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Abstract As an emerging energy aggregation management technology, virtual power plant can integrate multiple
distributed resources such as wind power, photovoltaic and energy storage. Aiming at the multi-objective
optimization and uncertainty handling problems in the participation of virtual power plants in the auxiliary services
of regional power grids, the study proposes a virtual power plant scheduling method based on multi-objective
dynamic planning. The method constructs a virtual power plant model containing micro gas turbine, energy storage
unit, wind power generation and demand response, establishes a multi-objective optimization function with the
objective of minimizing the operating cost, and solves it with an improved particle swarm algorithm. Through the
simulation verification of the IEEE33 node distribution system, the results show that, compared with the traditional
peaking method, the proposed method is able to reduce the load variance from 2251kW to 207 1kW, the operating
cost from 41845.3 yuan to 39,574.63 yuan, and the network loss from 3041kW to 2711kW. In the analysis of the
different confidence levels, the system operating benefit reaches 16753 when the confidence level is 0.87 When
the confidence level is 0.87, the system operation benefit reaches 16753.68 RMB, while the benefit is 16148.47
RMB when the confidence level is 0.97, which verifies the negative correlation between the confidence level and
the operation benefit. The research results show that the multi-objective dynamic planning method can effectively
improve the economy and operational stability of virtual power plants, which provides theoretical support for virtual
power plants to participate in the electricity market.

Index Terms Virtual power plant, multi-objective dynamic planning, particle swarm algorithm, auxiliary service,
operation cost, confidence level

. Introduction

In recent years, major changes have occurred in the power structure and network structure of China's electric power
industry, and the complexity of system operation and management has subsequently increased greatly, putting
forward higher requirements for the safe and stable operation of the system [1]-[3]. At the same time, local wind,
light, water abandonment and system peaking, and electricity and heat conflicts in the heating season in the
northern region are prominent, and the necessity of establishing a regional grid auxiliary service market mechanism
is becoming more and more prominent [4]-[6]. Virtual power plant as a new energy unit to participate in the power
market operation of the new form, effective aggregation of load-side distributed power generation, energy storage,
adjustable loads and other types of adjustable resources, so as to participate in the power auxiliary services market,
to promote the source network load storage interactive operation [7]-[9].

Virtual power plant is a collection of multiple distributed power sources, loads, and energy storage devices, which
can be operated as a special power plant, and is an emerging technology for solving the problem of grid-connection
of distributed power sources, which can be controlled and managed like a traditional power plant, submit power
generation plans to the grid, and participate in the power market as well as auxiliary services, such as peak shifting
and frequency regulation [10]-[13]. Meanwhile, as an integrated energy management system with multiple functions
such as self-coordination, self-management, self-control, and self-recovery, it provides a real-time feasible solution
for grid-connected operation of renewable energy [14]-[16]. The virtual power plant does not change the grid-
connected mode of distributed power sources, but realizes the coordinated and optimized operation of multiple
distributed power sources through advanced control, communication, and metering technologies at a higher level
of software architecture [17]]-[19]. The virtual power plant presents the overall function and effect to the outside
world, and can stabilize power transmission without transforming the grid, thus it can provide rapid response
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auxiliary services for the regional grid, and is a safe and effective method for distributed power sources to be
integrated into the grid [20]-[23].

This study proposes a scheduling method based on multi-objective dynamic planning for virtual power plants to
participate in the auxiliary services of regional power grids. Firstly, the mathematical models of each unit inside the
virtual power plant are established, including the Weibull distribution model of wind power generation, the charge
state model of energy storage unit and the cost efficiency model of micro gas turbine, to construct the overall
characterization framework of the virtual power plant. Then a multi-objective optimization model is established with
the goal of minimizing the operating cost, and multiple constraints such as power balance constraints, equipment
output constraints, and hill-climbing constraints are considered comprehensively. Aiming at the problem that the
traditional particle swarm algorithm is easy to fall into the local optimum, an improved particle swarm optimization
algorithm is proposed, which improves the global search capability and convergence accuracy of the algorithm
through the improvement of the initial population distribution, the adaptive inertia weight adjustment and the particle
selection and replacement mechanism.

