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Abstract: With the transformation of the energy structure, the integration of numerous
small-scale, widely distributed renewable energy sources into the power grid has intro-
duced operational safety challenges. To enhance the operational competitiveness, the
virtual power plant (VPP) has emerged to aggregate and manage these distributed en-
ergy resources (DERs). However, current research on the VPP’s frequency modulation
performance and bidding strategy remains insufficient in the joint market of electrical
energy and frequency modulation (FM) ancillary services, with inadequate coordination of
internally distributed resources. To fully leverage the flexibility of VPPs and incentivize
their participation in electricity market operations, this paper investigates game-based
bidding strategies and internal distributed resources allocation methods for VPPs in the
joint market for electrical energy and frequency ancillary services. Firstly, the regula-
tory performance indicators of VPPs participating in the joint market and develops the
corresponding market-clearing model. Secondly, to address the competition among dis-
tributed resources within VPPs, a master-slave game approach is innovatively employed
to optimize the VPP’s trading strategies. This method ensures the rational allocation of
electricity consumption among distributed energy resources within the VPP and derives
the optimized bidding prices and quantities for both the VPP and its internal members.
Finally, the case study shows that the proposed trading strategy provides effective bidding
strategies for distributed energy resources participating in the joint market for energy and
frequency regulation ancillary services. It enhances the regulatory performance of VPPs
in the energy-frequency regulation market, ensures the profitability of distributed energy
resources, and contributes to the economically stable operation of the market.

Keywords: virtual power plant; distributed energy resources; master–slave game; the joint
market of electric energy and FM ancillary service; market-clearing price

1. Introduction
In the face of the increasingly severe climate crisis and energy security challenges,

actively promoting the construction of a new type of power system provides important
support for realizing the goal of “peak CO2 emissions”. With the transformation of the
energy structure, the uncertainty in the output of numerous widely distributed, small-scale
renewable energy sources connected to the grid will exacerbate the operational security of
the power system. Virtual Power Plants (VPPs) provide strong support for the operation of
the power system by aggregating regulatory resources such as distributed renewable energy
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sources, microgrids, energy storage systems, and controllable loads, while leveraging
intelligent monitoring and optimized coordination and control technologies.

Currently, the VPP plays an important role in tapping and utilizing the regulation
potential of DERs, participating in grid balance regulation, and alleviating energy regulation
shortages. Among them, European countries represented by Germany mainly use VPPs
aggregated with distributed generation to participate in spot power market trading; the
United States uses VPPs composed of controllable loads to provide demand response
and participate in peak shifting and load filling; and Japan focuses on VPPs composed of
customer-side energy storage and distributed generation to participate in demand response.

In order to actively respond to the national energy transition strategy, promote the
construction of a new type of power system, and establish and improve the power market
mechanism that adapts to the characteristics and development trend of the new type of
power system, the VPP, as a new type of market subject, is gradually participating in
power market transactions. When participating in the joint clearing of the power energy
and FM auxiliary service market, how a VPP can rationally configure its volume bidding
strategy in the market according to its market revenue and FM performance is an important
issue worth studying. Numerous studies have been conducted on VPP participation in
the power market. Guan [1] introduced indicators that mirror the disparities in response
performance among controllable loads, encompassing indices for peak regulation and
AGC performance. Based on these indicators, two classification techniques—ranking by
index and weighting—were devised and subsequently integrated with the NJW spectral
clustering algorithm to facilitate the aggregation of controllable loads into virtual entities.
Following this, an optimal bidding strategy for ancillary services was proposed, taking
into careful consideration the variations in performance among bidding resources. Sun [2]
proposed an internally and externally coordinated bidding strategy that can accommodate
the participation of virtual power plant operators in the electricity energy market while at
the same time participating in the peaking market and facilitating internal coordination
among its member entities. A multi-agent, double-layered bidding model encompassing
both the operator and its internal members was formulated and resolved through a hybrid
approach combining the particle swarm optimization algorithm with the interior point
method. The internal power mutual benefit within the VPP cluster was priced indepen-
dently to incentivize VPP participation in joint scheduling. Liu [3] developed a two-stage
joint optimization model incorporating day-ahead coordinated scheduling and day-ahead
rolling optimization, recognizing the predictability of stochastic variables and the gradual
accumulation of errors over decision time. Gao [4] investigated a spot market-clearing
model for VPP participation. The study introduced flexible declaration methods and pri-
ority preference parameters to capture the flexible regulation characteristics of VPPs and
proposed an evaluation method along with an allocation mechanism for flexibility premi-
ums. Xu [5] established a multi-time scale spot market strategy model, which included the
objective functions of the day-ahead, real-time, and balancing markets. It also proposed
a multi-type market coupling bidding strategy, considering markets such as frequency
regulation and demand response, and introducing carbon trading rules. However, for the
multi-time scale decision-making in the above-mentioned literature, further research was
still needed on the coordination and balance of different time scales in practical applica-
tions. In the multi-type market coupling bidding strategy, the complex relationships and
applicability among different markets had not been fully considered.

