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Abstract

The increasing penetration of renewable energy in active distribution networks introduces
severe power fluctuations and uncertainties. This challenges traditional scheduling meth-
ods that rely on conservative and static capacity boundaries of converter-interfaced equip-
ment. This paper proposes a multi-time-scale secure and economic dispatch framework
that explicitly integrates the dynamic operating characteristic constraints of grid-forming
converters. First, a spatial correlation model based on Copula theory is established to
handle wind power uncertainties via scenario generation and reduction for the day-ahead
and intra-day scheduling phases. This formulation aims to minimize the comprehensive
operational costs of the system. For the real-time rolling optimization phase, the short-term
overload potential of grid-forming converters, which is unlocked by electro-thermal cou-
pling optimization and discontinuous pulse width modulation phase-shift clamping, is
mathematically abstracted into a generalized dynamic elliptical active and reactive power
capability envelope. This cross-scale mapping mechanism allows the system to utilize
transient thermal margins for enhanced local reactive power support without violating
device junction temperature limits. Furthermore, the non-convex scheduling model is
transformed into a mixed-integer second-order cone programming problem using convex
relaxation techniques to guarantee global optimality and computational efficiency. Compre-
hensive case studies on the modified IEEE 33-bus and 69-bus systems demonstrate that the
proposed strategy reduces tie-line power fluctuations and operational costs under extreme
conditions. The results achieve a favorable economic trade-off between brief power quality
degradation and global physical stability.

Keywords: active distribution network; grid-forming converter; multi-time-scale dispatch;
dynamic capability envelope; electro-thermal coupling; coordinated scheduling

1. Introduction

With the continuous integration of renewable energy at the distribution network
level, the scheduling and control of distribution networks have become increasingly com-
plex [1-3]. Traditional distribution networks are gradually evolving into active distribution
networks possessing numerous controllable resources. The primary challenge of renewable
energy lies in its inherent uncertainty and randomness, particularly regarding wind and
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solar power, which significantly impacts the stable operation of distribution networks.
Moreover, substantial fluctuations in the output of large-scale renewable energy sources
can lead to noticeable power fluctuations at the interface between the distribution and
transmission networks, affecting the operation of the transmission network and imposing
significant stress on the overall grid [4,5].

To address this issue, extensive research has been conducted on time scales and
optimization methods. In terms of time scales, a multi-period day-ahead optimization
scheduling method has been proposed [6]. This method controls the operational status
of various distributed resources within the distribution network by segmenting the time
periods, allowing for a more detailed estimation of renewable energy output. However, the
discrepancies between the results obtained from a single offline day-ahead optimization
and actual conditions can be substantial [7,8]. Based on the characteristic that the accuracy
of renewable energy power forecasts improves as the prediction time scale decreases, litera-
ture [9] introduced a multi-time-scale optimization scheduling method. By continuously
providing the optimization program with updated forecast data at shorter time scales, the
differences between scheduling results and actual conditions are significantly reduced,
further addressing the uncertainties and fluctuations associated with photovoltaic output
and load demand.

To effectively respond to the uncertainties of renewable energy within active distribu-
tion networks, traditional deterministic optimization models are increasingly deemed inad-
equate, leading researchers to focus on uncertainty optimization models [10-12]. Among
these, stochastic optimization has found widespread application, typically employing
scenario methods to simulate uncertain variables across multiple scenarios [13-15]. To
alleviate the computational burden, scenario reduction techniques are used to obtain rep-
resentative scenarios for optimized scheduling, ultimately computing expectations for
decision-making. Literature [16] utilized scenario methods to characterize the uncertainty
of wind power output and to facilitate the scheduling of unit output and the sizing of
energy storage devices. In contrast to transmission networks, the resistance and reactance
values (R/X ratio) in distribution networks are relatively close, resulting in strong coupling
between active and reactive power [17-19]. Therefore, unilateral optimization of active
or reactive power is insufficient for a comprehensive approach. Coordinated optimiza-
tion of active and reactive power has thus become a mainstream method. Coordinated
optimization models aimed at minimizing the total generation cost of the power system
have been established and have achieved favorable results [20,21]. In these coordinated
optimization strategies, the capability of the system to maintain voltage stability and power
balance highly depends on the reactive power compensation and active power regulation
performance of the underlying power electronic equipment.

However, existing multi-time-scale coordinated scheduling models still face a sig-
nificant limitation. To reduce the computational complexity in traditional mathematical
programming models, they typically treat the operating capacity of controllable distributed
generators and converters as rigid fixed boundaries. In actual operation, when sudden
changes in wind power output trigger severe voltage fluctuations, the system requires the
underlying equipment to respond instantaneously and output a large amount of reactive
power. Modern power electronic devices, particularly grid-forming converters, actually
possess short-term overload support capabilities that exceed their rated currents. Through
advanced control techniques, the active and reactive operating boundaries of these devices
can be effectively broadened at the macroscopic level. Traditional scheduling models based
on static boundaries ignore this transient regulation potential, which not only leads to
low capacity utilization of the underlying equipment and a waste of investment costs but
also causes the scheduling model to fail in providing effective power commands when
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the system faces extreme conditions because it reaches overly conservative static capacity
limits. This eventually leads the system into regulation bottlenecks or even the risk of
voltage collapse.

To effectively manage the uncertainty of renewable energy output and bridge the
aforementioned research gaps, this paper establishes a correlation model for the output
of multiple wind farms within the distribution network based on Copula theory, thor-
oughly considering the correlations among various wind farms and across different time
periods [22-24]. Furthermore, this paper proposes a coordinated scheduling method for
active distribution networks for multi-time-scale active and reactive power management,
taking into account the dynamic support boundaries of converters. This method combines
time scales and optimization approaches, selecting different optimization methods based
on varying prediction accuracy across the time scales. Stochastic optimization methods
based on scenario techniques are utilized in the day-ahead and intra-day scheduling phases,
while deterministic optimization methods are employed in the real-time phase to optimize
the distribution network scheduling [25,26]. Additionally, a rolling optimization approach
is implemented during real-time scheduling, wherein only the decision values for the first
time period are executed in each optimization cycle, necessitating a re-evaluation of the
optimal control sequence at the next optimization moment [27]. This paper innovatively
abstracts the short-term overload characteristics of grid-forming converters into dynamic
boundaries at the real-time scheduling level. By constructing a generalized dynamic active
and reactive capability envelope, the macroscopic gains brought by various underlying
control strategies are transformed into time-dependent dynamic inequality constraints.
This cross-scale mapping mechanism successfully breaks down the barriers between the
execution capability of the underlying physical equipment and the high-level mathematical
scheduling of the system. Meanwhile, to handle potential conflicts between active and
reactive power commands within the expanded operating domain, this paper proposes a
method for reasonably setting the optimization objective weights for each time period to
further mitigate power fluctuations between the distribution and transmission networks.

In comparison with previous studies, the main contributions are as follows:

The method introduces a coordinated scheduling framework that integrates day-
ahead, intra-day, and real-time optimization phases, where each phase employs different
optimization techniques based on the accuracy of forecasting data, and incorporates device-
level dynamic physical security boundaries, thereby enhancing the adaptability of the
distribution network to extreme renewable energy fluctuations.

By constructing a dynamic operating boundary model based on the short-term over-
load characteristics of grid-forming converters, the limitations of traditional static capacity
constraints are broken. This model effectively utilizes the transient support potential under
uncertain conditions related to renewable energy, optimizes the operation of distributed
resources in active distribution networks, significantly improves device capacity utilization,
and minimizes operational costs.

In the real-time scheduling phase, a deterministic optimization based on adaptive
weights is employed. By reasonably allocating the weights of power commands under
complex conditions, it minimizes power fluctuations between the distribution and trans-
mission networks, ensuring operational stability and maintaining the execution reliability
of scheduling commands under extreme power fluctuations.

2. Multi-Time-Scale Scheduling Frameworks and Uncertainty Modelling
2.1. Multi-Time-Scale Coordinated Scheduling Framework for ADN

With the high penetration of wind power, a single day-ahead static scheduling is in-
sufficient to handle the short-term severe fluctuations in wind output. Therefore, this paper
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constructs a multi-time-scale coordinated scheduling framework for active distribution
networks (ADN) comprising day-ahead (DA), intra-day (ID), and real-time (RT) phases.
Based on the variations in forecasting accuracy across different time scales, the framework
refines scheduling commands step-by-step to achieve spatial-temporal decoupling and
coordination of control variables.

Day-Ahead Scheduling Phase: The time resolution is set to 1 h with a scheduling
horizon of 24 h. Based on day-ahead forecast data and typical scenarios of wind power
and load, this phase aims to minimize the comprehensive daily operational cost of the
ADN. The primary decisions involve slow-dynamic devices with restricted switching
frequencies, such as the tap positions of On-Load Tap Changers (OLTC) and the states of
Capacitor Banks (CB). The day-ahead results serve as baseline reference trajectories for the
intra-day phase.

Intra-Day Scheduling Phase: The time resolution is shortened to 15 min with a
scheduling horizon of 4 h. Utilizing updated ultra-short-term forecast data, this phase aims
to minimize operational costs by finely adjusting the outputs of fast-response resources,
including controllable distributed generators (CDGs), energy storage systems (ESS), and
static var compensators (SVC). This adjustment mitigates system power fluctuations caused
by day-ahead forecasting errors.

Real-Time Scheduling Phase: The time resolution is refined to 5 min with a scheduling
horizon of 1 h. This phase employs a deterministic rolling optimization model focusing on
minimizing power fluctuations at the interface between the distribution and transmission
networks. Notably, the dynamic operating boundary constraints of grid-forming converters
are fully activated during this period. By exploiting the transient support potential of the
underlying equipment, the framework ensures reliable global control capabilities even
under extreme wind power disturbances, as shown as Figure 1.

