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ABSTRACT 
 A virtual power plant (VPP) plays a key role in 
integrating renewable energy and responding grid 
frequency fluctuations caused by the variable output of 
renewable sources. However, correcting frequency 
deviations doesn't represent maintain the power 
balance. VPPs must maintain stability through tertiary 
frequency regulation (TFR), often relying on power 
trading with the grid due to limited internal resources. To 
reduce this grid dependency, a coordinated control 
strategy is proposed to optimize the use of internal 
energy storage. It includes three methods: time-sharing 
to handle fluctuation timing uncertainty, demand 
analysis to address fluctuation power uncertainty, and 
resources selection to identify VPP resources for TFR 
participation. Simulations show that during the "longest 
duration of fluctuation", the strategy effectively 
stabilized the VPP and reduced power trading, 
decreasing the grid power from 32.5 MW to 3.8 MW 
through coordinated control of plan adjustments, over-
limit power regulation. In the "highest power deviation 
of fluctuation" coordinated control of plan adjustments 
and over-limit power regulation reduce power trading 
from 43 MW to 9.7 MW and energy traded from 215 
MWh to 48.5 MWh—a 77.44% reduction. 
 
Keywords: Coordinated control strategy, tertiary 
frequency regulation, Virtual power plant, operation 
flexibility improvement 

NONMENCLATURE 

Abbreviations  
 VPP 
 PFR 
 SFR 
 TFR 
 BESS 
 ILES 

Virtual Power Plant 
Primary Frequency Regulation 
Secondary Frequency Regulation 
Tertiary Frequency Regulation 
Battery Energy Storage System 
Interruptible Load Energy Storage 
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 EMS 
 CFPP 

Energy Management System  
Coal-Fired Power Plant 

1. INTRODUCTION 
As renewable energy penetration grows, its inherent 

volatility presents significant challenges to grid stability 
[1]. Virtual Power Plants (VPPs) play a key role in 
integrating renewable energy and managing grid 
fluctuations [2]. Addressing the fluctuations in 
renewable energy output power has thus become a main 
focus in VPP research [3]. The process of mitigating 
output power fluctuations is referred to as frequency 
regulation [4]. A complete frequency regulation process 
typically includes three stages: primary, secondary, and 
tertiary frequency regulation. The goal of primary 
frequency regulation (PFR) and secondary frequency 
regulation (SFR) is to correct frequency deviations 
caused by power imbalances, bringing the frequency 
back within the dead band [5]. Tertiary frequency 
regulation (TFR), on the other hand, occurs once the 
frequency has stabilized, during which grid dispatch 
reserves and storage resources are used to make up for 
the energy shortfall caused by the deviation [6]. 

Current research on VPP frequency regulation 
focuses on the PFR and SFR. Efforts in these areas aim to 
optimize control systems and coordinate energy storage. 
Shu et al. [7] proposed a control strategy where energy 
storage aids in the PFR. The method addresses the issue 
of secondary frequency drops caused by using rotor 
kinetic energy from wind turbines during PFR. Qiu et al. 
[8] developed an optimized control model for VPPs, 
which leverages the flexibility of multiple energy storage 
systems to meet the frequency regulation demands of 
low-carbon power systems. Ranginkaman et al. [9] 
enhanced VPPs' frequency regulation capabilities by 
integrating thermal and thermostat loads and designing 
droop curves based on load characteristics. Wang et al. 
[10] introduced an AGC allocation optimization strategy 
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based on data-driven key parameter predictions of 
frequency distribution, effectively narrowing the 
frequency distribution range and minimizing costs. 
However, even when PFR and SFR successfully restores 
system frequency within the dead band, this does not 
imply the elimination of power deviations. 

