected

_O_)SAC-DCI

max

(33)

(1 _ O_)SAC-DCZ

max

(34
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to feeder m under operating condition ¢ at time /4, respective-
ly, with ke{l,2}; SAC-P and SACP are the corresponding
apparent power ratings; P, and 0 are the active and re-
active power of the PV inverter at node i under operating
condition ¢, respectively; S/V"™ is the apparent power rating
of the PV inverter at node i; and o is a parameter that repre-
sents the fraction of apparent power reserved for the RVRS.
Accordingly, the dynamic correction optimization problem
can be expressed as problem P2:
min fype = zéhz; (flossh cuLh AT+ af, (L)]
s.t. TS -SOP operating constraints (1)-(15), (32), and (33)
Power flow constraints (16)-(21)
VSM constraints (27)-(29)

PV operating constraints (24)-(26), and (34)

2) Optimization of volt/var droop curve parameters of TS-
SOP and PV inverters

In the second step, volt/var droop curve parameters of the
TS-SOP and PV inverters are optimized under the base oper-
ating condition Cpy by minimizing the objective in (31). The
optimized volt/var droop curves enable the TS-SOP and PV
inverters to adjust reactive power output in the RVRS based
on local voltage measurements, thereby improving the volt-
age regulation capability. Decision variables are the break-
point voltages of the volt/var droop curves under Cg,, includ-
ing Vi Vi Viw and V., as illustrated in Fig. 4, where

V.. and V. are the lower and upper voltage limits of
droop curve, respectively; and V)5, and V) are the decision
variables that define the lower and upper bounds of the volt-
age deadband for the inverter at node i at time /4, respective-
ly. In Fig. 4, V,, and O;5 %" are the local voltage mea-
surement and the actual reactive power output of the TS-
SOP or PV inverter at node i at time /A, respectively;

e?"™ s the corresponding reactive power reference de-
termined by the upper-layer scheduling; and Q550" is the
corresponding maximum reactive power capacity of the de-
vice.

QTS-SOP/PV
hii

TS-SOP/PV P
h,i,max

QTS-SOP/PV
h.iref

_ T'S-SOP/PV
Qh i,max

Vmin V/}: thr v,

max

Vi

i

Fig. 4. Volt/var droop curves of TS-SOP and PV inverters under normal
operating conditions.

The maximum achievable reactive power of the TS-SOP
and PV inverters is given by:

\/(SAC DC1/2 (szresfop(c))

max

TS -SOP(c) _
h,i,max

(37
PV(c) — 0 44SpV max

h,i,max

(38)
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where 0)5,507 and Q"¢ are the maximum reactive power
injections or absorptions of the TS-SOP and PV inverter at
node i at time A, respectively; P, .5 is the active power
reference of the TS-SOP obtained from Problem P1; and
SAC-DCIZ s the apparent power rating of the corresponding
AC-DC converters. Coefficient 0.44 reflects the maximum
reactive power capability at power factor 0.9.

The reactive power output under the base operating condi-

tion Cpy is then expressed as:

TS-SOP/PV(Cpy) (Can)\ A TS -SOP/PV(Cyy,)
hi =g (V™) O imax h (39)
where Q5 5"V ) and QE":&P/PV‘CBN) are the reactive power

and the maximum reactive power of the TS-SOP or PV in-
verter at node i under operating condition Cyy at time 4, re-
spectively; and g;() is the normalized droop function that
maps the nodal voltage V¢ to the per-unit reactive power

request.
The piecewise function g, (:) is defined as:
1 Vh(czjl“)S Vmin
1— NV Co)_
1 + ( Wh,z )( h,i mm) Vmin< V}ic;ml)< VhI:,-

Vmin - Vhl,u[
g Wi )= 1w

Vi SVi<yy,
(l + Wh,i )(Vh(,CiBN )— Vmax )

u (Cyy)
1 Vh, i< Vh‘i < Vmax

Vhltji - Vmax l
0 Vi > Vi
(40)
TS - SOP/PV(Cyy )
Wi = %/PV(CBN) 1)
h, i, max

where Q)5 577"V ) s the reference reactive power of the

TS-SOP or PV inverter at node i under operating condition
Cpy at time A, obtained from Problem P1; and w,,; is the nor-
malized reactive power reference defined as the ratio of the
reference reactive power from Problem P1 to the maximum
achievable reactive power at node 7 at time 4.

The volt/var droop curve parameters of the TS-SOP and
PV inverters are optimized jointly with the scheduling deci-
sions by minimizing (31). The resulting active power sched-
ules and droop curves are updated during the control time in-
terval Az.

