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Abstract—The increasing integration of intermittent renew-
able energy sources into distribution networks has exerted sig-
nificant pressure on the frequency regulation of power systems.
Meanwhile, integrating small-capacity battery energy storage
systems into distribution network is a growing trend in the con-
struction of virtual power plants (VPPs), which offer great po-
tential advantages in improving the system frequency regulation
capabilities. However, the process of power dispatch for VPPs
may be hindered by imperfections in the communication net-
work, which affects their frequency control performance. Simul-
taneously, the economic benefits associated with their frequency
control services are often overlooked. As such, we propose a co-
design method of power dispatch with dynamic power regula-
tion and communication transmission optimization for frequen-
cy control in VPPs. First, a joint design scheme of power dis-
patch and routing optimization under cloud-edge collaborations
is proposed. This scheme encompasses a power dispatch method
considering the influences of communication network and a
routing optimization policy based on graph convolutional neu-
ral networks, both of which are designed to ensure the accurate
and real-time frequency control service. Further, we propose a
dynamic power regulation strategy under edge-edge collabora-
tions. Specifically, according to the established correction con-
trol objective, an adaptive distributed auction algorithm
(ADAA) based dynamic power regulation control method is de-
signed to determine the optimal regulation power of VPPs,
thereby improving the economic benefits of frequency control
service. Finally, the simulation results validate the feasibility
and superiority of the proposed co-design method for frequency
control.
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1. INTRODUCTION

NDER the carbon peaking and carbon neutrality target

proposed by China, the penetration rate of renewable
energy resources is escalating [1]. Consequently, the propor-
tion of traditional generators is diminishing, leading to a
gradual capacity declining in the frequency regulation of
power systems [2]. This, in turn, poses a challenge to system
frequency stability, necessitating an urgent increase in regula-
tion resources to enhance the frequency security [3]. Be-
sides, the growing integration of distributed resources such
as battery energy storage systems (BESSs) into distribution
network offers viable options for frequency regulation [4],
[5]. However, the sheer number and limited individual capac-
ities of BESSs may exert considerable influences on system
operation and management. As a result, the utilization of vir-
tual power plants (VPPs) to aggregate and coordinate BESSs
for system frequency control has become an emerging para-
digm [6].

Recently, the extensive research has focused on the appli-
cation of VPPs in frequency control. For example, a hierar-
chical inertial control strategy for VPPs is developed in [7]
to enhance the system frequency response. Reference [8] pro-
poses a bi-level optimal control method for VPPs to partici-
pate in the primary frequency regulation market. However,
these aforementioned studies fail to explore the capability of
VPPs to provide secondary frequency regulation in response
to automatic generation control (AGC) signals. In [9], an ad-
vanced control technique for VPPs is developed to imple-
ment AGC in power systems. To further enhance the re-
sponse capability of VPPs to AGC, a novel control scheme
for sizing VPPs is presented in [10] to mitigate system fre-
quency fluctuations. Additionally, [11] constructs a frame-
work for VPPs to provide AGC services and primary fre-
quency response. Although these studies effectively utilize
VPPs for frequency support, few of them have investigated
the participation of VPPs in frequency control while consid-
ering their economic benefits.
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Furthermore, when VPPs participate in frequency control,
they need to communicate with the control center. For this
purpose, the wired communication offers notable advantages
over wireless communication. Specifically, the wired commu-
nication has the benefits of less interference and stronger
confidentiality [12]. Thus, this paper adopts wired Ethernet
to ensure the real-time performance and reliability require-
ments of frequency control service. In addition, the commu-
nication issues inevitably arise due to the massive measure-
ment information and control instructions of VPPs that need
to be transmitted in the frequency control process. Hence,
this paper also pays main attention to the influences of com-
munication network. Currently, extensive research has been
conducted on the impact of communication network in differ-
ent scenarios, such as dynamic pricing [13], load control
[14], and economic scheduling [15]. In terms of frequency
control, [16] investigates the impact of communication delay
on inverter air conditioners participating in frequency con-
trol. However, few studies have considered the impact of
communication network on the frequency control perfor-
mance of VPPs. Beyond this, the joint design of communica-
tion and frequency control in VPPs has not been discussed
in existing research.

Besides, considerable literature has been dedicated to ex-
ploring the application of cloud-edge frameworks. For in-
stance, a two-stage power regulation method for distribution
networks, which leverages the cloud-edge collaboration
mechanism, is designed to ensure the system operation stabil-
ity in [17]. Reference [18] further proposes a power dispatch
method based on cloud-edge collaborations, aiming at pro-
viding real-time and flexible energy supply. Additionally,
[19] introduces a control architecture based on cloud-edge
collaborations to address voltage issues in distribution net-
work. Furthermore, a distribution network reconfiguration
technique is presented in [20], which achieves voltage pre-
ventive control and maintains system safety under the cloud-
edge framework. In general, these studies collectively investi-
gate the application of cloud-edge frameworks in economic
regulation, voltage control, and topology reconstruction.
However, the application of cloud-edge framework to fre-
quency control of VPPs has garnered limited attention.

In light of this, we propose a co-design method of power
dispatch with dynamic power regulation and communication
transmission optimization under cloud-edge collaborations
for frequency control in VPPs. This method aims at support-
ing the frequency control and ensuring a good frequency re-
sponse performance. The main contributions of this paper
can be summarized as follows.

