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ABSTRACT: Ensuring reliable power supply in urban distribution networks is a complex and critical task. To address
the increased demand during extreme scenarios, this paper proposes an optimal dispatch strategy that considers the
coordination with virtual power plants (VPPs). The proposed strategy improves system flexibility and responsiveness by
optimizing the power adjustment of flexible resources. In the proposed strategy, the Gaussian Process Regression (GPR)
is firstly employed to determine the adjustable range of aggregated power within the VPP, facilitating an assessment of
its potential contribution to power supply support. Then, an optimal dispatch model based on a leader-follower game
is developed to maximize the benefits of the VPP and flexible resources while guaranteeing the power balance at the
same time. To solve the proposed optimal dispatch model efficiently, the constraints of the problem are reformulated
and resolved using the Karush-Kuhn-Tucker (KKT) optimality conditions and linear programming duality theorem.
The effectiveness of the strategy is illustrated through a detailed case study.

KEYWORDS: Urban distribution network; virtual power plant; power supply support; leader-follower optimization
game; extreme weather scenarios

1 Introduction

Power supply support refers to the ability of the distribution system to maintain or restore critical
electricity supply to essential loads during extreme scenarios. The concept encompasses both real-time power
delivery and flexible demand-side management to ensure system resilience. As the critical link between
transmission systems and end-users, urban distribution grids directly determine supply reliability, voltage
stability, and outage resilience for high-density load centers. Improving the power supply security and
integrated capacity of urban distribution networks is crucial to support the development of a modern energy
system and a reformed power grid structure.

However, the high penetration of renewable energy sources has brought significant uncertainty and
instability to the operation and control of urban distribution networks [1-4]. Frequent extreme events further
exacerbate the challenges of ensuring power supply in urban distribution networks [5-8]. To ensure a reliable
power supply of urban distribution networks, the authors in [9] established a supply support framework
incorporating multidimensional factors, providing novel solutions to short supply support cycles and limited
resource diversity. In [10], a load restoration strategy based on multi-energy coordination is proposed to
improve the resilience of UIES, with the goal of restoring important loads as much as possible. The authors
in [11] analyzed the Sichuan high-temperature drought power rationing event, identifying the power supply
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support challenges of modern power systems in planning, operation, trading, and policy, and proposing
corresponding control strategies.

Building on these efforts, several studies have explored the utilization of distributed resources for
resilient service restoration. The authors in [12] proposed a novel operational strategy for distribution systems
based on real-time formation of multiple microgrids powered by distributed generation (DG). This approach
enhances system resilience under extreme scenarios by enabling autonomous operation of localized energy
systems, thereby isolating affected areas and maintaining power supply to essential loads. In [13], a resilient
feeder restoration method is proposed for power distribution networks that utilizes distributed energy
resources (DERs) to restore critical loads following extreme weather events. A two-stage optimization
method is proposed in [14] for critical load restoration in distribution systems following extreme events,
leveraging microgrids, distributed generators, and other local resources. The first stage determines the
optimal post-event network topology, while the second stage identifies the set of critical loads to be restored
and the corresponding output of available distributed resources.

Additionally, virtual power plants (VPPs) have emerged as a crucial technology for aggregating and
optimizing flexible resources such as photovoltaic (PV) systems, energy storage, and interruptible loads,
thereby to providing flexibility and controllability for power system operation. The authors in [15] proposed
an equivalent aggregation models for the VPP to participate in contingency reserve services. The authors
in [16] proposed a reduced-order dynamic model of the VPP, enabling transmission system operators to
effectively assess the impact of VPPs on grid stability and facilitating their integration into modern power
systems. In [17], an optimal coordinated scheduling of electric vehicles for a VPP is proposed to coordinate
charging/discharging strategies of massive and dispersed EVs. Given their ability to efficiently aggregate
diverse flexible resources, VPPs are well-suited to play a pivotal role in enhancing the power supply support
capabilities of urban distribution networks under extreme scenarios.