Il. Modeling of the characteristics of virtual power plants and a framework for their
participation in market transactions

Il. A.External characteristics of the virtual power plant

IIl. A.1) Output randomness

The virtual power plant integrates a large number of wind power, photovoltaic and other renewable distributed

energy sources, their output is affected by the environment, geography, etc., which is manifested in the stochastic

nature of the output, which makes the virtual power plant in the output plan development of a large uncertainty, and

other controllable distributed power sources are needed to cooperate to reduce the impact of the stochastic nature

of the wind power, photovoltaic and so on.

ll. A.2) Schedulability

Although the virtual power plant integrates a variety of distributed power sources, including wind power, photovoltaic
and other uncontrollable and stochastic distributed power sources, but as a whole, due to its internal energy storage,
gas turbines, controllable loads and other dispatchable resources, and thus the overall performance of the virtual
power plant has a dispatchable condition under certain conditions.

ll. A.3) Independence

As a collection of integrated distributed resources, the virtual power plant has independence, i.e., it has its own
independence in terms of organization, interests, and transactions, and it can independently participate in
transactions and obtain benefits, but at the same time, since the distributed power sources integrated by the virtual
power plant are usually distributed in the distribution grid, usually the virtual power plant has to accept the scheduling
of the distribution grid when it formulates its plan in order to meet the safe and stable operation of the distribution
grid.

Il. A.4) Scalability

In the face of a large number of distributed power supplies with scattered locations, the virtual power plant can
integrate distributed power supplies through advanced communication technology, measurement technology and
other means to form a whole that is not directly connected physically, but unified in its role, so that the distributed
power supplies in the virtual power plant have flexible expandability, and different types of distributed power supplies
and distributed power supplies in different locations can be integrated into the virtual power plant through
communication technology, measurement technology and other means. Different types of distributed power supplies
and distributed power supplies in different locations can be integrated into the virtual power plant through
communication technology, measurement technology, etc. Similarly, members of the virtual power plant can flexibly
withdraw from the virtual power plant, thus realizing the flexible expansion and withdrawal of the virtual power plant.

Il. B.Internal units and modeling of the virtual power plant
Il. B.1) Wind power
Wind speeds have been subjected to extensive statistics and analysis to derive the law that wind speeds obey a
Weibull distribution [24].
Wind speed distribution function and probability density function:
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where v is the wind speed, k is the shape parameter and c¢ is the scale parameter.
If the mean and variance of the wind speed are known, then the calculation of the shape parameter k& and scale
parameter ¢ of the Weibull distribution can be carried out according to the following equation.
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where v is the mean value of wind speed; o is the standard deviation of wind speed; and T'(x) denotes the
Gamma function.

C =

Il. B.2) Energy storage units

Generally the state of charge (SOC) is used to indicate the state of the energy storage unit, the state of charge is
the ratio of the current residual power of the energy storage device to the rated capacity of the device, which is
between 0 and 1. The expression is shown in the following equation. The following formula indicates the relationship
between the state of charge and the charging and discharging power, in the charging and discharging, there will be
a certain amount of energy loss in the conversion process, the amount of loss of power per unit is expressed in
terms of the charging and discharging efficiency, generally speaking, for the chemical battery energy storage
equipment, the newer the equipment, the higher the efficiency, and with the use of the equipment, the aging
phenomenon will gradually occur, making the charging and discharging efficiency becomes lower.

ESS

E
SOC, = =L—x100% (5)
rated
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where SOC,,SOC,_, is the state of charge at ¢+ and ¢-1, respectively; E is the rated capacity of the energy

rated

storage device; 7.7, is the efficiency of charging and discharging, respectively; P, P are the power of

charging and discharging, P <0, P >0, respectively.