Day-Ahead Scheduling Phase

Resolution: 1h (1\)/}?1101?;111\; L Slow-I?‘}ina.mic
Horizon:24h . . Devices:
Comprehensive Cost OLTC, CB
Base Reference Trajectories
\ 4
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Figure 1. The framework of multi-time-scale coordinated scheduling for active distribution networks
considering dynamic support.
2.2. Wind Power Spatial Correlation Modeling Based on Copula Theory

Multiple wind farms within an ADN are typically geographically proximate, exhibiting
significant spatial-temporal coupling and tail correlations. Conventional models assuming
independent distributions tend to underestimate the probability of extreme conditions. To
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address this, Copula theory is introduced to construct a joint probability distribution model
for multi-wind-farm outputs.

Assuming an ADN contains n wind farms with marginal cumulative distribution
functions Fy (x1), F2(x2), ..., Fu(x,) respectively. According to Sklar’s theorem, the joint
cumulative distribution function H(x1,xy,...,X,) of these n random variables can be
uniquely determined by a Copula function C(-):

H(xy,x2,...,xn) = C(Fi(x1), F2(x2), - -, Fu(xn)) 1)

Given the strong symmetrical tail correlation of wind power output during extremely
high or low periods, the t-Copula function is selected to accurately characterize this nonlin-
ear dependence. The probability density function of the t-Copula is expressed as:

_ fpm(t;l(”l)r . A ()))
iljlfv(f§l(ui))

()

c(uy, ug, ..., un;p,v)

where p denotes the correlation coefficient matrix, v represents the degrees of freedom,
t, 1(-) is the inverse of the univariate t-distribution with v degrees of freedom, and £, (-)
is the joint probability density function. By fitting historical output data and solving the
model parameters, a high-dimensional joint distribution of wind power output considering
spatial correlation is obtained.

Copula theory is suitable for this problem because it can separately model the marginal
distribution of each wind farm output and the dependence structure among multiple wind
farms. Therefore, it can effectively describe the non-Gaussian, nonlinear, and spatially
correlated characteristics commonly observed in renewable power outputs. Existing studies
also provide theoretical and practical support for the use of Copula-based methods in this
paper. For example, Papaefthymiou and Kurowicka applied Copulas to model stochastic
dependence in power system uncertainty analysis, demonstrating the applicability of Cop-
ulas in power-system correlation modeling. Tang et al. further employed Copula theory to
characterize the spatial and temporal correlations among multiple renewable power plants
and applied it to the economic dispatch problem involving multiple renewable power
plants. Werho et al. estimated a Copula model based on historical wind farm data for
real-time wind power scenario generation, aiming to preserve the spatial and temporal
correlations among wind farms. In addition, Pinson et al. pointed out that wind power
scenario generation should preserve not only the marginal probabilistic distributions of in-
dividual wind farms, but also the dependence structure and joint fluctuation characteristics
among wind power outputs [28-31].

To further validate the selection of the Copula function and its parameter estimation,
a data-driven fitting procedure is introduced based on historical wind power output data.
First, the historical outputs of multiple wind farms are normalized by their installed capaci-
ties. Then, the empirical cumulative distribution function is used to estimate the marginal
distribution of each wind farm. According to the probability integral transformation, the
original wind power samples are transformed into uniformly distributed variables in the
interval [0, 1]. Based on these transformed samples, several candidate Copula functions,
including Gaussian Copula, t-Copula, Clayton Copula, Gumbel Copula, and Frank Copula,
are fitted and compared. The parameters of each candidate Copula are estimated using the
maximum likelihood estimation method. The fitting performance is evaluated using the
log-likelihood value, Akaike information criterion (AIC), Bayesian information criterion
(BIC), and goodness-of-fit test.
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As shown in Table 1, the t-Copula achieves the highest log-likelihood value, the
lowest AIC and BIC values, and the highest goodness-of-fit p-value among the candidate
Copula functions. Therefore, the t-Copula is selected to model the spatial dependence
among multiple wind farms. This is mainly because the t-Copula can capture not only the
general dependence among wind farms, but also the symmetric tail dependence under
simultaneous high-output or low-output conditions, which is important for representing
extreme wind-power fluctuation scenarios in dispatch studies.

Table 1. Fitting comparison of different Copula functions based on historical wind power data.

Copuape  poimaelLw e e Cownesfi el
Gaussian Copula p=0.64 412.8 —817.6 —801.2 0.041 Acceptable
t-Copula pvzzofg' 457.6 —905.2 —884.7 0.184 Best

Clayton Copula =121 355.9 —703.8 —687.4 0.018 Poor
Gumbel Copula 0 =147 383.5 —759.0 —742.6 0.033 Poor
Frank Copula 0 =436 398.7 —789.4 —773.0 0.062 Acceptable

Furthermore, to verify whether the selected t-Copula model can reproduce the sta-
tistical dependence observed in historical wind power data, the generated wind power
scenarios are compared with the historical samples. The validation indicators include
the Pearson correlation coefficient, Kendall rank correlation coefficient, joint high-output
probability, joint low-output probability, and ramping distribution characteristics.

As shown in Table 2, the generated scenarios closely match the historical wind power
samples in terms of Pearson correlation, Kendall rank correlation, joint high-output and low-
output probabilities, and ramping characteristics. This indicates that the selected t-Copula
model can effectively preserve the spatial dependence and joint fluctuation characteristics
of multiple wind farms. Therefore, the Copula function used in this paper is not selected
subjectively, but is determined through historical-data-based marginal distribution fitting,
maximum-likelihood parameter estimation, model comparison, and statistical validation.
Table 2. Statistical comparison between generated wind power scenarios and historical wind power
samples.

Validation Indicator Historical Samples Generated Scenarios Relative Error
Mean pairwise Pearson correlation coefficient 0.642 0.631 1.71%
Mean pairwise Kendall rank correlation coefficient 0.472 0.464 1.69%
Joint high-output probability, P (P; > 0.8, P, > 0.8) 0.116 0.109 6.03%
Joint low-output probability, P (P1 < 0.2, P, <0.2) 0.138 0.132 4.35%
95th percentile of normalized ramping magnitude 0.184 0.191 3.80%

2.3. Wind Power Typical Scenario Generation and Reduction

In the day-ahead and intra-day scheduling phases, a scenario-based approach is
adopted to transform the continuous uncertainty of wind power output into a discrete set
of deterministic scenarios for optimization.

First, based on the aforementioned t-Copula joint distribution model, the Latin Hyper-
cube Sampling (LHS) method is employed to generate a set of N initial scenarios. However,
a massive set of raw scenarios would lead to the “curse of dimensionality” and a surge in
computational time if directly integrated into the optimization model.

Consequently, the simultaneous backward reduction method based on the Kantorovich
distance is applied to reduce the raw scenarios. The Kantorovich distance quantifies the
difference in probability measures between any two scenarios s; and s;, defined as:
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T

Di(si,s7) = ) [Py — Poy | 3)
t=1

where Pztu,i and Pztu, j denote the forecasted active power output of wind power in scenarios i
and j at time ¢, respectively.

The algorithm iteratively eliminates redundant scenarios with the smallest Kan-
torovich distances and minimal probabilities, accumulating the probabilities of the deleted
scenarios into the nearest remaining scenario. Ultimately, a set of K highly representative

typical scenarios is obtained. Each remaining typical scenario s corresponds to a modified
K
probability ps, satisfying ) ps = 1. These typical scenarios and their probabilities serve
s=1

as input parameters to drive the stochastic programming models in the day-ahead and
intra-day phases.

3. Analysis of the Dynamic Operating Boundary Characteristics of
Power Converters

In traditional distribution network scheduling, controllable distributed generators
(CDGs) and converter interface devices are typically modeled as ideal power sources with
constant capacities. However, this static modeling approach severs the inherent connec-
tion between the system-level macroscopic output capability and the underlying physical
thermal characteristics of the devices. This section aims to reveal the transient physical sup-
port potential of grid-forming (GFM) converters under extreme conditions and rigorously
abstract it into dynamic operating boundaries within the real-time scheduling model.

3.1. Physical Limitations of Traditional Static Capacity Constraints

In the original multi-time-scale coordinated optimization models, the active power
Pcpg,it and reactive power Qcpg i + injected into the distribution network by the converter
are strictly limited by its rated apparent power Scpg . Its operating domain manifests
as a fixed static circular boundary on the P-Q plane. This static model implies a highly
conservative premise, assuming that the thermal stress on the internal power devices of
the converter is uniform and unadjustable under any power factor. When the distribution
network faces severe voltage sags due to intense renewable energy fluctuations, the system
urgently requires massive reactive currents to maintain stability. If the static circular bound-
ary is strictly followed, the scheduling center will often fail to issue sufficient commands
due to reaching the fixed capacity limit, causing the underlying equipment to fall into a
regulation bottleneck of “having transient thermal margin but unable to output”.

3.2. Electro-Thermal Coupling and Transient Thermal Limits of Converters

The extreme output capability of modern GFM converters is not a rigid constant; rather,
it is deeply coupled with the underlying pulse width modulation (PWM) strategies and the
transient thermal impedance of the devices. The core operational bottleneck of a converter
is the maximum allowable junction temperature Tjmax of the power semiconductor devices
(e.g., IGBT modules). The real-time junction temperature Tj(t) of the device is co-determined
by the cooling conditions, the transient thermal impedance, and the total power loss Py,
which mainly consists of conduction losses P.ynq and switching losses Pgyy.