Although there have been several strategies proposed in literature to guarantee the power supply for
urban distribution network under extreme scenarios [18,19]. However, these works do not fully leverage the
potential of VPPs in coordinating heterogeneous flexible resources under extreme conditions. Moreover,
they often overlook the need to balance power supply support with economic performance, particularly
when faced with high levels of renewable uncertainty. These gaps motivate this study, which proposes an
optimal dispatch strategy for urban distribution networks during extreme scenarios, integrating VPPs to
coordinate flexible resources while accounting for both reliability and economic efficiency. Firstly, Gaussian
process regression is employed to estimate the power output scenarios or power adjustment ranges of
photovoltaic systems and adjustable loads within each VPP, enabling the distribution of power supply support
responsibilities among individual VPPs. Then, a leader-follower game model is employed to dispatch the
coordination of flexible resources within each VPP, ensuring the power output of flexible resources meet the
demands of power supply. In this framework, VPP pricing is used as a key decision variable to coordinate the
dispatch objectives between the distribution system operator and the VPPs, balancing economic incentives
with operational reliability. The effectiveness of the proposed strategy is verified through simulation analysis
under extreme scenarios. This strategy ensures efficient resource coordination while enhancing the reliability
of urban distribution networks. In the considered urban distribution network, various flexible resources
are included, such as solar PV systems and adjustable loads. These resources are aggregated and managed
through the VPP, enabling them to play a more significant role in grid operation and dispatch. The VPP not
only integrates different types of resources but also coordinates their interactions to optimize their outputs
according to the grid’s demand variations.

Additionally, the urban distribution network incorporates smart meters for real-time monitoring
and adjustment of user-side consumption behaviors, supporting the effective implementation of demand
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response programs. This comprehensive framework provides a solid foundation for enhancing the flexibility,
reliability, and efficiency of the grid. Against this backdrop, the proposed optimal dispatch strategy not only
enhances system flexibility and responsiveness but also provide robust support for power supply support.

While the proposed strategy primarily focuses on optimizing the dispatch of flexible resources aggre-
gated by VPPs, other operational strategies such as network reconfiguration, sectionalizing switch control,
and feeder reorganization also play important roles in enhancing the resilience and efficiency of distribution
networks. These strategies can be integrated into the proposed framework in future extensions, potentially
leading to a more comprehensive and robust dispatch methodology.

The main contributions of this paper are summarized as follows:

e An optimal dispatch strategy incorporating VPPs is proposed to enhance the reliability of urban distri-
bution networks during extreme scenarios by optimizing the power adjustment of flexible resources.

»  Gaussian process regression is applied to evaluate the adjustable power range of VPPs, providing a robust
and probabilistic method to quantify their potential contribution to power supply support.

« An optimal dispatch model based on leader-follower game theory is developed to coordinate system
operators and VPPs, aiming to optimize both system resilience and resource utilization during extreme
events. And the model incorporating VPP pricing as an incentive mechanism to align the dispatch
decisions of system operators and VPPs, promoting both reliability and economic efficiency.

« The Karush-Kuhn-Tucker conditions and the duality principle of linear programming are utilized to
reformulate and solve the optimization problem efficiently, transforming it into a tractable mathemati-
cal formulation.

Organization: Section 2 analyses the operating characteristics of photovoltaic systems and temperature-
sensitive loads in extreme scenarios. In Section 3, we introduce the optimal dispatch strategy. In Section 4,
case studies are conducted and the simulation results are discussed. We conclude the paper in in Section 5.

2 Analysis of Operating Characteristics of Photovoltaic Systems and Temperature-Sensitive Loads in
Extreme Scenarios

In this study, extreme scenarios refer to severe weather-induced disruptions, such as high-temperature
droughts, heavy storms, and sandstorms, which significantly impact the power generation of renewable
energy sources and increase the demand for electricity. These scenarios are simulated by introducing
uncertainty sets and probabilistic scenarios for photovoltaic output and adjustable load demand, based on
historical weather and load data.

This section presents a detailed analysis of the operational characteristics of PV systems and
temperature-sensitive loads under extreme weather conditions. The operational characteristics of PV systems
are introduced in Section 2.1, detailing how environmental factors such as temperature, solar irradiance,
dust, and snow affect PV outputs. Section 2.2 then elaborates on the operating characteristics of temperature-
sensitive loads, explaining how varying ambient temperatures impact energy consumption for devices like
air conditioners and electric heaters.