2) RVRS

Although the scheduling decisions obtained from Problem
P2 can mitigate the impact of uncertainties, strong PV vari-
ability may still lead to voltage violations in real-time opera-
tion. Therefore, an RVRS is implemented at a finer time res-
olution with step size A¢ to enforce voltage security at each
control interval. In this paper, Ac=1 min. In this stage, reac-
tive power outputs of the TS-SOP and PV inverters are ad-
justed based on local voltage measurements and the volt/var
droop curves obtained from Problem P2.

1) Real-time volt/var control of PV inverters

The PV inverter at node i follows a piecewise volt/var
droop curve defined by (37)-(41). Let V_; denote the instan-
taneous voltage at node i at real-time step ¢, and QY and

G, i, max
PV

«iret denote the maximum reactive power capability and re-
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active power setpoint at node i at real-time ¢, respectively.
The reactive power updating rule is given in (SAl) in Sup-
plementary Material A.

2) Real-time volt/var control of TS-SOP

The real-time volt/var control of the TS-SOP follows the
same volt/var droop principle as that of PV inverters. Let
QN> and Q155" denote the maximum reactive power ca-
pability and reactive power setpoint of the TS-SOP at node i
at real-time step ¢, respectively. The corresponding updating
rule is provided in (SA2) in Supplementary Material A.

In summary, the proposed framework enables coordinated
operation to improve the operating economy while maintain-
ing voltage security and stability in ADNs with high PV pen-
etration. Through tight multi-timescale coordination, the pro-
posed framework seamlessly integrates slower centralized
scheduling with fast local droop control. In addition, the TS-
SOP with switchable feeder connections and flexible convert-
er operating modes (including a shutdown mode) reduces no-
load losses of converter and strengthens the voltage regula-
tion capability.

D. Model Transformation

To solve the proposed framework efficiently, problem Pl
and problem P2 are reformulated as mixed-integer second-or-
der cone programming (MISOCP) problems by combining
linearization with second-order cone reformulations. This re-
formulation handles nonlinear and nonsmooth constraints
arising from quadratic terms, piecewise-defined functions,
and absolute-value expressions.

The absolute value terms in the switching cost functions
in (23) and in the OLTC and CB operating constraints are
linearized using the method in [22]. The quadratic apparent
power limit for PV inverters in (26) is recast in SoC form as
(42), which enables an MISOCP reformulation.

. 2 SPV,maX 2
(PO +(Q )y <2| ——
’ | V2

Similarly, the voltage deviation penalty term in (32) is lin-

earized using the method in [22]. The tightened capacity con-

straints in (33) - (35) are expressed directly as SoC con-

straints. The remaining nonlinearities mainly arise from the

piecewise volt/var droop curve relationship in (40) and its
alignment with the reference term in (41).

To linearize the droop function g, (V,5"), continuous auxil-

(42)

iary variables a, , , are introduced for k €{1,2, ..., 6}, satisfying:
Vim=09a,,,+7V,

min

u
Vii@niatV,

max

L
Ayt Vit 5+

h.i

(43)

a,;s+1.1a, ¢
€)=
&V )= iy + i+ Wi @y 3+ W) @y s = Qs — A6 (44)
To enforce the selection of a single segment in the piece-
wise function, continuous variables a,;, are modeled as con-
vex-combination weights. Binary variables s, ;, select the ac-
tive segment, where s, ;, €{0, 1. The segment selection is en-
forced through the constraints as:

i <SSy
45
pi6SShis (45)
Ao SSpiet Sy €€12,3,4,5} (46)
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6

zah,i,kzl
5
zsh Le

20 kefl,2,...6} (48)

The bilinear terms V,a, 5 and VhUlah, , in (43) are linear-
ized using binary expansion. Taklng v.d, .5 as an example,

V.. is represented as ¥, +0.01 22 l,.s Where [, ,€{0,1}.
d=0

Continuous variables x,;,=1,,,a,,; are introduced, and an

auxiliary variable f,; is defined. Consequently, the original

bilinear term ¥ a, 5 is equivalently replaced by the linear

expression V,, a,,5+0.0158,,. With a big-M constant M se-

lected based on valid bounds of a,;, the product term x,, ,
can be linearized using the constraints as:

47

Apik

hi

3
= zzdxh,i,d (49)
a=0
ah,i,3_M(1_llui,d)sxh,i,dgah,i,3 (50)
0<x,,,<Ml,,, de{0,1,2,3} (51)

IV. CASE STUDIES FOR MODEL VALIDATION

A. Test System Setups

Simulation is conducted on a modified IEEE 33-node sys-
tem equipped with a four-feeder TS-SOP, corresponding to
four candidate feeder-connection points, as shown in Fig. 5.
The nominal line-to-line voltage is 12.66 kV. Six PV units are
installed at selected nodes, and their locations and rated appar-
ent power are provided in Supplementary Material A Table
SAI To emulate renewable and load prediction errors, multi-
plicative perturbations of £20% in PV output and +2% in load
demand are imposed on the corresponding daily profiles.