Under overcurrent scenarios triggered by extreme system fluctuations, if the underly-
ing control strategy remains unchanged, the surging output current will cause P,nq4 and
Psy to increase simultaneously. The junction temperature will rapidly approach Tjmax,
thereby triggering hardware thermal protection. Therefore, the physical essence of broad-
ening the macroscopic P-Q operating boundary lies in significantly reducing Py through
advanced control techniques without violating the maximum junction temperature con-
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straints. This reduction frees up precious transient thermal margins for P g (i.e., enabling
a larger output current).

3.3. Physical Examples of Advanced Control Strategies Broadening Operating Boundaries

To intuitively illustrate how transient thermal margins are transformed into power
boundaries, this section provides an in-depth analysis of two typical underlying control
techniques employed by converters under extreme conditions:

Switching Frequency Reduction: The switching loss Py, of an IGBT is strictly propor-
tional to the system’s switching frequency f,. During the brief tens of seconds or minutes
when the system requires emergency support, if the control system abruptly reduces the
switching frequency from the rated 10 kHz to 5 kHz, the Py, will instantly be halved. In the
electro-thermal coupling network, this operation manifests as a significant decrease in the
rate of junction temperature rise. Utilizing this thermal dissipation space saved by frequency
reduction, the converter can safely output a transient large current exceeding the rated value,
thereby macroscopically achieving a direct “outward expansion” of the capacity boundary.

DPWM Phase-Shift Clamping Mechanism: In traditional continuous modulation
such as SVPWM, devices switch at high frequencies throughout the fundamental period.
When the system outputs significant reactive power, the phase difference between the
current peak and the voltage peak approaches 90°, leading to massive peak switching
losses at the current peak under traditional switching. The Discontinuous Pulse Width
Modulation (DPWM) strategy introduced herein does not aim to directly modify or limit
the reference current amplitude. Instead, it utilizes specific phase-shift operations to
precisely align the peak region of the transient AC current with the clamping region of the
converter, which is a 60°—wide interval with no switching actions. As shown in Figure 2,
this alignment ensures that the device is in a fully conducting or blocking clamped state
(Psw =~ 0) while enduring the maximum transient current. By eliminating high switching
losses under worst-case scenarios at their physical root, this precise phase-shift alignment
drastically reduces peak junction temperature fluctuations, endowing the equipment with
an extremely high short-term overload capability.

T T

Current (pu)
= —

SVPWM Pulses

=

1
High Loss Area
.
| - T .

I T T

1
Clamping
Region B
P~
|

0 I 1
©
0 /2 T 3r/2 o
Phase Angle wt (rad)

T

DWM Pulses
j=]
wn
T

Figure 2. Schematic Diagram of DPWM Phase-Shift Clamping for Switching Loss Reduction:
(a) Transient AC Current Waveform. (b) Traditional Continuous Modulation. (c) Proposed Dis-

continuous Modulation.
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3.4. Generalized Dynamic P-Q Capability Envelope Model and Parameter Calibration

To establish a cross-scale mapping bridging underlying physical current constraints
and macroscopic system-level power boundaries, this paper proposes a generalized dy-
namic P-Q capability envelope model. For a three-phase GFM converter, the real-time
junction temperature is constrained by the following thermal balance equation:

t
Tj,t =T+ Z Ploss,’thh(t) < Tj,max (4)
=1
where Tj; denotes the junction temperature of the power semiconductor device, T¢ is
the case temperature or equivalent cooling reference temperature, and Zth represents the
transient thermal impedance of the device. The semiconductor loss consists of conduction
loss and switching loss, which can be expressed as follows:

Peond = VCEOIuvg + VCEIEms (5)

Py = fsw,t (Eon + Eoff + Erec) (6)

where Vcgg and rcg denote the on-state voltage coefficient and equivalent conduction
resistance, respectively, while Iayg and Irms denote the average current and root-mean-
square current, respectively. fqw  is the real-time switching frequency, and Eon, Eof, and
Erec represent the turn-on, turn-off, and reverse-recovery energies, respectively. Under
conventional SVPWM, the power devices perform high-frequency switching throughout
the fundamental period. When the converter outputs a large current, especially during in-
tensive reactive power support, the peak-current interval may coincide with high-frequency
switching actions, resulting in a rapid increase in instantaneous switching loss and junc-
tion temperature. To release the short-term thermal margin, this paper adopts a DPWM
phase-shift clamping strategy, which aligns the current peak with the clamping interval
without switching actions as much as possible, thereby reducing the switching loss in the
high-current region.

PslgngM = (:(eshift,t)fsw,t(Eon + Eoff + Erec) (7)

Here, Ogpif « is the equivalent phase-shift angle that characterizes the alignment depth be-
tween the current peak and the clamping interval. ¢(Ogpnis ¢) is the switching-loss correction
factor, whose value ranges between 0 and 1. A higher alignment degree between the current
peak and the clamping interval leads to a smaller {(6gp;t ). Given the switching frequency,
DPWM phase-shift angle, cooling condition, and overload duration, the transient max-
imum admissible converter current Inax can be derived from the junction-temperature
constraint. The dynamic current overload coefficient ko is defined as the ratio of the
transient maximum admissible current to the rated current:

Itransient

max (fSW,t/ Gshift,t)
Imted

(8)

kov,t =

Considering the apparent power S; = /3U;I;, the original static circular operating
domain of the converter is expanded into a dynamic inequality constraint that is strongly
correlated with the time scale and the underlying control:

u
2 2 ¢
0 < Pépg,it + Qepc,it < (kov,t e

2
- Scpai 9)
umted CDG,Z,t)

Based on the derived maximum admissible current I;max, the dynamic maximum
apparent power under real-time operating conditions can be obtained.
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d i u
Sm}:;(?:nlc = \fsutlmax = kov,tuittdSCDG,i,t (10)
rate

Considering the asymmetric thermal stress caused by active and reactive currents
under different power factors, the dynamic active and reactive power limits can be obtained
according to the real-time converter power factor cosgy:

dynamic dynamic
Pm};x = Snzzlx COSs @t (11)

dynamic denamic

max max sin Pt (12)

This boundary can be further refined into an elliptical envelope characterized by
dynamic major and minor axes.

2 2
Pepg,it Qcpg,it
—ebont =CDGAE ) < (13)
denumzc Qdynamzc
max,t max,t

The Electro-Thermal parameters of the converter as shown as Table 3.

Through this rigorous mathematical characterization, the model successfully extracts
the short-term overload potential of the converter from the underlying electro-thermal
physical black box and maps it into a dynamic spatial-temporal constraint within the
macroscopic scheduling layer.

As intuitively illustrated in Figure 3, the traditional operating domain of the converter
is strictly confined within the static circular boundary (dashed black line) determined by
its rated apparent power. However, by activating the proposed electro-thermal coupling
optimization and phase-shift clamping mechanisms, the operational boundary is effectively
expanded outward. The shaded blue region enclosed by the dynamic elliptical envelope
vividly represents the released transient thermal margin. This morphological evolution
on the P-Q plane demonstrates that the converter can legitimately reach the extended
dynamic limits, P,ﬁ%ﬁumw and Q%&amm, thereby unlocking substantial active and reactive
power support capabilities without triggering thermal protection.

————  Static Circular Boundary

Dynamic Elliptical Envelope

1.5F

Reactive Power Q (p.u.)

-1.5 -1 -0.5 0 0.5 1 1.5
Active Power P (p.u.)

Figure 3. Extended operation domain of the converter.
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Table 3. Electro-Thermal Parameters of the Converter.

Parameter Symbol Value

Rated apparent power Srated 1 MVA

Rated AC-side current Lrated 45.6 A
Rated switching frequency fow 10 kHz
Maximum allowable junction temperature Tj max 175 °C
Case temperature T. 70°C

4. Problem Formulation for Secure and Economic Dispatch

This section establishes a coordinated active and reactive power optimization math-
ematical model for the active distribution network, covering the day-ahead, intra-day,
and real-time phases. Considering the differences in control objectives and prediction
uncertainties across varying time scales, differentiated objective functions and operational
constraints are adopted for each phase. The complete flowchart of the multi-time-scale
coordinated optimal dispatch is shown in Figure 4.

| System Parameters & Forecast Data |

v

Multi-Time-Scale Coordinated Active-
Reactive Power Dispatch Model

]
v v
Day-Ahead/Intra-Day Real-Time (RT) Rolling

Obj: Minimize Interface
Power Fluctuation
Bound: Dynamic Boundary
Elliptical Envelope

| |
v

System & Equipment
Operational Constraints
1

Obj: Minimize Op Cost
Bound: Static Circular
Capacity Constraint

A7 v L4
Network Flow & Security CDG Physical Constraints ESS & RES Constraints
Branch Flow Equations Active/Q Output Limits ESS Time Continuity
Node Voltage& Capacity Power Ramping Rate Limits Renewable Q Support

{

Output: CoordinatedActive- |
Reactive Commands

Figure 4. Flowchart of the multi-time-scale coordinated optimal dispatch.

4.1. Embedding Mechanism of Dynamic Boundaries in the Multi-Time-Scale Model

To achieve seamless integration with the underlying physical characteristics, the
dynamic capability envelope derived in Section 3 is embedded into the global multi-
time-scale framework as a conditionally activated constraint. To quantitatively determine
whether the dynamic boundary should be activated in the real-time scheduling phase, a
normalized utilization index of the static converter capacity is introduced as follows:

\/ PA+ Q7
it it
Aip = (14)

it = rated
Si

where P;j; and Q; ; denote the active and reactive power commands of the i-th GFM con-
verter at time ¢, respectively, and S/ is the rated apparent power of the converter. The
index Aj; reflects the proximity of the converter operating point to the static circular
capacity boundary.
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In this paper, the dynamic elliptical envelope is activated only when the converter
approaches the static capacity limit, namely:

)\i,t > Aon (15)

where the activation threshold is set as Ao = 0.98. This setting ensures that the dynamic
boundary is not invoked under normal operating conditions, but is enabled only under
near-overload or emergency conditions.

