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To address the issue of curtailment in wind and photovoltaic power due to high
penetration of distributed renewable energy sources in multi-partition
distribution networks, and to enhance operational efficiency and voltage
quality, a day-ahead and intra-day scheduling strategy based on Phase
Shifting Transformer (PST) loop-closing device is proposed. The day-ahead
scheduling model aims to maximize the benefits from loop-closing operations
by incorporating errors from new energy and load forecasts. Robust optimization
techniques are employed to solve this model, resulting in the determination of
the optimal loop-closing line. For intra-day scheduling, the focus is onminimizing
the weighted sum of curtailment rate, voltage deviation rate, and network loss,
thereby optimizing reactive power distribution and ensuring full utilization of
renewable energy. Second-order cone programming is applied to the objectives
and constraints to ensure convergence and expedite the solution process.
Simulation results on an improved IEEE 33 bus test system demonstrate that
the proposed day-ahead and intra-day scheduling strategy effectively leverages
the voltage regulation and power flow control capabilities of PST loop-closing
devices. This approach not only ensures the safety of the distribution network but
also facilitates cross-regional integration of distributed renewable energy,
reduces operational costs, and enhances overall network performance.
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1 Introduction

With the increasing penetration of distributed renewable energy sources into
distribution networks, the temporal mismatch between their output and load demand
has intensified, exacerbating the “duck curve” phenomenon (Yang, 2022). This leads to
situations where periods of high renewable energy output can cause reverse flows of net
load, potentially resulting in line overloads, voltage limit violations, and subsequent
curtailment of solar and wind energy (Xu B. et al., 2023; Hu et al., 2020).
Consequently, effectively managing the integration of high-penetration distributed
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renewable energy sources (DRES) through day-ahead and intra-day
scheduling has become critical.

Current approaches to enhance the absorption of renewable
energy in distribution networks include: utilizing market
mechanisms to encourage proactive user responses to fluctuations
in renewable energy output (Samadi et al., 2014), integrating energy
storage systems and developing interactive strategies that encompass
generation, network, load, and storage (Shen et al., 2015), and
modifying line structures to resolve congestion (Li et al., 2018).
Additionally, to address the uncertainty associated with distributed
renewable energy sources, a day-ahead robust optimizationmodel has
been proposed to minimize operational costs (Li et al., 2024).
Literature (Cong et al., 2019) proposes a two-stage coordinated
control for distribution networks, optimizing network losses and
absorption rates through network reconfiguration day-ahead and
mitigating the impact of renewable energy randomness intra-day.
Furthermore, the literature (Wang and Liu, 2022) incorporates the
variability of electric vehicles, establishing a day-ahead and intra-day
scheduling model that enhances renewable energy absorption while
optimizing economic benefits for electric vehicle charging stations.

Previous studies predominantly address single distribution
network partitions. However, actual distribution network is
comprised of multiple partitions through interconnection lines.
When one partition experiences curtailment of solar or wind
power, resources from other partitions can be utilized, enabling
cross-zone absorption of distributed new energy through loop-
closing operation. Literatures (Gan et al., 2015; Wu et al., 2013)
discuss the advantages of loop-closing operation, which allows unified
management and scheduling of power resources across different
partitions, thereby improving overall operational economy and
reliability. Fault location and protection control within the context
of loop-closing operation have been explored in the literature (Xue,
2020; Huang et al., 2019), ensuring that reliable performance of the
whole distribution network is maintained.

Recent studies have explored loop-closing operations utilizing
Soft Open Points (SOP). Curtailment penalties for wind and solar
energy in day-ahead optimization objectives are introduced in the
literature (Wang et al., 2024), with SOP being used to enhance active
power transmission and reactive power compensation, thereby
improving voltage distribution and facilitating distributed
photovoltaic integration. Literature (Zheng and Shi, 2019)
demonstrates that SOP-based loop-closing operation can rapidly
respond to new energy fluctuations and achieve precise power flow
control, effectively addressing low voltage issues under heavy loads
and high voltage problems within renewable energy integration. Thus,
closed loop operation for distributed new energy absorption shows
feasibility and advantages; however, the high cost of numerous power
electronic devices in SOP structures remains a challenge (Xu et al.,
2024). Consequently, there is a need to investigate more cost-effective
and technologically advanced loop-closing devices.

Phase Shifting Transformer (PST) loop-closing device can
effectively compensate for the voltage phase angle difference across
both sides of a line, reduce inrush currents during loop closing, and
control line flow (Li et al., 2021; Xu et al., 2022). Literature (Yang et al.,
2022) proposes an improved structure based on PST, highlighting its
efficacy in addressing voltage imbalances across the line. Literature
(Xu Z. et al., 2023) outlines the advantages of PST loop-closing device,
noting its flexibility in controlling line flow, ease of operation and

maintenance, and significant economic benefits. Hence, PST loop-
closing device has promising application prospects, and optimizing its
day-ahead and intra-day scheduling strategies can substantially
enhance the integration of DRES (Li et al., 2024).