19 20

I ortc 2

Fig. 5. Modified IEEE 33-node system equipped with a four-feeder TS-SOP.

The TS-SOP comprises two AC-DC converters, one DC-
DC converter, an ESS, and an AC-side switch matrix. In the
modified IEEE 33-node system, AC-DC1 converter can be
connected to node 22 or node 25, and AC-DC2 converter
can be connected to node 12 or node 29, through the AC-
side switch matrix. Each AC-DC converter is rated at 2
MVA, and the DC-DC converter is rated at 0.6 MW. The
ESS is modeled as a battery with an initial stored energy of
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0.5 MWh, an energy range of 0.2-1 MWh, and a rated active
power of 0.6 MW. In the IDCS, the terminal SoC constraint in
(13) is relaxed to prevent an overly restrictive short-horizon
correction problem. The auxiliary loss coefficient c,, is set to
be zero, and the remaining loss-model parameters for TS-SOP
subsystems are adopted from [31]. Parameters for the OLTC
and CB models are adopted from [23]. The main system pa-
rameters are summarized in Supplementary Material A Table
SAIL

B. Results and Analyses

1) Scheduling Strategies and System-level Performance

The optimal multi-timescale scheduling strategies in the
modified IEEE 33-node system are illustrated in Fig. 6.
Quantitative performances under pre-scheduling and real-
time operation are summarized in Supplementary Material A
Table SAIII.
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Fig. 6. Optimal multi-timescale scheduling strategies in modified IEEE 33-

node system. (a) Tap position of OLTC and reactive power injected by CBs.
(b) Reactive power of PV inverters. (¢) Active power of TS-SOP. (d) Reac-
tive power of TS-SOP. (e) Active power of ESS. (f) SoC of ESS.

Two observations follow from the active power schedules
in Fig. 6(c), (e), and (f). From a temporal scheduling per-
spective, PV generation is insufficient to meet the load de-
mand during 01:00-09:00 and 17:00-24:00. During these pe-
riods, the TS-SOP selects feeder pair 12-22, and the ESS dis-
charges to support the load. During 11:00-15:00, PV genera-
tion increases, and the TS-SOP switches to feeder pair 25-
29. The ESS then charges to improve the utilization of PV
power.
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In addition, during 10:00-11:00 and 15:00-16:00, the PV
load mismatch is small and the transferred power is insuffi-
cient to offset no-load losses of converter. To avoid low-pow-
er transfer, the TS-SOP de-energizes both AC-DC convert-
ers. These results indicate that the TS-SOP increases power
flow regulation flexibility through topology switching, and
reduces the no-load losses of converter by exploiting ener-
gized and de-energized capabilities of converter, thereby im-
proving the operating economy.

The reactive power schedules in Fig. 6(a), (b), and (d) in-
dicate coordinated operation of controllable devices across
multiple timescales. Owing to limited switching operations,
the OLTC and CBs follow the day-ahead schedule. By con-
trast, the TS-SOP and PV inverters provide fast voltage sup-
port by regulating reactive power in real time through opti-
mized volt/var droop curves. This coordination maintains all
nodal voltages within 0.95-1.05 p.u., as shown in Supple-
mentary Material A Fig. SA1.

2) Analysis of Real-time Volt/var Control

The performances of reactive power control of the TS-
SOP and PV inverters at nodes 28 and 29 under real-time
volt/var control are illustrated in Fig. 7.

Figure 7(a) and (b) shows that without real-time volt/var
control, nodal voltages exceed the upper voltage limit during
13:00-15:00, as indicated by the purple areas. With real-time
control enabled, voltages remain within the allowable range.

Figure 7(c)-(f) presents the corresponding reactive power
responses. During 13:15-13:30, the optimized deadbands are
0.97-1.05 p.u. at node 28 and 0.99-1.05 p.u. at node 29, re-
spectively. The reactive power references are 266.7 kvar for
the PV inverter and 81.8 kvar for the TS-SOP. When the
measured voltage remains within the deadband, each device
tracks its reactive power reference. When the voltage ex-
ceeds the upper deadband limit, reactive power injection is
reduced and may transition to reactive power absorption to
mitigate the overvoltage. When the voltage falls below the
lower deadband limit, reactive power injection increases to
support voltage recovery, as observed during 13:00-13:15.