1) A control architecture based on cloud-edge collabora-
tions is constructed to facilitate the participation of VPPs in
frequency control. On this basis, we propose a novel co-de-
sign method, which effectively integrates the joint design of
power dispatch and routing optimization with dynamic pow-
er regulation. To the best of the authors’ knowledge, this is
the first time such a unified design method is proposed,
which leverages VPPs to provide frequency control service.

2) A joint design scheme of power dispatch and routing
optimization under cloud-edge collaborations is presented.
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We propose a power dispatch method considering the influ-
ences of communication network. To eliminate these influ-
ences, we introduce a routing optimization policy based on
graph convolutional neural (GCN) networks. With this
scheme, not only the influence of communication network
on power dispatch can be mitigated, but also the real-time
and accurate frequency control service can be guaranteed.

3) A dynamic power regulation strategy under edge-edge
collaborations is proposed. Specifically, to achieve an opti-
mal correction objective, an adaptive distributed auction-
based algorithm (ADAA) based dynamic power regulation
control method is employed. Through this method, the opti-
mal regulation power of VPPs can be derived, thereby en-
hancing the economic benefits of frequency control service.

The remainder of this paper is organized as follows. Sec-
tion II provides the system architecture and method descrip-
tion. Section III presents the joint design scheme of power
dispatch and routing optimization under cloud-edge collabo-
rations. The dynamic power regulation strategy under edge-
edge collaborations is proposed in Section IV. Simulation re-
sults are given in Section V. Finally, Section VI concludes
this paper.

II. SYSTEM ARCHITECTURE AND METHOD DESCRIPTION

A graphical description of multiple distributed VPPs par-
ticipating in frequency control under cloud-edge collabora-
tions is displayed in Fig. 1. It mainly includes edge layer,
communication layer, and cloud layer.

VPP control
center

Main grid
dispatching center

Demand
Cloud layer

Communication
layer

' Controll |
e @ @ -8

State Policy
distribution

1 Ethernet
| network

Edge layer
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Fig. 1. Graphical description of multiple distributed VPPs participating in
frequency control under cloud-edge collaborations.

In the edge layer, numerous aggregation control gateways
and BESSs are deployed within the VPPs. These gateways
are responsible for gathering information from the BESSs
and facilitating interactions with VPP control center and the
adjacent VPPs through wireline connections. The communi-
cation layer consists of a wired Ethernet network that utiliz-
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es software-defined networking (SDN) technology [21]. This
technology enables the separation of the network control
plane and data plane. Specifically, the control plane within
the SDN consists of large-scale controller clusters, whereas
the data plane encompasses multiple routers and communica-
tion links. These controllers are capable of formulating rout-
ing policies and distributing them based on the state aware-
ness of the global network, to fulfill frequency control ser-
vice demands. Subsequently, the routers receive and forward
data and information in accordance with the optimal routing
policies. The VPP control center in the cloud layer has the
authority to make direct decisions and engages in informa-
tion exchange with the main grid dispatching center.

This paper focuses on the process of multiple VPPs partic-
ipating in frequency control. Initially, the VPP control center
swiftly allocates AGC instructions received from the main
grid dispatching center to each individual VPP, based on
their respective regulation capabilities. Subsequently, the lo-
cal aggregation control gateway of each VPP performs dis-
tributed optimization, utilizing the received power regulation
instructions, to ascertain its optimal regulation power. Ulti-
mately, the power output of each VPP is adjusted to the opti-
mal value, fulfilling the AGC power regulation task and
thereby achieving the frequency control objective. Notably,
the power transfer data among VPPs is primarily facilitated
through the wired communication technology. In other
words, the aggregation control gateway obtains the power
regulation variations for a certain VPP through multiple com-
munications with its adjacent VPPs, enabling the regulation
of power transfer among them.

Specifically, upon receiving the AGC regulation demand
from the main grid dispatching center, the VPP control cen-
ter first calculates the AGC power regulation task based on
the regulation range of VPPs. Subsequently, the VPP control
center transmits this allocated AGC power regulation task to
the corresponding aggregation control gateway of each VPP
through the communication layer. Each aggregation control
gateway then interacts with others considering its own adjust-
ment capacity to adjust the power output of VPPs, thereby
ensuring the successful completion of the frequency control
task. Additionally, given that the distance from the VPP con-
trol center to each aggregation control gateway is typically
substantial, this paper primarily focuses on the impact of
complexity of network environment on frequency control.
This complexity can adversely affect the performance of
communication, making it challenging to ensure the real-
time performance and accuracy of frequency control service.
Besides, the AGC power regulation task undertaken by each
VPP also fails to enhance the economic benefits of frequen-
cy control service.

As such, this paper endeavors to propose a co-design
method of power dispatch with dynamic power regulation
and communication transmission optimization under cloud-
edge collaborations for frequency control in VPPs. As shown
in Fig. 2, the framework of the proposed co-design method
for frequency control is provided. This framework encom-
passes a joint design scheme of power dispatch and routing
optimization under cloud-edge collaborations, aimed at deter-
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mining the original allocated power while considering the
influences of communication network. Additionally, a dynam-
ic power regulation strategy under edge-edge collaborations
is introduced to determine the optimal regulation power of
VPPs. By adopting this co-design method, the real-time per-
formance and accuracy of frequency control service can be
guaranteed, while its economic benefits can be enhanced si-
multaneously.