In summary, this paper proposes a day-ahead and intra-day
optimization scheduling strategy for distribution network with high
permeability new energy based on PST loop-closing device. Initially, a
mathematical model is developed based on the structure of PST loop-
closing device. Subsequently, a comprehensive optimization scheduling
model is proposed: in the day-ahead stage, robust optimization is
employed to determine loop-closing line and corresponding periods;
while in the intra-day stage, loop-closing periods and PST settings are
adjusted to optimize the reactive power distribution. The model is then
relaxed to second-order cone programming to accelerate the solution
process. Finally, the effectiveness of the proposed strategy is validated
using an improved IEEE 33 bus distribution network.

2 Phase shifting transformer loop-
closing device model

As shown in Figure 1A, the PST loop-closing device is installed
on the interconnection line between different distribution network
partitions and is controlled by switches. S and L denote the two ends
of the PST. This device can be modeled as an equivalent impedance
zpst in series with an ideal transformer with a complex ratio _k � kejφ,
where rpst and xpst are the equivalent resistance and reactance of the
PST, respectively. k is the voltage magnitude adjustment ratio, and φ
is the phase angle adjustment value. ET and BT represent the shunt

FIGURE 1
PST loop-closing device. (A) Structure. (B) Voltage vector.
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and series transformers for adjusting the voltage magnitude, with
their corresponding turn ratios nT and nB. The turns of the primary
and secondary windings for ET are denoted by NE1 and NE2,
respectively, while NB1, NB2 and NB3 are the turns of windings
1, 2, and 3 of BT. E′

T and B
′
T denote the shunt transformer and series

transformers for phase adjustment, with their corresponding turn
ratios n′T and n′B. The turns of the primary and secondary windings
of E′

T are represented byNE1
′ andNE2

′ , whileNB1
′ ,NB2

′ andNB3
′ are the

turns of windings 1, 2, and 3 of B′
T. These two parts are connected in

series to achieve both the amplitude and phase control.
Figure 1B illustrates the voltage vector relationship for the PST.

US and UL denote the voltages at the start and end of the line,
respectively, while UM and UP are used for magnitude and phase
adjustment, respectively. From these relationships, the
mathematical model can be derived as follows:

k � US

UL
�

NB3NE1
NB2NE2

− TP

NB3NE1
NB2NE2

+ TP

φ � 2 arctan

�
3

√
NB2

′ NE2
′

NB3
′ NE1

′ × Tφ( )
where TP denotes the voltage magnitude adjustment setting, and Tφ

represents the voltage phase adjustment setting.

3 Day-ahead and intra-day
optimization scheduling based on PST
loop-closing devices

This dissertation examines distribution networks characterized by
high penetration of renewable energy sources. Given that distribution

networks are divided into multiple partitions, variations in
renewable energy generation and load profiles across these regions
are prevalent. Consequently, there may be instances where certain
partitions experience surplus renewable energy generation,
resulting in curtailment, while others with high demand could still
accommodate additional renewable energy. In such scenarios,
employing loop-closing operation in distribution network becomes
a cost-effective scheduling strategy. Accordingly, this paper proposes
a day-ahead and intra-day optimization scheduling strategy
based on PST loop-closing devices to facilitate the cross-partition
absorption of distributed renewable energy. The operational
framework is illustrated in Figure 2.

In the day-ahead stage, closed loop lines are determined based
on 24-h forecast results, with a focus on optimizing the economic
efficiency from loop-closing operations while accounting for
forecast errors. Corresponding closed-loop periods and PST
settings are preliminarily selected. In the intra-day stage, the
closed loop lines planned in the day-ahead stage are maintained.
Rolling optimization is applied using updated forecast results to
adjust the loop-closing time and PST settings, thereby optimizing
the operational state of the distribution network while ensuring
effective integration of renewable energy.

3.1 Day-ahead robust optimization model

3.1.1 Objective function
The day-ahead optimization is based on the 24-h forecast results

with 1-h intervals, aiming to maximize the benefits from enhanced
absorption and minimize the costs of closed loop operation of
distribution networks. This process helps determine the lines that

FIGURE 2
Framework of day-ahead and intra-day scheduling model.
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need to be interconnected and identifies the corresponding time
periods, thereby providing a reference for intra-day optimization.
The objective function is expressed as follows:

maxfprofit � RNE − CLC

where fprofit denotes the benefits from closed-loop operation, RNE

represents the benefits from renewable energy absorption, and CLC

represents the closed-loop operational costs.

3.1.1.1 Benefits from renewable energy absorption
The increase in renewable energy absorption is quantified as the

difference between the amount of renewable energy that can be
absorbed under closed loop operation and in the initial open-loop
state. The benefits from renewable energy absorption are derived
from this increase.

RNE � ∑
t∈ΩT

∑
i∈ΩDG

rDG · Phh,i,t − Pcs,i,t( ) · Δt
whereΩT represents the set of all closed-loop periods;ΩDG represents
the set of all distributed renewable energy sources; Δt represents the
length of each interval; rDG represents the benefit coefficient for
increased renewable energy absorption. Phh,i,t is the power that can
be absorbed by the distribution network under closed-loop operation
from the ith renewable energy source during period t, while Pcs,i,t is
pre-determined by solving the problem of maximizing renewable
energy consumption under open-loop operation mode of distribution
networks, in which the constraints are the same as in this optimization
model. The key factors affecting the absorption include voltage limits,
current overload, and reverse power flow constraints.