These results indicate that the real-time volt/var control en-
ables the TS-SOP and PV inverters to respond to voltage
fluctuations at a minute-level timescale and maintain real-
time voltage security in ADNs.
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Fig. 7. Performances of reactive power control of TS-SOP and PV invert-

ers at nodes 28 and 29 under real-time volt/var control. (a) 24-hour voltage
response at node 28. (b) 24-hour voltage response at node 29. (c¢) Detailed
voltage profile at node 28 during 13:00-15:00. (d) Detailed voltage profile
at node 29 during 13:00-15:00. (e) Reactive power of PV at node 28. (f) Re-
active power of TS-SOP at node 29.

C. Superiority Validation of TS-SOP Model

The introduction of feeder-switching capability enhances
the power transfer flexibility of TS-SOP and improves the
economic efficiency of distribution system operation. To vali-
date the superiority of the TS-SOP model, four comparative
scenarios are designed based on the pre-scheduling model,
and the corresponding results are summarized in Table 1.

TABLE I
COMPARISON OF OPERATING COSTS OF FOUR SCENARIOS IN DPS

CBN CBL
Scenario Network loss cost ~ ESS/TS-SOP  OLTC and CB oper- Network loss cost ~ ESS/TS-SOP  OLTC and CB oper- Total cost (8)
S loss cost ($) ating cost (%) 3 loss cost ($) ating cost (%)
1 239.65 39.01 2.60 340.87 42.30 2.60 667.03
2 264.78 25.81 6.60 387.37 19.92 6.60 711.08
3 220.07 48.58 1.44 318.33 52.66 1.44 642.52
4 233.57 40.01 2.84 332.38 44.38 2.84 656.02

1) Scenario 1: an ESS-SOP is installed on branch 12-22.

2) Scenario 2: an ESS-SOP is installed on branch 25-29.

3) Scenario 3: two ESS-SOPs are installed on branches 12-
22 and 25-29, respectively.

4) Scenario 4: the TS-SOP model with four connecting
lines is installed and connected to nodes 12, 22, 25, and 29.

As shown in Fig. 8, feeder pairs of the TS-SOP change
over time. When PV generation exceeds the load demand,
which is approximately during 11:00-15:00, the TS-SOP con-
nects nodes 25 and 29 to promote local PV utilization.
When PV generation is substantially lower than load de-
mand, which is approximately during 01:00-09:00 and 17:00-
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24:00, the TS-SOP switches to connect nodes 12 and 22 to
support upstream power exchange.

1r----

Status

12:00 16:00  20:00 24:00
Time (hour)
----Feeder pair 12-22; ——Feeder pair 25-29

(2)

0 L L
00:00  04:00  08:00

—_
=

Apparent power (MVA)
S
n

00 04:00 08:00 20:00 24:00

(=3
oo

12:00
Time (hour)
——Feeder 12; - - --Feeder 22; —Feeder 25; ----Feeder 29

16:00

Fig. 8. Topology switching behavior of TS-SOP in Scenario 4. (a) Con-
ducting status of predefined feeder pairs. (b) Real-time apparent power of
feeder ports.

As shown in Table I, the TS-SOP with switchable feeder
connections slightly increases the ESS-related loss cost,
whereas the improved power-transfer capability reduces net-
work loss cost under both the base operating condition Cpy
and the critical loading condition Cy,. As a result, the total
operating cost is reduced. Compared with Scenario 2, Scenar-
io 4 reduces network loss cost by 11.8% under Cyy and by
14.2% under Cy;, which yields a 7.74% reduction in total
operating cost. Although Scenario 3 attains the lowest total
operating cost, which is 2.06% lower than Scenario 4, it re-
lies on two ESS-assisted SOPs and would typically imply
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higher capital investment than the single TS-SOP in Scenar-
io 4.

Overall, the proposed TS-SOP model employs a switch-
based topology switching mechanism to reconfigure feeder
connections in response to operating conditions. This capabil-
ity improves the power flow control flexibility and operating
economy in the tested scenarios, particularly when multiple
fixed-topology SOPs would otherwise be required to provide
comparable capability.

D. Case Studies

To evaluate the performance of the proposed framework,
four representative cases are examined. The settings of each
case are described as follows.

1) Case 1: based on the two-stage optimization strategy in
[22], [35], a conventional SOP is installed between nodes 25
and 29.

