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Abstract: In order to adapt to the development trend of large-scale access of distributed
resource and power market reform, it has gradually become an industry consensus that
multi-agent resources of a distribution network participate in regulation in the form of
clusters. Based on the “centralized—distributed” regulation architecture, and relying on
the regulation process of cluster partition, external characteristics calculation, command
decomposition, and deaggregation, a cluster regulation strategy is proposed considering
market factors. Firstly, the behavior characteristics of each agent are analyzed under the
market trading mechanism. Then, the model of multi-agents participating in regulation in
the form of a single point and a cluster is established. In the process of cluster partition,
considering the active and reactive power—voltage coupling characteristics of the distri-
bution network, a Monte Carlo random cluster partition sample generation method and
screening mechanism are designed to deal with the problem of insufficient and inapplicable
samples in the actual scene. At the same time, in order to reduce the difficulty of solving
the cluster’s external characteristics, a multi-agent output range simplification method is
proposed for the process of “external characteristics calculation”. Finally, the improved
IEEE-33 bus system was taken as an example to verify the accuracy of the cluster regulation
method when responding to the Automatic Generation Control (AGC) and Automatic
Voltage Control (AVC) scheduling commands of the superior grid under market factors
and different cluster partitions. The results show that the relative error of the command
tracking of the proposed multi-agents in different cluster forms is less than 5.5%, which
verifies the correctness of the proposed method.

Keywords: market factors; multi-agent; cluster segmentation; exogenous characteristic
calculation; command decomposition; cluster regulation

1. Introduction

In the context of globalized energy transition, countries are actively promoting the
development of power markets to achieve more efficient energy management and carbon
emission reduction [1]. Especially driven by the goal of “low-carbon and environmental
protection”, multi-agent resource aggregation management has become a key trend in the
development of global power systems [2]. Germany [3], the United States [4], Australia [5],
and other countries have actively promoted the implementation of multi-agent resource ag-
gregation management projects in distribution networks in terms of policy and engineering
practice. The research and pilot application of these projects show that multi-agent resource
aggregators not only participate in the operation and regulation of the power grid, but also
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have become an important part of the centralized—distributed management of the power
system, which plays an important role in enhancing the level of power system intelligence
and energy management efficiency [6].

In terms of the power market trading mechanism, with the large-scale grid integration
of new energy sources, how to aggregate flexible and adjustable resources dispersed in
different nodes and effectively deaggregate these resource aggregators in grid scheduling
has become a technical challenge to be solved [7]. Currently, the electricity market is
experiencing a shift from the traditional model to a more flexible trading mechanism to ac-
commodate the volatility and uncertainty of new energy sources. By designing a two-stage
distributed robust optimization model, Ref. [8] proposed a cooperative scheduling mech-
anism of resource aggregator based on the guidance of time-of-use electricity price, and
realized the adaptive aggregation of flexible resources in wind power (WP)/photovoltaic
(PV) fluctuation scenarios. Ref. [9] discusses the importance of building a new type of
power system with high quality and accelerating the development of low-carbon multi-
agent resources, and suggests that power trading centers and grid scheduling departments
should strengthen the design of the mechanism for new types of main players to participate
in the market, and strengthen the portrayal and modeling of the cost structure of new types
of low-carbon multi-agent resources in the scheduling system, including solar-thermal,
flexible loads, and new types of energy storage (ES). Ref. [10] provides a review of optimal
dispatch technology and market mechanism design for virtual power plants (VPPs). This
literature analyzes the key technologies for VPPs to participate in the optimal scheduling of
system operation from three perspectives: integrated energy, electric vehicles (EVs), and re-
newable energy, and describes the market strategies of VPPs in market environments based
on game theory and other methods. Although the literatures provides a certain theoretical
foundation and practical guidance for flexibility resource aggregation and management
in the electricity market, further in-depth research is needed on the design of the market
mechanism and scheduling strategy of VPPs.

The optimal regulation of clusters is built on the basis of the overall modeling of their
adjustable space, and scholars have studied and discussed the feasible domain carving
and external characteristic analysis of clusters. Ref. [11] proposed a mixed-integer convex
optimization framework for feasible region partition, which effectively characterized the
external characteristic curve of VPPs by fusing the physical constraints of a distributed
PV, ES, and flexible load. Ref. [12] also used the feasible domain projection theory and
applied it to the calculation of the security domain of the contact line and the cooperative
operation of the distribution network. Ref. [13] proposes a flexible aggregation method
of VPP with an aggregated equivalence algorithm and convex cell edge detection method
for portraying the feasible domain of distributed ES. Ref. [14] proposes an approximate
solution method for the feasible domain based on the Minkowski sum. Ref. [15] proposes a
VPP scheduling boundary probability distribution inscribing method by taking the output
uncertainty of distributed new energy into consideration. On the other hand, Ref. [16] solves
the feasible domain of the VPP considering the multi-agent resource output uncertainty
by the vertex enumeration method. Ref. [17] use robust constraints to characterize the
set of resource outputs inside the VPP. Ref. [18] establishes a feasible domain solution
model of the VPP, and realizes the low-complexity computation of feasible domains by
decoupling the internal coupling constraint relaxation into a virtual queueing stability
problem through Lyapunov optimization on the premise of considering the uncertainty
of multi-agent resource outputs. Although the literatures has proposed various methods
to characterize and calculate the feasible domains and capacity curves of VPPs, most of
these studies have not adequately considered the output boundaries of each multi-agent
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resource, and there is a need for further research in analyzing and calculating the output
boundaries of multi-agent resources.