Il. B.3) Micro gas turbine model

The cost of the gas turbine considered in this paper consists of two parts, which are fuel cost and operation and
maintenance cost. The fuel cost of its power generation can be expressed in terms of the amount of natural gas
consumed as well as the efficiency, where the efficiency is a quantity that varies with the output power of the gas
turbine, which usually increases as the power generated increases, so that in the operation of the micro gas turbine,
the marginal cost is generally lower at higher load factors, and greater economic benefits can be achieved.

CtM F= Cyry + Cz@% (8)
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i=l1
where CMTJul cMI-m gre the fuel cost and operation and maintenance cost of the gas turbine in time period ¢,

respectively; kl.MT’m is the unit operation and maintenance cost of the i gas turbine in time period ¢; Bf‘,” is the

i gas turbine's power; A, is the price of natural gas; nl{‘fT is the power generation efficiency of the ith gas

turbine in time period ¢; L is the low calorific value of natural gas; and N, is the number of gas turbines.
The output power and output efficiency of a gas turbine are usually expressed by the following equation.

_ 2 3
Myr =my +m P« +my Py« +my Py (11)

where m,,m;,m,,m; are the characteristic parameters related to the efficiency of the micro-gas turbine power
generation, and P, . is the standardized value of the output power of the micro-gas turbine.

Il. C.Electricity market trading framework
Due to the uncertainty of wind power, photovoltaic and other renewable energy sources in the virtual power plant,
the output of the power in the actual transaction may have a certain error with the power declared earlier, so in the
balancing market, we have to penalize the over-generation or under-generation of power, and sell the part of the
virtual power plant's actual power generation that is higher than the declared amount earlier at a lower price, and
buy the power that is lower than the declared amount earlier at a higher price to make up for the power deficit. The
power that is lower than that declared earlier will be purchased at a higher price to make up for the power shortfall.
The framework structure of the virtual power plant participating in market trading is shown in Figure . The virtual
power plant, as a power market trading organization, can participate in the mid- and long-term market, the day-
ahead market, the intra-day market, the real-time balancing market, the auxiliary service market and other trading
to obtain profits.

Bilateral contracts | The market energy | Intra-day real-time balance

in the medium and trading has been of market deviation

long-term markets cleared recently | electricity quantity penalties
CYPP fo.rmulates the Dispatch plan—» TYPP fiet.ermines
dispatching plan and technical indicators and

determines the optimal conducts safety

<Safety verification—

output of each unit constraint verification

Optimize the Information such as unit
Cost output of the unit parameters and output
information
; WT MT

SEE DR

Figure 1: Framework of virtual power plant participating in electricity market transactions

lll. Participation of virtual power plants in the dispatch optimization of ancillary services
in the regional grid

lll. A. Multi-objective dynamic scheduling planning modeling

lll. A. 1) Objective function

Virtual power plant cost function, due to the new energy generation mainly using wind and solar power generation,

the cost is low, so the virtual power plant cost is mainly considered the following three parts: micro-gas unit cost,

electric vehicle storage unit cost (charging is equivalent to the load to provide revenue for the virtual power plant,
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this part of the cost of the negative value, the equivalent of the unit when discharged to provide electricity for the
virtual plant, the cost of the positive value). Demand response contains interruptible loads and controllable loads.
The objective function is to minimize the total cost of the virtual power plant:

minC=Cp+Cs+Cy, (12)

where C, denotes the cost of micro gas units, Cy denotes the cost of electric vehicle energy storage units, and
C,, denotes the cost required to mobilize demand response.
The cost of micro gas units in Eq. mainly includes start-stop cost, fuel cost.

Cp=C8+C} (13)

where Cg denotes the fuel cost of the MGU, and C} denotes the start-stop cost of the MGU.
The specific formula for fuel cost is:

Cf =(ayx P}, +byx Py +cp)xuy, (14)

where a,,b, and c, denote the fuel cost coefficients for power generation by the MGUs, respectively; P,
denotes the power generation output of the thermal power unit at moment 7; u,, denotes the power generation
state parameter of the MGUs at moment ¢, u,, =1 indicates that the thermal unit is enabled, and u,, =0

indicates that the thermal unit is not enabled.
The startup and shutdown cost of the micro gas unit is calculated as:

T
Ch=>uy,(1-uy, )CY (15)

t=1

C;Z denotes the cost required for a single start-stop, and C{ denotes the total start-stop cost. The cost of the

energy storage unit is mainly determined by the charging and discharging state and the amount of charging and
discharging as follows:

Cv = ps Xus,t}?v (16)

p, denotes the price of electricity when mobilizing power from EV storage units and charging EVs on the same
day.

lll. A.2) Constraints
The constraints mainly include system operation constraints and unit output constraints, and the system operation
constraints include power balance constraints and system standby constraints.