As power deviations persist, VPPs face increasing 
power demands that must be addressed through backup 
energy storage, a process known as TFR. However, VPPs 
have limited storage resources compared to grid systems 
and often rely on power trading with the grid. While this 
method quickly addresses power deviations, it is 
economically inefficient and adds to the grid's regulatory 
burden, conflicting with VPP goals of integrating 
renewable energy, ensuring grid security, and enhancing 
flexibility. Gautam et al. [11] proposed a cooperative 
game theory-based reserve optimization method for 
distributed energy resources in tertiary frequency 
regulation, ensuring that primary and secondary reserve 
requirements are met at minimal cost. Salahshour et al. 
[12] explored the integration of electric vehicles into the 
power market as backup energy storage for tertiary 
regulation, which helps reduce the operational costs for 
market operators. Additionally, Gautam et al. [13] 
introduced a coalition game theory-based reserve 
allocation method that enables distributed switches to 
participate in TFR. 

1: Existing literature mainly focuses on the transient 
process of frequency response, often using frequency 
curves as the evaluation metric. However, this approach 
is not fully applicable to the TFR process. To effectively 
respond to TFR and maintain the stable operation of a 
VPP, it is necessary to conduct research on the dynamic 
process. 

2: Current research predominantly targets the 
optimization of VPPs' PFR and SFR control systems and 
strategies, with limited studies specifically addressing 
TFR. The TFR process is often simplified to power trading 
with the grid, which not only increases VPP operating 
costs but also adds to the grid's regulation burden. 

This paper aims to propose a coordinated control 
strategy for the TFR process in VPPs to address internal 
power deviations and fill the research gaps identified. 
The key contributions of this study are as follows: 

1. Coordinated Control Strategy in VPPs for TFR: The 
strategy coordinates various resources within the VPP to 
participate in the TFR process, reducing the reliance on 
grid power during the regulation stage. This approach 
enhances the flexibility and stability of VPP operations. 
When power demand is low, the strategy allows the VPP 

to operate normally and meet power deviation needs 
solely through internal resources. 

2. Dynamic Simulation Model: A dynamic simulation 
model of the VPP system is constructed in APROS 
software. The study conducts simulations of the TFR 
process under the proposed control strategy and 
introduces evaluation metrics suitable for dynamic 
process analysis. The dynamic analysis can demonstrate 
the participating power and proportion of different 
resources in the VPP during the TFR process, providing a 
basis for the safe and efficient operation of the VPP. 

2. MODEL DEVELOPMENT AND CONTROL SYSTEM 
FOR LARGE SCALE VPP  

 As shown in Fig.1, the composition of the VPP 
includes a 350 MW coal-fired power plant (CFPP), a 100 
MW photovoltaic unit, and three sets of electric bus 
energy storage systems (capacity of 96.2 MW·h for every 
one) connected to the grid at different times. 
Additionally, it includes a 20 MW interruptible load 
backup energy storage system, a grid model, and a user-
side load model. All generation and load models are 
based on actual existing units, and the capacity selection 
of the electric bus energy storage system is calculated 
based on the VPP's basic control strategy. The VPP model 
is constructed in APROS (a high-precision dynamic 
simulation software). All models have undergone both 
steady-state and dynamic validations, ensuring the 
modeling accuracy meets the requirements for 

subsequent simulations. For detailed information on the 
VPP's basic control strategies, modeling principles, and 
model validation, please refer to our previous research 
article [14]. The basic control systems in the VPP include 
the internal energy management system (EMS) and the 
PFR system. The control methods and calculation 
principles applied are well-established and widely used 
[15]. 

 
Fig. 1 Schematic diagram of virtual power 

plant model 
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3. COORDINATED CONTROL STRATEGY TO 
RESOURCES WITHIN VPP DURING TERTIARY 
FREQUENCY MODULATION PROCESS 

The target of the coordinated control strategy is to 
manage the resources within a VPP to satisfy the power 
demands caused by deviations during the TFR process, 
aiming to minimize power trading with the grid. Given 
the randomness of renewable energy power deviations, 
including unpredictable start times and deviation values, 
the strategy's effectiveness hinges on its ability to adapt 
to these uncertainties. To achieve optimal control, the 
strategy incorporates three methods: 

1. Time-Sharing Method: This addresses uncertainty 
in timing, helping the VPP to adjust based on when 
deviations occur. 