In the field of aggregation model construction, Ref. [19] utilizes the equivalent genera-
tor model and the equivalent ES model for multi-agent aggregation to achieve asynchronous
scheduling of distributed resources. Ref. [20] considers network segmentation and recon-
figuration on its basis, and aggregated complementary resources that are electrically close
to each other with the objective of minimizing voltage deviation and power fluctuation
at the point of common coupling (PCC). However, there are still some limitations in the
practical application of these studies. These studies are not deep enough for aggregate
analysis of multi-agents affected by market factors, and in the process of aggregation, the
consideration of electrical characteristics is not complete (only considering the electrical
distance under reactive power characteristics). The weak coupling characteristic of active
and reactive power in a distribution network is not taken into account.

For distribution grids with a high proportion of distributed multi-agent resources,
researching the resource aggregation model and proposing a cluster division method at the
resource level can fully mobilize the multi-agent resources in distribution grids, optimize
the management of the aggregators, alleviate the computational pressure of centralized
management in the power dispatch department, and provide a more comprehensive
solution for the intelligent and automated management of the power grid in the future.

Therefore, in this paper, the effective management and optimization of resources are
realized by constructing an optimization model in which multi-agents participate in the
regulation and control in the form of single points and clusters in the market environ-
ment. The method includes the whole process of cluster control, including cluster division,
external characteristic calculation, command decomposition, and depolymerization cal-
culation, and especially considers the active-reactive weak coupling characteristics of the
distribution network.

The main contributions of this paper are as follows:

(1) It considers the active and reactive power—voltage coupling characteristics of a
distribution network, proposes a cluster sample generation method, and standardizes
the conditions that need to be met in the sample generation process, which solves the
problems of insufficient cluster partition samples and generated samples that do not meet
the conditions that may be encountered in the actual execution process.

(2) According to the analysis of distributed multi-agent resources and the influence of
market factors, the timing output characteristics of PV and WP are obtained in the market
environment, and the cluster scheduling strategy in the market environment is further
simulated to verify the applicability and flexibility of the proposed method.

(3) In the “external characteristics calculation” part of the regulation process in the
form of clusters, a simplification method of a multi-agent resource contribution range model
is proposed, which effectively reduces the difficulty of solving external characteristics in
the process of cluster regulation under the premise of ensuring a certain accuracy.

This paper is organized as follows:

In the section of transaction mechanism analysis, the transaction mechanism of power
generation resources combined with ES resources to participate in the market is explored.

In the section on the participation of each agent in regulation in the form of a single
point, the optimal dispatch model is constructed to realize the response of a single agent’s
resources to the grid regulation commands.

In the part of each agent participating in regulation in the form of a cluster, the cluster
regulation strategy is proposed, including cluster division and command decomposition,
in order to improve the efficiency and response speed of power grid regulation.
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In the case analysis and validation section, the effectiveness of the cluster regulation
method is verified by simulating the improved IEEE-33 bus system.

2. Transaction Mechanisms Analysis of Different Agent
2.1. Analysis of Multi-Agent Trading Mechanisms

Power generation resources combined with ES realize revenue by storing electricity at
low prices and selling it at high prices. Storing power during peak generation periods for
PV resources such as at midday and delivering power during peak load periods such as the
evening can, to a certain extent, smooth out peak and valley differential fluctuations and
improve the power quality and utilization of multi-agent resources. For each generation
resource, in addition to its own dependence on the surrounding environment (e.g., light
intensity, wind speed), it is also affected by the parameters (charging and discharging
power, capacity, and efficiency) of its supporting ES.

The ES needs to fully consider the relationship between distributed generation re-
sources and loads, and reasonably arrange the charging and discharging strategies so as
to realize the benefits. After considering the distributed resources, they are equivalent to
a unit for ease of description. The objective function of the distributed resource trading
decision model is

T .
maxC = Y (PPER 4 ¢fisp,i;) - At - pPER 1)
t=1

ES is coordinated with distributed generation resources, guided by time-of-use elec-
tricity prices, and reasonable arrangement of charge and discharge strategies for different
periods of time. When the electricity price is low, ES stores the electricity generated by
distributed resources. When the electricity price is high, the ES and distributed resources
are discharged together to maximize the revenue from electricity sales.

The constraints are as follows:

Energy storage charge/discharge state constraints:

€ +efis <1 )
Charge state constraints:
Qt = Qr-1+ € Pesstc At + £ Pass / is At ©)
Energy storage capacity constraints:

SSOCmianin < Qt < SSOCmameax (4)

Distributed generation resource consumption constraints:

PPER + S(;Pess < PtDER.pre (5)

where PtD ERPr and PPER respectively, denote the predicted output and actual output of
distributed generation resources; PPER denotes the distributed generation resource tariff;
€ and s denote the charging and discharging states of the ES, and 7, 774is denote the
charging and discharging efficiencies; Pess denotes the charging and discharging power;
Qmax and Qmin denote the maximum and minimum storage capacity, Q; denotes the
remaining power in the ES at time f; and Ssocmax and Ssocmin denote the maximum and
minimum charge states of ES.