Joint design scheme of power dispatch and routing
optimization under cloud-edge collaborations

Power dispatch considering
influences of communication

Routing optimization policy for
influences of communication

network network
‘ Regulation capacity calculation ‘ Communication network
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Fig. 2. Framework of proposed co-design method for frequency control.

III. JOINT DESIGN SCHEME OF POWER DISPATCH AND
ROUTING OPTIMIZATION UNDER CLOUD-EDGE
COLLABORATIONS

In this section, a joint design scheme of power dispatch
and routing optimization under cloud-edge collaborations is
introduced for the participation of VPPs in frequency con-
trol. First, a power dispatch method considering the influenc-
es of communication network is proposed to ascertain the
AGC power regulation tasks allocated to VPPs. Moreover, to
eliminate the influences of communication network, a rout-
ing optimization policy based on GCN is designed for select-
ing the optimal data transmission path.

A. Power Dispatch Method Considering Influences of Com-
munication Network

1) Regulation Capacity Calculation

In the VPP control center, the regulation capacity of VPPs
is first considered to guarantee the effective execution of the
AGC power regulation tasks from the main grid dispatching
center. Thus, the regulation power can be calculated as:
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P(1)= > P(t)

ieN

P(1)= 3 PI(1)

ieN

VieT

up _ pmax _ pb
P(1) =P (1) —P/(1) VieNieT
P(t) ==P™(t) - P](1)
where P*(¢) and P"(t) are the total up and down regulation
power of all VPPs at time ¢, respectively; P(¢) and P¥(t)
are the up and down regulation power of the i" VPP, respec-
tively; P™(¢) is the maximum power output of the i* VPP;
P!(t) is the base power output of the /" VPP; and N and T
are the sets of VPPs and time instants, respectively.
2) Proportional Power Allocation
Based on the regulation capacity of VPPs, the AGC power
regulation task undertaken by the VPP control center at time
t, denoted as P"*(t), can be expressed as:

min(PAGC(t),P"”(t)) PAC(¢) >0
max(PAGC(t),P"”(t)) P9(t) <0

2

P(1) = ©)
where P*““(¢) is the required AGC power from the main
grid dispatching center.

Then, the AGC power regulation task should be allocated
to each VPP [22] and it is proportional to the regulation ca-
pacity of each VPP, which can be expressed as:

prf(t)if:gg P(1) >0.¥ie N
P(t) = “)
’ re Pldn(t) re :
P (t)iP"”(t) Pe(t) <0,Vie N

where P},(t) is the ideal AGC power regulation task allocat-
ed to the i™ VPP.

3) Regulation Task Determination Considering Influences of
Communication Network

Moreover, during the power dispatch process from the
VPP control center to each VPP, the successful completion
of the AGC power regulation tasks is highly reliant on the
data transmission of the communication layer. However, due
to the complexity of network environment, the speed and re-
liability of data transmission often cannot be fully guaran-
teed. Therefore, the AGC power regulation tasks can be im-
pacted by the communication network. Here, we primarily
focus on the following two types of influences.

1) Influence of network performance: the influence of po-
tential network performance of the transmission path for
each VPP on data transmission speed is considered. Thus,
this poses a challenge in the real-time performance of fre-
quency control service.

2) Influence of security protection delay: in the frequency
control service, there is a certain tolerance for control delay,
denoted as O(t), which usually contains path transmission
delay T(t), equipment execution delay E(z), and security
protection delay d (¢). Besides, to ensure the reliable trans-
mission of data, it is necessary to configure security protec-
tion mechanism. In this mechanism, the security protection
delay often has a predefined lower limit, denoted as d°(¢).
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Hence, the security protection delay plays a crucial role in
ensuring the accuracy of frequency control service and it can
be described as:

d(t)=max(0(t) -T(t)-E(¢),d°(t)) YteT (5)

Furthermore, to intuitively describe the AGC power regu-
lation task considering the influences of communication net-
work, we utilize the triangular norm operator to fuse the in-
fluences of network performance and security protection de-
lay. The fusion variable Q,(¢) is derived as:

“1p
0,(1) = Si7(1)d (1)

L=f#(e) =d () +2(£#(1) +d (1))
where f,%(¢) is the network performance value of the trans-
mission path for the i" VPP; and d,(¢) is the security protec-
tion delay of the i" VPP,

It should be noted that to establish a consistent measure-
ment standard, it is essential to normalize the two parame-
ters f;*(¢) and d,(¢) involved in the fusion process.

Finally, we provide the initial AGC power regulation task
actually allocated to the i" VPP Py(7) as:

Pye(t)=F(0,1))Pe(t) VieNiteT

Vie N (6)

(7

F(0,(1)) VieNteT (8)
where F(-) is a function of fusion variable Q,(¢); w and ¢
are the model parameters; and « is the adjustment coefficient.

Note that the influences of communication network can
potentially compromise the accuracy and real-time perfor-
mance of frequency control service. To this end, we propose
a routing optimization policy based on GCN for eliminating
the influences of communication network.