2.1 Operational Characteristics of Photovoltaic Systems

The performance of PV systems is affected by environmental temperature, solar irradiance, dusty
conditions [20], and snow accumulation. As shown in Fig. I, the PV output curves vary under different
weather scenarios. Here is the summary of different environmental factors on PV outputs. Solar irradiance
directly determines PV output and higher radiation levels result in increased power generation. Extreme
temperatures can change the conductivity of PV panels, i.e., high temperatures decrease energy conversion
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efficiency, while low temperatures can slightly enhance efficiency, though excessively low temperatures may
result in component or inverter failures. Dust accumulation during dusty weather blocks sunlight, therefore
reducing PV outputs. And in snowy conditions, full snow coverage prevents PV panels from receiving
radiation until the snow is removed or melts.
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Figure 1: Photovoltaic output across various weather scenarios

2.2 Operating Characteristics of Temperature-Sensitive Loads

Temperature-sensitive loads refer to electrical devices whose energy consumption is highly dependent
on ambient temperature, such as air conditioning systems and electric heaters. In high-temperature envi-
ronments, air conditioning systems must increase the frequency and duration of cooling cycles to maintain
indoor comfort, resulting in a significant increase in electricity consumption. Conversely, in low-temperature
conditions, the heating function of air conditioners (such as heat pumps or auxiliary electric heaters) operates
continuously to counteract cold external air, similarly increasing energy demand. Electric heaters exhibit
similar behavior under extreme cold. They often operate for extended periods and may reach their maximum
output to maintain indoor thermal comfort.

3 Two-Stage Virtual Power Plant Dispatch Strategy for Power Supply Support

Building upon the operational characteristics discussed in Section 2, a two-stage optimal dispatch
strategy is proposed for VPPs to provide reliable power supply for urban distribution networks under
extreme scenarios, with its framework illustrated in Fig. 2. In the first stage, Gaussian process regression is
applied to assess the adjustable power ranges of each VPP, enabling the distribution network operator to
assign power supply support demands to individual VPPs. In the second stage, a leader-follower game is
established: the upper level maximizes the revenue of VPPs, while the lower level maximizes the revenue
of distributed resource aggregators. The solution of the model provides power supply support strategies for
various time periods.

The Stackelberg game framework is adopted to model the hierarchical decision-making process between
the VPP and its internal flexible resources. In this framework, the VPP acts as the leader, responsible for
setting subsidy prices to coordinate the dispatch of flexible resources. Each flexible resource acts as a follower,
optimizing its own dispatch strategy in response to the received price signal.
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Figure 2: Framework of the power supply support dispatch strategy for urban distribution networks with VPP
interactions

Specifically, the VPP assumes the role of a price-maker, leveraging its global information and system-
level optimization objective to design incentive-compatible subsidy prices. This reflects the real-world
operation of VPPs, where the aggregator has the authority to influence resource behavior through eco-
nomic signals. About the follower side, responsive loads are modeled as rational agents who adjust their
consumption based on the trade-off between utility and cost.

Compared to non-cooperative game models such as the Nash equilibrium, where all players make
decisions simultaneously and symmetrically, the Stackelberg framework better captures the asymmetric
information structure and hierarchical control inherent in VPP systems. This enables more effective
coordination under extreme conditions, especially when rapid response and centralized control are required.

3.1 Allocation of Power Supply Support Based on Adjustable Aggregation Power Ranges

Based on the evaluation produced by the Gaussian Process Regression (GPR) model for the adjustable
aggregated power ranges of flexible resources, our objective is to achieve an optimal dispatch of VPPs in
the distribution network. This allows each VPP to make rapid local decisions based on their own adjustable
power ranges while ensuring overall power balance.

(1) Evaluation of Adjustable Aggregated Power Ranges for Flexible Resources: Flexible resources are
aggregated effectively and efficiently through VPPs to provide reliable power support for urban distribution
networks under extreme weather. Here, the GPR method developed in [21] is utilized to evaluate the
adjustable ranges of the aggregated power for VPPs involved in power supply support, enabling the
determination of the adjustable power ranges of each VPP at various time instants.

Historical data on the output of flexible resources in the VPP, along with environmental factors such as
temperature and solar irradiance, are gathered as training data for the GPR model. An appropriate kernel
function is chosen to estimate the adjustable power ranges of the m-th VPP’s flexible loads at time instant t,
denoted as [P} ™", P,"*], and the daily output curve of PV systems are estimated. The maximum active
Py Y™, The available power ranges of these
flexible resources are calculated by summing the adjustable ranges of similar devices or resources within the
m-th VPP. The specific GPR model is described as follows:

power output of PV systems at time instant ¢ is represented as
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Considering z = f (x) + ¢, assuming noise & ~ N (0, o,f), the joint prior distribution of the observed
z and predicted values z, is provided as:

z K(X,X)+0d2I, K(X,x)
R D) 0

where K (X, X) = (ki j)nxn denotes an n x n symmetric positive-definite covariance matrix, where the

elements k;; = k (xi, x j) characterize the correlation between x; and xj; K (X, x.) = K (x,, X )T represents
the n x 1 covariance matrix between the input X of the training set and the test data x.; k (x., x,) is the
covariance of the test data x, with itself; and I, is the n-dimensional identity matrix.