The optimization model can provide the charging and discharging strategy basis for
ES, and can also assist ES to manage distributed generation resources, so as to realize the
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effective regulation and utilization of multi-agent resources (note: the parameters of the ES
and the electricity purchase and sale price for 24 h are shown in Appendix A).

2.2. Multi-Agent Adjustable Range Constraint Modeling

Multi-agents are usually scattered in the distribution network, as shown in Figure 1.
On the one hand, some nodes in the distribution network may have multiple different
agent resources, while at some nodes, there are no agent resources at all. On the other hand,
each agent resource may be distributed in the 10 kV power grid or the 400 V power grid.
Due to different voltage levels, their power levels and controllability may also be different.

/23 (_j.-“ 26 C:‘TJ .
Superior e g m'

grid 27 28 29 30 31 32 33 e
8 9 10 11 12 13 14 15 16 17 i

Figure 1. Schematic diagram of multi-agent distribution in distribution network.

In active distribution networks, all agents (e.g., distributed generators, flexible loads,
and ES) are assumed to be equipped with power electronic interfaces, enabling continuous
power regulation within their operational limits. For generation-oriented agents, the active
power output can be steplessly adjusted from zero to their rated capacity. Load-oriented
agents dynamically regulate their active power absorption between zero (no consumption)
and the maximum negative value (full load absorption). ES agents bidirectionally control
their active power within charging/discharging limits while adhering to state-of-charge
(SOC) constraints. Their reactive power adjustable ranges are subject to the constraints of
the actual active output value and its installed capacity, and it is stipulated that the power
factor should be within a certain range. Then, the adjustable range constraints of each agent
can be simplified as in Equation (6) and the output range constraints as shown in Figure 2.

plmin S I S plmax
P2+ a2 < N )
cos ) < PFmax

where [ denotes the number of the distributed agent resource; p;, q;, and ) 5y denote the
agent resource [’s active power output value, reactive power output value, and rated
installed capacity, respectively; p@ and p™" denote the upper and lower limits of the
active power output of the resource; 4" and g;™" denote the upper and lower limits of
the reactive power output of the resource (which will change with the actual active power
output); 0; denotes the phase angle of the distributed agent resource; and PF™® indicates
the maximum power factor of the distributed agent resource. The lower limit of active
power is zero for power-based agent resources and the upper limit of active power is zero
for load-based agent resources.
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Figure 2. Multi-agent resource output range constraints.

3. Each Multi-Agent Resource Participates in Scheduling in the Form of a
Single Point

In the active distribution network, the core of each agent participates in the grid regu-
lation and control in the form of a single point is solve the optimal power flow problem [21].
Firstly, the active power and reactive power of all kinds of agent resources within the
distribution network are defined as adjustable optimization variables; then, the objective
function is set to minimize the absolute value between the transmission power of the
upstream grid and the target power of the scheduling command. And in this process, it is
necessary to ensure that the power output of each agent satisfies specific constraints and
follows the generalized constraints of the system. Based on these conditions, this paper
constructs the following optimal power flow model [22].

3.1. Objective Function

The objective function of the distribution network in response to active and reactive
power commands from the higher grid is as follows:

min]:min{ﬂc‘Ppcc—P*|+ﬁ‘%c€_‘7*|} (7)

where ppec and gpcc denote the active power and reactive power at the PCC point, respec-
tively, where the subscript PCC denotes the PCC point, i.e., the transformer node connected
to the upstream grid; p” and g show the value of the active power command and the value
of the reactive power command; « and 8 denote the weights of the tracking active power
command and the tracking reactive power command, respectively, with the greater the
weight indicating that the corresponding commands are more important. When a = §, it
means that the tracking active power command and tracking reactive power command are
of equal importance.

3.2. Restrictive Condition

The constraints of the model refer to the generic constraints of the optimal power
flow problem for radial distribution grids as well as the constraints to be satisfied by the
distributed agent resources.

Power balance constraints:

p]: Z ij_ Z (Pi]'—li]'zri]) +g]V]2,V]EB

kes(f) ien(f) (8)
= Y Qi— ¥ (Qii—Li?ri) +b;V2AVjicB
qj ke30) ik ien(j)( j i ]) ViV

where subscripts 7, j, and k denote different nodes in the distribution network; p; and g;
denote the active and reactive power injected into the network from node i, respectively;
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6(7) and 7t(i) denote the set of nodes downstream of node 7 and the set of nodes upstream
of node i, respectively; P;; and Q;; denote the active and reactive power at the head end of
branch ij (with the direction flowing from the head to the end); and B denotes the set of
network nodes.

Ohm'’s law constraints:

ij = V,'2 — Z(Pijrjj + Q,jx,»j) + I,’jz <1’i]'2 + Xi]'z),Vij €E 9)

where V; denotes the node voltage at node i, I;; denotes the branch current on branch ij
(in the direction from i to j), and both V; and [;; have upper and lower bounds; 7, x;;, &i,
and b; denote the resistance and reactance of branch ij, and the shunt conductance and
conductance of node i, and E denotes the set of network branches.

Branch power constraints:

2 B+ Qy

ij 72 ,Vij € E (10)
Branch current constraints:
L™ < I < I;™™,Vij € E (11)
Node voltage constraints:
VMt <V SV Vie B (12)

Node injection power constraints:

{ PieRT ien (13)
qi € R{1

where Rf and R? denote the active power adjustable range and the reactive power ad-
justable range of node i.