_ w
e—aQ,(r)+ )

B. Proposed Routing Optimization Policy for Eliminating In-

fluences of Communication Network

1) Communication Network State Awareness

Using the controllers within SDN, the communication net-
work topology and data information can be acquired. To con-
struct the network topology under investigation, we employ
a connected and undirected graph denoted as G= (V, &),
where V={1,2,...,N,} is the set of all nodes, and N, is the
number of network nodes; and £ is the set of all communica-
tion links in the network. Furthermore, the collected network
information includes packet loss rate, throughput, and time
delay.
2) Path Traversal

As in [23], we adopt the depth-first search algorithm to
find all paths between the source node (i.e., VPP control cen-
ter) and destination nodes (i.e., VPPs). As this is not the
main focus of our study, the relevant process is not de-
scribed here. More details can be referred to [23].
3) Path Performance Calculation

Based on the obtained set of paths, a GCN-based perfor-
mance prediction method is used to determine the network
performance associated with these paths. The overall steps
of this method include the following.

Step 1: acquisition of network performance labels for
nodes. Given that the collected historical network informa-
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tion encompasses diverse features and exhibits significant
variations across different network environments, it poses
challenges for training network models. Consequently, we
employ the K-means algorithm to cluster the collected data,
thereby obtaining network performance labels for the nodes.
Furthermore, to ascertain the optimal number of clusters, we
introduce the Calinski-Harabasz metric [24] to assess the
clustering effectiveness. Additionally, the network features
within distinct clustering classes are not directly comparable,
so it is imperative to develop a comprehensive metric to
evaluate which cluster exhibits superior network perfor-
mance. To this end, we utilize a multi-metric evaluation ap-
proach [25] and the weighted average method to formulate
the comprehensive metric, which is illustrated as:
= 2 ax,; VieV

jeM ©)
where £, is the network performance value of the i" node;
M={1,2,...,M} is the set of network features, and M is the
number of network features; o, is the weight allocated to fea-
ture j; and x;; is the normalized network feature.

Step 2: node classification. According to the obtained
node features as well as their corresponding clustering class-
es and network performance, the supervised training of the
GCN model is conducted for node classification.

In this work, we primarily consider the following two ba-
sic aspects as inputs of the GCN model.

1) The node feature matrix X € R"*" which encapsulates
information on network features including packet loss rate
L, throughput 7, and time delay D, (so we have X=

T ' T
[xl,xz, ...,xND] and x;= [Ll.,Ti,Dl.] , Vie)).

2) The adjacency matrix A= [Al./.} e RY*™ which repre-
sents the topological connectivity of the communication net-
work. Specifically, if nodes i and j (i,j € V) are connected,
A;=1 (4,=4; for undirected networks when i#/); other-
wise, 4,=0.

Furthermore, we utilize a layer-wise propagation rule

based on the node feature matrix X and adjacency matrix 4
to obtain the output of GCN model, which is expressed as:

H"V=¢ Ii‘ifiﬁ'iH“]W“))=a(/iH“>W<”) (10)

where H') is the node feature matrix of the /" layer; ¢ is the

ReLU activation function; A=A +1 is the adjacency matrix
1 1

with self-loops, and I is the identity matrix; A=D 2AD 2 is
the self-normalized adjacency matrix, and D is the degree
matrix; and W) is the trainable weight matrix of the /™ lay-
er.

Here, we design a two-layer GCN model to predict the
network performance of each node. Consequently, the final

outputs Z can be expressed as:
Z:softmax(/ia(/iXW(o))W“)) (11)

Subsequently, we utilize the cross-entropy loss function to
train the network model, which can be expressed as:
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1 .
L:_W > ylgd, (12)

ieN,jeM,

where N, and M, are the sets of training labels and net-
work class labels, respectively; and y, and y; are the true la-
bel and predicted probability value for the i" node, respec-
tively.

Additionally, to minimize the loss function efficiently, the
Adam optimizer is adopted for the high learning efficiency
and fast convergence speed.

Step 3: performance calculation. Here, let P, denote the
set of paths for the i" VPP, where each path comprises multi-
ple nodes. Subsequently, by inputting these node features in-
to the pre-trained model, we can obtain the label of each
node. Thus, based on the network performance value allocat-
ed to each node, we obtain f;” as:

fir= zf[’”’ peP.ieN

o (13)
where [ € p represents the /™ node connected to the p™ path.
4) Transmission Path Selection

To mitigate the influence of communication network on
frequency control service, it is imperative to select an opti-
mal data transmission path that ensures the actual AGC pow-
er regulation task closely align with the ideal one. Besides,
in the frequency control service, it is essential to maximize
the accuracy while simultaneously meeting the real-time re-
quirements of the control operation.

According to the aforementioned analysis, a transmission
path needs to be selected from the following two perspec-
tives.

In terms of network performance, the path must first satis-
fy the predefined minimum requirement f,”, which can be ex-
pressed as:

1>f pePhieN (14)

For the i" VPP, the network performance of all paths with-

in the set P, can be calculated according to (13). On this ba-

sis, the objective is to maximize the security protection de-
lay d, as much as possible:

maxd, peP,ieN (15)

Here, we assume that the tolerances of control delay and
equipment execution delay are constant, as indicated by (5).
Consequently, to achieve the above objective, we only need
to guarantee that the path transmission delay is minimized.
In other words, we can further formulate (15) as:

min7, peP.ie N
where T, is the path transmission delay of the p" path.

In conclusion, the mathematical model for transmission
path selection can be described as:

(16)

*_ . T
p = argmim [,
pePaieN

st. T,= > D,

lep

o= S

lep
ip ip
B>

where D, is the time delay of the /™ node in this path.

amn
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Thus, based on the path selection model, we can obtain an
optimal path p* that exhibits the highest network perfor-
mance and the minimum transmission delay, serving as the
data transmission path.