(1) Power balance constraints

At any moment t, the actual output of the virtual power plant should be equal to the load:

=0 (17)

F, denotes the virtual power plant output at the moment ¢,and O, denotes the system load at the moment .

The output of the virtual power plant at the moment of ¢ is equal to the sum of the output of the wind turbines,
PV generating units, thermal generating units, and demand response within the virtual power plant at the moment
of ¢, which is expressed as Equation ((18)):

F=PF,+B, +u, P, +Fe,+bFy, (18)
F=P +B,+P+P.+P, (19)

where P, ,,By,.FPs,.Pr,, B, denote the outputs provided by the wind turbine, solar turbine, energy storage unit,

micro-gas turbine, and the demand response in the virtual power plant at the moment ¢ , respectively.
P,,P,,P;,P,,P,; denote the sum of outputs provided by the wind turbine, solar turbine, energy storage unit, micro

gas unit, and demand response within the virtual power plant at the time of the cycle respectively.

(2) Output constraints
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For wind and solar generating units, the moment ¢ output should be greater than 0 less than the predicted value
of the moment ¢ output:

0<P <B™ (20)
0< P, <P (21)

There are upper and lower constraints on the output of micro gas units:
Pt < P, < PR (22)

For the energy storage unit, the output of the storage unit can be either positive or negative, therefore, according
to the previous modeling of the energy storage unit, it is only necessary to satisfy that at any moment ¢ the battery
charge state is greater than 0 less than 1:

0<S0C, <1 (23)
For demand response, it should be greater than 0 and less than 1.
0< P, <P;™ (24)

(3) Thermal power unit climbing constraints
The change in output of a miniature gas-fired unit from moment ¢#-1 to moment ¢ is constrained by the upward
and downward creeping power.

Ramp_‘; <P;, P, <Rampy (25)
(4) Rotating standby constraints

P — P, , > RES + RES]'
o (26)
P, —P/'" > RES + RES}

lll. B. Scheduling Model Solution Algorithm

lll. B. 1) Introduction to the Particle Swarm Algorithm

The basic principle of particle swarm algorithm is to make the particles search along the current best particle by
initializing a group of particles [25]. In the iterative process, the particles update themselves by tracking the optimal
solution found by themselves and the optimal solution found by the whole particle swarm, and the solution speed is
fast. However, the particle swarm algorithm generates the initial population randomly, which may result in poor
diversity of the particle swarm due to the concentration of particles in a certain region. At the same time, similar to
other algorithms, the particle swarm algorithm is prone to fall into local optimization when solving high-dimensional
complex problems, and it is difficult to balance the depth and breadth of the search ability.

lll. B. 2) Algorithmic improvements
For the problems of the basic particle swarm algorithm mentioned in the previous section, this section proposes to
screen the distribution of the initial population of the particle swarm algorithm, so that the particles can be uniformly
distributed in space; adjust the inertia weights according to the actual situation of the particle evolution, and increase
the weights to accelerate the speed of evolution when the success rate of the particle evolution is high, and vice
versa reduce the weights and increase the depth of the global search of particles so that the algorithm jumps out of
the local optimal points: after the the end of each iteration, replace the speed and position of the particles to speed
up the search speed of the particles.
Suppose the position of the i th particle in N -dimensional space is:
Xl-:(xl-l,xl-z,x?---xN) (27)

The velocity of particle i is:
V. = V<1 V.z V3VIN) (28)

The current optimal position found by particle i is:
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PB=(p,.pi.pp)) (29)

The current optimal position found by the particle swarm is:
1 2 3 N
F)g:(pg’pgipg“'pg) (30)

Based on the above introduction, the specific algorithm steps are as follows:

(1) Generation of initial population

The particles are discretized according to the variation interval of the independent variables and the discrete
accuracy of the independent variables, so that all the particles can be uniformly distributed in each discrete interval.
For the selection of the number of particles N, it is decided according to the complexity of the specific problem
under study, and the dimension m of the particles is the dimension of the solution of the problem under study.