In the specific scenario of an active distribution network, the constraints of Equation (13)
can be further refined into the distributed agent resource output range constraints shown
in Equation (14).
plmm S pl S plmax
pr+a” < 0N
cos ) < PFma

14

pi= L pi (14
1€p(i)
9= X q
lep(i)

where p(i) denotes the set of distributed multi-agent resources in node i.

By solving the above optimal power flow problem, it is possible to determine the
optimal allocation of active and reactive power of all distributed agent resources within
the range of constraints. This process ensures that the output power of the distributed
agent resources can respond accurately to the grid’s regulatory commands, thus realizing
efficient management of the grid.

However, while participating in grid regulation in a single-point form can fully utilize
the potential of multi-agent resources in the network, the computational resource require-
ments of this approach are quite large and the computation process is time-consuming. This
is highly challenging for real-time scheduling of large-scale active distribution networks
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that require a fast response. In practice, this may lead to delays in scheduling decisions,
which may affect the stability and reliability of the grid. Therefore, research on more
efficient algorithms and optimization strategies to reduce the computational burden and
shorten the response time is crucial to improve the performance of the real-time dispatch of
active distribution grids.

4. Each Multi-Agent Resource Participates in Scheduling in the Form
of Clustering

In order to effectively deal with the challenges of computational complexity and
computation time faced by each agent participating in grid regulation in the form of a
single point, this section proposes a centralized—distributed strategy, i.e., by combining
the resources of each agent into clusters and participating in grid regulation in the form of
clusters. Although this approach sacrifices the independent utilization of each resource to a
certain extent, it can realize the decentralization of computational pressure by transforming
a large number of dispersed resource regulation problems into regulation problems of
several aggregates, which significantly reduces the computational burden at the grid level.

As shown in Figure 3, the strategy where each agent participates in regulation in the
form of clusters involves four main steps: cluster division, cluster external characteristic
calculation, decomposition of regulation commands, and deaggregation [23,24]. Firstly, on
the distribution grid side, a reasonable way of dividing the clusters is determined based
on the resource allocation of each agent in that distribution grid, and their power external
characteristics are calculated for each cluster that is divided; and then, on the superior
grid side, the superior grid management can issue a power command to the distribution
grid, and the superior grid management department can decompose the power command
according to the external characteristic data provided by the distribution network. After
that, the results of the power command decomposition are sent to each distribution cluster,
which is deaggregated within the cluster. Finally, the agent resources within each cluster
regulate the power output in accordance with the results of the deaggregation, which in
turn affects the power output of the whole distribution network to the higher-level grid.
This process not only improves the computational efficiency, but also helps to realize faster
decision response. By designing a reasonable clustering strategy, it can be ensured that
the aggregation of multi-agent resources not only reduces the computational demand at
the grid level, but also maintains the effectiveness of grid regulation in terms of power
exchange between the distribution network and the higher-level power grid.

distribution side[ | Upper grid side

Distribution networks are Power command from higher
divided into clusters based on grid
resozrce allocation

Calculate the outer
characteristics of all
clusters

Intra-cluster
deaggregation

Power command decomposition

Intra-cluster resource i 1| Output of the entire distribution
contribution by result network to the higher grid

Figure 3. Flowchart of cluster regulation of distribution network.

4.1. Cluster Division

Cluster segmentation is the process of systematically organizing the nodes in an active
distribution network into a number of cluster units with independent control capabilities.
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Usually in this division mode, nodes within the same cluster are interconnected in the grid
structure to form a tight network. Figure 4 illustrates a typical cluster division strategy,
which divides the entire active distribution network into four parts, including three cluster
units and a separate region that is not assigned to any cluster. Within the clusters, the
distributed agent resources on each node will be managed in a unified manner, together ex-
hibiting the overall out-of-power characteristics of the cluster. (Note: distributed flexibility
resources are contained at each node in Figure 4.)

Cluster #1 Cluster #2 Points not included
% 2 in any clusters

27 28 29 30
8§ 9 10

Superior
Grid 23 2

< 19
—

power trans fer

uone3adse

20 21 22 Controllable node A

[ in cluster 2

Controllable node | (2 A |
in cluster | 5
g
5

Controllable node
in cluster 3

vorpFaEse

uore3ai33eap

uoresaAAeop

-
-4

|
| Aggrgation " Aggregation Egregation
model 1 model 2 model 3

Command Command Command
Power tion i
Command

Figure 4. Distribution network cluster form regulation and control architecture diagram.

As the first step of the cluster regulation scheme, the rationality of cluster division is
crucial to the whole regulation process. A well-designed cluster division scheme not only
reduces the errors in the regulation process and improves the accuracy of command track-
ing, but also balances the distribution of resources within the cluster to ensure the effective
use of resources. Such a balance helps to reduce the average computational complexity of
each cluster, thus shortening the time of regulation operation and improving the efficiency
and response speed of the whole grid regulation. In this way, the active distribution grid
can respond to various grid regulation demands more flexibly and efficiently, and realize
the optimal allocation of resources.