The posterior distribution of the predicted value z, is further derived as:

z. | X, 2z, %0 ~ N [Z4,c0v(24)] (2)
The mean and covariance are determined by the following expressions:

Z. = K (x0, X) [K (X, X) + 021,] ' 2 (3)
cov (z.) = k (xe, %) = K (x4, X) [K (X, X) + 021, ] K (X, x.) (4)

The combination of the RBF Kernel and LIN Kernel covariance functions yields the total covariance
function of the GPR model.

krin (x1,x2) = X1Tx2 (5)

krpr (x1,x2) = exp [—% (x1 - xz)T 0[2 (x1 - xz)] (6)

where x; and x; are input variables; 0; represents the hyper-parameters of the RBF Kernel.

The adjustable aggregated power ranges for the m-th virtual power plant (VPP) at different time instants
is expressed as [AP;;,‘;“, AP,‘;‘ftx], where APTP = PP and APR = P + Py Y™,

(2) Allocation of Power Supply Support Quantities among VPPs: At time instant ¢, each VPP submits its
assessed adjustable aggregated power ranges to the distribution network system operator (DNSO). Utilizing
the information and the power supply support demand at time instant ¢, the DNSO allocates the required
power supply support quantities to each VPP and announces the corresponding incentive price. The power

supply support quantity assigned to the m-th VPP at time instant ¢ is expressed as:

(APRax — APMIN)

APY! = x P¢ ?)

=

(Apirfltax _ APirfltin)

where M is the number of VPPs in the distribution network capable of participating in power supply support;
P4 is the power supply support demand of the distribution network at time instant ¢, which represents the
total amount of power required to maintain critical load operations under extreme scenarios.

3.2 Bi-Level Optimization Model for VPP Dispatch: Revenue Maximization with Distributed Resource
Coordination under Extreme Scenarios

To enhance clarity, the key parameters and decision variables in the proposed optimization model are
summarized as follows (Table 1):
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Table 1: Decision variables and parameters

Type Expression Description
Ccr The response subsidy price provided by the VPP to
Decision variables individual devices
AP?Y Power response contributions of the i-th PV system at
time instant ¢
AP}, Power response contributions of the j-th adjustable
load at time instant ¢
AP, The supplementary power acquired by the VPP
through alternative sources at time instant ¢
Cq The incentive price provided by DSO to VPPs
APV The power dispatch signal assigned to the m-th VPP
npy Counts of PV systems within the VPP
e Counts of adjustable loads within the VPP
cmin The lower bounds of the response subsidy price
cx The upper bounds of the response subsidy price
Parameters Cy The unit cost of obtaining supplementary power
Cp The cost per unit of active power supplied by the PV
system
Ce The cost per unit of active power response for the
adjustable load
APp;Ymin The minimum power limits of the PV system
APFYmax The maximum power limits of the PV system
APpFYmin The minimum power limits of the adjustable load
APS™ The maximum power limits of the adjustable load

J

A bi-level leader-follower optimization model is proposed for the DNSO to obtain the optimal dispatch
signals for VPPs in the system. In this hierarchical framework, the upper-level problem represents the
decision-making process of the DNSO, which aims to maximize the overall revenue of the VPPs while ensur-
ing reliable power supply across different time instant. The lower-level problem corresponds to the response
of distributed resource aggregators, who coordinate their adjustable loads and controllable photovoltaic
resources to follow the dispatch signals issued by the VPPs, with the objective of maximizing their own
revenues. Each VPP acts as an intermediary that coordinates the operation of its internal distributed energy
resources to execute the dispatch signal. The response subsidy price ¢, provided by the VPP to individual
devices serves as a decision variable. The optimization problem for the VPP is formulated as follows:

npy

MNe
max c APy, — ¢, AP, — ¢, ) AP[Y ¢, > AP,
j=1

i=1

MM <o, < ALYt
npy e

APy = Y AP]) + % APf + AP, V't
j=1 k=1

AP, >0,Vt

(8a)
(8b)
(8¢c)

(8d)
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where AP'f denotes the power dispatch signal assigned to the m-th VPP; AP}Y and AP}, are the power

response contributions of the i-th PV system and the j-th adjustable load at time instant ¢, respectively;

AP, is the supplementary power acquired by the VPP through alternative sources at time instant ¢; npy

min max
r r

lower and upper bounds of the response subsidy price, respectively; and ¢, is the unit cost of obtaining
supplementary power.

and n, are the respective counts of PV systems and adjustable loads within the VPP; ¢;*'" and ¢;"** are the

The function (8a) is designed to maximize the revenue of the VPP. The constraint (8b) guarantees the
response subsidy price within limit. The constraint (8c) is set to ensure the balance of supply power and load
demand. The constraint (8d) guarantees the supplementary power to be non-negative.