(2) Initialize the optimal position of each particle and the particle swarm

Select the appropriate fithess function and calculate the fitness of each particle. And store the current particle
fitness and position in the particle’s P, and the fithess and position of the optimal individual among all particles are
stored in P, . In order to make the particles with better fitness have a large enough chance of survival, the fitness
function is generally selected with respect to the objective function.

(3) Update the inertia weights

Taking the example of solving the minimization problem, there is the following definition:

, {0 fit(p;) = fit(py)
S3i,t) =

31
L i) < fit(py) (31)

which denotes the success rate of particle i inthe ¢thiteration; fit(p) is the fitness function. Then the success
rate of the whole particle swarm in the ¢ th iteration, i.e., the success rate of converging to the better solution is:

N
S(i,t
le (4,) (32)
H=-—2
/(@) N
When the particle swarm tends to have a larger proportion of superior solutions during the iteration process, then
the particles should be accelerated in that direction for global search, i.e., the weight coefficients should be
increased. Therefore, there is the following definition:

a)(t) = (Wmax ~ Whin )f(t) + Whin (33)

where @,,, and o, arethe boundary values of the set inertia weights.

(4) Update particle position and velocity
After finding the two optimal values, the velocity and position of the particle are updated using the following
equation:

v (t+1) = o), () + il py —x; (O]+ e[ pg — x; ()] (34)
Xy (t+1) = x;(0) + vy (t+1) (35)

where j=1,2---m; o is the inertia weight, which determines the degree of velocity inheritance to the current
particle. If chosen appropriately, it can make the particle have balanced exploratory and exploitation ability; ¢;,c,

is the positive learning factor, which can make the particle have the ability of self-summarization and learning from
the excellent individuals, so that the particle tends to the optimal point; r,r, is a uniformly distributed random
number between 0 and 1.

(5) Selecting the individual optimal position

For each particle, compare its current adaptation value with the previous response value and select the better
and most current optimal position of the particle.

(6) Update the group optimal position

After updating the individual optimal position, compare the current optimal value of all particles with the overall
optimal value, and select the better one as the group optimal position.

(7) Select and replace particles
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Sort the whole particle swarm according to the adaptation value and select the best half of the particles in the
group. And replace the velocity and position of the worst half particle with the velocity and position of this particle.
lll. C. Solution flow
By improving the generation of initial population W and the updating of weights in the selection-based particle swarm
algorithm, the scenario of falling into local optimality due to too high dimensionality can be effectively avoided. The
improved algorithm can not only make the particles uniformly distributed in the solution space range, and speed up
the search speed, increase the search range and coordinate the local search capability when approaching the

optimal solution with the global search level when far away from the optimal solution, which improves the algorithm's
solving speed and solving accuracy. The specific flow of the algorithm is shown in Figure @
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Figure 2: Algorithm flowchart

IV. Analysis of examples
IV. A. Description of the algorithm
In this paper, a standard IEEE33 node power distribution system is used for simulation verification and the system
wiring is shown in Fig. . The system installs fuel cells at nodes 7 and 15, micro gas turbines at nodes 17, 20 and
28, interruptible loads at nodes 25 and 32, and energy storage units at node 24. Access to wind turbines and
photovoltaic panels at node 7 and node 30, whose output is uncontrollable, is required to forecast the output power
of this intermittent renewable energy source, whose wind turbine and photovoltaic output are shown in Fig. @ and
the daily load forecast curve is shown in Fig. .

