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Introduction: Wind turbine generators (WTGs) and electric vehicles (EVs) are used as source-side and load-side resources, respectively. And the uncertainties of WTGs output and EVs charging load seriously affect the frequency stability of the power system. For the wind speed prediction error and the uncertainty of EV off-grid time, a cooperative frequency modulation (FM) strategy is proposed.

Methods: Firstly, the wind speed interval is divided based on the operating characteristics of WTGs and the load reduction rate. On the basis, a load reduction operation strategy based on rotor speed control and pitch Angle control is proposed to enable WTGs to have bidirectional FM capability. The adjustable capacity of WTGs is determined based on the wind speed prediction error and the operation strategy of load reduction; Secondly, based on the controllable domain model of an EV considering the off-grid time uncertainty, the adjustable capacity of EV clusters is determined by state grouping of the state of charge (SOC) according to its charging urgency. By defining EV FM capability parameters and charging urgency parameters, the EV priority list for FM is determined and the power allocation strategy is proposed; Then, based on the urgency of EV charging and the economy of WTGs load reduction operation, a cooperative FM task assignment strategy is proposed.

Results: Simulations demonstrate the strategy enhances FM capability and improves FM effect by 6.05% compared to fixed-proportion task allocation. It strengthens frequency stability by leveraging complementary strengths.

Discussion: Consideration of wind speed prediction errors can improve WTG adjustable capacity estimation, boosting FM accuracy; Coordinated task allocation minimizes WTGs intermittent FM output impacts, ensuring stable grid frequency. This dual-source-load approach offers a robust solution for modern power systems with high renewable penetration.

Keywords: source–load uncertainty, electric vehicle, wind turbine generator, frequency modulation, wind power reserve




1 INTRODUCTION


Given the rapid promotion of carbon peaking and carbon neutrality strategies, a large proportion of the new energy and large-scale electric vehicles (EVs) have the capability to become the new elements of the source and load sides of the new power system in China. On the source side, the new energy units represented by wind power and photovoltaics are connected to the power grid through converters. Furthermore, the separation of active regulation and frequency control along with the uncertainty and low-inertia characteristics of power generation have strongly impacted the frequency stability of power systems (Zhang et al., 2022a; Zhang et al., 2024b). On the load side, as EVs are a kind of mobile energy storage equipment, their charging and discharging behavior is affected by various factors owing to stochasticity and uncertainty. Charging a large number of EVs in an unorganized manner increases the power grid load and even affects the balance between power grid supply and demand, thereby affecting the frequency stability of the power grid (Zhang et al., 2022b). Traditional thermal power frequency modulation (FM) plants are affected by the mechanical rotating parts and have low ramp rates, which make it difficult to meet the FM requirements of new power systems (Hui et al., 2019).

Doubly fed induction generators (DFIGs) are typical variable pitch-type wind turbine generators (WTGs) that are connected to a power grid through power electronic equipment with the generator speed decoupled from the grid frequency. When the power grid frequency changes, the WTGs cannot respond to these changes (Teng et al., 2023; Tang et al., 2022), and corresponding FM controllers need to be attached to the WTGs. Based on the source, FM energy can be mainly categorized into two FM control methods, namely virtual inertial control (Wu et al., 2019; Lee et al., 2016; Lyu et al., 2021; Bonfiglio et al., 2019) and power standby control (Liu et al., 2021). Of these, the power standby control ensures wind turbine operation at reduced load via overspeed control or pitch control, leaving a reserve to support the system FM; this scheme is also known as load reduction control (Dreidy et al., 2017).

Overspeed control can be used to achieve fast responses, while pitch control can be used for a wide range of applications; coordinating balanced control between the two can help utilize their respective advantages. For example, Lyu et al. (2021) and Bonfiglio et al. (2019) proposed coordinated control methods that combined overspeed control and pitch control. These methods fully utilize the advantages of overspeed control at medium and low wind speeds and pitch control at high wind speeds. However, the FM capability of a WTG is significantly affected by the wind speed. When WTGs alone are used to achieve FM, their FM capabilities can fluctuate greatly, and the WTGs may not be able to provide sufficient FM capability when the system frequency fluctuates greatly (Li et al., 2018; Zhang et al., 2012).