Given the dispatch signal by the VPP, each distributed resource such as PV systems and adjustable
loads—then independently responds based on its own operational constraints and incentive preferences.
Specifically, the optimization problem for the i-th PV system is described as follows:

max (¢, — ¢, ) AP} (%92)
APPV™ < APPY < APPV™ Wte T, (9b)
AP} =0,Vt ¢ T,,Vi (9¢)

where ¢, is the cost per unit of active power supplied by the PV system; AP} >™* and AP;""™" are the
maximum and minimum power limits of the PV system, respectively; and T,, is the duration of the power
supply support period.

The function (9a) is designed to maximize the revenue of the PV system. The constraint (9b) guarantees
the power output of the PV system within limit during the power supply support period. The constraint (9¢)
is set to ensure the power output of the PV system to be zero beyond the period of the power supply support

And the optimization problem for the j-th adjustable load is formulated as follows:

max (¢, - ¢.) AP}, (10a)
AP;’mi“ < APj, < APY™,Vte T, (10b)
AP§,=0,Vt¢T,,Vj (10¢)

where c, is the cost per unit of active power response for the adjustable load; AP;™* and APf’mi“ are the
maximum and minimum power limits of the adjustable load, respectively.

The function (10a) is designed to maximize the revenue of the adjustable load. The constraint (10b)
guarantees the power output of the adjustable load within limit during the power supply support period. The
constraint (10c) is set to ensure the power output of the adjustable load to be zero beyond the period of the
power supply support.

3.3 Solution Methodology

To solve the above optimization model, the lower-level problem is first transformed into an equivalent
nonlinear programming formulation using KKT conditions. Boolean variables are then introduced to recast
these conditions as linear inequality constraints. Subsequently, duality theory is applied to linearize the
objective function. Finally, the entire bi-level leader-follower game model is reformulated as a mixed-integer
linear programming (MILP) model.
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The detailed mathematical derivations, including the KKT conditions for the lower-level optimization
problems of photovoltaic systems and adjustable loads, as well as the linearization steps, are provided
in Appendix A.

To further simplify the bi-level optimization model, duality theory is applied to linearize the objective
function. Duality theory indicates that when both the primal and dual problems achieve their optimal
solutions, their objective functions are equal. From Eqs. (9a) and (10a), the following equality can be derived:

—(cr—¢p) AP}Y = 07, AP;V™" + 6/ AP]Y ™ (11a)

~ (& - co) AP, = 6, APS™ 1 67, AP (11b)

By integrating the reformulated constraints from the lower-level problems and the linearized objective
function, the entire bi-level leader-follower game model is ultimately transformed into a MILP problem. The
proposed optimization model aims to maximize the total economic benefit of VPPs while ensuring reliable
power supply under extreme scenarios. The objective function is defined as:

npey

Ne )

maxcg APy, — e P+ Y (07, APPV ™M 4 gf APPY M = APPY) + 3 (07, AP 4 67, AP - AP )
i1 j=1

(12)

s.t. (8b)-(8d), (Ala), (Ald), (A2a), (A2d) and (A3a)-(A6D).

The proposed model incorporates distribution network constraints through a linearized power flow
formulation, ensuring that voltage and line flow limits are respected during dispatch. These constraints are
specifically listed in Appendix B.

4 Experiment and Result Analysis

This section presents a specific case study designed to confirm the efficacy of the bi-level leader-follower
game model for VPP pricing and the associated solution approach introduced in Section 2. Additionally,
while ensuring compliance with power supply support demands, the influence of the minimum pricing
threshold of VPPs on their revenue and that of adjustable devices is explored. A case study diagram of
an urban distribution network incorporating VPPs is shown in Fig. 3, where the abbreviation AL denotes
adjustable load, and VPP represents the smart control platform that aggregates various flexibility resources.