2. Demand Analyze Method: This method focuses on 
addressing the uncertainty in power deviation values, 
ensuring that the VPP can respond to varying power 
demands. 

3. Resource Selection Method: This identifies and 
selects the appropriate resources within the VPP to 
participate in TFR, ensuring that the right resources are 
utilized at the right time to maintain system stability. 

3.1 Time-sharing method based on internal power 
deviation start time and VPP operation plan 

The time-sharing method in the coordinated control 
strategy is designed to address the uncertainty in the 
start time of renewable energy power deviations. This 
method segments time based on three key factors: 
critical times related to renewable energy output power, 
the VPP power curve, and the VPP scheduling strategy. 

1. Renewable Energy Output Power Critical Times: 
These reflect the characteristics of power fluctuations in 
renewable energy and include three key points: the time 
when power output begins, the time when power output 
ends, and the time when power output reaches its 
maximum. 

2. VPP Power Curve Critical Times: These are related 
to the system's normal operational needs, including two 
key points: the time when VPP load demand exceeds 
90% and the time when peak shaving period begins. 

3. VPP Scheduling Strategy Critical Time: This 
represents the system's normal operation plan and 
includes one key point: the time when interruptible load 
energy storage (ILES) starts being scheduled. For specific 
scheduling strategies, please refer to our previous work 
in Reference [14]. 

The selection of these six critical points covers all 
potential times when power deviations might occur, 
transforming the randomness of the start time into five 

specific time periods. After determining these periods, 
the demand analyze method is proposed to address the 
uncertainty in power deviation values 

3.2 Demand analyze method based on time period and 
power deviation variation characteristics 

Although power deviation values are highly 
uncertain, they are constrained by the characteristics of 
the renewable energy output curve. This constraint is 
evident in two key aspects: 

1. Initial transient deviation: The transient deviation 
value at the start of the power deviation is limited by the 
maximum output power of the renewable energy source 
at that time. 

2. Dynamic deviation during regulation: Throughout 
the TFR period, the dynamic deviation value may 
fluctuate along with changes in renewable energy 
output. Specifically, at the start of power deviation, the 
deviation value will not exceed the maximum renewable 
energy output at that moment. As the power deviation 
continues, the deviation value is likely to vary with 
renewable energy output. When output falls below the 
deviation value, the deviation equals the real-time 
output power. If the deviation value remains unchanged 
during the power deviation period, it is possible to 
estimate the total energy demand for each period. Based 
on an analysis of the time segments determined by the 
time-sharing method, the following conclusions can be 
drawn: 

1. Period from renewable energy output start to VPP 
load exceeding 90%: The maximum renewable energy 
output is low, resulting in a lower transient deviation 
value. but the deviation may last the longest and will 
cover the entire time when renewable energy generates 
output power. Therefore, the total energy demand has 
the largest possible range of variation. 

2. Period from VPP load exceeding 90% to renewable 
energy output reaching maximum: During this time, the 
maximum renewable energy output increases, leading to 
a higher transient deviation value. The dynamic 
deviation is less influenced by renewable energy output, 
although the possible duration of the deviation is 
shortening. As a result, the total energy demand for TFR 
is higher in this period. 

3. Period after renewable energy output reaches 
maximum: The transient deviation value peaks during 
this time; however, as renewable energy output declines 
throughout the period, the dynamic deviation is 
significantly constrained. Consequently, the total energy 
demand for TFR decreases substantially as the start time 
is delayed. 
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3.3 Resource selection method considering the power 
demand and VPP operation status 

After addressing the uncertainty of power deviation 
start times and deviation values, it is essential to 
determine the dispatchable resources for the VPP to 
respond to TFR based on potential electricity demand at 
different times. Dispatchable resources are allocated 
according to the VPP's state during different periods, 
specifically whether it is in a peak-shaving period. A peak-
shaving period is defined as a time when real-time power 
demand exceeds 90% of the maximum power demand. 
During normal operation, the VPP insist on the rule that 
more than 90% of the electricity in peak-shaving periods 
must come from energy storage and renewable sources. 
There are no power limits in non-peak-shaving periods. 
Thus, during peak-shaving periods, the output power of 
coal-fired units is limited, and energy storage discharges 
to meet the demand. However, these limitations can be 
adjusted under special circumstances, allowing excess 
power from coal-fired units and adjustments to energy 
storage discharge plans to be used as resources for 
responding to three-stage frequency regulation. 