3.1.1.2 Costs of closed loop operation
The costs of closed loop operation primarily include switch

operation costs, phase shifter adjustment costs, and the operational
loss costs of PST during closed-loop periods.

CLC � ∑
t∈ΩT

∑
i∈Ωb

(cswitch · xswitch,i,t − xswitch,i,t−1
∣∣∣∣ ∣∣∣∣

+ ctap · xtap,i,t + closs · xswitch,i,t · I2hh,i,t · rpst,i,t · Δt)
(1)

where Ωb represents the set of all interconnection lines with PST;
xswitch,i,t represents the switch status of the ith interconnection line
during period t, where “1” indicates closed and “0” indicates open;
xtap,i,t represents the adjustment of the ith PST taps during period t,
where “1” indicates a change in setting and “0” indicates no change.
Ihh,i,t represents the current on the ith interconnection line during
period t; rpst,i,t represents the equivalent resistance of the PST on the
ith interconnection line. cswitch, ctap, and closs are the cost coefficients
for switch operation, PST adjustment, and PST operational losses,
respectively.

3.1.2 Constraint
3.1.2.1 Distflow power flow constraint

∑
ij∈Ωl

Pij,t − rij · I2ij,t( ) + Pj,t � ∑
jk∈Ωl

Pjk,t (2)

∑
ij∈Ωl

Qij,t − xij · I2ij,t( ) + Qj,t � ∑
jk∈Ωl

Qjk,t (3)

V2
i,t − V2

j,t � 2 · rij · Pij,t + xij · Qij,t − r2ij + x2
ij( ) · I2ij,t( ) (4)

I2ij,t · V2
j,t � P2

ij,t + Q2
ij,t (5)

Pj,t � Pj,t,pv + Pj,t,wt − Pj,t,pst − Pj,t,load (6)
Qj,t � Qj,t,pv + Qj,t,wt − Qj,t,pst − Qj,t,load (7)

where Ωl represents the set of all branches; Pij,t, Qij,t and Iij,t
represent the active power, reactive power and current from bus i to
bus j at time t; rij and xij represent the resistance and reactance of
branch ij; Pj,t and Qj,t represent the active and reactive power
injections at bus j at time t; Vj,t represent the voltage at bus j at time
t; Pj,t,pst represents the active power of PST at bus j at time t; Qj,t,pv,
Qj,t,wt, Qj,t,pst and Qj,t,load represent the reactive powers of
photovoltaic, wind power, PST and load at bus j at time t.

3.1.2.2 Safety constraints
The safety constraints primarily include voltage magnitude,

branch current, renewable generation output and reverse power
flow limits.

V 2
min ≤V2

j,t ≤V
2
max (8)

I2ij,t ≤ I
2
ij,max (9)

Pj,pv,min ≤Pj,pv ≤Pj,pv,max (10)
Pj,wt,min ≤Pj,wt ≤Pj,wt,max (11)

Pds,m ≤Pds,max (12)
where Vmax and Vmin represent the upper and lower limits of bus
voltage; Iij,max represents the upper limit of Iij ; Pj,pv,max and
Pj,pv,min represent the upper and lower limits of photovoltaic
output at bus j; Pj,wt,max and Pj,wt,min represent the upper and
lower limits of wind power output at bus j; Pds,m represents amount
of reverse power flow in the mth partition; Pds,max represents the
upper limit of allowable reverse power flow for each partitions.

3.1.2.3 Loop-closing current constraint

Icj ≤ Icj,max (13)

where Icj represents the loop-closing inrush current; Icj,max

represents the upper limit of the loop-closing inrush current.

3.1.2.4 PST settings constraint

Tp,min ≤Tp ≤Tp,max, Tp ∈ N
Tφ,min ≤Tφ ≤Tφ,max, Tφ ∈ N

(14)

where Tp,max and Tp,min represent the upper and lower limits of the
voltage magnitude adjustment settings; Tφ,max and Tφ,min represent
the upper and lower limits of the phase angle adjustment settings. In
this dissertation, the controllable PST settings range
from −13 to +13.

3.1.2.5 Loop-closing operation frequency limit

∑
t∈ΩT

xswitch,i,t ≤Xswitch,i,max
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∑
t∈ΩT

∑
i∈Ωswitch

xswitch,i,t ≤Xswitch,sum,max

where Xswitch,i,max represents the maximum allowable number of
loop-closing operations for interconnection line i within a day;
Xswitch,sum,max represents the sum of the maximum allowable
number of loop-closing operations for all lines within a day;
Ωswitch represents the set of all interconnection lines.

3.1.3 Two-stage robust optimization model
Robust optimization addresses uncertainty factors by ensuring

that the desired objective is achieved even under the worst-case
scenarios within the uncertainty bounds. This paper employs a two-
stage robust optimization approach that thoroughly considers
uncertainties in renewable energy output and load forecasts.