®Bus — Line 4 »

Figure 3: Diagram of an urban distribution network incorporating VPPs
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4.1 Evaluation of Adjustable Power Ranges

Historical data, including PV output, serves as training samples for the GPR model to generate daily
output curves for PV systems, as depicted in Fig. 4. The generated profile mirrors the overall trend of
historical generation curves. By extension, assessments of the adjustable ranges for flexible resources within
various VPPs can be achieved.
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Figure 4: Comparative curves of historical and simulated PV output

The dataset used for training and validating the GPR model was collected from historical response data
of DERSs. A total of 1200 samples were generated by simulating various subsidy price signals across different
time periods and weather conditions. The input features include subsidy prices, time periods, temperature,
solar irradiance (applicable to photovoltaic systems), and load demand (applicable to adjustable loads). The
output features include the actual response power of each flexible resource. All features were normalized to
the range [0, 1] to improve model convergence and performance.

To justify the use of GPR for forecasting the adjustable power output of PV systems, we conduct
a comparative analysis with two widely used forecasting methods: Long Short-Term Memory (LSTM)
networks and Autoregressive Integrated Moving Average (ARIMA). The comparison is based on a 24-h-
ahead forecasting task, where the goal is to predict the PV output under varying weather conditions using
historical power generation data and meteorological features (e.g., temperature, irradiance).

The dataset is partitioned into a 70% training set and a 30% test set. All models are trained on the same
input features and evaluated using the Mean Absolute Error (MAE), the results show that GPR achieves the
lowest MAE of 5.2 kW, outperforming LSTM (5.8 kW) and ARIMA (8.1 kW). Furthermore, GPR provides
uncertainty bounds for its predictions, which is crucial for risk-aware dispatch decisions in extreme weather
scenarios. Given its superior accuracy and interpretability, GPR is well-suited for the short-term forecasting
needs of VPPs in this study.

To simulate the impacts of extreme weather events, the proposed model incorporates uncertainty sets
for photovoltaic output based on historical irradiance data under extreme conditions, as well as load demand
scenarios generated using Gaussian process regression to capture load surges that occur during such events.

Upon completing information exchange with the DNSO, each VPP regulates its flexible resources based
on the power dispatch signal from the DNSO.
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4.2 Parameter Settings

The response demand specified by the DNO for a particular VPP during extreme weather conditions
is listed in Table 2. The total demand specified for the day amounts to 3830 kWh. The response reward
price provided by the DNO to the VPP is 2.5 CNY/kWh. The response subsidy prices offered by the VPP
to individual devices fall within the range [1.0, 2.3] CNY/kWh. The power supply costs for PV systems and
adjustable loads are 1.26 CNY/kWh and 1.53 CNY/kWh, respectively. Their aggregated power contributions
are presented in Tables 3 and 4, and the cost of supplementary power is 2.4 CNY/kWh.

Table 2: DNO response demand

Time instant Demand (kWh) Time instant Demand (kWh) Time instant Demand (kWh)

1 0 9 0 17 380
2 0 10 0 18 0
3 0 11 500 19 0
4 0 12 610 20 0
5 0 13 680 21 0
6 0 14 720 22 0
7 0 15 480 23 0
8 0 16 460 24 0

Table 3: Power availability of PV systems

Time Maximum Time Maximum Time Maximum
instant (h)  power (kW) instant(h) power (kW) instant(h) power (kW)
1 0 9 195.8 17 50.56
2 0 10 152.57 18 42.74
3 0 11 229.79 19 0
4 0 12 212.36 20 0
5 0 13 185.68 21 0
6 0 14 323.13 22 0
7 50.545 15 85.97 23 0
8 131.01 16 67.37 24 0

Table 4: Power availability of adjustable loads

Time Maximum Time Maximum Time Maximum
instant (h) power (kW) instant(h) power (kW) instant(h) power (kW)

1 214.67 9 0 17 166.96

2 126.83 10 50.55 18 212.36

3 1.38 11 0 19 0

4 191.68 12 126.83 20 0

5 86.41 13 121.12 21 0

6 14.25 14 224.29 22 0

7 0 15 145.96 23 11.94

8 0 16 135.86 24 171.00
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4.3 Optimal System Solution

The optimal solution to the equivalent MILP model, based on the data from Section 3.2, yields the
subsidy pricing strategy for the virtual power plant (VPP) and the dispatch strategies for the flexible
resources, as detailed in Fig. 5. The supplementary power during period 12 is calculated to be 121.58 kW.
The results indicate that flexible resources remain inactive during periods without power supply support
demands. During power supply support periods, the subsidy prices and dispatch strategies are determined
based on factors such as the required response volume, the maximum output capacity of each flexible
resource, and their associated costs. These calculations aim to maximize benefits for the VPP, PV aggregators,
and adjustable load aggregators. In this scenario, the subsidy prices are mainly affected by the maximum
active power output and cost limitations of the flexible resources.