IV. DYNAMIC POWER REGULATION STRATEGY UNDER
EDGE-EDGE COLLABORATIONS

In this section, a dynamic power regulation strategy under
edge-edge collaborations is developed for responding to the
AGC power regulation tasks emanating from the VPP con-
trol center. Its main objective is to maximize the economic
benefits of the frequency control service. Then, we propose
an ADAA-based dynamic power regulation control method,
which is designed to ascertain the optimal regulation power
for all VPPs.

A. Control Objective

The primary objective of this paper is to guarantee that all
VPPs are seamlessly coordinated to provide the optimal re-
sponse performance to AGC power regulation tasks at each
time instant ¢. This is crucial because the initial AGC power
regulation task allocated to the VPPs by the VPP control cen-
ter may not necessarily guarantee the lowest total frequency
control cost. Thus, we compare the total frequency control
cost caused by regulation power after correction with the
cost associated with the initial AGC power regulation task.
Then, the correction objective is expressed as:

min @ (1) = > (p,(t) —9l(t)) VieT

ieN (18)

p,(1) =97(1) +9;(t) VieNteT (19)
0(1) =a(P1(1)) +b,Pr(t) +¢, VieNiteT (20)
(1) =c,Pr(t) VieNiteT @1

where @(¢) is the overall objective function for the participa-
tion of VPPs in frequency control; P/*(¢) is the regulation
power of the i" VPP after correction; ¢,(¢) and ¢’(¢) are the
total frequency control costs incurred by regulation power af-
ter correction and the initial AGC power regulation task, re-
spectively; ¢?(t) and ¢(¢) are the operation cost and loss
cost of the i" VPP, respectively; a, b, and ¢, are the coeffi-
cients of operation cost for the i" VPP; and c, is the dis-
count coefficient for loss cost [8]. Given the similarity in the
expression of ¢’(¢) to that of ¢,(¢), it is omitted here.

In the process of dynamic regulation, the total regulation
power of VPPs after correction is required to satisfy the to-
tal AGC power regulation tasks, i.e.,

> Pr(e)= D Pi(t) YieT (22)
ieN ieN
In addition, the power regulation of each VPP is con-
strained by its regulation capability, ensuring that the regula-
tion power does not exceed the permitted regulation power
limits:
P

i, min

(¢) and P*

i, max

(1) <PF(t) <P

1, max

(1) VieNteT (23)

where P}¢ (t) are the lower and upper limits of

i,min
«th

regulation power for the i VPP, respectively.
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B. ADAA-based Dynamic Power Regulation Control Method

The ADAA is modified from an auction-based algorithm,
which is inspired by double-sided auctions [26], [27].
Among them, each VPP can be deemed as an agent capable
of progressively updating its regulation power through inter-
actions with adjacent agents. To model the interaction net-
work among these diverse agents, we employ an undirected
graph G=(B,C,A), where B={bb,,....b,} is the set of
agents; C denotes the interactions between agents; and A is
a weighted adjacency matrix, in which each element A, rep-
resents the connectivity between agents. Specifically, if there
is a connection between agents i and j (i, jeB ), A;=1; oth-
erwise, A, =0. Hence, for any given agent i, the set of its ad-
jacent agents =, can be defined as:

E={beBlA,=1j#i} VieN (24)

On this basis, we mainly describe the following four oper-
ations to find the optimal regulation power after correction.
1) Evaluation of Power Bids

Since each VPP is capable of functioning as either a buy-
er or a seller, the corresponding target variation is calculated
based on power bids as:

B.=f(P+AP,) —f(P/) VPPisabuyer,Vie N
y=fPr)~f(P~AP,) VPPisaseller,Vie N/

() =p(t) —pi(t) VieNteT (26)
where f,(¢) is the objective function of the i" VPP; AP,>0 is
the swap size of the i" VPP; and f3, and y, are the objective
increment and decrement of the i" VPP, respectively.

2) Consensus Procedure

The increment in regulation power of each VPP should be
balanced through one of its adjacent VPPs. Specifically,
when the regulation power of a VPP increases by AP, the
regulation power of one of its adjacent VPPs is required to
decrease by the same amount. Thus, the reduction in objec-
tive value 4, can be expressed as:

/’{[j:yj_ﬁi Vije -N:i?&j 27)

Given that each VPP can only engage in power trading
with one of its adjacent VPPs, it is necessary to select the
optimal one from the adjacent VPPs. To minimize the objec-
tive value, we choose the adjacent VPP that causes the maxi-
mum reduction in the objective value, which can be formu-
lated as:

(25)

A= max A, VieN

JEE

(28)

p;=argmax A; Vie N

jes, (29)
where A7 is the maximum reduction in objective deviation
caused by power bidding; and p, is the index of the optimal
adjacent VPP for the /" VPP.
3) Auction Resolution and Swap Operations

When the i" VPP achieves a greater reduction in the objec-
tive value compared with its adjacent VPPs, the auction reso-
lution based on the current value of A7 will be determined.
This can be mathematically expressed as:

P> max A Vie N

JEE

(30)
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>0 VieN 31
If the above constraints are satisfied, the regulation power

of the i" VPP and its optimal adjacent VPP will subsequent-
ly be updated, as expressed by:

Pr(k+1) =P (k) +AP (k) YieN
Pe(k+1)=Pf(k) ~AP(k) Vie N

(32)
(33)

where £ is the iteration number.
4) Swap Size Iteration

Given that each VPP needs to compute the reduction in
objective value and transmit the result to its adjacent VPPs,
the significant computational complexity cannot be avioded
within the algorithm. As such, an adaptive swap size based
solution is utilized, which dynamically adjusts the exchange
power based on the optimization results. Thus, the swap size
of the i" VPP can be written as:

OAP(k) A™>0,Yie N

AP (k+1) = AP (k)0 else

(34)
where 6 is the gain factor with the condition of 6> 1.