The two-stage robust optimization model is formulated
as follows:

max
x

min
α∈Ωα

max
y∈F x,α( )

cTy{ }
s.t.Dy≥ d

Ky � 0
Fx + Gy≥ h

Iαy � α

(15)

where x and y represent the decision variables of the first stage and
the second stage, respectively; c represents the parameters
corresponding to the decision variable y; α represents the
uncertainty variables; Ωα represents the set of uncertainty
variables; F(x, α) represents the feasible region of the second-
stage decision variable y given x and α; D, K, F, G and Ia are the
constraint coefficient matrices; d and h are the constant vectors
corresponding to the constraints.

For this paper, given the uncertainty in distributed renewable
energy output and deviations in load forecast, the uncertainty setΩα

for wind and solar output, as well as load forecasts, is defined
as follows:

Ωα �
Ppv: P

*

j,t,pv − δpvP
*

j,t,pv ≤ ~Pj,t,pv ≤P
*

j,t,pv + δpvP
*

j,t,pv

Pwt: P
*

j,t,wt − δwtP
*

j,t,wt ≤ ~Pj,t,wt ≤P
*

j,t,wt + δwtP
*

j,t,wt ∀j ∈ Ωu,∀t ∈ ΩT

Pload: P
*

j,t,load − δloadP
*

j,t,load ≤ ~Pj,t,load ≤P
*

j,t,load + δloadP
*

j,t,load

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
(16)

where ~Pj,t,pv, ~Pj,t,wt, ~Pj,t,load represent the uncertain forms of the
photovoltaic, wind power, and load at bus j, respectively. Pj,t,pv

* ,
Pj,t,wt
* , Pj,t,load

* represent the forecast values of photovoltaic, wind
power, and load, respectively. δpv, δwt, δload are the forecast error
coefficients for photovoltaic, wind power, and load, respectively. Ωu

denotes the set of bus indices for all uncertain quantities.
The above model is structured into inner and outer layers. The

outer layer addresses the first-stage problem, with the objective of
maximizing the operational revenue from the distribution network
closed loop operation. The first-stage decision variable x,
encompasses the selection of the loop-closing lines and the PST
taps. The inner min-max problem tackles the second-stage problem,
aiming to identify the worst operational scenario. The second-stage
decision variable y, primarily involves adjusting the settings of PST.
The feasible region of y varies with different uncertain variables
α and x.

To solve this two-stage robust optimization problem, it can be
decomposed into a master problem and a sub-problem. By
decomposing (Equation 15), the master problem is formulated
as follows:

max
x

z

s.t.z≥ cTyl

Dyl ≥ d
Kyl � 0

Fx + Gyl ≥ h
Iαy

l � αl

∀l≤ k

where l represents the current iteration number; k represents the
total number of iterations; yl, αl represents the value of y, α after l
iterations, respectively. The sub-problem can be represents as:

min
α∈Ωα

max
y∈F x,α( )

cTy

Using strong duality theory, this sub-problem is transformed
into a maximization model for solution. Dual variables are
introduced for various constraints as follows:

Dy≥ d → λ
Ky � 0 → γ
Fx + Gy≥ h → ]
Iαy � α → π

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Where λ, γ, ] and π are the dual variables corresponding to each
constraint. Consequently, the sub-problem can be transformed into
the following form:

max
u∈U,λ,γ,],π

dTλ + h − Fx( )T] + αTπ

s.t. DTλ +KTγ + GT] + ITαπ ≤ c
λ≥ 0, ]≥ 0, π ≥ 0

Since the variables in the equation are bi-linear, the uncertainty
variables, with their fluctuation ranges as given in (Equation 16), can
also be expressed in the following form:

αiπi � αi,minπi + ηiπi αi,max − αi,min( )
where αi denotes the ith uncertainty variable, αi,max and αi,min denote
its upper and lower limits, respectively; πi represents the dual
variable of αi, while ηi represents the auxiliary variable for αi.
This dissertation aims to determine the optimal solution under
the worst-case scenario, taking into account the uncertainties in
renewable energy and load output. The worst-case scenario typically
arises at the extreme values of these fluctuations. Thus, ηi is set to
either 0 or 1. The bigMmethod is employed, which can be linearized
into the following expression:

αiπi � αi,minπi + κi αi,max − αi,min( )
−Mηi ≤ κi ≤Mηi

−M 1 − ηi( ) + πi ≤ κi ≤M 1 − ηi( ) + πi

where κi represents a continuous auxiliary variable for αi, and M is a
large positive number.

3.1.4 Solution methodology
This dissertation employs the Columns and Constraints

Generation (C&CG) algorithm for solving the problem. The
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core principle of C&CG involves alternately generating columns
and constraints, iteratively solving both the main problem and its
sub-problems to progressively enhance solution quality until the
optimal solution is obtain or predetermined termination
conditions are met (Zeng and Zhao, 2013). Given that the
objective of the day-ahead optimization is a max function, the
main problem in the C&CG algorithm determines the upper
bound of the objective, while the sub-problem updates the
lower bound. The primary steps of the solution process are
as follows:

Step 1: Set the lower bound LB = −∞ and upper boundUB = +∞,
initialize iteration count k = 1, randomly generate initial
scenarios, and set convergence criterion ε.