The types and characteristics of these resources are 
as follows: 

1. Over-limit power regulation: During peak-shaving 
periods, the portion of CFPP output power exceeding 
90% of the limit. When there is a significant power gap, 
CFPP can exceed the limit to meet VPP demands. The 
over-limit power is categorized into above 90% and 
above 95%, with the grid using these periods to assess 
VPP operational safety. Different levels of over-limit 
power have varying requirements from the grid. 

2. Plan Adjustments: Modifying plans to change the 
charge and discharge amounts of energy storage during 
the specified period. This can be done at any time, but 
must consider the charge and discharge limitations of the 
storage. Energy storage can also be controlled to 
discharge during peak-shaving periods to meet three-
stage frequency regulation needs. 

3. Grid Power Trading: Includes adjusting the on-grid 
power by the VPP and conducting power transaction to 
reduce power deviation. On-grid power is the amount of 
power from CFPPs minus the power demanded by the 
VPP, with the remaining power directly on the grid. This 
power is available in non-peak-shaving periods and can 
be used when the VPP participates in TFR. Conducting 
power transaction is a major method to satisfy the VPP 
TFR power demands, available at any time but costly and 
increases grid regulation pressure. 

Based on the usage requirements and limitations of 
different methods, the resource participation types for 
different states and periods can be determined, as 
shown in Fig 2. 

4. RESULTS AND DISCUSSION 
This paper introduces a coordinated control strategy 

for a VPP aimed at addressing the TFR process in 
response to internal power deviations. The strategy 
employs three methods to tackle the uncertainties 
related to the timing and magnitude of power deviations. 
Additionally, it utilizes the internal resources of the VPP 
to participate in the frequency regulation process, 
thereby reducing the system's dependence on external 
grid power during this period. 

4.1 Case description 

In this study, the load demand curve is derived from 
Shaanxi Province's typical daily power demand curve in 

2020 [16]. The solar intensity is selected on the typical 
day of the winter solstice [17]. The power demand curve 
of the VPP system can be obtained. This is the power 
curve that the load and coal-fired units need to satisfy to 
maintain the normal operation of the VPP. The output 
power curve of the PV units is illustrated in Fig.3. The 

 
Fig. 2 The control logic diagram of coordinated 

control strategy 

 
Fig. 3 The diagram of output power curve of 

the PV unit in the VPP in winter solstice 
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load curve and the power demand curve of the VPP are 
shown in Figs.4 and 5, respectively. 

Power deviations caused by fluctuations in 
renewable energy output can occur at any time during 
sunlight hours. Based on the selected operating 
conditions, the strategy can be analyzed for several 

specific periods: 
1. Longest duration of fluctuation: On the typical 

winter solstice day, sunlight begins at 7:00 AM, and the 
load demand exceeds 90% at 11:00 AM. During this 
period, the maximum output power of the PV units is 
48.91 MW. The power deviation is limited by the PV 
output power constraints, so deviations during this 
period are less than 48.91 MW. However, the duration of 
these deviations is the longest among all periods. This 
scenario is referred to as the "Longest duration of 
fluctuation". 

2. Highest power deviation of fluctuation: On the 
same day, the maximum sunlight intensity occurs at 1:00 
PM, with the PV units' maximum output power reaching 
63.96 MW. During this period, the potential power 
deviation significantly increases compared to the first 
period, with a substantial increase in the energy gap. This 
scenario is referred to as the " Highest power deviation 
of fluctuation". 