1.6

[PV Output
|| Adjustable Load Output
—=&— Subsidy Price

Output power (kW)
Subsidy price (CNY)

4 8 12 16 20 24
Time (h)

Figure 5: Optimal subsidy pricing and flexibility resource dispatch strategy

Under the VPP coordination, the DNO pays a total cost of 9575 CNY to support the 3830 kWh power
demand. At the same time, the objective function yields a profit of 4332.51 CNY for the VPP, demonstrating
the economic viability of the proposed coordination mechanism.

While the main optimization model focuses on economic dispatch and pricing strategies, the feasibility
of the solution in terms of network constraints (e.g., voltage limits, line flow limits, and radial structure) is
verified using a post-processing AC power flow simulation. The results confirm that all voltage magnitudes
remain within [0.95 p.u., 1.05 p.u.], and no line flow exceeds its thermal limit.

4.4 Impact of Supplemental Power Cost Pricing on Optimal Solutions

During power supply support periods, if the PV and adjustable load capacities within a VPP fall short
of the targeted supply, the VPP can secure additional supplemental power either by purchasing from other
VPPs or by tapping into alternative resources. The approach taken to obtain supplemental power affects
its corresponding cost price. Fig. 6 depicts the trends in VPP profitability and the average subsidy prices
for PV and adjustable loads under varying supplemental power costs. It demonstrates that as the cost of
supplemental power increases, the VPP must adjust its subsidy prices upwards to maintain power supply
stability, leading to reduced profit margins. Once the supplemental power cost hits 2.7 CNY/kWh, the VPP’s
profitability plateaus, implying that further increases in supplemental power costs will not significantly alter
the VPP’s ultimate profits. This underscores the necessity of evaluating the cost-effectiveness of supplemental
power when crafting VPP operational strategies to harmonize economic gains with supply support duties.
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Figure 6: Comparative analysis of VPP profitability and average subsidies across different supplemental power costs

4.5 Comparison with the Scenario without VPP Coordination

To fully evaluate the effectiveness of the VPP coordination mechanism, we introduce a baseline scenario
in which the DSO meets the power demand without VPP support. This section describes and analyzes that
baseline scenario and compares it with the VPP-coordinated case.

In the baseline scenario without VPP coordination, the DSO must rely solely on market purchases or
self-generation to supply power support. Assuming a power shortage of 3830 kWh needs to be covered,
the DSO can fulfill this demand by purchasing electricity from the market. In certain regions, peak-time
electricity prices can reach as high as 2-4 CNY/kWh. For illustrative purposes, we adopt a moderate market
price of 3.0 CNY/kWh. Under this assumption, the total cost for the DSO to cover the 3830 kWh shortfall
would be 11,490 CNY. If the DSO were to use self-generation instead, the marginal generation cost would
likely be even higher than the market purchase cost, especially during peak hours.

In contrast, under the Stackelberg-based VPP coordination framework, the DSO pays a total cost of
9575 CNY to fully support the same 3830 kWh demand. This means that the cost in the coordinated scenario
is approximately 83% of the cost in the non-coordinated baseline scenario. This comparison highlights the
economic benefits of VPP coordination. Not only does the VPP enable the DSO to significantly reduce
its operational expenditure, but it also facilitates the efficient utilization of distributed energy resources.
Moreover, in this coordinated framework, the VPP aggregator earns a profit of 4332.51 CNY. The VPP acts
as an effective intermediary that enhances system flexibility, improves supply reliability, and supports the
integration of renewable energy sources.

In summary, the VPP coordination mechanism provides a more cost-effective and resource-efficient
solution compared to the scenario without VPP support. It not only reduces the financial burden on the DSO
but also promotes the sustainable development of the power system.

5 Conclusion

To address the power supply support challenges of urban distribution networks in extreme scenarios,
an optimal dispatch strategy is proposed based on the evaluation and interaction of aggregated power
from VPPs. By establishing a bi-level leader-follower game model and reformulating it as a MILP model
through KKT conditions, the strategy significantly improves the flexibility and responsiveness of power
supply support in such scenarios.
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Numerical case studies validate that the proposed strategy can rapidly respond to the power sup-
ply support requirements of urban distribution networks, efficiently coordinate PV and adjustable load
resources within VPPs, and maintain the flexibility and stability of power supply support by incorporating
supplementary power to account for the diversity of VPP power sources. Future research will focus on
incorporating energy storage systems and market-based mechanisms into power supply support strategies
to further optimize VPP operations. Additionally, we will continue to delve into the effectiveness of the
proposed methods under various extreme scenarios and evaluate system flexibility, responsiveness, and the
robustness of power supply support with metrics.
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Abbreviations