As can be seen from Fig. @ and Fig. , wind power and PV output have obvious anti-peaking characteristics,
which increases the difficulty of power system peaking. In terms of time-sharing tariff setting: the price of electricity
is 0.63 yuan/(kw-h) for the peak period from 17:00 to 22:00; the price of electricity is 0.36 yuan/(kw-h) for the trough

period from 1:00 to 7:00; and the levelized price for the rest of the period is 0.50 yuan/(kw-h). The compensation
1135
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price of interrupted unit power is 0.15 yuan, and the power purchase price from the controllable load dg is 0.76
yuan/(kw-h); the operation and maintenance price of the energy storage unit is 0.07 yuan/(kw-h).
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Figure 3: IEEE33 Node distribution system
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Figure 4: Output power of fan and photovoltaic power station
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Figure 5: Daily load forecast curve
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IV. B. Calculation results and analysis
In this paper, the multi-objective particle swarm algorithm based on gray correlation is used to solve the peak
optimization model proposed in this paper. The optimized output of each power source is shown in Fig. @ From the
figure, it can be seen that: in 1:00~7:00 trough time the distributed grid load is lighter, the FC and MT outputs are
relatively low, and the energy storage units start to charge; in 8:00~16:00 and 23:00~24:00 equal time, the load FC
and MT outputs are gradually climbing; in 17:00~22:00 peak time, due to the interruptible loads and the energy
storage units, the two controllable DGs, FC and MT, maintain a smooth output. During the peak hours from 17:00
to 22:00, the interruptible loads and storage units work together to maintain the smooth output of the two controllable
DGs, FC and MT.

8004 - - Energy storage unit Interruptible load
MT output N FC output ...
600 . ,’; ‘.‘\ f,f"ﬂ't\ ‘/"
A i ey /
F iy \‘ /
400 + 7 SN \‘.\ ‘/'
B s W
% 2004 \ , /
a, b
04
-2004 -
'400 T T T T 1
0 5 10 15 20 25

Time period/h

Figure 6: Real-time output curve of each scheduling unit

In order to verify the feasibility of the proposed peaking model, this paper divides three kinds of peaking
scheduling methods according to the participation of each DER in grid peaking, and analyzes and compares them
in terms of load variance, grid operation cost and network loss, and its simulation results are shown in Table [1]

From the table, it can be seen that although the way of DG full generation can effectively reduce the load variance,
the cost consumed is huge and not economical. The way of only DG participating in peak shifting is also the
traditional peak shifting method commonly used nowadays, i.e., the two controllable loads, FC and MT, respond to
the load demand of the grid, and due to the high cost of purchasing power from DG, the output of DG is cut down
during peak shifting, and the load demand is satisfied by purchasing power from the higher-level grid. In this paper,
the proposed approach of the energy storage unit and interruptible loads participating in the virtual power plant grid
peaking together not only reduces the load variance to a greater extent, but also reduces the cost of the virtual
power plant grid operation in comparison with the traditional peaking approach. When the energy storage unit is
discharged, it is equivalent to connecting to the power source, and at the same time, the interruptible load reduces
part of the load demand, which makes the network loss of the virtual power plant grid can be greatly reduced, and
further improves the economy of the virtual power plant grid peaking.

Table 1: Simulation results of three kinds of peak load regulation modes

Peak mode Load variance /kW Power grid operating cost /yuan Net speed /kW
DG is fully developed 1034 51184.4 2457
Only DG participates in peak regulation 2251 41845.3 3041
All DER participates in peak regulation 2071 39574.63 2711

IV. C. Economic analysis

IV. C. 1) Analysis of virtual power plant operation results with different uncertainty conditions

The following five operational scenarios are constructed to further illustrate the impact of accounting for multiple
uncertainties on the operation of the virtual power plant, of which Scenario 5 is the uncertainty considered in this
chapter. Scenario 1: The volatility of the market price of electricity is not taken into account, while the volatility of the
new energy output, load demand, and the uncertainty of the price of carbon emission rights are taken into account;
Option 2: Consider only the uncertainty of new energy output, load demand, and market price of electricity, without
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considering the volatility of the price of carbon emission rights; Scenario 3: Does not take into account the stochastic
nature of the new energy output, but only the volatility of the load demand and the uncertainty of the price of
electricity and carbon emission rights; Scenario 4: Does not take into account the uncertainty of load demand, but
takes into account the volatility of new energy output and the uncertainty of the price of electricity and carbon
emission rights; Scheme 5: For the current research status of VPP uncertainty factors, this paper considers the
volatility of new energy output and load demand as well as the uncertainty of electricity price and carbon emission
right price.