Step 2: Solve the primary problem, determine decision variables
xk and objective function value zk, and update the upper
bound UB = min {UB, zk}.

Step 3: Substitute xk into the sub-problem, determine the worst-
case scenario uk, decision variables yk, and their
corresponding objective function value cTyk, and update
the lower bound LB = max {LB, cTyk}.

Step 4: Evaluate the convergence criterion UB−LB≤ε. If satisfied,
terminate the loop and output scheduling results, decision
variables, and objectives; otherwise, proceed to
the next step.

Step 5: Let k = k + 1, add cutting plane constraints z ≥ cTyk−1,
return to step 2, and repeat this process until the
convergence condition is met.

3.2 Intra-day optimization model

The intra-day optimization is performed based on more
accurate ultra-short-term forecasts and involves rolling
optimization. While maintaining the loop-closing line
determined by the day-ahead optimization, the intra-day
optimization adjusts the PST taps to meet the loop-closing
inrush current constraints, ensure the absorption rate of
distributed renewable energy, and optimize system network
losses and voltage deviation. The objective function can be
represented as:

minf � σ1 · Pqd + σ2 · Ploss + σ3 · Vpy

Pqd � ∑
t∈ΩT

PDG,t,sum − ∑
i∈ΩDG

PDG,i,t

PDG,t,sum

Ploss � ∑
t∈ΩT

∑
i∈Ωb

xswitch,i,t · ri,t · P
2
i,t + Q2

i,t

V2
i,t

· Δt (17)

Vpy � ∑
i∈ΩT

∑
i∈Ωn

VN − Vi,t

∣∣∣∣ ∣∣∣∣
VN| |

Where Pqd represents the curtailment rate of distributed renewable
energy; Ploss represents the network losses; Vpy represents the
voltage deviation rate; PDG,t,sum represents the total output of
distributed renewable energy sources at time t; PDG,i,t represents
the absorbable amount of ith distributed renewable energy at time
t; ri,t represents the resistance of the ith interconnection line at time
t; Pi,t represents the active power of the ith interconnection line at

time t; Qi,t represents the reactive power the ith interconnection
line at time t; Vi,t represents the voltage of bus on the right side of
the ith interconnection line at time t; VN represents the rated
voltage; σ1, σ2 and σ3 represent weighting coefficients. In this
dissertation, they are set to 0.4, 0.3, and 0.3 respectively. These
coefficients can be adjusted according to specific requirements in
practical applications.

The constraints for intraday optimization include (Equations
2–14). Additionally, there is the intra-day closed-loop period
correction constraint:

Δtrn ≤Δtrn,max

Where Δtrn represents the adjustment amount for intra-day closed-
loop period; Δtrn,max represents the maximum allowable adjustment
amount for intra-day closed-loop period.

3.3 Second-order cone transformation of
the model

The objective function and constraints in this paper involve
numerous nonlinear models, which are non-convex and difficult to
solve, often leading to local optima. This paper employs second-
order cone optimization to reformulate these nonlinear models
into linear equations, facilitating easier convergence of the
objective function and accelerating the solution process while
ensuring optimal results (Chowdhury et al., 2023; Liu et al.,
2014). The revised model is equivalent to a mixed-integer linear
programming problem, which can be directly solved using
commercial solvers.

In the day-ahead optimization model, the objective function in
Equation 1 is replaced with:

CLC � ∑
t∈ΩT

∑
i∈Ωb

(cswitch · xswitch,i,t − xswitch,i,t−1
∣∣∣∣ ∣∣∣∣ + ctap · xtap,i,t

+ closs · xswitch,i,t · Ihh,i,t* · rpst,i,t · Δt)
By substituting the quadratic terms in the objective function

(Equation 17) by replacing V2
i,t with Vi,t

* , it can be expressed
as follow

Ploss � ∑
t∈ΩT

∑
i∈Ωl

xswitch,i,t · ri,t · P
2
i,t + Q2

i,t

Vi,t
*

· Δt

The constraints in Equations 2–5, 8, 9 are linearized by replacing
I2ij,t, V2

i,t and V2
j,t with their respective second-order cone

representations Iij,t* , Vi,t
* and Vj,t

* . The resulting linearized
expressions are:

∑
ij∈Ωl

Pij,t − rij · Iij,t*( ) + Pj,t � ∑
jk∈Ωl

Pjk,t

∑
ij∈Ωl

Qij,t − xij · Iij,t*( ) + Qj,t � ∑
jk∈Ωl

Qjk,t

Vi,t
* − Vj,t

* � 2 · rij · Pij,t + xij · Qij,t − r2ij + x2
ij( ) · Iij,t*( )

Iij,t
* · Vj,t

* � P2
ij,t + Q2

ij,t

V 2
min ≤Vj,t

* ≤V 2
max

Iij,t
* ≤ I2ij,max
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4 Case study

This paper adapts the IEEE 33 bus test system using data from a
real distribution network, as shown in Figure 3. The network
consists of three grid partitions (Bus 1-Bus 15, Bus 16-Bus 23,
and Bus 24- Bus 33, designated as Partition 1–3, respectively). There
are five interconnection lines between these partitions. Based on the
characteristics of renewable energy and load, three of them include
PST loop-closing devices, specifically Line 12–26, 15–19, and 23–33.
Partition 1 and 2 are equipped with distributed photovoltaic
generation, while Partition 3 contains one distributed PV and
one dispersed wind turbine. The total penetration rate in the
model reaches 97% based on installed capacity.