To avoid frequent switching caused by small fluctuations around the static capacity
boundary, a hysteresis-based deactivation threshold is further introduced. The dynamic
elliptical envelope is deactivated only when:

Aip < Aot (16)
where Ay = 0.93. Since Agn > Ay, the interval:
Aoff < /\i,t < Aon (17)

forms a hysteresis dead zone. As shown in Figure 5, the interval forms a hysteresis dead

zone.
s Dynamic ;cl_l\;l;!r; D_ea;l i;a;o-n
For < i<on Envelope Interval thres hold thres hold
=
]
=
£
= . L
0 10 20 30 40 50 60
Real-time scheduling interval
(a)
Dynamic |- ' ' ' ' ' 1
&
Staticl-
0 10 20 30 40 50 60

Real-time scheduling interval
(b)
Figure 5. Hysteresis switching of the dynamic envelope. (a) Hysteresis thresholds for dynamic
envelope activation (b) Boundary-state switching trajectory.

Within this dead zone, the boundary state remains unchanged from the previous
real-time scheduling interval. Therefore, the proposed embedding mechanism enables the
converter to release its short-term overload capability only when necessary, while prevent-
ing chattering between the static circular boundary and the dynamic elliptical envelope.

In the day-ahead and intra-day scheduling phases, to reserve sufficient physical safety
margins for the system and reduce the solving complexity of stochastic optimization scenar-
ios, the capacity of controllable distributed generators (CDGs) still employs the traditional
static circular constraint. However, upon entering the real-time rolling optimization phase,
when the system faces intense power fluctuations or extreme voltage conditions, the dy-
namic expansion coefficient is activated. The static capacity constraint in the real-time
scheduling model is then replaced by the generalized dynamic elliptical envelope. This
nested mechanism preserves the stable operational logic of the original scheduling architec-
ture while endowing the system with robust physical regulation flexibility over extremely
short time scales.
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4.2. Phased Objective Functions

To ensure the economic operation of the system, the optimization objective for both the
day-ahead and intra-day scheduling phases is to minimize the comprehensive operational
cost of the distribution network. Based on the scenario method, the objective function is
expressed as:

DA(ID) DA(ID) DA(ID) DA(ID)
minF Z PSZ ( gridst T Z CGDG i st + Z CESS is t) (18)

The superscripts DA and ID denote the day-ahead and intra-day scheduling phases,
A(ID)

respectively. cP arid,s t
energy from the transmission network during time period t under scenario s, applying
a time-of-use pricing mechanism. CCD Sgg) , indicates the generation cost of the i-th CDG,
A(ID)
A,8,t
denote the probability of scenario s, K represent the total number of scenarios, M indicate

represents the cost of the distribution network purchasing electrical

and CESS represents the operating loss cost of the i-th energy storage device. Let p;
the number of CDGs, N represent the number of energy storage devices, and T denote the
total number of time periods.

To mitigate the impact of renewable energy uncertainty on grid operation, the opti-
mization objective for the real-time scheduling phase is to minimize power fluctuations at
the interface between the transmission and distribution networks:

TrT
minFRT = Z (Pgrzd t Pg}’ld t) + Z Xt (Qg”d t and t) (19)

t=1

The superscript RT denotes the real-time scheduling phase. P g” d , and Q!D orid 1 Tepresent

the committed power exchange references between the transmission and distribution
ID

Pgrzd t

variables in the real-time phase. The main objective of the real-time dispatch stage is to

networks determined during the intra-day phase. and Qngl 1 are the optimization
suppress the power deviation at the transmission-distribution tie line. To quantify the
regulation cost caused by this deviation, a tie-line fluctuation penalty cost is introduced:

2 2
G = e (Pas = PEE) + (Ques = 08| 0)
t

where Ay, is the penalty weight for tie-line power fluctuation, and Py ¢ and Qye ¢ are the
active and reactive tie-line powers obtained in the real-time dispatch stage. This term is
used to discourage frequent and large power support requests from the main grid under
severe renewable-energy fluctuations.

Since the real-time scheduling employs a rolling optimization approach, only the
scheduling decision for the first time period is executed during the optimization cycle.
Therefore, this paper introduces an adaptive weight a; to reasonably distribute the op-
timization objectives across time periods (decaying exponentially with the time step) to
ensure tracking accuracy during the rolling optimization process.

4.3. System Operational Constraints
4.3.1. Distribution Network Power Flow and Security Constraints

Based on the radial characteristics of the distribution network, this paper employs
the branch flow equations relaxed by second-order cone programming to balance solution
accuracy and efficiency:
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Yo Piri— Y, (Pije— riilijs) = Pi
kep(j) kea(f)
Y Qe — Y (Qujr — Xxilkir) = Qi
ke (j) kea()) (21)
Kz Ui = Ui — 2(r3jPyjp + x;jQije) + (v + x3) L
Uilije > Pl%,t + lej,t

where U+ and I+ represent the square of the voltage magnitude at node i and the square
of the current magnitude flowing through branch i-j, respectively; k; ; represents the tap
ratio of the on-load tap changer transformer.

Simultaneously, the system must adhere to branch capacity and node voltage limits:

Lijy < I7™
— (22)
it < Uy, < U

4.3.2. Cross-Scale Switching Constraints for Converter Capacity

This is the core mechanism of the scheduling model proposed in this paper. The ap-
parent power boundaries of CDG converters switch automatically based on the scheduling
phase. For the day-ahead (DA) and intra-day (ID) phases, the conservative static circular
boundary is enforced:

2 2 2
Pépg,it + Qcpc,it < Stpa,it (23)

For the real-time (RT) phase, the boundary form is determined by the hysteresis-
based boundary-state variable J; s, rather than being directly fixed as the dynamic elliptical
envelope.

1’ /\i,i‘ 2 /\Orl/
Jir =10, Air < Aofts (24)
Jit—1, Aot < Ajt < Aon-

where §;; = 1 indicates that the dynamic elliptical envelope is activated, while d;; = 0
indicates that the static circular capacity boundary is adopted. The interval Aqg < A;+ < Aon
serves as a hysteresis dead zone, in which the boundary state remains unchanged from the
previous real-time scheduling interval.

When 6; ; = 1, the generalized dynamic elliptical envelope based on transient thermal
margins is activated:

2 2
Pepg,it Qcpe,it
prlynamic Qdynamzc
max,i,t max,i,t

In any phase, the active and reactive outputs, as well as the ramping rates of CDGs,
must satisfy the following basic physical limits:
Pepgmin < Pepg,it < PepG,max

Qcogmin < Qcpa,it < Qb max (26)
u
—R%"" < Pepg,it — Pepgit—1 < R;”

4.3.3. Harmonic Distortion Constraints Under DPWM Operation

Since the DPWM-based transient support strategy may introduce additional harmonic
components, the harmonic distortion level should not only be evaluated through an eco-
nomic loss term, but should also be constrained from the perspective of power-quality

https:/ /doi.org/10.3390/ electronics15143021


https://doi.org/10.3390/electronics15143021

Electronics 2026, 15, 3021

15 of 31

security. Therefore, in the real-time scheduling phase, the current total harmonic distortion
of the converter output is introduced as a hard constraint:

30
h§2 Lins
THD!, = 1— < THDL,, 27)
' Lin

where I; 1 is the fundamental current component of the i-th converter at time ¢, I; ;, ; is
the h-th harmonic current component, and THD/ ., is the allowable current harmonic

distortion limit.
When the impact of harmonics on sensitive loads and nodal voltage quality is consid-

ered, the voltage total harmonic distortion at critical nodes can be further constrained as:

A 2
h§2 Vn,h,t
THD,, = 7‘; - < THDY . (28)
nr 7

where V1 and V}, ,; denote the fundamental and i-th harmonic voltage components at
node n, respectively. With these constraints, the DPWM-based dynamic support strategy
is allowed to operate only when the resulting harmonic distortion remains within the
prescribed power-quality limits.

4.3.4. Renewable Energy and Energy Storage System Operational Constraints

Utilizing the inverters of renewable energy generation systems to provide reactive
power support can effectively improve voltage distribution. The output constraints are:

pre
Pres,it < Prpg ;s

[q2 _ p2 2_p2 29)
—\/Si — Presip < Qresit < 1/Si — Pres i
the operational constraints for On-Load Tap Changers (OLTC) are:
K,‘]‘,t =ko + Aki]‘ . Stepij,t (30)

min B max
Kij S Kz],t S Kij

the energy state and charging/discharging power of the Energy Storage System (ESS) must
satisfy time continuity and capacity constraints:

Biis,i,
Esoc,it = Esoc,it—1 + Penifen AT — 5245 AT

max . x 20% < ESOC,i,t < ET% . x 80%

SOC,i SOC,i
0 < Pepjit < PO Denjit 31)
0 < Piisit < Pjili Dais,it

Dch,i,t + Ddis,i,t <1

5. Solution Methodology

The multi-time-scale scheduling model constructed in Section 4 is a typical high-
dimensional Mixed-Integer Non-Linear Programming (MINLP) problem. Due to the
non-convex nature of the power flow equations and the dynamic capacity constraints,
direct solving poses significant computational challenges. Therefore, Second-Order Cone
Relaxation (SOCR) and convexification techniques are adopted in this section to reformulate
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the original non-convex model into a Mixed-Integer Second-Order Cone Programming
(MISOCP) problem. Under the stated relaxation exactness conditions, the relaxed MISOCP
problem can be solved to global optimality within the prescribed solver tolerances, while
improving computational tractability. The complete flowchart of the solution methodology
is shown in Figure 6.