2) Case 2: the SOP in Case 1 is replaced by a TS-SOP,
whose connecting feeders are nodes 12, 22, 25 and 29,
while all other settings remain the same.

3) Case 3: real-time volt/var control for inverter-based de-
vices is added to Case 2 based on [24].

4) Case 4: the proposed framework is implemented, inte-
grating feeder-switching TS-SOP operation, multi-timescale
scheduling, and real-time volt/var control with voltage-stabil-
ity constraints.

Table II compares the voltage profiles and operating costs
among the four cases. Supplementary Material A Fig. SA2
presents voltage magnitudes of all 33 nodes at 17:00. Figure
9 shows the P-V curve of node 18 at 17:00 for steady-state
VSM analysis, computed using continuous power flow. The
results indicate that the proposed framework improves volt-
age security and achieves the highest VSM among the com-
pared cases.

TABLE 11
COMPARISON OF VOLTAGE PROFILES AND OPERATING COSTS AMONG FOUR CASES

Case  Network loss cost (§) SOP/TS-SOP loss cost ($) Total loss cost (§) Voltage deviation (p.u.) Voltage violation probability (%) VSM (%)
1 310.22 41.01 351.23 15.96 0.86 67.07
2 254.68 58.18 312.86 15.05 0.98 67.35
3 259.42 58.86 318.28 14.54 0.21 67.46
4 272.65 73.52 346.17 12.72 0.07 68.49

VSM Table II shows that Case 1 exhibits the largest voltage de-

10 ~—Normal operation viation and the highest total loss cost. Although its SOP/TS-

N = Stable SOP loss cost is lower than that of Case 2, its network loss

08L 1008 T region cost is 21.81% higher, which yields a 12.26% increase
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Fig. 9. P-V curve of node 18 at 17:00 for steady-state VSM analysis.

in total operation cost. These results indicate that, com-
pared with a conventional SOP, the TS-SOP provides
stronger power-flow controllability and reduces the overall
operation cost.

Cases 1 and 2 consider PV and load uncertainties only in
the day-ahead stage. As the optimization interval is relatively
long, noticeable voltage violations can still occur. In Cases 3
and 4, real-time volt/var control is introduced so that the re-
active power of inverter is continuously adjusted, which re-
duces the likelihood of voltage violations. Under heavy load,
the system may operate closer to the stability boundary, and
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a larger voltage stability margin is required. Case 4 therefore
embeds VSM constraints into volt/var droop curve parameter
optimization. As shown in Table II, the VSM in Case 4
reaches 68.49%, which is the highest among all cases. Com-
pared with Case 3, Case 4 increases the steady-state voltage
at node 18 from 0.969 p.u. to 0.978 p.u., thereby satisfying
the prescribed VSM,,,.. This additional margin yields a more
conservative operating point and increases the total operating
cost by 8.76%.

Overall, the proposed TS-SOP model enhances the perfor-
mance of feeder-level power flow control and suppresses
low-power transfers that are inefficient due to the no-load
losses by leveraging switchable feeder connections as well
as the on-off capability of converter. Combined with VSM-
oriented droop curve parameter optimization, the proposed
framework improves real-time voltage security and strength-
ens steady-state voltage stability while maintaining the oper-
ating economy.

IV. CONCLUSION

A TS-SOP model is developed, featuring switchable feed-
er connections and a detailed polynomial loss model. Binary
variables represent switchable feeder connections and operat-
ing states of converter, while the polynomial loss model cap-
tures nonlinear subsystem losses. An AC-side switch matrix
is incorporated to enable feeder reconfiguration. Simulation
results demonstrate that the TS-SOP improves power flow
controllability compared with conventional fixed-topology
SOPs. In the tested scenarios, this improvement reduces net-
work loss cost by more than 10% and decreases the total op-
erating cost by more than 7.7%.

In addition, a TS-RTCO framework is proposed to coordi-
nate the scheduling and control of flexible resources in
ADNs with high PV penetration. By embedding VSM con-
straints into the optimization and enabling real-time volt/var
control, the proposed framework improves the voltage securi-
ty and voltage stability. Numerical results show that the pro-
posed framework increases the VSM by 1.03% and reduces
voltage deviation by 12.52%, while maintaining nodal voltag-
es within allowable limits under uncertainties.

Overall, the proposed framework provide a systematic so-
lution to improve the economic performance while strength-
ening voltage security and voltage stability in ADNs with
high PV penetration. Future work includes refining subsys-
tem loss modeling, incorporating explicit switching-cost for-
mulations, and exploring joint optimization of short-term op-
eration and long-term capacity-expansion planning.
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