4.1 Analysis of day-ahead optimization result

To set up the day-ahead stage, the load forecast deviation to
within ±5%. The following three scenarios are selected for
verification:

Scenario 1: The proposed strategy is implemented, and the error
between the day-ahead forecast and actual data for
distributed renewable energy does not exceed 5%.

Scenario 2: The proposed strategy is implemented, and the error
between the day-ahead forecast and actual data for
distributed renewable energy does not exceed 10%.

Scenario 3: A deterministic method based on forecast data is
applied, with the error between the day-ahead
forecast and actual data for distributed renewable
energy not exceeding 5%.

The day-ahead forecasts of renewable generation and load for
each zone in Scenario 1 are shown in Figures 4–6. The different
colored dashed lines represent the upper and lower limits of the
fluctuation range for renewable energy and load. The load demand
in each partition corresponds to the characteristics of the respective
zone. It is evident that throughout the day, all three partitions
experience renewable generation exceeding load. Notably, Partition
1 faces the most severe issue, with PV output exceeding load by
300% at 13:00. Further analysis reveals that since PV are primarily
installed at the end of the feeders, accommodating all the renewable
energy would lead to voltage violations at Bus 11 and 12. At the same

time, the end nodes in Partition 3 have heavier loads and lower
distributed renewable output, indicating some remaining absorption
capacity. This analysis highlights that due to the uneven distribution
of renewable energy and load across the network partitions, issues

FIGURE 3
Improved IEEE 33 bus test system.

FIGURE 4
Forecast curve for Partition 1 in Scenario 1.

FIGURE 5
Forecast curve for Partition 2 in Scenario 1.
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such as line current overloads, voltage violations, or curtailment of
wind and solar energy may arise. Effective and reasonable loop-
closing operation in the distribution network could potentially
address these absorption challenges.

Given the varying renewable energy and load conditions across
different periods, a day-ahead dispatch plan is formulated. The
parameters for the day-ahead optimization refer to references (Li,
2019; Xiong et al., 2021), as shown in Table 1. The maximum reverse
power flow for each partition is 6MW. The time interval is set to 1 h.
Each interconnection line can operate in a closed loop most once per
day, with no limit on the duration of each loop-closing operation.
The total number of loop-closing operations for all interconnection
lines in a day is limited to a maximum of three. Within each time
periods, the PST loop-closing device can be adjusted at most once.
The optimization results using the proposed strategy are presented
in in Table 2.

According to the proposed method, line 12–26 is selected
for closed loop operation between 11:00 and 15:00, while the

connection of line 15–19 is selected for the period from 15:
00 to 16:00. Overall, the approach achieves 100% utilization of
distributed renewable energy output within a day. This
outcome is attributed to the fact that the total benefits from
interconnection lines are closely related to the increased
renewable energy utilization. In contrast, the closed-loop
operation costs remain relatively fixed. This is because the
switching operation and phase shifter adjustment costs are
generally fixed, while the operational loss costs of PST loop-
closing device is primarily influenced by the interconnection
line current. Since loop-closing current constraint is considered,
the PST loop-closing device helps reduce this current. Moreover,
by adequately accounting for the variability of wind and solar
resources and load forecasting errors, the method ensures that
the total revenue reaches 2,613.65 yuan even under the most
adverse conditions.

The forecasts of renewable generation and load of Scenario 2 are
illustrated in Figures 7–9. In this scene, a larger forecast error is
observed for distributed renewable energy. Utilizing the two-stage
robust optimization method outlined in this chapter, with
parameters identical to those used in Scenario 2, the results are
presented in Table 3.

After optimization in Scenario 2, distributed renewable
energy can be fully accommodated. The optimized periods and
lines for closed loop operation are identical to those in Scenario 1.
However, the settings of PST differ from Scenario 1. Under
Scenario 2 optimization, a profit of 2,326.29 yuan is achievable

FIGURE 6
Forecast curve for Partition 3 in Scenario 1.

TABLE 1 Optimize parameter settings.

Parameter Value Parameter Value

rDG/(¥/kW) 0.8 δpv/% 10

closs/(¥/kW) 5 δwt/% 15

cswitch/¥ 30 δload/% 5

ctap/¥ 20

TABLE 2 Scenario 1 day-ahead optimization results.