A. Power Flow ‘
Convexification B.Boundary Convex

Verified
exactness of Map complex electro-
relaxation? thermal envelope
Solvable
MISOCP Model

Hierarchical Solving Process

DA Scenario-based Pre-plan |

)

ID Trajectory Correction |

1
|
1
|

No

Intense fluctuation
or extreme voltage?

Rolling solve with
feedback, activate
enhanced boundaries

Rolling solve
with feedback

l

EXECUTABLE ACTIVE-REACTIVE DISPATCH PLAN

Figure 6. Algorithmic flowchart of the proposed hierarchical solving process.

5.1. SOCR of Power Flow Equations and Exactness Conditions

In the branch flow model in Equation (21), the non-convexity mainly comes from the
equality relation among branch power, voltage, and current. It is relaxed as Equation (32).
Equation (32) is then transformed into the SOC forms in Equations (33) and (34):

P}y + QF < Ul (32)

To transform Equation (32) into a standard Second-Order Cone (SOC) constraint
recognizable by solvers, we employ the algebraic identity 4xy = (x + y)*> — (x — y)? to derive

the following:
4P7, +4Q%  + (e — Uip)? < (T + Uyp) (33)
Taking the square root of both sides of Equation (18) yields the standard SOC norm
constraint:
2P1-]-,t
2Qijr || = Lije + Uiy (34)
Lije — Uigl|,

The exactness of the SOCR is a prerequisite for ensuring the physical validity of the
optimized solution. For radial distribution networks, when the objective function f is
strictly monotonically increasing with respect to the branch current I+ (e.g., incorporating
network losses or power purchasing costs in this paper), and the system is not under
extreme reverse power flow or strictly binding branch capacity constraints, the optimal
solution must be achieved on the boundary of Equation (32). That is,
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. Phe + Qi
minf = [jj; = 0, (35)
At this point, the relaxed inequality constraint (34) is exactly equivalent to the original
non-linear equality constraint, ensuring that the calculation results satisfy the original
branch-flow equality when the relaxation is exact.
To quantitatively evaluate the exactness of the relaxation, the relaxation error of branch
i-j at time t is defined as follows:

eije = |Uiglijs — P2y — QF (36)

The maximum and average relaxation errors are further defined as follows:

€max = MaX &j; (37)
(i)t

1

€avg = NZT(%t‘gz],t (38)
where Nj is the number of branches and T is the number of optimization periods. When
both the maximum and average errors remain at a small order of magnitude, the relaxed
optimal solution can be regarded as closely satisfying the original power-flow equality
constraints, and the obtained dispatch results have good physical feasibility. In the case
studies, the relaxation errors under different time scales and extreme disturbance scenarios
are reported to further verify the exactness of the MISOCP model.

It should be emphasized that the exactness of the SOCP relaxation is mainly deter-
mined by the network power-flow model rather than by the dynamic converter boundary.
According to the branch-flow relaxation theory reported by Farivar and Low [32], Gan
et al. [33], and Low [34], SOCP relaxation is generally exact for radial distribution networks
under mild and verifiable conditions, such as loss-related or current-related objective terms
and the absence of pathological cases caused by severe reverse power flow or strongly
binding operational constraints. In the proposed model, the dynamic converter capability
boundary is embedded as a nodal injection constraint and can be represented by a convex
elliptical set. Therefore, it does not change the structural source of nonconvexity in the
branch-flow equations. The relaxation residual is still mainly associated with the relaxed
branch-flow equality.

5.2. Convex Characterization of Dynamic Operating Boundaries

The generalized dynamic elliptical envelope introduced in the real-time scheduling
phase essentially describes a convex region regarding P and Q. To improve numerical
stability, it is rewritten as a normalized rotated second-order cone form:

dynamic
PepGit/ Prgy it

dynamic - (39)
QCDG,i,t / Qmax,i,t 2

Equation (39) demonstrates that the physical expansion mechanism proposed in this
paper is mathematically closed. By mapping complex underlying electro-thermal physical
constraints into highly linearized convex set constraints, the rolling optimization algorithm
is ensured to complete a single optimization within milliseconds.

5.3. Multi-Time-Scale Solving Process

Following the above processing, the scheduling problems of each phase are transformed
into MISOCP models. This paper adopts a hierarchical “predict-roll-correct” strategy:
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Day-ahead Phase: Utilize the scenario method to handle stochastic conditions gener-
ated by t-Copula and solve the 24-h pre-plan.

Intra-day Phase: Based on the latest ultra-short-term forecasts, correct the output
trajectories of CDGs and ESS.

Real-time Phase: Activate the dynamic boundary constraint and perform rolling
solving using adaptive decay weights a;. Only the decision for the initial time step is
executed in each sampling period, with feedback corrections continuously suppressing the
random fluctuations of renewable energy.

All optimization models are implemented in MATLAB R2019a and solved using the
Gurobi optimizer 13.0.1. After second-order cone relaxation and convexification of the
dynamic boundary, the day-ahead, intra-day, and real-time dispatch models can all be
formulated as MISOCP problems. To ensure solution accuracy, the relative MIP gap of
Gurobi is set to 1 x 10~%, while the feasibility tolerance and optimality tolerance are both
set to 1 x 107, In the real-time rolling optimization stage, only the control command
corresponding to the current sampling instant is executed, and the optimization problem
is solved again at the next sampling instant using updated forecasts and system states.
To verify the online applicability of this solution framework, the computation times and
relaxation errors at different time scales are further reported in the case studies.

6. Case Studies and Results
6.1. Simulation System and Parameter Settings

To verify the effectiveness of the proposed multi-time-scale coordinated scheduling
method considering the dynamic operating characteristics of converters, this paper con-
ducts a simulation analysis based on the IEEE 33-bus active distribution network system.
The base voltage of the system is 12.66 kV, and the distribution network is integrated with
multiple wind farm nodes, as well as controllable distributed generators equipped with
grid-forming, or GFM, converters and energy storage systems. The system topology is
shown in Figure 7.

power| 1 %TC2 3 4 s 6 7 8 9o o 1213 14 15 16 17 18
grid . t
24 27 28 29 30 31 32 33

Figure 7. IEEE 33-bus active distribution network topology.

The case simulation is conducted in the MATLAB environment, specifically the R2019a
version, utilizing a toolbox for mathematical modeling and calling the Gurobi solver for
solutions. The computer configuration for compiling the algorithm features an Intel Core
i7-5500 2.40 GHz processor and 8 GB of memory.

To ensure a fair comparison, the four dispatch methods use the same load data, wind-
power scenarios, electricity-price parameters, and device capacities. The differences among
these methods lie only in the optimization variables, converter capacity boundaries, and
real-time support mechanisms, as shown in Table 4. The tie-line fluctuation penalty weight
Agie introduced in Section 4.2 is set to the medium level in the base case, and low, medium,
and high levels are further compared in the sensitivity analysis.
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Table 4. Model Settings of Different Dispatch Methods.
Method Optimization Content Converter Boundary DPWM Enabled
Single active-power optimization Active power of DG and ESS Static boundary No
Single reactive-power Reactive power of SVC and Static circular boundary No
optimization converter
Coordinated optimization wit Active and reactive power Static circular boundary No

static boundary

Proposed method

Real-time dynamic

elliptical boundary Yes

Active and reactive power

6.2. Effectiveness of Dynamic Boundaries and Suppression of Tie-Line Power Fluctuations

In the real-time scheduling stage, when the system encounters a voltage sag or power
imbalance caused by severe fluctuations in wind power output, the traditional static
capacity model is often limited by a fixed rated apparent power boundary, resulting in the
converter being unable to provide sufficient reactive power support to the grid. The core of
the proposed method lies in breaking through the limitation of treating the converter as
a constant capacity source in traditional distribution network scheduling, introducing a
generalized dynamic active-reactive capability envelope at the system level.

Under extreme fluctuation conditions, the proposed scheduling framework can sense
and activate the short-term overload potential of GFM converters. Through the underlying
electro-thermal coupling optimization, the transient thermal margin is released without
violating the safety limits of the device junction temperature. Reflected at the macroscopic
power scheduling level, due to the asymmetry of the thermal stress distribution caused by
active and reactive currents on underlying devices under different power factors, the safe
operation region of the converter adaptively expands from a conservative static circular
boundary into a dynamic elliptical envelope with different major and minor axes.

When local nodes experience severe power oscillations, relying on the expanded
dynamic operating boundary, the GFM converter can provide high-intensity transient
power support locally at the system level. This effectively reduces the phenomenon of the
active distribution network frequently and heavily requesting emergency power from the
main grid to maintain global voltage stability. Consequently, it greatly weakens the power
oscillation amplitude of the tie-line at the source and improves the system anti-disturbance
capability against extreme renewable energy fluctuations.

6.3. Transient Harmonic Characteristic Analysis Under Extreme Fluctuation Conditions

Although activating the transient thermal margin can significantly expand the dynamic
support boundary of the system, it inevitably leads to an increase in the harmonic distortion
rate of the converter output current due to the underlying discontinuous pulse width
modulation, also known as DPWM, nature it relies upon. To rigorously evaluate the impact
of this transient regulation process on the local power quality and physical network loss of
the system, this paper selects key nodes connected to GFM converters for in-depth analysis.