In order to obtain a suitable cluster division sample, this paper sets the following
division bases: firstly, the nodes in the cluster need to remain interconnected; secondly,
the number of adjustable resources in the cluster should be kept above two; and finally,
the average electrical distance of the cluster should be controlled below a given threshold.
However, the traditional electrical distance only focuses on the pair of coupling quantities
of “voltage-reactive power” in the distribution network, but for the actual distribution
network, due to the small difference between the reactance and resistance of the lines, the
electrical connection cannot simply use the pair of coupling quantities of “voltage-reactive
power” in the division of clusters. Based on this, this paper proposes a sensitivity matrix
that integrates the active and reactive voltages to describe the electrical connection of each
node within the cluster, and the expression is as follows:

d= dd;: 15
mean { meon (44} | a5

where ¢(n) is the set containing all nodes, y(1m) denotes the set of nodes in cluster m, and
dd;j denotes the logarithm of the ratio of the value of the change in its own voltage to
the value of the change in the voltage of node i when node j undergoes a change in unit

power, ie.,
sre SvP
L ji ji
ddlj =lg SZQ + lg<5};P> (16)
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where S}]/-Q and S}]/.P denote the ith row and jth column of the voltage-reactive and voltage-
active sensitivity matrices, respectively. Larger values indicate that node j is electrically
farther away from node i and more loosely connected electrically, and thus, the division
prefers a cluster division method with a small electrical distance index. When considering
the interests of the aggregator and the power grid, an efficient cluster division strategy
should ensure that the average electrical distance of nodes within the cluster is kept within
a reasonable range, so as to avoid affecting the control effect of the aggregator due to too
weak an electrical connection. Therefore, this study sets the threshold of electrical distance:

d S Amax (17)

where Anax is the upper bound value of d. The screening effect of different Amax on the
number of cluster samples will be analyzed in the subsequent simulation section.

According to the description above, the process for generating cluster division samples
that meet the conditions is illustrated in Figure 5. First, starting from node 2, all nodes
are sequentially assigned a cluster number to indicate which cluster they belong to (note:
node 1 is connected to the upstream grid and does not belong to any cluster). It is assumed
here that downstream nodes have a higher probability of being in the same cluster as
their upstream nodes (this paper sets this operation probability to 80%), and a smaller
probability of being in different clusters from their upstream nodes (this paper sets this
operation probability to 20%). Then, it is evaluated whether this cluster division method
satisfies the corresponding conditions, and if the conditions are met, this cluster division
method is recorded. Finally, when the iteration time exceeds the preset threshold, the
program determines that it has undergone a sufficient search and obtained effective cluster
division samples that can approximate the full set to a certain extent, and these samples
are output.

size N=0

v
Set node i=2

/‘ By using the Monte
/ Carlo method
/ perform operations
!

80%  20%
' v

In the Ina
same. different
clusteras cluster
the from the
upstream upstream
node. node

v

Cluster
number
unchanged

Cluster
number
increment by

Clear the
current
— assigned
cluster
number

s the iteration time
exceeded the set value

Figure 5. Generation method of cluster division samples.

4.2. Calculation of External Characteristics

The aggregation model of a cluster describes the out-of-power characteristics exhibited
by the cluster at a specific bus connected to the upstream grid (i.e., the PCC point). The core
of this model is to unify the range of controllable power for all resources within the cluster,
which directly determines the bounds of the externally adjustable power of the aggregation
model. The external characteristics of the cluster can be characterized by Equation (18), an



Electronics 2025, 14, 1306

11 of 21

expression that accurately reflects the overall power regulation capability of the cluster in
the grid.
P111111m <P, < Pnr?ax
Qmin < Q,, < Qmax (18)
cos ) < PF™X VI € o(m)

where m denotes the cluster number; P, and Q;, denote the active power and reactive
power of cluster m, respectively, both of which have upper and lower bound constraints;
and o(m) denotes the set of distributed resources in cluster m.

To reduce the computational complexity of the clusters’ external characteristics,
this paper simplifies the power output constraint models of agent resources based on
Equation (18), and proposes a simplified methods through Equation (19). The simplifica-
tion process for characterizing adjustable power ranges of agent resources is illustrated in

Figure 6.
qm = /o N — pma (19)
g = —y /6 N — pmed
g1 A g1 A
N - Max .:..?(. S— max
cos 6, = PF™ 9 F ,\Y < I el
Pt 1% 7" <
»1 r cos ; = PFma* 191
0 > E> 0 >
- lp pmax
min__ min e a—
B S g i S N

Figure 6. Constraint simplification process for agent resources.

This approximation process of external characteristic calculation can effectively sim-
plify the management of complex resources within the cluster, enabling the cluster to
participate as a whole in the rapid optimization and regulation of the power grid.

4.3. Command Decomposition and Deaggregate Calculations

The command decomposition process involves the detailed allocation of the overall
control commands of the grid based on the out-of-power characteristics of each controllable
cluster. This process aims to ensure that the entire distribution network can efficiently
follow the overall dispatch commands while guaranteeing that each cluster can achieve its
specific control objective, i.e., the target power assigned by the cluster must be within the
range allowed by its extra-power characteristics. This paper allocates power commands to
each cluster according to their adjustable power ranges, and the strategy is mathematically
formulated in Equation (20).