Closed-loop period Loop-closing line PST taps/[Tφ, TP] Closed-loop benefit/¥ Total benefit/¥

11:00–12:00 12–26 [0,2] 140.31 2,613.65

12:00–13:00 [1,9] 921.52

13:00–14:00 [1,7] 722.67

14:00–15:00 [−2,1] 506.55

15:00–16:00 15–19 [2,1] 322.60

FIGURE 7
Forecast curve for Partition 1 in Scenario 2.
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even under the worst-case scenario of fluctuating distributed
renewable energy and loads. The profit during 11:00–15:00 is
reduced compared to Scenario 1, due to Scenario 2’s prediction
of less distributed renewable energy that the open-loop network
cannot accommodate. Conversely, the profit during 15:00–16:
00 increases compared to Scenario 1, as Scenario 2 predicts
more distributed renewable energy that the open-loop network
cannot accommodate. Overall, the total profit under robust
optimization in Scenario 2 decreases by 287.36 yuan compared
to Scenario 1.

Comparison between Scenario 2 and Scenario 1 indicates that
the strategies proposed in this chapter demonstrate robust
performance across varying prediction error ranges. The loop-
closing lines and periods established in Scenario 1 are equally
applicable in Scenario 2, with difference only in the taps of PST.
This underscores the effectiveness and feasibility of the day-ahead
optimization model developed.

In Scenario 3, by disregarding uncertainties and employing the
optimization objectives and deterministic constraints as proposed in
this paper based on forecast data, the day-ahead loop-closing
scheduling is formulated. The distributed renewable energy and
load data for each partition are based on the day-ahead forecast data
from Scenario 1. The optimization results are detailed in Table 4.

According to the results in Table 3, utilizing forecast-based
methods allows for loop-closing operation for line 12–26 during 11:
00–16:00, achieving a total profit of 3,187.16 yuan. This profit is
influenced by specific forecast scenarios. However, due to prediction
errors, there are instances where the loop-closing operation of line
12–26 during 15:00–16:00 may fail to meet 100% integration
requirements.

Additionally, from a strategic perspective, the day-ahead
scheduling determines the specific closed loop periods and lines
for the entire day, emphasizing a comprehensive and robust
planning approach. In contrast, intra-day scheduling prioritizes
precision in control. Consequently, the results obtained from the
two-stage robust optimization method are better suited to the day-
ahead optimization context, ensuring compliance within the bounds
of prediction errors.

4.2 Analysis of intra-day optimization result

During the intra-day stage, optimization is conducted
using more precise ultra-short-term load forecasts, without
modifying the loop-closing lines determined in the day-ahead
plan. To accommodate the integration of new energy and account
for potential abnormal fluctuations in renewable generation,
the timing of loop-closing is permitted to be adjusted by up to
1 h. In this study, the error between intra-day forecasts and actual
data is kept within 3%, with no observed abnormal fluctuations
in the intra-day forecasting results. The intra-day renewable
energy and load forecast curves for each partition are shown in
Figures 10–12.

During the intra-day stage, closed loop operation are
scheduled at 11:00 and 15:00, with pre-determined settings for

FIGURE 8
Forecast curve for Partition 2 in Scenario 2.

FIGURE 9
Forecast curve for Partition 3 in Scenario 2.

TABLE 3 Scenario 2 day-ahead optimization results.

Closed-loop period Loop-closing line PST taps/[Tφ, TP] Closed-loop benefit/¥ Total benefit/¥

11:00–12:00 12–26 [−3,4] 65.26 2,326.29

12:00–13:00 [4,2] 844.92

13:00–14:00 [1,3] 608.68

14:00–15:00 [2,6] 387.85

15:00–16:00 15–19 [−1,2] 419.58
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PST. At 11:00, the PST taps are [5,11], resulting in a loop-closing
transient current of 31.76 A. At 15:00, the PST settings are [−7,4],
yielding a loop-closing transient current of 25.14 A. These
settings are designed to minimize the loop-closing transient
currents. The results obtained from applying the intra-day
optimization strategy proposed in this chapter are summarized
in Table 5.

The intra-day optimization results maintain the closed loop
lines and periods determined in the day-ahead plan. Under the
intra-day plan, the renewable energy integration rate also reaches
100%. Compared to the day-ahead plan, adjustments to the
settings of PST are made due to reactive power optimization,
ensuring optimal network performance during each time period.
Figures 13, 14 illustrate the voltage deviation rate and network
losses, respectively, for the day-ahead strategies of Scenario 1 and
2 and intra-day scheduling plan, based on the intra-day
forecast data.

From the figures, it is evident that with more accurate intra-
day forecasts, the intra-day loop-closing scheduling plan achieves
reduction in both voltage deviation and network losses compared
to the day-ahead plan. The settings of PST provided under
different day-ahead forecast accuracies result in varying

TABLE 4 Scenario 3 day-ahead optimization results.

Closed-loop period Loop-closing line PST taps/[Tφ, TP] Closed-loop benefit/¥ Total benefit/¥

11:00–12:00 12–26 [3,2] 265.93 3,187.16

12:00–13:00 [−1,6] 1016.52

13:00–14:00 [−1,6] 910.96

14:00–15:00 [3,2] 543.03

15:00–16:00 [1,2] 450.72

FIGURE 10
Forecast curve for Partition 1.