4.2 Improvement of operational stability through 
resources response controlled by strategy 

During the "Longest Duration of Fluctuation" period, 
the fluctuation start time is set to 10:00 AM, at which 
point the PV units' output power is 37.21 MW. The 

extreme condition is defined as: the fluctuation starts at 
10:00 AM with a power drop of 37.21 MW and ends at 
5:00 PM, when the PV units' output power reaches zero 
(on a typical winter solstice day). After the power 
fluctuation occurs, the start time for the peak shaving 
period is adjusted from 3:00 PM to 12:00 AM.  

During this period, the VPP can engage its internal 
energy storage resources to participate in the TFR 
process, which includes plan adjustments and over-limit 
power regulation. By integrating power trading with 
these two resources, different dispatch strategies can be 
developed. 

From the Fig.6, it can be observed that at 10:00 AM, 
the output power of the PV units experiences a step 
change. The VPP maintains initial system stability 
through PFR and SFR. However, as the process moves 
into the TFR process, the PV units' output power 
significantly decreases. The strategy compensates for 
this by adjusting the VPP’s on-grid power, thereby 
increasing support from CFPPs to fill the power deviation 
within the VPP. By 11:30 AM, the high-price period ends, 
and during the lower-price period, energy storage 
systems begin charging. The VPP reduces its on-grid 
power, and more power from the CFPP is scheduled to 
supply the VPP. However, at 12:00 PM, the peak shaving 
period begins, and the CFPP power dispatched to the VPP 
is capped below the 90% maximum load demand, which 
equates to 322.5 MW. To ensure sufficient charging 
power and maintain adequate energy in the BESS for the 

subsequent operations, power trading is initiated at 
11:30 AM. The grid supplies the VPP with the energy 

 
Fig. 4 The diagram of load demand curve in 

the VPP 

 
Fig. 5 The comparison diagram of power 

demand curve of VPP in the winter solstice and 
load demand curve 

 
Fig. 6 Output power of units in VPP during TFR 

under "longest duration of fluctuation" scenario 
through power trading only 

 
Fig. 7 Output power of units in VPP during TFR 

under "longest duration of fluctuation" scenario 
through power trading and plan adjustment 
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shortfall caused by the fluctuations in PV output. After 
calculation, the grid needs to provide 32.5 MW of power 
until after 4:30 PM, resulting in a total energy demand of 
162.5 MWh. 

As shown in Fig.7, the electric bus energy storage 
was not only required to meet basic operational needs 
but also to maximize profits by electricity price 
differences, leading to higher energy demand during 
low-price periods in the original plan. However, through 
plan adjustment, focusing solely on meeting the basic 
operational energy requirements allows the VPP to 
better adapt to power deviations. With the help of plan 
adjustments, the power from trading of VPP is reduced 
by 27.7%, with the power demand lowered to just 23.5 
MW. 

From the Fig.8 and 9, the over-limit power regulation 
compensates for energy shortages caused by 
fluctuations in renewable energy by increasing the 
output power that the VPP can receive from the CFPP. 
When the limit is increased to 95%, the VPP's power 
demand from the grid decreases by 50.8%. When raised 

to 100%, the demand decreases by 88.3%. Compared to 
plan adjustments, over-limit power regulation more 
effective in reducing the system's reliance on grid power. 
This is mainly due to the longer duration of the over-limit 
process, allowing more energy to be supplied during this 
period. 

4.3 Enhancement of operational flexibility through 
coordinated control of multiple resource 

During the "Highest power deviation of fluctuation" 
period, the fluctuation starts at 11:30 AM with a PV 
output of 54.12 MW, and ends at 5:00 PM when the PV 
output is zero. This extreme condition reflects a power 
drop of 54.12 MW over this period. The timing coincides 
with the switch between high and low electricity price 
periods, causing fluctuations as scheduling signals 
overlap with frequency regulation signals. After 
completing the PFR and SFR processes, the VPP's power 
fluctuations stabilize, and the system moves into the TFR 
phase. 

When the power fluctuation occurs at 11:30 AM, 
after the PFR and SFR, the grid output power reaches its 
limit. As shown in Fig.10, the power deviation is 
compensated through power trading, with a trading 
power of 43 MW over a duration of 5 hours, resulting in 
a total energy supply of 215 MWh. This supplied energy 
not only meets the load demand but also supports the 
charging of the BESS, ensuring it can meet operational 
requirements while capitalizing on price differentials for 
profit. 