Zu [6] built a trading system that enables a VPP to attend both primary and auxiliary
markets. Considering the uncertainty of renewable energy output and the price consistency
between the primary power market and the peaking auxiliary service market, a joint clear-
ing optimization model of a VPP with joint participation of the two markets is established.
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To ensure the fulfillment of user demand when a VPP participates in FM auxiliary services,
Zhan [7] proposed a VPP control strategy based on smart buildings integration. The FM
operation modes of these virtual power sources are analyzed, and the typical demand-side
resource and virtual energy storage models of smart building-based virtual power sources
are established. In addition, XU [8] put forward a bidding strategy for CHP VPPs consider-
ing multiple uncertainties in the market environment. The bidding model for CHP VPP
participation in the electricity market was developed by considering the uncertainties in
electricity prices and renewable energy distribution within the VPP. Yang [9] proposed the
optimization and regulation process of a VPP participating in multi-variety transactions in
the electricity spot market and established a multi-time scale optimization and regulation
model considering assessment mechanisms and multiple uncertainty factors.

The existing literature has identified the VPP as a price taker within the electricity
market. However, it overlooks the influence of VPP market behavior on clearing results
and the competitive interactions between different VPPs. In contrast to the energy market,
the ancillary services market for electricity inherently involves smaller transaction volumes.
Furthermore, as the VPP continues to expand in scale and market competition intensifies,
the strategic market behavior of the VPP attains the capability to influence market clearing.

To address this gap, Kardakos [10] developed a bi-level model for VPP participation in
the day-ahead electricity market, introducing the VPP as a price influencer, a novel approach
in this context. This allowed the VPP to strategically bid based on market dynamics, thereby
influencing clearing outcomes and maximizing its profits. Shu [11] regarded the VPP as a
price maker and established a two-level bidding model for the day-ahead electricity market
considering carbon trading. In response to the uncertainty of wind farm output, the infor-
mation gap decision theory was adopted to provide risk aversion and opportunity seeking
strategies. Zhang [12] integrated wind curtailment penalties into the objective functions of
the independent system operator and VPPs’ bi-level optimization dispatch, fostering more
effective renewable energy integration into the power system. Foroughi [13] modeled an
electro-thermal coupled VPP, considering its interactions with both electricity and heat mar-
kets, and constructed a two-layer optimization model wherein the VPP acts as a price setter.
However, the aforementioned studies primarily focused on individual market participants.
Notably, market equilibrium is achieved through the interplay among multiple decision-
makers. Consequently, Shafiekhani [14] proposed a strategic bidding model for multiple VPPs
engaged in the energy–auxiliary service market. The model seeks to determine the market
equilibrium point and utilizes the diagonalization algorithm.

Yi [15] analyzed the revenues of VPPs across different scenarios and proposed a multi-
VPP game model that utilized a non-cooperative game approach, taking into account
the mutual competition and strategic interactions among VPPs. However, in the above-
mentioned literature, the collaborative optimization of the internal resources of virtual
power plants was not thoroughly considered. For the multi-VPP game, only a simple non-
cooperative game form was taken into consideration, and other possible game structures
and cooperation mechanisms were not explored. Wang [16] introduced a game-theoretic
model for dispatching multiple VPPs, focusing on a multi-time scale rolling scheduling
strategy that combines day-ahead, hours-ahead, and real-time dispatch. Song [17] pro-
posed a two-stage and two-layer stochastic bidding model. Based on the Stackelberg
leader–follower game, the bidding strategy of a VPP in the spot joint market was deter-
mined. The upper layer aimed to maximize the profit, while the lower layer aimed to
minimize the power purchase cost. Multiple scenarios were introduced to deal with the
uncertainty of competitors. Wang [18] constructed a day-ahead trading market bidding
model that included virtual power plants and electricity selling companies. The optimal
electricity purchasing and selling strategies were solved through the game process, and a
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multi-time window rolling scheduling strategy of the virtual power plant in the real-time
market was designed. Zeng [19] designed a leader–follower game framework for spot and
reserve market transactions with a VPP as the main body, clarifying the decision-making
relationship between the VPP and system operators. A two-layer joint optimized bidding
strategy model for a VPP to participate in the spot and reserve markets was constructed.
The inner layer model maximized the VPP’s profit, while the outer layer model minimized
the total social power purchase cost.