FIGURE 11
Forecast curve for Partition 2.

FIGURE 12
Forecast curve for Partition 3.

TABLE 5 Intra-day optimization results.

Period Loop-closing line PST taps/[Tφ, TP]

11:00–12:00 12–26 [9,2]

12:00–13:00 [8,3]

13:00–14:00 [8,3]

14:00–15:00 [8,2]

15:00–16:00 15–19 [−3,0]
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voltage deviations and network losses when applied to intra-day
forecast data. However, with the unified adjustments made
through intra-day optimization, the network can achieve
optimal operating conditions. Therefore, the intra-day
optimization strategy enhances the accuracy of PST settings,
effectively mitigating the impact of day-ahead forecast errors.
By maintaining the closed-loop lines constant, this approach
ensures complete integration of distributed renewable energy,
reduces overall voltage deviation and network losses, and
improves voltage and power flow distribution.

4.3 Analysis of the effects of different loop-
closing scheduling plan

To assess the effectiveness of various loop-closing scheduling
plans under actual distributed renewable generation and load, three
cases are set up:

Case 1: Implementation of the day-ahead scheduling plan based
on forecast data.

Case 2: Application of the day-ahead scheduling plan derived
from the two-stage robust optimization in Scenario 1.

Case 3: Utilization of the intra-day scheduling plan obtained
through rolling optimization.

Based on the scheduling plans of these cases, the actual data was
used for validation. The results are presented in Table 6.

In Case 1, line 12–26 remain in loop-closing operation from 15:
00 to 16:00. However, under actual conditions, the renewable
generation in Partition 3 during this period exceeds the day-
ahead forecast, while the load is slightly reduced. This results in
increased voltage near the interconnection line in Partition 3,
thereby limiting the amount of renewable energy that can be
accommodated. Consequently, the profit from loop-closing
operation decreases significantly, with a reduction of
667.37 yuan compared to the projected total profit under the
day-ahead forecast, as shown in Table 2. This demonstrates that
the method used in Case 1 has notable limitations and not
applicable under actual conditions.

A comparison between Case 2 and Case 1 indicates that the
results from robust optimization in the day-ahead stage are more
generalizable, achieving at least the expected profit within the
forecast error range. The total profit of Case 3 is comparable to that
of Case 2; however Case 3 features more precise adjustments of
PST settings, leading to reduced operational loss costs and
avoiding the expense of an additional adjustment. As a result,
the total profit of Case 3 is higher. Additionally, Case 3 achieves a
lower overall voltage deviation and network losses compared to
Case 2, as depicted in Figures 15, 16, which aligns closely with
the results under intraday forecasts. This demonstrates the
comprehensiveness and effectiveness of the strategy proposed in
this paper.

5 Additional requirements

This dissertation addresses the challenge of curtailing wind
and solar energy in distribution network with high penetration of
distributed renewable energy. It proposes a day-ahead and intra-
day scheduling strategy utilizing PST loop-closing devices to
achieve cross-partition renewable energy integration within the
distribution network. This strategy employs robust optimization
during the day-ahead stage to account for the randomness of
renewable energy and load, selecting the loop-closing lines to
ensure operational safety while developing an economically
optimal day-ahead plan. During the intra-day stage,
optimization is performed based on more accurate forecasts,
adjusting closed-loop periods and PST settings to optimize
voltage and power flow in the distribution network without
altering the selected loop-closing lines.

The results demonstrate that the proposed day-ahead and
intra-day scheduling strategy using PST loop-closing device
significantly enhances the safe and economical operation of
the distribution network. First, when certain partitions
experience curtailment of wind and solar energy, the PST
loop-closing device facilitates cross-partition integration,
thereby improving the overall utilization rate and operational
economy of the distribution network. Secondly, the power flow

FIGURE 13
Voltage deviation rate under different scheduling strategies.

FIGURE 14
Network loss under different scheduling strategies.
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control capabilities of the PST effectively reduce voltage
deviation and network losses, optimizing the operation state
of the distribution network. Additionally, PST can reduce
loop-closing currents, ensuring the safety of loop-closing
operations. In summary, the strategy proposed in this
dissertation shows promising prospects for addressing the
integration challenges of high-penetration renewable energy in
future distribution network.
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TABLE 6 Optimization results for different cases.

Period Case 1 Case 2 Case 3

Closed-loop
benefit/¥

Total
benefit/¥

Closed-loop
benefit/¥

Total
benefit/¥

Closed-loop
benefit/¥

Total
benefit/¥

11:00–12:00 210.63 2,519.79 214.18 2,880.83 214.59 2,903.34

12:00–13:00 920.24 919.83 920.15

13:00–14:00 810.87 793.18 813.88

14:00–15:00 517.07 517.72 518.09

15:00–16:00 60.98 435.92 436.63

FIGURE 15
Voltage deviation rate under different cases.

FIGURE 16
Network loss under different cases.
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