At present, various scholars have conducted extensive research on the coordinated FM of WTGs and other FM resources. In terms of coordinated FM using WTGs and thermal power plants (TPPs), the advantages of WTGs, such as their high response speeds, can be combined with the stable outputs of TPPs to improve the efficiency of FM (Zhong et al., 2014; Liu et al., 2017). However, given the low response speeds of TPPs, when the wind speed is low and frequency decreases sharply, WTGs and TPPs cannot respond in time. Thus, energy storage with its high response speed and high controllability can compensate for the deficiencies of WTGs and TPPs in FM (Zhang et al., 2023; Zhang et al., 2024a).

However, owing to the lifetime limitations of energy storage power plants and their high construction and operation costs, vehicle-to-grid (V2G) technology can be used to regulate the charging and discharging power of EVs in milliseconds using bidirectional smart charging devices (Liu et al., 2020). The FM capability of a single EV is limited, and EVs have larger FM capabilities. If EVs with their larger downward FM capabilities can be combined with WTGs having larger upward FM capabilities using power standby control, then the collaborative FM using EVs and WTGs not only satisfies the rapid FM requirements of the power grid but also reduces the construction and operation costs of the energy storage power station along with the wind abandonment rate of the WTGs. However, the problem of EV uncertainty must be considered as a challenge (Wang et al., 2024).

A cooperative FM strategy involving WTGs and EVs was proposed by Pahasa and Ngamroo (2016) based on model prediction, and only pitch angle control (PAC) was used in the WTG FM strategy. By combining rotor speed control and PAC, Li (2019) established a bidirectional FM model for WTGs that covered all wind speed zones and proposed a cooperative FM strategy for WTGs and EVs; however, the uncertainty of the WTG FM output was not considered. An FM model for WTGs was established based on inertia control, droop control, and PAC, in Zhang et al. (2019), and a control strategy for joint FM of EVs and WTGs was proposed; however, this work does not take into account the coordinated FM in the case of continuous wind speed changes. Coordinated control of WTGs and demand-side response was also proposed in Zhu et al. (2021), which did not consider the continuous wind speed and wind speed error. Thus, the following problems must be considered when WTGs and EVs cooperatively participate in power grid FM: 1) intermittency and uncertainty of WTG FM capability; 2) impact of uncertainty of off-grid time for EV users on FM capability; 3) reasonable allocation of FM tasks for EVs and WTGs in cooperative FM.

To address the above problems, a cooperative FM strategy considering source–load uncertainty is proposed here. First, the load reduction FM strategy is proposed for WTGs by combining speed and pitch angle control based on the consideration of wind speed prediction errors along with the load reduction operation strategy. Furthermore, an EV FM strategy is proposed by considering the uncertainty of the user’s off-grid time. Then, the FM task allocation strategy for EVs and WTGs is proposed based on the urgency of EV charging and the economics of WTG load reduction.

The remainder of this article is organized as follows. Section 2 describes the framework of the cooperative FM strategy considering the source–charge uncertainty. Section 3 introduces the WTG load reduction FM strategy with consideration of the wind speed prediction errors. Section 4 introduces the EV power allocation strategy with consideration of the off-grid time uncertainty of the user. Section 5 introduces the FM task assignment strategy considering the source–load uncertainty. Section 6 presents a case study, and Section 7 summarizes the conclusions of this work.