A significant number of distributed energy resources are constrained by their resource
types and capacities, rendering them less competitive as individual new market entities.
Consequently, forming the VPP by aggregating multiple new market entities can enhance
their competitiveness and economic benefits. A crucial aspect of maintaining stable oper-
ation within the VPP is the establishment of a fair method for allocating benefits among
distributed energy resources. Drawing upon the principle of equitable distribution, Li [20]
employed the fairness property of the Shapley value in Cooperative Games to investi-
gate effective collaboration and utility allocation within a multi-agent system, and further
enhanced a rapid algorithm for forming a static initial coalition. Li [21] concentrated on for-
mulating optimal bidding strategies for power-to-gas (P2G) facilities, both independently
and in coordination with natural gas-generating units (NGGUs), across electricity, ancillary
service, and natural gas markets. Recognizing that collaboration between P2G facilities and
NGGUs would generate higher profits for both compared to independent participation,
Li [21] applied the Shapley value method to fairly distribute the combined profits from the
P2G-NGGU partnership. Based on cooperative game theory, Dong [22] formulated both an
individual scheduling model for VPPs and a coordinated scheduling model for VPPs and
distribution utilities to analyze cooperative opportunities and profit allocation challenges.
Li [23] developed a two-stage stochastic optimization model to guide the market strategy
of demand-side resource aggregators, accounting for their involvement in the day-ahead
energy market, real-time energy market, and reserve market. The aforementioned studies
have analyzed the trading decisions of VPPs participating in market operations, offering
theoretical support for their enhanced participate in market frequency regulation. However,
there is limited analysis on the frequency regulation performance and bidding strategies
of VPPs in the joint market for electrical energy and frequency regulation auxiliary ser-
vices. Furthermore, research on how VPPs coordinate internally distributed resources to
participate in the joint market operations remains insufficiently explored.

In response to these deficiencies, this paper introduces a method for the VPP to engage
in joint market bidding strategies and dynamic internal resource allocation, utilizing a
master–slave game framework. Initially, the operation of the VPP in the electricity and
frequency regulation ancillary services markets is examined, and a transaction model
is developed to facilitate VPP participation in the integrated market. A comprehensive
performance indicator is then proposed to assess the effectiveness of the VPP electricity
adjustment and frequency regulation, serving as a foundation for their bidding decisions
regarding electricity quantity, frequency regulation capacity, and mileage. A master–slave
game approach is then applied to allocate the participation of various distributed energy
resources within the VPP, optimizing the bidding prices and quantities for both the VPP
and its internal resources in the spot market. Finally, a case study is carried out to assess
the effectiveness of the proposed VPP participation strategy in the integrated market.

2. The Trading Model of the Joint Market with VPPs
Different VPP aggregates various distributed energy resources (DERs) into a unified

entity to participate in the electricity spot market. The electricity spot market includes the
electric energy market and FM auxiliary service market. In the study work, the structure
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of the joint market for electrical energy and frequency ancillary services is illustrated in
Figure 1. This study focuses on a day-ahead model to jointly clear the energy market and
frequency regulation ancillary services. During joint market-clearing process, the market
operator employs a centralized trading mechanism to optimize and clear total energy and
frequency regulation quantities, determining the operation schedule, energy dispatch, and
frequency regulation quantities.

Figure 1. VPP participation in the joint market structure.

In the framework of Figure 1, VPP1 through VPPM, along with other market partic-
ipants, engage in the energy and frequency ancillary joint market bidding and clearing.
The core objective of a VPP is to maximize its revenue under uncertainty by coordinating
internal renewable resources (e.g., wind power and photovoltaics) with controllable power
sources. The model incorporates elements such as generation cost calculations, operational
constraints, energy trading balance, and bidding strategies linked to market prices. In the
diagram, blue arrows represent the VPP‘s requested quantities and prices for energy and
frequency regulation, while red arrows represent the cleared market prices and quantities
for energy and frequency regulation.

Based on the trading results, the VPP leverages strategic pricing to guide DERs
in market participation for profit. To maximize its own revenue while minimizing the
operational costs of internal DERs, the optimization objective function is achieved. Using a
leader-follower game equilibrium theory, the master-slave benefits are optimized. In the
diagram, blue arrows indicate the generation power, consumption power, and frequency
regulation power of DERs, while red arrows represent the power prices for generation,
consumption, and frequency regulation issued by the VPP after game iterations.

2.1. Performance Indicators of a VPP Participating in the Market

The VPP integrates distributed resources, for instance, renewable energy, adjustable
loads, and energy storage located at different sites, participating in the entire process of
joint market trading, including bidding, clearing, settlement, and allocation [24]. During
joint market trading, the regulation performance indicators that the VPP must meet are:

(1) Regulation rate indicators K1,m.
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The regulation rate indicator K1,m refers to the relative response rate of the mth VPP:

Vs,m =
Pmil

M,m(Tb,m)− Pmil
M,m(Ta,m)

Tb,m − Ta,m
(1)

K1,m = Vs,m/Vp (2)

where Vs,m represents the actual response rate of the mth VPP, Vp denotes the average
standard regulation rate of the VPP, Ta,m and Tb,m indicate the start and end times of the
regulation process for the mth VPP, respectively, and Pmil

M,m(t) represents the frequency
regulation amount of the mth VPP during the time period t.