The proposed control strategy adopts a seamless switching mechanism based on
threshold triggering: during the steady-state operation of the system, the GFM converter
utilizes the traditional high-frequency SVPWM modulation strategy; only when the system
encounters extreme disturbances and the converter touches the static capacity boundary
will it instantaneously switch to the phase-shifted DPWM strategy for emergency support;
it immediately switches back to steady-state modulation after the disturbance subsides.

The waveform in Figure 8 presents the three-phase current waveform under the
complete control strategy. In the steady-state interval, the total harmonic distortion, namely
THD, of the converter output current is approximately 2.3 percent, which fully meets
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grid-connection power quality requirements. When switching to the phase-shifted DPWM
strategy for transient limit support, the THD of the output current briefly rises to about
5.6 percent within an extremely short transient window period.

t/ms
(a)
15 T T T
100F —
—
< 50F 1
N | ———————
of =
-50r r—-
-10 . . .
0.5 1 1.5 2 2.5
t/ms
(b)

Figure 8. Current waveforms: (a) three-phase current waveform; (b) d-q axis current waveform.

It should be emphasized that the temporary increase in THD is permitted only under
the premise that the harmonic distortion constraint is satisfied. In the proposed real-time
scheduling model, the DPWM-based transient support mode is not activated if the resulting
current THD exceeds the prescribed limit. Therefore, the proposed strategy does not trade
excessive harmonic distortion for reduced tie-line power fluctuation. Instead, harmonic
compliance is first guaranteed as a hard power-quality constraint, and the harmonic
network loss model is then used to quantify the additional economic cost within the
feasible operating region.

After the harmonic distortion constraints are satisfied, the additional harmonic net-
work loss is further calculated to evaluate the economic impact of DPWM operation. To
quantify the cost associated with this brief decline in power quality, this paper introduces a
harmonic network loss calculation model considering the high-frequency skin effect. For
any branch i-j in the distribution network, its equivalent resistance R;;, under the h-th
harmonic is approximated as:

Rijj = Rijp - (1+yVh) (40)

where Rj; is the fundamental resistance of the branch, and 7 is the skin effect coefficient.

The total additional system harmonic network loss P;Z’;g (t) caused by high-order harmonics

during the transient support period is calculated as follows:
h & 2
on”sé(f) =3 Z Z Iij,h(t)Rij,h (41)
(i,j)eQ h=2

Furthermore, the economic cost of the additional harmonic network loss, Cj,;, can be
obtained by integrating over the transient action window Tppyywm:

Char = Y Cgrias - PIU(t) - At (42)

teTppwm

where cgiq + represents the comprehensive power purchase cost of the grid.
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Through the above formulas, it can be clearly observed that although the instantaneous
harmonic network loss Pﬁf;g (t) increases, the absolute value of the time accumulation is
extremely small due to the extremely short duration of the transient action interval Tppwm.
In stark contrast, if dynamic support is not provided, the system will incur a huge tie-line
fluctuation penalty caused by the power imbalance:

2
Cfluc = Z “f(Pngig,t - Pgrzrd,t) (43)

teTppwm

because the penalty weight is much greater than the basic electricity price cg4, at the
macroeconomic scale, Cgjye > Cpyp. This strictly demonstrates that sacrificing power
quality for a very short period in exchange for global physical stability and avoiding
exorbitant penalties is a completely reasonable engineering trade-off.

6.4. Junction-Temperature Verification Under Emergency Conditions

To verify the feasibility of the proposed dynamic power boundary under device
thermal safety constraints, this section further analyzes the loss components, transient
thermal impedance model, overload duration, and junction-temperature response of the
GFM converter during grid-voltage sag conditions. The transient thermal impedance of
the device is represented by a Foster equivalent thermal network:

N
Zn(t) = ¥ Ra(1—e7/™) (44)
n=1
where R;,, and T, are the thermal resistance and thermal time constant of the n-th order,
respectively. This model can capture the rapid rise in junction temperature during the short
fault interval and the subsequent temperature recovery after fault clearance. The detailed
parameters are listed in Table 5.

Table 5. Parameters of the Foster Equivalent Thermal Network.

Order R,/KIW Tals
1 0.0318 0.01
2 0.1749 0.02
3 0.1696 0.05
4 0.1537 0.1

Since the dynamic power boundary relies on the short-term thermal margin of the
device, its activation duration cannot be extended indefinitely. Therefore, an overload-
duration constraint is imposed in the real-time dispatch stage to limit the continuous
operating time of the converter under the dynamic power boundary:

0 < Tov < Tov,max (45)

where T,y is the continuous activation time of the dynamic power boundary, and Toy,max is
the maximum allowable continuous overload duration determined by the transient thermal
impedance model and the junction-temperature safety limit.

Figure 9 shows the junction-temperature responses under three operating strategies.
Before the fault occurs, all strategies adopt conventional SVPWM and operate within
the static power limit. Therefore, the three junction-temperature curves almost overlap,
indicating that the device remains in a normal thermally stable state.

After the grid-voltage sag occurs, the converter is required to provide rapid transient
power support. When SVPWM is maintained and the static power limit is enforced, the
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device loss increases and the junction temperature rises, but its peak value remains below
the safety limit. This result indicates that the conventional static power constraint can
ensure device thermal safety, but it also limits the transient support capability of the
converter during the fault period and fails to fully utilize the short-term overload margin
of the device.

. T T

200 Fault interval | — SVPWM with static power limit i
—— SVPWM with dynamic power limit

Junction —— DPWM with dynamic power limit

temperature limit

T,C

05 I 5 2 25
t/ms

Figure 9. Junction-temperature response comparison under different power-limit and modulation
strategies.

When the converter adopts SVPWM and operates under the dynamic power boundary,
the dispatch layer allows it to enter the expanded power operating region, significantly
improving its output current and power support capability. However, because SVPWM
still maintains continuous high-frequency switching during the fault, the switching loss
increases significantly with current, causing the junction temperature to rise rapidly and
exceed the safety limit. This indicates that if the power boundary is relaxed only at
the dispatch layer without a corresponding low-level modulation and loss-suppression
mechanism, the dynamic power boundary may lead to excessive device thermal stress and
cannot guarantee physical feasibility.

With the proposed DPWM-based dynamic power boundary strategy, the converter
can also operate in the dynamically expanded power region. However, DPWM phase-shift
clamping significantly reduces switching actions around the current peak, thereby lowering
the switching loss during the fault period. As shown in Figure 9, the junction temperature
under this strategy rises rapidly after the fault occurs, but its peak value remains below
the safety limit. After fault clearance, the junction temperature decreases smoothly and
gradually returns to the normal operating range.

In summary, the junction-temperature verification shows that the static power limit
is conservative and thermally safe but provides insufficient support capability. The dy-
namic power boundary under SVPWM enhances fault support capability but may cause
junction-temperature violation. In contrast, the proposed DPWM-based dynamic power
boundary improves transient support capability while satisfying the device thermal safety
constraint, thereby verifying the physical feasibility of the proposed method from an
electro-thermal perspective.

To further explain the differences in junction-temperature responses among different
strategies, the loss composition of the power devices during fault support is analyzed.
The semiconductor loss of the converter mainly consists of conduction loss and switching
loss. The conduction loss is mainly related to the on-state voltage drop and output current,
and it increases with the support current during the fault. The switching loss is closely
related to the switching frequency, DC-link voltage, current amplitude, and modulation
strategy. Taking the loss under SVPWM with the static power limit as the reference, the
loss distributions under different strategies are listed in Table 6.
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Table 6. Comparison of Normalized Losses under Different Operating Strategies.

. Normalized Normalized .
Operating Strategy Conduction Loss Switching Loss Normalized Total Loss
SVPWM with static power limit 1.00 1.00 1.00
SVPWM with dynamic power limit 1.48 1.62 1.55
DPWM with dynamic power limit 1.44 0.87 1.16

Under the static power limit, the converter output current is constrained by the rated
capacity, and both conduction loss and switching loss remain at relatively low levels. There-
fore, although the junction temperature increases after the fault, it remains below the safety
limit. After the dynamic power boundary is adopted, the converter is allowed to output
a larger transient support current, and the conduction loss increases significantly with
current. If SVPWM is still used, the devices maintain continuous high-frequency switching
throughout the fundamental period, and the switching loss also increases. This eventually
leads to a significant increase in total loss and causes junction-temperature violation.

In contrast, the proposed DPWM phase-shift clamping strategy reduces switching
actions around the current peak, effectively suppressing switching loss in the high-current
interval. Although the conduction loss still increases under the dynamic power boundary
due to the larger current, the reduction in switching loss offsets part of the thermal stress
caused by overload operation, keeping the total loss within the device thermal safety range.
Therefore, the DPWM-based dynamic power boundary can provide stronger transient
power support while preventing the junction temperature from exceeding the safety limit.

6.5. Verification of Relaxation Exactness and Computational Efficiency

To verify the solution accuracy and computational feasibility of the established MIS-
OCP model, the second-order cone relaxation errors, solver tolerances, and computation
times are reported for different time scales. All cases are modeled in MATLAB R2019a and
solved using the Gurobi optimizer.

To evaluate the exactness of the second-order cone relaxation, the relaxation error
index defined in Section 5.1 is calculated for all branches and time periods. Table 7 reports
the maximum relaxation error, average relaxation error, and computation time of the IEEE
33-bus and IEEE 69-bus systems at different dispatch stages.

As shown in Table 7, the second-order cone relaxation errors remain at a small order
of magnitude in both the IEEE 33-bus and IEEE 69-bus systems, indicating that the relaxed
MISOCP solution can closely satisfy the original power-flow equality constraints. As the
system scale increases, the solution time of the IEEE 69-bus system increases; however, the
single-run solution time in the real-time rolling optimization stage remains shorter than the
dispatch sampling interval, satisfying the requirement for online dispatch computation.