As shown in Fig.11, the power provided by power 
trading is then reduced to 37.1 MW, with a total energy 
supply of 185.5 MWh. Plan adjustments reduce the 
energy demand by 29.5 MWh, leading to a 13.7% 
decrease in power. When the profit from electricity price 

 
Fig. 8 Output power of units in VPP during TFR 

under "longest duration of fluctuation" scenario 
through power trading and Over-limit power 

regulation 95% 

 
Fig. 9 Output power of units in VPP during TFR 

under "longest duration of fluctuation" scenario 
through power trading and Over-limit power 

regulation 100% 

 

 
Fig. 10 Output power of units in VPP during TFR 
under " Highest power deviation of fluctuation" 

scenario through power trading only 

 
Fig. 11 Output power of units in VPP during TFR 
under " Highest power deviation of fluctuation" 

scenario through power trading and plan 
adjustment 
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differentials is less than the power trading price, plan 
adjustments effectively lower operational costs. 

As shown in Fig.12 and 13, at 95% Over-limit Power: 
The additional coal-fired power partially meets the load 
demand. The power obtained from power trading is 
reduced to 29 MW, with a total energy supply of 145 
MWh, a 32.6% reduction compared to relying solely on 
power trading. At 100% Over-limit Power: The additional 

coal-fired power not only meets the load demand but 
also provides energy for battery storage. The power 
obtained from power trading is reduced to 15.5 MW, 
with a total energy supply of 77.5 MWh, representing a 
64.0% reduction compared to relying solely on power 
trading. 

As shown in Fig.14 and 15, combining over-limit 

power regulation with plan adjustments further reduces 
the power demand while increasing energy supply, 
thereby decreasing the VPP’s reliance on power trading. 

When combine 95% over-limit power with plan 
adjustments, the power obtained from power trading is 
reduced to 23.4 MW, with a total energy supply of 117 
MWh, a 45.6% reduction compared to relying solely on 

power trading. When combine 100% over-limit power 
with plan adjustments, the power obtained from power 
trading is reduced to 9.7 MW, with a total energy supply 
of 48.5 MWh, a 77.4% reduction compared to relying 
solely on power trading. 

5. CONCLUSIONS 
This study proposes a coordinated control strategy 

to address internal power deviations in the tertiary 
frequency regulation (TFR) process of VPPs. The strategy 
reducing VPP’s dependence on grid power during TFR 
and enhancing system flexibility in frequency regulation 
by efficiently utilizing power resources. The strategy 
includes three methods: the Time-sharing method and 
Demand analysis method address the uncertainty of 
renewable energy output in terms of time and power; 
Resources selection method allocates appropriate 
resources based on different periods and power 
fluctuations, adjusting according to operational needs. 
Simulation results show that during the longest duration 
of fluctuation, plan adjustments and over-limit power 
regulation reduced power trading in TFR from 32.5 MW 
to 3.8 MW, lowering grid demand by 88.3%. During the 
highest power deviation of fluctuation, these resources 
decreased power trading from 43 MW to 9.7 MW, 
reducing grid demand by 77.4%. This strategy effectively 
utilizes the resources of VPP to reduce the regulation 
pressure of power grid and lays a foundation for large-
scale renewable energy development. 
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Fig. 12 Output power of units in VPP during TFR 
under " Highest power deviation of fluctuation" 

scenario through power trading and plan 
adjustment 

 

 
Fig. 13 Output power of units in VPP during TFR 
under " Highest power deviation of fluctuation" 

scenario through power trading and plan 
adjustment 

 

 
Fig. 14 Output power of units in VPP during TFR 
under " Highest power deviation of fluctuation" 

scenario through power trading and plan 
adjustment 

 

 
Fig. 15 Output power of units in VPP during TFR 
under " Highest power deviation of fluctuation" 

scenario through power trading and plan 
adjustment 
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