(2) Response time indicators K2,m.
The response time indicator K2,m refers to the time delay of the mth VPP in responding

to frequency regulation instructions:

K2,m = 1− (
Tr,m − Ta,m

Tb,m − Ta,m
) (3)

where Tr,m represents the time delay of the mth VPP in responding to the Automatic
Generation Control (AGC) instructions during the scheduling period.

(3) Regulation accuracy indicators K3,m.
The regulation accuracy indicator K3,m refers to the precision of the mth VPP in

responding to frequency regulation instructions:

K3,m = 1−

∣∣∣Pre f ,m − PM,m(Tb,m) + PM,m(Ta,m)
∣∣∣

∆PN
(4)

where Pre f ,m represents the frequency power reference value issued to the mth VPP by
the AGC instructions, and ∆PN denotes the allowable error in the frequency regulation
adjustment for the mth VPP.

In frequency regulation ancillary services, differences in the performance of frequency
regulation resources lead to variations in transaction settlement. In order to fully incen-
tivize the participation of VPPs in frequency regulation and leverage their rapid response
advantages, a comprehensive frequency regulation performance index for the mth VPP
under its frequency regulation strategy is proposed. This index includes regulation speed,
regulation time, and regulation accuracy.

Kd,m = ω1K1,m + ω2K2,m + ω3K3,m (5)

where Kd,m represents the frequency regulation performance index for the mth VPP. K1,m,
K2,m, and K3,m correspond to the regulation rate, response time, and regulation accuracy
indices for the mth VPP. ω1, ω2, and ω3 are the respective weight coefficients for each index,
as set by the spot market rules.

2.2. Joint Market-Clearing Mechanism of the Electric Energy and FM Ancillary Service

(1) Trade organizations
(a) Information Release
The dispatch agency issues announcements regarding the demand periods and regula-

tion capacities for both the electricity energy market and the frequency regulation ancillary
services market.

(b) Transaction Bidding
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Market participants submit bids to the trading platform for electricity energy and fre-
quency regulation ancillary services, including information on energy demand, frequency
regulation capacity, frequency regulation mileage, and pricing details for different periods.
The trading periods are set at 15 min, totaling 96 periods.

(c) Market-clearing Process
Considering grid operation and physical constraints, the joint market optimization

clearing is conducted to minimize energy costs to meet the day-ahead market load and
frequency regulation demand. This results in clearing results for both electric energy and
frequency ancillary services.

(d) Release of Transaction Results
The clearing results are pushed to the trading center and released to market participants.
(2) Joint market-clearing model with VPPs
The electric energy and frequency ancillary services market conducts transaction

clearing results with the objective of minimizing the energy costs for the thermal power
units and VPPs. The objective function can be formulated as follows:

minFD =
T

∑
t=1

NG

∑
s=1

(
λe

b,s,tP
e
s,t + λmil

b,s,t/Kd,sPmil
s,t

)
+

T

∑
t=1

NVPP

∑
m=1

(
λ

ge
b,m,tP

ge
m,t − λco

b,m,tP
co
m,t + λmil

b,m,t/Kd,mPmil
m,t

)
(6)

where λe
b,s,t and λmil

b,s,t are the declared generation price and frequency regulation price,
respectively, for thermal power units in time period t. Pe

s,t and Pmil
s,t are the awarded

electricity energy and frequency regulation quantity, respectively, for thermal power unit s
in time period t. Kd,s represents the frequency regulation performance indicator of thermal
power unit s. λ

ge
b,m,t and λco

b,m,t are the bidding prices for the generation and consumption
modes of virtual power plant m in time period t. Pge

m,t and Pco
m,t are the awarded electricity

energy for the generation and consumption modes of virtual power plant m in time period
t, respectively. λmil

b,m,t is the declared frequency regulation price for virtual power plant m.
Pmil

m,t is the awarded frequency regulation quantity for virtual power plant m in time period
t. In the frequency regulation ancillary services market-clearing process, thermal power
units and virtual power plants are ranked based on the ratio of their bid prices to their
frequency regulation performance indicators. Therefore, the frequency regulation price for
thermal power units and virtual power plants is calculated as the bid price divided by the
frequency regulation performance indicator.

The operational constraints mainly include:
(a) Power balance constraint

NG

∑
s=1

Pe
s,t +

NVPP

∑
m=1

(Pge
m,t − Pco

m,t) + PPV,t = Pload
d,t (7)

where Pload
d,t represents the total load power of time period t.