P;l:p* Mpfélax_Prréﬁn _’_Pnr?in
L (P~ Bpn)
"= Qmax _ Qmin . (20)
Qi =" 52— Qi
X (Q™> — Qi)
m=

where P, and Qj, denote the AGC active and AVC reactive commands of cluster
m, respectively.
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This simplification not only reduces the computational complexity, but also improves
the efficiency of the deaggregation process, allowing the clusters to respond faster to the
regulatory demands of the grid while maintaining the optimization of the overall grid
stability and efficiency.

4.4. Evaluation of the Cluster Partition Samples

In order to analyze and evaluate whether the generated cluster partition sample results
are reasonable, multiple random scheduling commands (which need to ensure that the
scheduling commands are within the power adjustable range of the entire distribution
network) are used to test the error of each cluster partition sample. If the average scheduling
error of the cluster partition sample is not within a reasonable range, it means that there
is a problem with this cluster partition sample, so it is necessary to exclude this cluster
partition sample.

5. Simulation Analysis and Verification
5.1. Simulation Case Overview

In order to verify the rationality of the multi-agent resources proposed in this paper to
participate in grid scheduling by clustering, as well as the sample validity of the cluster
division scheme, and the applicability of cluster participation in scheduling in a market
environment, the improved IEEE-33 bus system with different distributed agent resources
is utilized. The simulations in this study were implemented in MATLAB R2023b, with the
Matpower 7.1 toolbox. In the model, 11 agent resources are deployed at some nodes. please
refer to Table 1 for the detailed configuration, and the corresponding network topology
can be seen in Figure 7a, and the total capacity of these resources occupies about 20% of
the total system capacity (i.e., the regulation capacity accounts for about 20% of the total
capacity). Except for the PV and wind resources, the output characteristic curves of each
type of main resource are shown in Figure 7b (note: the curve data shown in the figure
are based on actual measurements and are appropriately adjusted for the power level of
the distribution network). From the transaction mechanisms mentioned in Section 2.2, the
output characteristics of PV and WP in the market environment can be obtained as shown
in Figure 7c. The total storage energy of the ES system is 1 MWh, and the initial storage
energy is set to 0.5 MWh.

Table 1. Configuration of each agent resource in the IEEE-33 bus system.

Agent ID Participating Node Resource Agent Power Bound
1 6 ES 100 kVA
2 9 PV1 150 kVA
3 12 WP 1 100 kVA
4 13 PV 2 150 kVA
5 18 Micro Hydro Resources 100 kVA
6 21 PV 3 150 kVA
7 22 PV 4 150 kVA
8 23 WP 2 100 kVA
9 25 EV1 100 kVA
10 30 EV2 100 kVA
11 33 WP 3 100 kVA
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Figure 7. Algorithm topology and resource allocation.

5.2. Analysis of the Form of a Single Point

In order to evaluate the power tracking effect of each agent resource mentioned later
in Section 5.3 when it participates in scheduling in a clustered manner and to provide a
reference basis for the content of that section, this section shows the power output charac-
teristics of PCC points and their tracking effect when the agent resources in the distribution
network participate in scheduling in a single-point manner under different conditions.

In solving the single-point scheduling problem, we set two objectives: one is to
maximize the power output of the PCC point (i.e., node 1 in Figure 7a), and the other is to
minimize its power output. Under these two objectives, we consider several constraints,
including but not limited to: the general constraints of optimal power flow problems such
as power balance constraints, Ohm’s law constraints, branch power constraints, branch
current constraints, node voltage constraints, etc. and, in addition, we consider the range
of the outputs of the distributed agent resources, which include but are not limited to
PV systems, etc. In the solution process, we pay special attention to the power outgoing
characteristics of the IEEE-33 bus system to the superior grid. The results, as shown in
Figure 8, show that the adjustable out-of-power characteristics of the PCC point show a
significant change during the noon hour, which is mainly attributed to the increase in the
PV system’s output during the noon hour, and the change in the PV system’s output has a
significant impact on the system characteristics compared to other adjustable resources. It
is worth noting that since we consider the reactive power characteristics of PV and WP as
power electronic devices, in the AGC power outlier characteristic, the upper limit of the
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power outlier characteristic is a straight line (i.e., all distributed resources are switched off)
because they do not have the ability to absorb active power, whereas in the AVC power
outlier characteristic, since the distributed resources absorb reactive power, their reactive
power in the noon hour is expected to see a demand increase scenario.

3.8 b

QMvar

28— 3 : : : : : : : - - . . . . . . . . . . .

2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 2 24

Time/h Ti
ime/h
—&— Lower limit of active primary external characteristic . o .
—&— Lower limit of reactive primary external characteristic

9 Lower limit of active external properties under market factors —— Lower limit of reactive external properties under market factors

—©— Higher limit of active primary external characteristic ~—&— Higher limit of reactive primary external characteristic

—8— Higher limit of active external properties under market factors —&— Higher limit of active external properties under market factors

Figure 8. Out-of-power characteristics of PCC points for each scenario of IEEE-33 bus.