Furthermore, to ensure compliance with the power balance
constraint outlined in (22), the total initial regulation power
allocated to VPPs is supposed to be equal to the total AGC
power regulation tasks. Therefore, the initial regulation pow-
er allocated to each VPP is proportional to its adjustment ca-
pability, which can be given as:

P - P
P{‘@ k: 1 — PV@I 1, max 1, min v. N
i ( ) i;\/ 0.i Z(P;:‘:nax_P}:;in) IS (35)
jeN

Additionally, the updated regulation power of each VPP
should adhere to the power regulation constraint in (23),
which can be expressed as:

re
P i, min

Pr(k)<Pr, Nie N
Pre(k)>Pr NieN

In conclusion, a comprehensive description of the pro-
posed dynamic power regulation control method is illustrat-
ed in Algorithm 1. Based on this method, the AGC power
regulation tasks emanating from the VPP control center can
be fulfilled in an optimal manner by using the cooperation
of multiple VPPs.

Pr(k) =
)=

1, max

(36)

Algorithm 1: proposed dynamic power regulation control method

1. Input: the AGC power regulation task P, of the i VPP

2. Set k=1 and initialize the number of VPPs N, the interaction network,
the maximum iteration number ™, the swap size AP, and the gain
factor 6

3. Acquire the regulation capabilities of all VPPs

4. Calculate initial regulation power allocated to the i™ VPP based on (35)

5. Repeat

6. k=k+1

7 for i=1,2,...N do

8. Implement the objective variations £; and y; based on (25) and (26)

9

1

. Perform the consensus procedure based on (27)-(29)
0.  Find the auction resolution and update the regulation power of the
i VPP based on (30)-(33)
11. Limit the updated regulation power of the /™ VPP based on (36)
12. Update the swap size of the i"" VPP based on (34)
13. end
14. until k="
15. Output: the optimal regulation power to all VPPs
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Remark 1: according to [24], the convergence of the pro-
posed ADAA can be proven via mimicking the convergence
proof of pattern search algorithms and more details can be
referred to [24].

V. SIMULATION RESULTS

To verify the effectiveness of the proposed co-design
method for frequency control, we implement extensive simu-
lations in this section. As shown in Fig. 3(a), a test region
with a 30-node communication network topology is adopted
for simulation verification. Among these nodes, black node 1
and red nodes 8, 13, 23, 26, and 29 are selected as the net-
work access points for the VPP control center and VPPs to
facilitate information interaction, respectively. Furthermore,
we divide the dataset containing 30000 network features into
training, validation, and testing sets in a ratio of 8:1:1 to
train a GCN model. In this model, we set the training epoch
to be 400 and the learning rate to be 0.001. In addition, the
interaction network of all VPPs is shown in Fig. 3(b). The
basic parameters of simulation are set as follows: w=1,
p=1, a=20, k" =50, and §=2.
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Fig. 3. Test system. (a) 30-node communication network topology. (b) In-
teraction network of all VPPs.
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A. Validity of Joint Design Scheme of Power Dispatch and
Routing Optimization Under Cloud-edge Collaborations
1) Validity of Proposed Routing Optimization Policy

In this case study, we analyze the effectiveness of the pro-
posed routing optimization policy in terms of model predic-
tion performance evaluation and comparison with some exist-
ing policies.

1) Model prediction performance evaluation

To investigate the model prediction performance, it is nec-
essary to determine the number of network performance la-
bels. As such, in our experiment, the Calinski-Harabasz re-
sults are investigated across a range of clustering numbers
(from 2 to 10 with an interval of 1), as shown in Fig. 4. We
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can find that the highest Calinski-Harabasz value occurs
with 4 clustering classes, indicating that the optimal number
of clustering classes is 4. In other words, the best clustering
performance is achieved. Thus, in this study, the number of
network performance labels is set to be 4, denoted as Cl,
C2, C3, and C4 for convenience.

15000

Calinski-Harabasz
value

3 4 5 6 7 8 9 10
Clustering number

Fig. 4. Calinski-Harabasz results with different clustering numbers.

Then, leveraging the feature information and network per-
formance labels of nodes, the training of the proposed GCN
model is executed. We can observe from Fig. 5 that both the
training and validation accuracies exhibit a rapid increase,
while the training and validation loss values decrease pro-
gressively as the number of epochs increases. Meanwhile,
when the training reaches 300 epochs, these curves tend to
level off. The above results confirm the effectiveness of the
proposed GCN model and indicate that this model exhibits
good performance and generalization capabilities. To further
evaluate the node classification ability of the proposed GCN
model, the testing set is fed into the trained model. As
shown in Fig. 6, the node classification results illustrated by
the confusion matrix reveal the detailed performance in-
sights. The node classification performance for each label is
provided in Table I, utilizing various common metrics such
as accuracy, precision, recall, and Fl-score [28]. The average
accuracy, precision, recall, and Fl-score are 99.483%,
98.917%, 98.920%, and 98.919%, respectively, suggesting
that the proposed GCN model has excellent node classifica-
tion performance.