(b) System frequency modulation constraints

NG

∑
s=1

Pmil
s,t +

NVPP

∑
m=1

Pmil
m,t = Pmil (8)

where Pscap represents the frequency modulation capacity requirement of the system.
(c) Constraints on the declared quantity of thermal power units

Pmin
s,t ≤ Pe

s,t + Pmil
s,t ≤ Pmax

s,t (9)

where Pmin
s,t and Pmax

s,t represent the maximum and minimum values of the generation
capacity for thermal power units.
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(d) Virtual power plant reporting constraints
0 ≤ Pge

m,t + Pmil
s,t ≤ α

ge
m,tP

ge
m,max

0 ≤ Pco
m,t + Pmil

s,t ≤ αco
m,tP

co
m,max

α
ge
m,t + αco

m,t ≤ 1
(10)

where Pge
m,t and Pco

m,t represent the generation and consumption power of VPP m. Pge
m,max

and Pco
m,max represent the maximum generation power and maximum consumption power

of VPP m. α
ge
m,t and αco

m,t are 0–1 variables corresponding to the generation and consumption
modes of VPP m, respectively.

3. VPP Trading Strategy Based on a Master–Slave Game
In alignment with the operational performance requirements of the spot market, the

VPP enters the joint market with the objective of maximizing its own profit through strategic
bidding. After aggregating its internally distributed energy resources, the VPP participates
in the spot electricity market as a single, independent entity. According to the trading
results, the VPP uses strategic pricing to guide distributed energy resources in participating
in market transactions for profit. To ensure both its profit maximization and the optimal
benefits for its internally distributed energy resources, the VPP ultimately optimizes the
interests of multiple entities through a Stackelberg game equilibrium theory.

(1) Participants: The VPP and its internal DERs constitute the Stackelberg game as
participants. The VPP determines the electricity purchase and sale prices, which are then
communicated to the DERs. Based on these prices, the DERs adjust their declared electricity
quantities for trading.

(2) Utility functions: The VPP pursues the maximization of its own profits, while the
DERs aim to minimize their own costs in the game. The bidding utility function of the VPP
is represented as RVPP, and the utility function of the DERs is represented as CD.

(3) Transaction strategies: When the VPP and DERs engage in the game, the VPP
adopts the declared electricity price as its strategy, while the DERs adopt the dispatched
power as their strategy. Both the VPP and DERs take values within their respective strategy
spaces. Through iterative optimization of the game, an equilibrium solution is obtained.

3.1. Bidding Utility Function of the VPP

As the settlement entity in the electricity market, the VPP designs its bidding strategies
and allocates quantities for participation in both the energy market and the frequency
ancillary services market, taking into account its regulation capabilities. The utility function
RVPP

m for the mth VPP, with the goal of maximizing profit as its bidding objective, is
as follows:

maxRVPP
m =

T

∑
t=1

(
λ

ge
m,tP

ge
m,t − λco

m,tP
co
m,t + λmil

m,t Pmil
m,t /Kd,m − Cop

m,t

)
(11)

where λ
ge
m,t, λco

m,t, and λmil
m,t represent the power generation price, power consumption price,

and frequency regulation price of the mth VPP. When the power price for distributed
resources n are determined by the VPP’s clearing price, the bidding utility function of the
mth VPP can be expressed as:

maxRVPP
m =

T

∑
t=1

(
λ

ge
m,t

N

∑
n=1

Pge
n,t − λco

m,t

N

∑
n=1

Pco
n,t + λmil

m,t

N

∑
n=1

Pmil
n,t /Kd,m − Cop

m,t

)
(12)
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where Pge
n,t, Pco

n,t, and Pmil
n,t represent the generation power, consumption power, and fre-

quency regulation power, respectively, of distributed energy resource n dispatched by the
mth VPP in time period t. N denotes the total number of distributed energy resources
n within the mth VPP. Cop

m,t represents the operational costs of VPP m, which include the
scheduling and manual operational costs for the distributed energy resources of the VPP.

3.2. Distributed Energy Sources Participate in the Operational Utility Function of DERs

With the minimization of its own operational costs as the optimization objective
function, the utility function CD

n for the operation of the nth distributed energy resource in
VPP m can be expressed as:

minCD
n =

T

∑
t=1

[
cn,s(Pge,b

n,t + Pco,s
n,t + Pmil

n,t )− (λ
ge
m,tP

ge,b
n,t + λco

m,tP
co,s
n,t + λmil

m,t Pmil
n,t /Kd,m)

]
(13)

where cn,s represents the operating cost per unit of power.
The trading electricity quantity of distributed energy resources cannot exceed their

maximum power capacity. The constraints for setting the trading electric power are:

0 ≤ Pge,b
n,t ≤ Pge

n,max (14)

0 ≤ Pco,s
n,t ≤ Pco

n,max (15)

where Pge,b
n,t and Pco,s

n,t represent the electricity selling power and electricity purchasing
power, respectively, of DER n during period t. Among them,

Pge,b
n,t =

{
Pge

n,t , Pge
n,t ≥ 0

0 , Pge
n,t < 0

Pco,s
n,t =

{
−Pco

n,t, Pco
n,t < 0

0 , Pco
n,t ≥ 0

(16)

When the electricity quantity of DERs is positive, it indicates their participation in
electricity selling behavior; when the electricity quantity is negative, it indicates their
participation in electricity purchasing behavior.