With the above scenarios determined, the confidence level is set to 0.90, and the PSGA algorithm is used to solve
e model, and the objective function values for each optimized operation scenario are obtained as shown in Table
2.

Based on the comparison of Scenario 1 and Scenario 5, it can be seen that the model economics may not be
optimal if the uncertainty of electricity price is not considered. However, when the fluctuation of electricity price and
the fluctuation of carbon emission right price are considered at the same time, the model is closer to the reality.
Optimizing the model to take into account the uncertainty of electricity price helps the VPP make timely adjustments
in response to real-time changes in electricity market prices in order to optimize the economic efficiency.

By comparing Scenario 3 and Scenario 5, it can be seen that the overall economic benefit of the VPP decreases
from 18,151.38 yuan to 16,379.57 yuan when considering the impact of the uncertainty of wind and solar power
generation, and at the same time, the cost of the carbon emission right increases from 639.42 yuan to 647.01 yuan.
Compared to the case where wind stochasticity is not taken into account, once wind output stochasticity is included
in the analysis, both the economic and environmental benefits of the system show a downward trend.

According to the comparison of Scenarios 4 and 5, it can be seen that compared to the case where the uncertainty
of load demand is not taken into account, when the uncertainty of load demand is considered, the economic and
environmental performance of the system is enhanced, and the uncertainty of load forecasting and the uncertainty
of the new energy output are compensated for each other to a certain extent, which promotes the virtual power
plant to more efficiently integrate the diversified energy equipments and resources, and to take advantage of their
temporally complementary characteristics for optimization.

Table 2: The value of the target function in the situation

Inconclusive factors System operating income(yuan) The cost of carbon emissions(yuan)
Plan 1 16474.41 682.12
Plan 2 16583.27 685.72
Plan 3 18151.38 639.42
Plan 4 16083.61 671.28
Plan 5 16379.57 647.01

IV.C. 2) Confidence level setting analysis

Taking the confidence level ¢ as three values of 0.86, 0.92 and 0.97 respectively, the operating benefits of the
VPP at each moment under different confidence levels can be derived as shown in Fig. . As can be seen, under
the consideration of the four uncertainty factors described in this chapter, the overall operating benefits of the virtual
power plant at all moments when setting a lower confidence level are higher than the benefits of the virtual power
plant when setting a higher confidence level. This indicates that the operational benefits of the virtual power plant
are negatively correlated with the confidence level, i.e., the lower the confidence level setting, the higher the
operational benefits of the virtual power plant.

The VPP at different confidence levels of VPP and carbon emission cost at different confidence levels are shown in
Table . It can be seen that there is a 92% probability that the expected value of the operating benefits of the virtual
power plant exceeds 16379.57 yuan and the target expected value of the cost of carbon emission rights is lower
than 647.01 yuan, taking into account the four uncertainty factors. As the confidence level increases, the system
benefit target expectation value decreases and the carbon cost target expectation value increases, indicating that
the VPP scheduling scheme becomes more conservative in order to reduce the risk. At the same time, the
magnitude of this change in the target values of benefits and costs decreases as the confidence level increases,
indicating that the decision maker is less sensitive to risk and the dispatch scheme tends to be more robust. Decision
makers can balance the operational benefits, environmental benefits and system reliability by setting different
confidence levels to achieve an optimal dispatch strategy.
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Figure 7: The performance of VPP at all times in different confidence levels

Table 3: Comparison of the scheduling results of VPP in different confidence levels

Confidence level Operational benefit Carbon cost
0.87 16753.68 637.58
0.92 16460.41 643.68
0.97 16148.47 649.61

IV. C. 3)

Impact of the way the virtual power plant is constructed on economics

In order to verify that the introduction of equipment such as electricity to gas and participation in multiple markets is
more economical for the virtual power plant, three scenarios are constructed in this paper as shown in Table @ The
Yalmip toolbox + Cplex commercial solver is invoked in Matlab to simulate with a 24h scheduling cycle with an
interval of 1h, and the benefits and costs of VPP under each scenario are obtained as shown in Table 5.