100
2
g 50 — Training accuracy
<8 — Validation accuracy
0 50 100 150 200 250 300 350 400
Epoch
(a)
1.5 .
2 1.0 — Training loss
& — Validation loss
= 0.5
0 50 100 150 200 250 300 350 400
Epoch
(®)

Fig. 5. Training and validation results of proposed GCN model. (a) Train-
ing and validation accuracies. (b) Training and validation losses.

Further, to validate the superiority of the proposed GCN
model in node label prediction, we compare it with four
benchmark models on the same dataset, including decision
tree (DT) [29], fully connected network (FCN) [30], support
vector machine (SVM) [31], and convolutional neural net-
work (CNN) [32]. Figure 7 displays the performance com-
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parison results of these models for node classification. We
can observe from Fig. 7 that the proposed GCN model out-
performs all benchmark models in prediction. For instance,
while all models achieve an accuracy of over 90%, the pro-
posed GCN model demonstrates a higher node classification
accuracy compared with others. Additionally, Fig. 8 visually
demonstrates the confusion matrix of different models for
node classification. Through these experimental verifications
and analyses, it is evident that the proposed GCN model is a
promising approach for node label prediction.

Number of
samples
1000
_ c4 800
[
£C3 600
22 400
=
cl 200
0

Cl C2 C3 cC4
Predicted label

Fig. 6. Confusion matrix of proposed GCN model for node classification.

TABLE I
NODE CLASSIFICATION PERFORMANCE FOR EACH LABEL

Label Accuracy (%)  Precision (%)  Recall (%)  Fl-score (%)
Cl 99.500 99.063 99.179 99.121
Cc2 99.500 99.120 98.255 98.685
C3 99.467 98.214 99.180 98.695
C4 99.467 99.272 99.066 99.169

1.0
0.9
2
3
08
0.7
DT FCN SVM CNN  Proposed
Model
O Accuracy; @ Precision; O Recall; O F1-score
Fig. 7. Performance comparison results of different models for node classi-

fication.

2) Comparison of proposed routing optimization policy
with existing policies

To validate the effectiveness of the proposed routing opti-
mization policy, we compare it with two benchmark policies:
the hop-based routing (HBR) [33] and the Dijkstra-based
routing (DBR) policies [34]. The comparison results in terms
of the packet loss rate, throughput, time delay, and network
performance of each VPP are illustrated in Fig. 9.

From Fig. 9, we can observe that although the DBR poli-
cy has a slight advantage in terms of packet loss rate com-
pared with the proposed routing optimization policy, it exhib-
its significant deficiencies in other aspects. In addition, de-
spite the HBR and proposed routing optimization policies
demonstrate similar performance in terms of packet loss rate,
throughput, and network performance, the HBR cannot effec-
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tively alleviate time delay. The advantage of the proposed
routing optimization policy lies in that it can fully consider
network performance and dynamically select the optimal
path with the minimum transmission delay.

Number of Number of
samples samples
1000 1000
~C4 0 200 ~C4 8 00 200
§C3 85| 13 [509 3 600 §C3 128 43 419 600
Ecz 0 418 3 |152| 1400 écz 0 491 3 400
Cl 200 Cl 00 200
0 0
Cl C2 C3 C4 Cl C2 C3 4
Predicted label Predicted label
(a) (b)
Number of Number of
samples samples
1000 1000
_C4 800 ~C4 & 800
§C3 51 6 552 1 600 ::C3 64 | 12 1528 6 600
Ecz 0 339 39 195 [ 1400 Ecz 0 1527 10 36| | 1400
cl 200 cl 200
0 0
Cl C2 C3 C4 Cl C2 C3 (4
Predicted label Predicted label
(©) (d)

Fig. 8. Confusion matrix of different models for node classification. (a) DT.
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Fig. 9. Comparison results of each VPP. (a) Packet loss rate. (b) Through-
put. (¢) Time delay. (d) Network performance.
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In contrast, the benchmark policies solely focus on select-
ing the shortest distance or smallest hop-count path, neglect-
ing both network performance and the minimum time delay.

Table II gives the average results of different policies in
terms of the packet loss rate, throughput, time delay, and net-
work performance. We can find from Table II that although
the packet loss rate of the proposed routing optimization pol-
icy is 12.46% higher than that of the DBR policy, it surpass-
es the comparison policies in other aspects. Specifically,
compared with the HBR and DBR policies, the proposed
routing optimization policy reduces time delay by 21.61%
and 10.28%, respectively, and enhances network perfor-
mance by 0.55% and 10.89%. As a result, the effectiveness
of the proposed routing optimization policy in eliminating in-
fluences of communication network can be guaranteed by
the simulation results.

TABLE II
AVERAGE RESULTS OF DIFFERENT POLICIES

Policy Packet Throughput Time delay Network
loss rate (Mbit/s) (ms) performance

HBR 0.0383 65.2918 0.4943 0.7573

DBR 0.0345 59.2076 0.4319 0.6867

Proposed 0.0388 65.6587 0.3875 0.7615

2) Validity of Power Dispatch Considering Influences of
Communication Network

In this case study, we analyze the validity of the proposed
power dispatch method by comparing it with some bench-
mark methods, which are: ) Method 1, which performs a
proportional power allocation approach from [35] without
considering the impact of communication network; (2) Meth-
od 2, which adopts the scheme of Method 1 but incorporates
the proposed routing optimization policy. Figures 10 com-
pares the AGC regulation power and VPP power output and
Fig. 11 illustrates the total cost of VPP with different meth-
ods. A detailed performance comparison among these meth-
ods is further provided in Table III.