Table 7. Relaxation Errors and Computation Times at Different Time Scales.

Time Maximum Average Average
System Dispatch Stage Resolution Relaxation Error ~ Relaxation Error So.l ution MIPGap
Time/s
IEEE33 Day-ahead dispatch 1h 3.6 x 107° 84 x 1078 18.42 1x107%
IEEE33 Intra-day dispatch 15 min 41x107° 9.7 x 1078 6.35 1x107%
IEEE33 Real-time dispatch 5 min 5.8 x 107° 1.2 x 1077 0.43 1x1074
IEEE69 Day-ahead dispatch 1h 6.9 x 1076 1.5 x 1077 35.76 1x107%
IEEE69 Intra-day dispatch 15 min 7.4 x 107° 1.8 x 1077 12.91 1x 1074
IEEE69 Real-time dispatch 5 min 8.6 x 107° 2.1 x 1077 0.78 1x107%
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To further examine the validity of the relaxation under extreme wind-power fluctua-
tions and binding dynamic power boundaries, an additional case with a rapid wind-power
drop is selected. In this scenario, the GFM converter reaches the dynamic P-Q capability
envelope, and some nodal voltage constraints and converter capacity constraints become
binding. Table 8 reports the relaxation error statistics under this extreme scenario.

Table 8. Relaxation Error Verification under Extreme Wind-Power Fluctuation Scenarios.

Dynamic Maximum Average Maximum Average
System Scenario Boundary Relaxation Relaxation Voltage Solution
Status Error Error Deviation/p.u. Time/s
IEEE33 Rapid wind-power drop  Partially binding 6.3 x 1076 1.4 x 1077 0.047 0.51
IEEE69 Rapid wind-power drop  Partially binding 9.2 x 107° 2.5 x 1077 0.052 0.86

The results show that even under severe wind-power fluctuations and binding dy-
namic power boundaries, the second-order cone relaxation errors remain around the order
of 1 x 10°, and no evident relaxation inexactness is observed. This indicates that the es-
tablished MISOCP model maintains good numerical stability and physical feasibility under
extreme operating conditions. In summary, the effectiveness of the model transformation is
verified from three aspects: relaxation error, solver tolerance, and computation time. The re-
sults show that after second-order cone relaxation and dynamic-boundary convexification,
the original non-convex dispatch model can be transformed into an MISOCP model that
can be efficiently solved by commercial solvers. The obtained optimal solutions maintain
high power-flow feasibility under different time scales and extreme disturbance scenarios,
satisfying the accuracy and real-time requirements of multi-time-scale dispatch.

In addition, the applicability of the proposed relaxation model to more general network
structures is discussed as follows. The validation in this paper is conducted on radial or
radially operated active distribution networks. For closed-loop ring networks or weakly
meshed networks, the standard radial branch-flow SOCP model cannot be directly extended
without additional treatment, because cycle angle consistency constraints must also be
satisfied. As pointed out by Farivar and Low [32], even if the conic constraints are satisfied
in a mesh network, angle recovery should still be checked to ensure that the obtained
solution corresponds to a physically feasible AC power-flow solution. Bose et al. [35]
also showed that SOCP relaxations are particularly advantageous for radial networks,
whereas stronger relaxations or additional cycle constraints may be required for meshed
networks. Therefore, for ring or weakly meshed distribution networks, the proposed
dynamic converter boundary can still be embedded as a convex nodal injection constraint,
but the network power-flow model should be supplemented with cycle angle constraints,
phase-shifter-based convexification, or AC power-flow back-checking.

For feeders with high R/X ratios, the branch-flow model adopted in this paper retains
the resistance, reactance, and active-reactive power coupling terms. Therefore, a high
R/X ratio itself does not invalidate the SOC transformation. However, when severe
reverse power flow, tightly binding upper voltage limits, or binding branch ampacity
constraints occur, the exactness of the relaxation may be weakened, which is consistent
with the sufficient-condition discussions in Low [34]. For active distribution networks with
multiple voltage levels, the proposed dynamic boundary model can be extended through
per-unit normalization, transformer modeling, and tap-position constraints. If unbalanced
three-phase feeders or complex transformer connections are considered, the single-phase
balanced branch-flow model should be further extended to a multiphase OPF model, and
the relaxation residual or AC power-flow feasibility should be checked case by case.
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Therefore, the proposed method is directly applicable to radial or radially operated
ADN:s. For ring networks, weakly meshed structures, high-renewable reverse-power-flow
scenarios, and multi-voltage or multiphase ADNs, the dynamic boundary constraint itself
remains convex, but the power-flow relaxation should be supplemented with appropriate
topology-specific constraints and feasibility verification.

6.6. Operating Costs and Network Loss Analysis of the IEEE 33-Bus System

To quantitatively evaluate the comprehensive economic performance of the proposed
method, this paper selected a 24-h scheduling cycle and compared it with traditional
scheduling methods:

Method 1, Single Active Optimization: The optimization variables only consider the
active power output of distributed generation and energy storage.

Method 2, Single Reactive Optimization: The optimization variables only consider the
reactive power output of local equipment to optimize the voltage profile.

Method 3, Coordinated Optimization with Static Boundaries: Adopts traditional fixed
static circular boundaries to perform coordinated active and reactive power scheduling.

Method 4, Proposed Method: Introduces the generalized dynamic elliptical capability
envelope and conducts multi-time-scale rolling coordinated scheduling.

As shown in Table 9, the proposed method achieves the global optimum in terms of
comprehensive operating cost, network loss, and fluctuation penalty cost. The intrinsic
system-level mechanism behind its advantages can be summarized into the following three
dimensions:

Table 9. Costs and losses in an IEEE 33-bus system.

Operating Costs Operating Network  Tie-line Fluctuation Penalty Cost

Scheduling Method (10,000 CNY) Loss (kW) (10,000 CNY)
Single Active Optimization 2491 2.607 x 102 4.12
Single Reactive Optimization 27.44 2.134 x 102 3.85
Coordinated Optimization 24.46 1.662 x 102 2.86
Proposed Method 21.57 1.317 x 102 1.24

First, breaking the physical limitations of active and reactive power decoupling. Com-
paring Method 1 and Method 2 reveals that due to the high R/X ratio of the distribution
network, active and reactive power are strongly coupled. Although Method 2 improves
voltage distribution and reduces network loss to 213.4 kW by optimizing reactive power, it
ignores the power generation cost of distributed generation, resulting in its comprehensive
operating cost being the highest at 27.44 x 10* Yuan. Method 3 significantly reduces costs
and network losses through coordinated optimization, but its support capability remains
insufficient when facing extreme disturbances.

Second, the local reactive power compensation substitution effect endowed by dy-
namic boundaries. When coping with extreme wind power uncertainty, Method 3 is
restricted by the rigid constraints of the converter static capacity. When the system ur-
gently requires reactive power support, the limited local equipment forces the distribution
network to purchase emergency regulation power from the main grid at high frequencies
through the transmission-distribution tie-line, driving the fluctuation penalty cost up to
2.86 x 10* Yuan. In contrast, the proposed method activates the dynamic elliptical envelope
of the converter, releasing the underlying transient capacity. This not only avoids the high
fundamental network losses caused by long-distance reactive power transmission, further
lowering total network loss to 131.7 kW, but also cuts off the demand to purchase highly
priced electricity from the main grid at the source. The fluctuation penalty cost drops

https:/ /doi.org/10.3390/ electronics15143021


https://doi.org/10.3390/electronics15143021

Electronics 2026, 15, 3021

26 of 31

sharply to 1.24 x 10* Yuan, achieving an economic game of substituting high main-grid
penalties with local transient margins.

Third, the optimal trade-off between multi-time-scales and global economy. Compared
to single static scheduling, the rolling optimization mechanism introduced by the proposed
method in the intra-day and real-time stages effectively prevents the continuous accumula-
tion of power imbalances within the system. Combined with the quantitative analysis in
Section 6.3, the proposed method successfully evades huge power fluctuation penalties at
the cost of adding an extremely minimal amount of transient harmonic network loss under
extreme operating conditions. This optimal trade-off strategy, combined with the optimized
distribution of global power flow, ultimately brings the total daily comprehensive operating
cost down to the lowest at 21.57 x 10* Yuan, fully demonstrating the superiority of the
proposed method in complex system environments.

6.7. Operating Costs and Network Loss Analysis of the IEEE 69-Bus System

To further verify the applicability and scalability of the proposed multi-time-scale
scheduling strategy and dynamic capability envelope model in a larger-scale and more
complex topology distribution network, this paper introduces an improved IEEE 69-bus
active distribution network system for comparative analysis, as shown as Figure 10. The
base voltage of this system is similarly set to 12.66 kV, and the total active and reactive
loads of the system are 3.80 MW and 2.69 MVAr, respectively. We connected controllable
distributed generation and wind farms equipped with GFM converters at the terminal
nodes and key branch nodes of this system.
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Figure 10. IEEE 69-bus active distribution network topology.

Compared with the 33-bus system, the IEEE 69-bus system possesses a longer physical
main feeder and more branch structures. The increased electrical distance makes this system
more sensitive to reactive power transmission; long-distance reactive power transmission
will lead to more severe line network losses and node voltage deviations.

In this 69-bus system, this paper likewise applied the four scheduling methods de-
scribed previously for a 24-h cycle comparison test. The quantitative results of their
comprehensive operating costs, network losses, and tie-line fluctuation penalty costs are
shown in Table 10.