3.3. Solution Process of the VPP Bidding Strategy

The revenue of a VPP is dependent on both the clearing price and the dispatched
power of its DERs. To maximize its revenue after market clearing, the VPP must take into
account the dispatched power of DERs and strategically set its bidding prices in the joint
market. This guides DERs to change their operation modes. Through the game, the VPP
seeks the optimal trading and operation mode.

With the objectives of maximizing the revenue of the VPP and minimizing the operat-
ing cost of DERs, the following master–slave game model for VPP participation in the joint
market is established:

minFD

{
maxRVPP

m (λ
ge
b,m,t, λco

b,m,t, λmil
b,m,t, P)

}
(17)

s.t.


(λ

ge
b,m,t, λco

b,m,t, λmil
b,m,t) ∈ πm

Pn = argmin
P̂n

CD
n (λ

ge
m,t, λco

m,t, λmil
m,t , P̂)

P̂n ∈ πn

(18)
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where (λge
b,m,t, λco

b,m,t, λmil
b,m,t) represent the strategy space of virtual power plant m, denoted as

πm, (Pge,b
n,t , Pco,s

n,t , Pmil
n,t ) represent the strategy space of distributed energy source n, denoted

as πn, P̂ represent the collection of all distributed energy operation strategies within the
VPP, P̂ = [P̂1, . . . P̂n, . . . P̂N ]

T, P represent collections of all distributed energy operation
optimization solutions inside VPP, P = [P1, . . . Pn, . . . PN ]

T, and N indicates the total number
of distributed energy sources.

The solution to the master–slave game model involves a non-convex, nonlinear integer
programming problem with multiple coupled variables. By optimizing the VPP’s revenue
and the DERs’ cost to their respective optimal values, the VPP acts as the master in the
game, while the DERs act as the followers. By solving the master–slave game modesl, a
bargaining breakdown point is obtained, at which point the benefits of all parties can be
maximized. This approach enhances the revenue of the VPP, reduces the operating cost of
DERs, and improves the bid-winning quantity and revenue of the VPP in the spot electricity
market by optimizing its internal energy management strategy.

As shown in Figure 2, the specific steps for solving the trading strategy are as follows:
(1) First, the system load and frequency modulation demand Pmil information will be

issued by the joint market.
(2) The VPP m selects the trading strategies in the strategy space πm to declare the

generation power price, the consumption power price, the frequency regulation price, and
the corresponding regulation quantity.

(3) The generation or consumption power, along with their respective prices, as well
as frequency regulation quantity and its price for the VPP m, are obtained through the joint
market-clearing process.

(4) Distributed energy n selects the invoked generation power, consumption power,
and frequency regulation power in the strategy space πm, based on the generation power
price, consumption power price, and frequency regulation price issued by the VPP m, and
reports them to the VPP.

(5) Through the continuous iterative solution, whether Formulas (17) and (18) is satis-
fied, if yes, the optimal solution is reached and the benefits of both parties are maximized.

Figure 2. The solution process of the VPP bidding strategy based on the master–slave game.



Energies 2025, 18, 442 11 of 19

4. Case Study
Using the IEEE 39-bus system as a case study, we investigate the role of VPPs in the

trading strategies for the joint market of electric energy and FM ancillary service. Program
is conducted using MATLAB 2022a.The YALMIP toolbox is utilized, with the CPLEX solver
employed to solve the model. This approach enables the determination of the optimal
trading strategies.

The system comprises thermal power units G1 to G10 and virtual power plants E1 to
E4. The thermal power units are located at nodes 30–39, while the four VPPs are situated at
nodes 10, 13, 19, and 22. The system wiring diagram is provided in Appendix A Figure A1,
and the bidding information for each unit is detailed in Appendix A Tables A1 and A2.

Daily load curve diagram of the system is shown in Figure 3. The lowest load point
occurs around 5 o’clock, with a load of 214 MW, and the peak load occurs around 20 o’clock,
with a load of 384 MW.

Figure 3. Daily load curve diagram of the system.

To evaluate the differences between the proposed method and alternative approaches,
this paper establishes the following two scenarios for comparison:

Scenario 1: VPP transaction decision-making where distributed energy resources
adopt cost-based pricing.

Scenario 2: VPP transaction decision-making based on a master–slave game.

4.1. Bid Quantity Analysis in the Joint Market

The electricity quantities obtained by each unit in Scenario 1 and Scenario 2 are
presented in Figures 4 and 5, respectively. Due to the high bidding prices of VPPs in the
electricity market, they can only recover costs by generating electricity during peak load
periods with higher electricity prices. Therefore, it is difficult for VPPs to win bids in the
electricity market. As a result, there is little difference in the bid-winning quantities between
Scenario 1 and Scenario 2 in the electricity market. The trend of electricity quantities won by
thermal power units and VPPs closely follows the pattern of load variations. The demand
for electricity is almost entirely met by thermal power units. Except for unit G10, other units
also generate additional electricity during higher load periods. Due to the high bidding
price of unit G10 and the remaining generation capacity of other units, G10 does not win
any bids.
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Figure 4. Power-off energy of each unit in Scenario 1.