VPPs Virtual power plants

GPR Gaussian Process Regression

KKT Karush-Kuhn-Tucker

UIES User Integrated Energy System

1% Photovoltaic

EVs Electric Vehicles

MILP Mixed-integer linear programming
DNSO Distribution network system operator
LSTM Long Short-Term Memory

ARIMA Autoregressive Integrated Moving Average
MAE Mean Absolute Error

Appendix A

This appendix presents the full derivation of the solution methodology for the bi-level optimization
model described in Section 3.2. It includes the KKT conditions for the lower-level optimization problems, the
linearization of complementary slackness conditions, and the final reformulation as a mixed-integer linear

programming (MILP) model.

A.1 Conversion to Equivalent Nonlinear Programming

For the bi-level leader-follower game model of VPP pricing, the linear programming con-
straints (9b), (9¢), (10b), and (10c) are replaced with their corresponding KKT conditions [22]. This
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transformation allows the lower-level optimization problems to be expressed as constraints for the upper-
level VPP optimization model.

A.1.1 KKT Conditions for the i-th PV System

Let the dual variables be denoted as {¢7;, ¢/, } and {;;}. For the optimization problem of the i-th PV
system, the KKT conditions for Eq. (9b) are expressed as:

~(cr—cp) =07, — 07y —pir =0,Vi, Vt (Ala)
0 <o, LAP]Y — APYV™" > 0,Vi,VteT, (Alb)
020/, LAP]Y - AP}V"™™ <0,Vi,Vte T, (Alc)
AP}y =0,Vt ¢ T,,Vi,uy =0,VteT,, Vi (A1d)

where a L b indicates that at most one of the scalars a and b is strictly greater than 0.

A.1.2 KKT Conditions for the k-th Adjustable Load

Similarly, for the k-th adjustable load, let the dual variables as {0]}, 0}}} and {17 jt}. The KKT conditions
for Eq. (10b) are expressed as:

—(cr—c) =05, -0, —nj;=0,Vj,Vt (A2a)
0< 07,LAPS, ~ APS™7 50,V Vt € T, (A2b)
0> 0%, LAPS, — APS™ <0,V Vi€ T, (A2¢)
AP, =0,Yt¢ T, Vi =0,V € Ty, ¥j (A2d)

A.2 Linearization of Complementary Slackness Conditions

To linearize the complementary slackness conditions, boolean variables are introduced to con-
vert Eqgs. (Alb), (Alc), (A2b), and (A2c¢) into linear inequality constraints:

0< 0, <M¢,Vi,VteT, (A3a)
0<AP]Y —AP;V™ <M (1-¢1),Vi,VteT, (A3b)
M(¢py—-1) 20/, 20,Vi,VteT, (Ada)
0 < AP/V'™X _ APPY < M¢,, Vi, VteT, (A4b)
OSH;t§M¢3,Vj,Vte T, (A5a)
0< AP, - AP;’mi“ <SM(Q-¢3),¥jVteT, (A5b)
M(¢s-1)20;,20,Vj,VteT, (A6a)
0 < APS™ — AP}, < Mg, Vj, V¥t € T, (A6b)

where M represents a sufficiently large positive constant; and ¢;, i = 1,2, 3, 4 are Boolean variables.

Appendix B

To ensure the operational feasibility of the distribution network, the following network constraints are
considered in the implementation of the proposed dispatch strategy:

1. Power Flow Equations
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The power flow between nodes is governed by the AC power flow equations:
Sij=Vi(Vi=V;) Y, (i) €€

where S;; is the complex power flow from node i to node j, V; and V; are the complex voltages at nodes i and
j» and Y;; is the admittance of the branch between nodes i and j.
2. Voltage Magnitude Limits

Vmin§|‘/i|gvmaxx 1€N

where Vinin and Vi, are the minimum and maximum allowable voltage magnitudes, and N is the set of all
nodes in the network.

3. Line Flow Limits
To prevent thermal overloading and ensure safe operation, the apparent power flow on each branch
must not exceed its thermal capacity:

|S,’j| < Slgr]}ax’ (l,]) €&
where §77* is the maximum allowable apparent power flow on branch (i, j).

Although these constraints are not explicitly integrated into the leader-follower game model for
simplicity, they are considered during the implementation phase to ensure that the final dispatch strategy
complies with physical and operational limits of the distribution network.
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