As illustrated in Fig. 10, we can observe that the proposed
power dispatch method exhibits superior frequency response
performance.

In addition, we can see from Table III that compared with
Method 1, the proposed power dispatch method reduces the
average power deviation by 93.33% and the maximum pow-
er deviation by 10.46%. This is because the influences of
communication network on frequency control can be elimi-
nated with the proposed routing optimization policy, result-
ing in a reduction in power deviation. As a result, the pro-
posed co-design method for frequency control can enhance
the accuracy and real-time performance of the frequency con-
trol service in VPPs.

As illustrated in Fig. 11 and Table III, we can observe
that although Method 1 has a lower average total cost, it ex-
hibits poor frequency response performance. This is due to
the influences of communication network on the accuracy of
the AGC power regulation tasks received by VPPs. Both of
the proposed power dispatch method and Method 2 can ef-
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fectively minimize the error between ideal and actual AGC
regulation power. However, Method 2 has a low cost effi-
ciency. Thus, the proposed co-design method for frequency
control can guarantee a good frequency response perfor-
mance while improving the economic benefits of the frequen-
cy control service through the simulation results.
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Fig. 10. AGC regulation power and VPP power output with different meth-
ods. (a) AGC regulation power with proposed power dispatch method. (b)
AGC regulation power with Method 1. (¢) VPP power output with proposed
power dispatch method. (d) VPP power output with Method 1.
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TABLE III
PERFORMANCE COMPARISON RESULTS WITH DIFFERENT METHODS

Average power The maximum power  Average total

Methods deviation (MW) deviation (MW) cost ($)
Method 1 0.0854 2.3437 234.67
Method 2 0.0057 2.0986 242.29
Proposed 0.0057 2.0986 241.69

B. Validity of Proposed Dynamic Power Regulation Control
Method

To validate the effectiveness of the proposed dynamic
power regulation control method, we examine the conver-
gence performance of the ADAA in determining the optimal
regulation power. Figure 12 presents the convergence pro-
cess of ADDA for dynamic power regulation of each VPP in
the AGC power regulation task (P;°=3.536 MW) at time
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14:41. As illustrated in Fig. 12, we can clearly observe that
as the iteration number increases, the objective function, reg-
ulation power, and total cost of each VPP converges rapidly
to the respective optimal values through the adjustment of
step size. Therefore, the convergence performance and effec-
tiveness of the proposed dynamic power regulation control
method can be apparently validated according to the above
convergence results.
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Fig. 12. Convergence process of ADDA for dynamic power regulation of

each VPP. (a) Objective function. (b) Step size. (c) Regulation power. (d)
Total cost.

To further illustrate the advantage of the proposed dynam-
ic power regulation control method, the distributed auction-
based method [26] is used for comparison. The convergence
process of the total cost of VPPs with different methods at
various time are compared in Fig. 13. We can find that both
of these two methods can obtain the same optimal total costs
within a finite number of iterations. However, the proposed
dynamic power regulation control method can rapidly con-
verge to the corresponding optimal values. Specifically, its
convergence rate is approximately three times faster than
that of the distributed auction-based method. This is because
the proposed dynamic power regulation control method can
adaptively adjust the exchange power by utilizing an adap-
tive swap size based solution, thereby determining the opti-
mum faster. Hence, the advantage of the proposed dynamic
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power regulation control method can be clearly validated ac-
cording to the simulation results.
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Fig. 13. Convergence process of total cost of VPP with different methods

at various time. (a) 07:59. (b) 10:45. (c) 12:33. (d) 14:41.

VI. CONCLUSION

In this paper, we propose a novel co-design method of
power dispatch with dynamic power regulation and commu-
nication transmission optimization under cloud-edge collabo-
rations to achieve frequency control with VPPs. First, we de-
velop a joint design scheme of power dispatch and routing
optimization under cloud-edge collaborations. This scheme
comprises a power dispatch method considering the influenc-
es of communication network, along with a routing optimiza-
tion policy based on GCN. By adopting this scheme, we ef-
fectively mitigate the influences of communication network,
thereby ensuring the accuracy and real-time performance of
frequency control service. Furthermore, we present a dynam-
ic power regulation strategy under edge-edge collaborations
to determine the optimal regulation power for each VPP.
This strategy significantly boosts the economic benefits of
frequency control service through the application of the
ADAA-based dynamic power regulation control method. Fi-
nally, the results illustrate that the proposed routing optimiza-
tion policy reduces transmission delay by 21.61% and en-
hances network performance by 10.89%. Moreover, the joint
design scheme decreases average power deviation by
93.33%. Besides, the proposed dynamic power regulation
control method results in a notable decrease in average total
cost by 0.25%, alongside a substantial enhancement in con-
vergence speed, achieving an approximate increase of
66.67%. In conclusion, the simulation results verify the effec-
tiveness and superiorities of the proposed co-design method
for frequency control over some existing methods. In light
of the inherent complexity of the actual communication envi-
ronment, our future work will consider the impact of a hy-
brid communication environment on the frequency response
performance of VPPs.
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