Figure 5. Power-off energy of each unit in Scenario 2.

The frequency regulation bid acceptance results for each unit in Scenario 1 and
Scenario 2 are presented in Figures 6 and 7, respectively. As shown in the figures, due to the
superior performance indicators of E1, E2, and E3, the frequency regulation mileage and
capacity bids for these three VPPs are relatively low. Therefore, the three units undertake
almost all the frequency regulation tasks. By contrast, E4 does not obtain any bid acceptance
due to its higher bids. Compared to thermal power units, VPPs have better frequency
regulation performance indicators and lower bids, so these VPPs will have priority in
securing bids in the frequency regulation ancillary services market.

Figure 6. Frequency modulation of each unit in Scenario 1.

Figure 7. Scalars in frequency modulation of each unit in Scenario 2.
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The high penetration of renewable energy sources in the market introduces significant
disruptions to the system, leading to frequency deviations. As shown in Figure 7, after
considering the trading strategy of VPPs, the two distributed energy stations E1 and E2, due
to their performance and price advantages, can achieve full-load operation throughout the
entire period. E3, with a relatively higher price, can still win bids when the load increases.
However, E4 does not win any bids because of its higher bidding price and the fact that the
other three units can already meet the frequency regulation demand.

4.2. Comparison of VPP Market-Clearing Prices and Avenues

The frequency regulation clearing prices under different scenarios are shown in
Figure 8. After considering the game-based trading strategy, the frequency regulation
clearing price decreases by approximately (1.02–1.45) CNY/MW. Since the VPP can adjust
its bidding strategy to reduce its bids, it can lower the clearing price while ensuring its
revenue. By obtaining more bid acceptance to fulfill the frequency regulation tasks issued
by the market, the VPP can fully leverage its frequency regulation advantages.

Figure 8. Frequency clearing prices in different scenarios.

As shown in Table 1, by incorporating the trading strategy of the Virtual Power Plant
(VPP), its income has increased. This improvement is due to the enhanced performance
of the VPP, which offers greater advantages in both performance and pricing when par-
ticipating in the frequency modulation ancillary services market. As a result, the VPP’s
operational capacity has been strengthened, leading to higher overall income.

Table 1. Benefits of different virtual power plants.

Benefits/CNY E1 E2 E3 E4

Scenario 1 175,453 117,387 60,905 7351
Scenario 2 192,967 129,508 66,841 8039

4.3. Analysis of Distributed Energy Trading

This section analyzes the income of the VPP and its distributed energy resources
by examining the transaction characteristics of three distributed energy sources within
Virtual Power Plant 1 across different scenarios. The transaction volumes of the distributed
energy resources, as well as the purchase and sale prices set by the VPP according to the
game-theoretic trading strategy, are calculated and presented in Figures 9–14.
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Under Scenario 1, the electricity purchase and sale volumes of three types of DERs are
shown in Figures 9, 11 and 13. The electricity purchase and sale volumes of DER 1 closely
follow the load variations, while the participation level of DER 2 remains relatively low.
DER 3, driven by profit-seeking behavior, purchases a large amount of electricity when
prices are low and sells a significant quantity when prices are high. This results in a tendency
for its electricity consumption capacity to exceed the set limits. After implementing the
trading strategy based on the master–slave game, the electricity purchase and sale volumes
for the three DERs are displayed in Figures 10, 12 and 14. The electricity purchase and
sale patterns of all three DERs are relatively similar and align closely with the trends in
load variation. At this point, the trading electricity volume between the VPP and DERs
has increased.

Figure 9. DER1 purchased and sold electricity in Scenario 1.

Figure 10. DER1 purchased and sold electricity in Scenario 2.
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Figure 11. DER2 purchased and sold electricity in Scenario 1.

Figure 12. DER2 purchased and sold electricity in Scenario 2.

Figure 13. DER3 purchased and sold electricity in Scenario 1.
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Figure 14. DER3 purchased and sold electricity in Scenario 2.

The electricity purchase and sale prices between the VPP and its DERs are presented in
Figure 15. The price trends for the VPP’s electricity purchases and sales align closely with
the variations in load trends. Through dynamic pricing strategies, it is beneficial to increase
the trading electricity volume between the VPP and DERs, as well as to increase the bidding
electricity volume in the spot electricity market. During the off-peak load period, from
23:00 to 8:00, when the grid electricity price drops to its lowest value of 0.4745 CNY/kWh,
the VPP reduces its electricity purchase price. During the two peak load periods from
8:00 to 11:00 and from 16:00 to 21:00, when the grid electricity price reaches its peak at
1.2133 CNY/kWh, the VPP increases the electricity consumption price.