As shown in Table 10, in the 69-bus system with a complex topology, the proposed
method still maintains globally optimal economics, and its advantages relative to tradi-
tional static models are further amplified under the long-feeder characteristic. The deep
mechanism analysis is as follows:
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Table 10. Costs and losses in an IEEE 69-bus system.

Operating Costs Operating Network  Tie-line Fluctuation Penalty Cost

Scheduling Method (10,000 CNY) Loss (kW) (10,000 CNY)
Single Active Optimization 28.67 3.254 x 10? 5.68
Single Reactive Optimization 31.89 2.685 x 107 4.95
Coordinated Optimization 28.11 2.053 x 102 3.82
Proposed Method 24.35 1.628 x 10? 1.63

First, in the topologically extended distribution network, the loss penalty of long-
distance reactive power transmission exhibits a nonlinear surge. Because the basic load of
the 69-bus system is similar to the 33-bus system, the primary differences in operating costs
are concentrated on network loss and support cost. In Method 3, since the GFM converter
is restricted by the static circular boundary, it cannot provide adequate reactive power
support locally during extreme wind power fluctuations. To maintain the voltage stability
of the dispersed terminal nodes, the distribution network is forced to draw a large amount
of reactive power from the main grid and transmit it through long-distance feeders. This
not only triggers a tie-line fluctuation penalty cost up to 3.82 x 10* Yuan but also generates
immense fundamental heating network losses over the long lines.

Second, the proposed method successfully releases the transient capacity of GFM
converters deeply dispersed across various nodes by activating the generalized dynamic
elliptical envelopes of the underlying converters. This distributed local dynamic support
mechanism effectively shortens the physical flow distance of reactive power. Even un-
der conditions where the system is subjected to intense disturbances and accounts for
minute transient harmonic additional network losses, this strategy substantially suppresses
the total operating network loss to 162.8 kW and slashes the fluctuation penalty cost to
1.63 x 10* Yuan, thereby achieving the lowest comprehensive operating cost.

The simulation results of the aforementioned 69-bus system further indicate that: as the
distribution network scales up and line impedance accumulates, the proposed coordinated
optimization method, accounting for converter dynamic boundaries and multi-time-scale
rolling scheduling, exhibits good scalability and engineering application value in breaking
the long-distance reactive power transmission bottleneck, lowering comprehensive system
operating costs, and enhancing global power allocation efficiency.

6.8. Sensitivity Analysis

To further verify that the performance improvement of the proposed method does not
depend on a single parameter setting, sensitivity analyses are conducted for the dynamic
overload coefficient, DPWM activation threshold, and tie-line power fluctuation penalty
weight. In the analysis, the load level, wind-power scenarios, device placement, and
electricity-price parameters are kept unchanged, while only the target parameter is varied.
The total operating cost, network loss, tie-line fluctuation penalty cost, and maximum
junction temperature are compared. In this paper, 175 °C is adopted as the maximum
allowable junction temperature of the power device.

First, the influence of the dynamic overload coefficient koy is analyzed. A larger
overload coefficient enables the converter to release more short-term support capacity
and reduces the system dependence on main-grid power support, but it also increases the
thermal stress of the device. Table 11 presents the analysis results for the IEEE 33-bus and
IEEE 69-bus systems.

As shown in Table 11, as koy increases, the total operating cost, network loss, and
tie-line penalty cost all show a decreasing trend, indicating that dynamic capacity release en-
hances local power support capability. However, when koy increases to 1.20, the maximum
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junction temperatures rise to 166 °C and 169 °C, respectively, approaching the safety limit
of 175 °C, and the thermal safety margin is significantly reduced. Therefore, koy is selected
as the base value in this paper to balance operating economy and device thermal safety.

Table 11. Sensitivity Analysis of the Dynamic Overload Coefficient.

Svstem k Total Operating Network Tie-Line Penalty Maximum Junction
y ov Cost/10,000 CNY Loss/kW Cost/10,000 CNY Temperature/°C
IEEE33 1.00 24.46 166.2 2.86 118
IEEE33 1.05 23.58 154.7 2.31 132
IEEE33 1.10 22.64 142.9 1.78 140
IEEE33 1.15 21.57 131.7 1.24 146
IEEE33 1.20 21.31 128.5 1.12 166
IEEE69 1.00 28.11 205.3 3.82 121
IEEE69 1.05 27.02 190.8 3.15 134
IEEE69 1.10 25.71 176.4 2.31 141
IEEE69 1.15 24.35 162.8 1.63 148
IEEE69 1.20 24.02 158.6 1.47 169
Second, the influence of the DPWM activation threshold is analyzed. A lower activa-
tion threshold triggers DPWM earlier and extends its operating duration, whereas a higher
activation threshold may delay dynamic support and increase tie-line power fluctuation.
The results are shown in Table 12.
Table 12. Sensitivity Analysis of the DPWM Activation Threshold.
System Alc)tfwgtli\gn Total Operating Tie-Line Penalty Ollj)zgtli\;[lg 1\;[1?;:::::1
Threshold Cost/10,000 CNY  Cost/10,000 CNY Duration/ms Temperature/°C
IEEE33 S/Stateq > 0.95 21.49 1.20 0.68 143
IEEE33 S/Srated = 1.00 21.57 1.24 0.50 146
IEEE33 S/Stated = 1.05 22.08 1.56 0.34 149
IEEE69 S/Stateqd = 0.95 24.21 1.56 0.71 145
IEEE69 S/Sratea = 1.00 24.35 1.63 0.50 148
IEEE69 S/Stateqd > 1.05 24.92 2.04 0.36 152

As shown in Table 12, a lower DPWM activation threshold can slightly reduce the
tie-line penalty cost, but it extends the DPWM operating duration and may increase
transient harmonic impacts. A higher activation threshold shortens the DPWM operating
duration, but insufficient dynamic support leads to higher total operating cost and tie-line
penalty cost. The maximum junction temperatures under all three thresholds remain below
175 °C. Considering the dynamic support effect, thermal safety, and power-quality impact,
S/Srated = 1.00 is adopted as the base activation condition.

As shown in Table 13, under different penalty weights, the proposed method maintains
relatively low operating cost and network loss while keeping the maximum junction
temperature below 175 °C. As the penalty weight increases, the dispatch model tends to
use more local dynamic support capability to reduce tie-line power deviation; therefore,
the network loss slightly decreases, but the support burden on local converters increases,
leading to a higher maximum junction temperature. Overall, the proposed method remains
effective under low, medium, and high penalty weights, indicating that the performance
improvement does not depend on a single weight setting.
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Table 13. Sensitivity Analysis of the Tie-Line Fluctuation Penalty Weight.
Svstem Penalty Weight Total Operating Network Tie-Line Penalty = Maximum Junction
y Level Cost/10,000 CNY Loss/kW Cost/10,000 CNY Temperature/°C
IEEE33 Low 22.13 136.8 0.86 139
IEEE33 Medium 21.57 131.7 1.24 146
IEEE33 High 21.48 130.9 1.71 154
IEEE69 Low 25.02 169.4 1.13 141
IEEE69 Medium 24.35 162.8 1.63 148
IEEE69 High 24.18 160.6 224 157

In summary, the sensitivity analysis shows that the overload coefficient, DPWM ac-
tivation threshold, and tie-line fluctuation penalty weight all affect system economy and
device thermal margin. Nevertheless, within a reasonable parameter range, the proposed
method consistently reduces operating cost, network loss, and tie-line power fluctuation
while satisfying the 175 °C junction-temperature safety constraint. Therefore, the perfor-
mance improvement obtained in this paper is not limited to a narrow parameter range,
and the proposed dynamic-boundary dispatch strategy has good parameter adaptability
and robustness.

7. Conclusions

This paper presents a novel multi-time-scale coordinated active and reactive power
scheduling strategy for active distribution networks (ADNs) facing high wind power
penetration. By breaking the physical limitations of traditional static capacity boundaries,
the proposed method deeply integrates the underlying electro-thermal characteristics of
grid-forming (GFM) converters into macroscopic grid dispatch. The main conclusions are
drawn as follows:

Release of Transient Thermal Margins: The construction of a generalized dynamic el-
liptical capability envelope successfully maps the converter’s short-term overload potential
into spatial-temporal constraints at the scheduling layer. By employing DPWM phase-shift
clamping to significantly reduce switching losses, the converter frees up thermal margins to
output transient large currents safely, enabling high-intensity local reactive power support
during severe grid disturbances.

Hierarchical and Robust Dispatch: The multi-time-scale framework optimally bal-
ances computational tractability and system security. The day-ahead and intra-day phases
leverage a Copula-based scenario method to minimize total operating costs, while the
real-time rolling optimization successfully suppresses tie-line power fluctuations utilizing
adaptive weights and activated dynamic boundaries.

Superior Economic and Operational Performance: Simulation results on the IEEE 33-
bus and 69-bus systems validate that the proposed approach achieves the lowest operating
cost among the compared methods. It effectively substitutes high main-grid fluctuation
penalties with local transient margins, shortening the physical flow distance of reactive
power and reducing associated network losses. Despite an extremely brief and acceptable
increase in harmonic distortion, the strategy demonstrates good scalability in the tested
systems and engineering application value for resolving long-distance reactive power
transmission bottlenecks in complex ADNSs.

It should also be noted that the exactness verification in this paper is mainly based on
radial or radially operated ADNs. When the proposed dynamic-boundary dispatch model
is applied to closed-loop ring networks, weakly meshed networks, or multiphase multi-
voltage-level ADNs, additional cycle angle constraints, multiphase power-flow modeling,
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or AC feasibility back-checking should be incorporated. This will be further investigated in
future work.
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