Based on the external characteristics provided in Figure 8, this paper defines a set
of AGC active power commands and AVC reactive power commands (see Figure 9). By
solving the optimal power flow problem with the objective of tracking commands, we
obtain the curve of node 1 absorbing P-Q power from the superior grid under the single-
point participation mode of multi-agent resources, as shown in Figure 9. In order to
simulate the deviation of the superior grid in the process of directive issuance due to
various reasons (e.g., communication problems), the active demand issued by the AGC
decreases in the two time periods after 8:00 a.m. versus before 11:00 a.m., as well as after
18:00 a.m. and before 21:00 a.m. Without considering the market factors, since the second
time period is at night, the distributed PV active power output is close to 0, so there will be
a large deviation in tracking AGC commands. However, in the market environment, the
combination of PV and ES enables it to emit active power in the second period, so it can
maintain a good power flow tracking effect within the external power characteristic range.
When tracking the AVC commands, the power tracking effect under the market scenario is
not as good as the tracking effect without considering the market factor, but overall, both
can have a decent tracking effect.

P/MW
QMvar

3.45— - - - - - - - - - - 2.4
2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 0 12 14 16 18 20 2 2
————— AGC power command Time/h AVC power command Time/h
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Figure 9. PCC point power tracking curve in IEEE-33 bus market environment [21].
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5.3. Analysis of the Form of Clustering
5.3.1. Sample Generation and Screening

Figure 10 illustrates the number of cluster partition samples under different Amax.
Figure 10 shows that with the decrease in Amax, the number of cluster partition samples
satisfying the condition decreased slowly at first (Amax = 0.4~0.5, note: when Amax = 0.5,
the number of samples is 755). Then, it entered a rapid decline range (Amax = 0.3~0.4).
In the range Amax = 0.2~0.27, the number of samples continued to decrease (note: when
Amax = 0.27, the number of samples was only 48), but the overall change was not large.
In fact, the upper limit value Amax of the electrical distance should not be too small or
too large because this will excessively limit (or weaken) the sample screening ability of
the cluster partition method, resulting in too small (or too many) a number of eligible
samples. In order to obtain a batch of representative cluster partition samples, this paper
finally sets Amax = 0.35 according to Figure 10. According to this setting, 342 effective
cluster partition samples can be finally obtained in this example (note: for power systems
of different scales, the value of Amax should also be determined by the total number of
samples, the representability of samples, and the final time-consuming solution).
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Figure 10. The relationship of cluster partition samples’ number with Amax.

According to the arithmetic and the cluster division conditions proposed in the previ-
ous section, 342 valid cluster division samples are screened (note: three typical samples are
shown in Figure 11). In order to further study the tracking effect of the power command
under the influence of market factors in different cluster division methods, three typical
cluster division schemes are selected for simulation comparison. The tracking error of the
power command under different cluster division methods under market factors is obtained
as shown in Table 2.

Table 2. Power command tracking error under the market environment.

Scenarios Classification Active Command Reactive
Error/% Command Error/%

1 5.4530 0.6089

Disregarding 2 5.3862 0.6041

market factors 3 5.3984 0.6076
Single-point

scheduling [21] 5.3386 0.6006

1 2.0272 3.1526

Considering 2 2.0156 3.1567

market factors 3 2.0195 3.1545

Single-point 2.0060 3.1366

scheduling [21]

(Note: error =1 (actual power — power command)/power command | x 100%).
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Figure 11. Sample of a typical cluster division.

From Table 2, it can be seen that the AGC power command tracking effectiveness
of the system is significantly improved after considering the market factor, regardless of
whether or not it is divided into clusters. This is because, after considering the market
factor, the output of the distributed generation resources is more closely aligned with the
load, and thus, it can cope well with the reduced demand of the AGC power command
even during the night time peak power consumption, whereas it is not able to fetch a
better result when tracking the AVC command. Meanwhile, we can also see that, although
different cluster divisions will have some influence on the tracking effect of the system’s
power commands, the relative errors of such influences are less than 5.5% (the relative
percentage of the error of cluster scheduling and the error of single-point scheduling),
which indicates that different cluster divisions do not have any significant influence on
the tracking effect of the commands of the multi-agent resource aggregation. This result
effectively verifies the robustness and applicability of the cluster scheduling strategy under
diverse resource allocation.

5.3.2. Results of Participation in Grid Scheduling

Taking the cluster division scheme (cluster samples 1 to 3 corresponding to Figure 11a
to Figure 11c, respectively, as examples of the three participating cluster scheduling divi-
sions in this paper) as an example, the AGC active commands and AVC reactive commands
are tracked (note: The objective of optimal power flow is to minimize the error between the
active/reactive power command received at the PCC point and the actual active/reactive
power at the PCC point), and the results are shown in Figures 12-14.
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Figure 14. PCC point power tracking curves for cluster 3 partitioning schemes.

From Figures 12-14, it can be seen that the command tracking effect of using cluster
division to participate in regulation is slightly inferior to the command tracking effect
of all the adjustable resources participating in regulation in the form of a single point,
but the tracking effect is still satisfactory in general. Especially when the commands
exceed the external characteristic boundary of the cluster power, each partition method can
successfully track the upper (lower) limit of the external characteristic. In addition, if we
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take a closer look, regardless of market factors, whether participating in AGC scheduling
in the form of a single point or cluster, the power command cannot be accurately tracked
between 11:00 and 16:00. This is because the active power output of the multi-agent
generation resources is high during this period, which reduces the active power demand,
so the power command cannot be tracked. After considering the market factors, the power
of multi-agent generation resources is stored in energy storage, so the power command can
be tracked. Similarly, between 18:00 and 20:00, Whether participating in AGC scheduling
in the form of a single point or cluster, power commands cannot be accurately tracked
without considering market factors. This is because the active power output of multi-agent
power generation resources is less in the night period, so the power command cannot be
tracked. After considering the market factors, the energy storage will release the energy
stored during the day, so it can track the power command. However, after participating
in AVC scheduling, the power command error without considering the market factor is
lower than the error considering the market factor between 11:00 and 16:00. This is because
without considering the market factors, the active power output of multi-agent generation
resources increases during this period, so the reactive power output will decrease, which is
in line with the situation that the reactive power command increases (the reactive power
demand increases) during this period.