2 FRAMEWORK OF THE PROPOSED COOPERATIVE FM STRATEGY


The cluster cooperative FM strategy with the WTGs and EVs also includes the grid dispatch center, the thermal power units, and the EV aggregator, as shown in Figure 1. The collaborative FM task assignment strategy for the WTGs and EVs mainly considers the economical load reduction operation of the WTGs and the charging urgency of the EVs. First, the adjustable capacities of the WTGs and EVs are reported to the power grid dispatch center. Second, based on the system frequency deviation after the thermal power units participate in primary FM and the adjustable capacities of the WTGs, thermal power units, and EVs, the power grid dispatch center assigns FM tasks to the WTGs, thermal power units, and EVs based on the collaborative FM task assignment strategy. Finally, the WTGs respond to the FM tasks based on the load reduction FM strategy and the adjustable capacity considering the wind speed prediction errors; the EVs are controlled in an orderly manner based on the adjustable capacity considering the off-grid time uncertainties of the EV users and the power allocation strategy to respond to the FM tasks.
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FIGURE 1 | 
Framework of the proposed frequency modulation (FM) strategy.






3 LOAD REDUCTION FM STRATEGY OF WTGS CONSIDERING WIND SPEED PREDICTION ERRORS


To gain bidirectional FM capability, the WTGs must be operated in the load reduction state through power standby control. The adjustable capacity of the WTGs must be determined when participating in FM, and this is affected by the wind speed and the load reduction operation strategy. Therefore, the adjustable capacity of the WTGs must be quantified based on the predicted wind speed information and load reduction operation strategy. However, there may be errors between the actual and predicted wind speeds in the response period of the FM tasks, and large errors may affect the accuracy of the WTG responses to the FM tasks.

Thus, the power control principle of the WTGs is analyzed, and the wind speed interval is divided based on the operating characteristics of the WTGs and their load reduction rate to propose the load reduction operation strategy by combining the rotor speed and pitch angle control. The WTGs are operated in the load reduction state, and the initial value of the pitch angle is determined for the PAC; then, the corrected wind speed prediction model is constructed by considering the prediction errors. Finally, the adjustable capacity of the WTGs is quantified by combining the wind speed prediction errors and the load reduction operation strategy of the WTGs.



3.1 WTG load reduction operation strategy based on combined rotor speed and pitch angle controls




3.1.1 WTG power control principle


The rotor speed and pitch angle of a WTG can be precisely controlled based on the wind speed conditions and FM tasks through the grid-connected controller to realize active power adjustment. The principle of active power generation in a WTG is as shown in the following equation (Ren et al., 2011):
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where P

m
 is the mechanical power of the WTG output; ρ is the air density; R

w
 is the radius of the wind turbine blade; v is the wind speed; C

p

(λ, β) is the wind energy utilization coefficient, abbreviated as C

p
, which refers to the ratio of the wind energy captured by the blade per unit of time to the total wind energy flowing through the rotating surface of the blade; λ is the tip speed ratio, which expresses the state of the WTG at different wind speeds, and is determined as the ratio of the speed of the tips of the wind turbine blades to the wind speed; β is the pitch angle; γ is the introduced intermediate variable; ω

r
 is the mechanical angular velocity of the wind turbine, which is proportional to the rotor speed. If the wind speed is constant, then the output power of the WTG is determined from the wind energy utilization coefficient C

p
.

The wind energy utilization coefficient C

p
 is a function of the tip speed ratio λ and the pitch angle β. According to Formula 1, this correlation curve can be obtained as shown in Supplementary Appendix A1. It is noted that when the pitch angle β increases gradually, the C

p

(λ, β) curve will narrow significantly. This means that increasing the pitch angle reduces the active power of the WTG output. When the pitch angle β is unchanged, a curve can be used to describe the wind energy utilization coefficient C

p
 as a function of the tip speed ratio λ. Furthermore, there exists an optimal tip speed ratio λ

otp
 that maximizes the wind energy utilization coefficient C

p


max
, the specific principle of which is shown in Equation 2.:
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where [image: image] is the power tracking factor. This results in WTGs get the maximum active power output of the WTG. Therefore, when the wind speed is lower than the rated value, the wind turbine speed is adjusted proportionally with the change in wind speed to ensure that the WTGs has been in the optimal tip speed ratio λ

otp
 of the WTG, such that the best wind energy utilization coefficient can be obtained and the WTG can operate in the maximum power point tracking (MPPT) state. According to Formulas 1, 2, as the wind speed increases, the optimal rotor speed is obtained with the corresponding maximum power output as shown in Supplementary Appendix A2.