In Scenario 1, VPP does not convert electricity into gas, and only participates in three markets: electricity, heat
and natural gas, while the carbon trading market has no benefits. Compared with scheme 3, the revenue of the
electric heat trading market in scheme 1 increased by 1168.79 yuan, and the overall cost increased by 412 yuan.

In Option 3, the virtual power plant participates in the carbon trading market, and because the P2G equipment
can absorb carbon dioxide, it is equivalent to increasing the carbon emission quota of the VPP, thereby improving
the profitability of the carbon trading market. Compared with Option 2, the total revenue of VPP participating in the
electricity and heat markets in Scheme 3 remains basically unchanged, but the revenue from the natural gas market
increases from -49,783.12 yuan to -49,573.81 yuan. Overall, compared with Option 2, the overall operating cost of
VPP is reduced by 243.84 yuan.

Table 4: Different composition of VPP and participate in market plan

Plan 1 Plan 2 Plan 3

CHP unit Have Have Have

Electric rotating gas equipment Nothing Have Have

Gas boiler Have Have Have
Power market Participate in Participate in Participate in
Thermal market Participate in Participate in Participate in
Gas market Participate in Participate in Participate in
Carbon market Nonparticipation Nonparticipation Participate in

Table 5: The benefits and costs of VPP in different scenarios
Plan 1 Plan 2 Plan 3

Thermal market income (yuan) 41754.21 40373.11 40585.42
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Gas market income (yuan) -51084.11 -49783.12 -49573.81
Carbon trading market income (yuan) 0 0 0
Alternative load cost (yuan) 361.22 361.31 330.78
Electrical equipment cost (yuan) 0 663.47 993.21
Final running cost (yuan) 16384.73 16216.57 15972.73

In summary, virtual power plants can maximize economy and environmental protection when they incorporate
power-to-gas equipment and participate in the electricity, heat, gas, and carbon trading markets at the same time.

V. Conclusion

In this study, by establishing a virtual power plant dispatch optimization model based on multi-objective dynamic
planning, the multi-objective coordination and uncertainty handling problems in the participation of virtual power
plants in the auxiliary services of regional power grids are effectively solved. Simulation results verify the
effectiveness and practicality of the proposed method.

In terms of scheduling optimization effect, compared with the traditional way in which only distributed power
supply participates in peak shifting, the scheduling scheme in which energy storage units and interruptible loads
are jointly involved can reduce the system operating cost from 41845.3 yuan to 39574.63 yuan, with a cost saving
rate of 5.4%, and at the same time, the load variance is reduced from 2251kW to 207 1kW, which effectively improves
the system operation stability.

In terms of uncertainty analysis, the optimization results at different confidence levels show that the system
operation benefit is 16,753.68 yuan when the confidence level is 0.87, while the benefit drops to 16,148.47 yuan
when the confidence level is raised to 0.97, with a difference of 605.21 yuan, which confirms the trade-off
relationship between risk control and economic benefits.

The analysis of the benefits of multi-market participation shows that the final operating cost of the virtual power
plant when it simultaneously participates in the four markets of electricity, heat, gas, and carbon is 15972.73 yuan,
which is a reduction of 411.84 yuan compared with the cost of the scenario when it participates in only the three
markets of electricity, heat, and gas, reflecting the economic advantage of the synergistic participation in multi-
markets.

The improved particle swarm algorithm shows good convergence and stability when dealing with high-
dimensional complex optimization problems, and provides reliable technical support for real-time scheduling of
virtual power plants.
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