Figure 15. The electricity purchase and sale prices between the VPP and its DERs.

This trading strategy involves selling electricity during peak hours and purchasing it
during off-peak hours, thereby increasing the VPP’s revenue. It also encourages greater
participation from DERs in scheduling, which helps them recover their costs more effec-
tively. After adopting the VPP trading strategy, the duration and electricity volume of
DERs participating in scheduling increased, leading to an increase in the bidding volume
of the VPP in the joint market. This significantly boosts the VPP’s revenue.
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5. Conclusions
The trading strategy of VPPs and allocation method of DERs are proposed as emerging

market participants in the power spot market for energy and frequency ancillary services.
Firstly, a comprehensive performance evaluation index is proposed, based on the frequency
regulation capabilities of VPPs, to serve as a foundation for determining their bidding
strategies for frequency regulation capacity. Secondly, a bi-level decision-making model is
developed for VPPs participating in the integrated market for spot energy and frequency
regulation ancillary services. This model facilitates a master–slave game between VPPs
aiming to maximize their profits and DERs aiming to minimize their energy allocation
costs. The model provides bidding prices for VPPs and allocates the dispatched electricity
of DERs reasonably. Finally, case studies are conducted to assess the effectiveness of this
trading strategy in the context of new electricity market transactions.

The key conclusions are as follows:
(1) The proposed performance evaluation index, based on the frequency regulation

capabilities of Virtual Power Plants (VPPs), effectively establishes a robust foundation for
determining optimal bidding strategies. This ensures that VPPs can effectively participate
in frequency regulation capacity bidding while meeting system requirements.

(2) The developed bi-level model successfully addresses the master–slave game strat-
egy between the VPPs and their internal DERs. It allows VPPs to maximize their profits by
setting optimal bidding prices while ensuring DERs minimize their energy allocation costs.
This dual-objective approach balances economic efficiency and operational feasibility.

(3) The rational decision-making method ensures a rational allocation of dispatched
electricity among DERs, improving the coordination and efficiency of energy utilization
within the VPP framework. This contributes to enhancing the reliability and flexibility of
the energy system. The strategy demonstrates its effectiveness in integrating spot energy
markets with frequency regulation ancillary services. Case studies validate that the approach
is feasible and adaptable to the evolving dynamics of electricity market transactions.

While this work establishes a foundation of the trading strategy of VPPs, several
avenues for further research remain. The model could be extended to include interactions
and competition among multiple VPPs to provide valuable insights into market dynamics
and cooperative strategies. Future work could examine the role of emerging technologies,
such as blockchain for secure transactions and artificial intelligence for predictive operation,
to enhance the effectiveness of the proposed model. Future researchers could build upon
the innovative framework proposed in this study, contributing to the development of more
adaptive and efficient VPP strategies in the context of evolving energy systems.
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Appendix A

Figure A1. IEEE 39-bus system.

Table A1. Declaration information of thermal power units.

Unit
Number

Node
Number

Pmax
(p.u.)

Pmin
(p.u.)

Generation
Quotation

Ru/Rd
Up/Down

Climb Rate
(p.u./h)

TS/TD
Minimum

Shut-
down/Startup
Duration (h)

H Start-Up
Cost

(CNY/time)

J
Shutdown

Cost
(CNY/time)

Mileage
Quote

Capacity
Quotation

Frequency
Modula-

tion
Perfor-
mance

Frequency
Modulation

Capacity
Ratio

Historical
Mileage to
Capacity

Ratio

1 30 150 15 200 35 2 12,019 8585 18 12 0.5 0.1 7

2 31 135 20 250 25 2 13,736 6868 18 12 0.5 0.1 7

3 32 95 20 250 30 2 10,302 5151 18 12 0.5 0.1 7

4 33 110 20 250 35 2 10,302 5151 18 12 0.5 0.1 7

5 34 115 15 250 25 2 12,019 6868 18 12 0.5 0.1 7

6 35 115 20 300 25 2 13,736 6868 18 12 0.5 0.1 7

7 36 120 25 300 35 2 17,170 8241.6 18 12 0.5 0.1 7

8 37 135 15 500 15 2 15,109.6 7554.8 18 12 0.5 0.1 7

9 38 145 15 500 20 2 12,087.7 6524.6 18 12 0.5 0.1 7

10 39 120 20 500 35 2 12,225 6524.6 18 12 0.5 0.1 7

Table A2. VPP application information.

VPP No. Node No.
Generation
Biding Price
(CNY/MW)

Consumption
Biding Price
(CNY/MW)

Capacity
(MW)

Frequency
Regulation

Biding Price
(CNY/MW)

1 10 500 200 60 13
2 13 500 200 60 15
3 19 500 200 60 20
4 22 500 200 60 24
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