By evaluating the three cluster division methods under the influence of the above
market factors, the tracking analysis was conducted with two active and reactive power
commands, which produced a total of eight different command tracking results. Despite
the subtle differences between the various division methods, all of them are effective in
realizing command tracking. In particular, in the case where the command exceeds the
boundary of the outer characteristic of the cluster power, all the division methods are able to
successfully track to the upper (lower) limit of the outer characteristic. In conjunction with
the time-of-use prices in Table A2 in Appendix A, we can also perform an analysis of the
economic benefits of multi-agent resources. From the tracking effect of power commands,
after being guided by the market price, the active power output of multi-agent resources is
more concentrated in the peak period of electricity price, so there will be a higher economic
profit. At the same time, it is also verified that the proposed method can obtain higher
benefits for multi-agent resources while keeping the command tracking error within a
reasonable range, and realize the balance between dispatching and economy.

6. Concluding Remarks

In this paper, we propose a method for multi-agent resources to participate in power
grid regulation in the form of clusters. Considering the active and reactive power-voltage
coupling characteristics of the distribution network, we proposed a cluster partition sample
generation and selection method based on Monte Carlo sampling. It relies on the regulation
process of cluster division, external characteristics calculation, command decomposition,
and deaggregation. In this method, the external characteristic model of a multi-agent
resource is simplified, and we established the control model with the goal of command
tracking. It realizes the effective division and regulation of clusters under the “centralized—
distributed” regulation architecture of a distribution network. Simulation results show that
the relative error of command tracking of multi-agents in different cluster forms is less
than 5.5%.

The results of this study can provide a theoretical basis for the aggregation behavior of
aggregators. Because this method also comprehensively verifies the tracking performance
of multi-agent resources under market factors, the results based on the cluster regulation
strategy are more acceptable. The balance between the concerns of power grid companies
and aggregators is better achieved under the market environment. Although this paper has
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made significant progress in multi-agent resources cluster regulation, there are still some
limitations. In order to further improve the applicability and practicability of the method,
future research will focus on the following directions:

(1) In the future, it is planned to apply the proposed method to larger-scale power
grid systems, such as the IEEE-118 bus system, to evaluate its performance and scal-
ability in a complex power grid structure and large-scale data environment. To this
end, we will optimize the cluster sample generation algorithm to cope with higher
computational complexity.

(2) Since the current research is limited to the application of synthetic data, in the
future, real grid topology and operation data will be obtained in cooperation with power
companies or related research institutions. A simulation study under practical exam-
ples will be carried out to verify the practicability of the proposed method in the actual
operating environment.

(3) The electricity market environment has an important impact on the effect of multi-
agent resource regulation. Future research will deeply analyze the impact of different
market structures on the performance of the proposed method. The resource scheduling
strategy will be optimized to improve the adaptability of the proposed method under
diversified market conditions.

(4) The ES model in this study has not yet considered practical operation characteristics
such as the self-discharge rate. In the future, it is planned to introduce the self-discharge
rate as a constraint in the model to more accurately reflect the operation behavior of ES, so
as to improve the authenticity of the regulation method.

(5) In order to further improve the intelligence level of the power grid, the collaborative
application of the proposed method with other smart grid technologies, such as energy
management system (EMS), will be explored in the future to realize the comprehensive
optimization of power grid operation efficiency and overall performance.

Through the above future work, we expect to further improve the theoretical frame-
work and application potential of the proposed method, provide more practical solutions
for resource regulation in market environments, and promote the wide application of
multi-agent resource cluster regulation technology in the field of smart grids.
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Appendix A. Data Supplement

The parameters of the ES as well as the 24 h electricity purchase and sale price are
recorded in Tables A1 and A2.
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Table Al. ES parameter.

Parameter Types Parameter Values Parameter Types Parameter Values
Power of charge/kW 100 Rated capacity/MW-h 1
Power of discharge/kW 100 Maximum SOC/% 90
Efficiency of charge/% 90 Minimum SOC/% 10
Efficiency of discharge/% 90

Table A2. Twenty-four hour electricity purchase and sale price.

Time 1 2 3 4 5 6 7 8 9 10 11 12

purchase price/(CNY/kW-h)  0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.53 0.53 0.53 0.82 0.82

sale price/(CNY/kW-h) 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.42 0.42 0.42 0.65 0.65

Time 13 14 15 16 17 18 19 20 21 22 23 24

purchase price/(CNY/kW-h)  0.82 0.82 0.82 0.53 0.53 0.53 0.82 0.82 0.82 0.53 0.53 0.53

sale price/(CNY/kW-h) 0.65 0.65 0.65 0.42 0.42 0.42 0.65 0.65 0.65 0.42 0.42 0.42
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