3.1.2 WTG load reduction operation strategy


WTGs are generally divided into the following zones according to the wind speed: low wind speed zone, MPPT zone, constant speed zone, and constant power zone. In the low wind speed range, if the wind speed is lower than the cut-in wind speed v
in, normal power generation is not possible; if the wind speed is higher than v
in, then the wind turbine starts to operate. In the MPPT range, the wind speed changes, and the rotor angular speed is adjusted to achieve an optimal tip speed ratio. As the wind speed increases, the rotor attains maximum speed, and the rotor angular speed is maintained at the maximum value to ensure safe operation. When the wind speed reaches the rated value, the rated power of the wind turbine is maintained by increasing the pitch angle to maintain the rated power output.

To achieve bidirectional FM capability, the WTGs are operated in the load reduction state through combined rotor speed and pitch angle control. In the MPPT zone, the rotor speed control enables the WTGs to operate at a suboptimal rotor speed higher than the optimal speed, thereby operating in the load reduction state. As the wind speed increases, the rotor speed control may cause the rotor speed to exceed the safe operating range; in this case, additional PAC is required to ensure safe and reliable operation of the WTG while maintaining the load reduction state.

In the MPPT zone involving combined control, the conventional wind speed interval division no longer meets the load reduction operation needs of the WTGs participating in the FM; hence, it is necessary to reasonably divide the wind speed intervals based on the operating characteristics of the WTGs and the load reduction rate. The entire range of wind speeds is thus divided into three zones: start-up, load reduction, and cut-out zones. In the start-up zone, the low active power of the WTG output means that the WTGs do not participate in the FM service. In the cut-out zone, owing to the high wind speeds, the WTGs are removed from the grid-connected state to ensure safe operation, so they cannot participate in the FM service. Therefore, the WTGs only provide FM service to the power grid when the wind speeds are in the range of the load reduction zone.

Considering the relevant operational constraints of the WTGs, the load reduction zone can be further subdivided into low, medium, and high load reduction areas, and different load reduction rates are set for these three areas. In the low load reduction zone, rotor speed control is used for load reduction, and the load reduction rate is set to d

1
%. In the medium load reduction zone, considering the rotor speed constraints, rotor speed control is used in combination with PAC to realize load reduction operation and the load reduction rate is set to d

2
%, as shown in the Equation 3. In the high load reduction zone, PAC is used to realize load reduction operation, and the load reduction rate is set to d

3
%. Here, d

1
% and d

3
% are fixed load reduction rates that can be adjusted based on the actual conditions, as shown in Figure 2.


[image: image]


where v

t
 is the wind speed in the medium load reduction zone; v
2 is the wind speed at the boundary between the low and medium load reduction zones; v
3 is the wind speed at the boundary between the medium and high load reduction zones.
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FIGURE 2 | 
Load reduction rates at different wind speed ranges.



The method of dividing the wind speeds at the different boundaries is as follows:

1) Between the start-up and low load reduction zones v
1: to ensure that the WTGs achieve the required upward adjustable capacity, the optimal rotor speed ω

opt
 must be controlled to within a safe range. Therefore, the wind speed v
1, corresponding to the optimal rotor speed and the lower operating limit of the WTGs, is set as the wind speed at the boundary between the start-up and low load reduction zones. This wind speed v
1 must be greater than the cut-in wind speed v

in
 of the WTGs to ensure that the grid connection conditions are met.

2) Between the low and medium load reduction zones v
2: considering the safe operating range for the rotor speed, PAC is introduced in the medium load reduction zone. Therefore, v
2 is the wind speed at which the rotor speed control reaches the upper limit of safe operation.

3) Between the medium and high load reduction zones v
3: since ω

opt
 is the same as the upper limit of the rotor speed at the rated wind speed v

N
 when the wind speed exceeds the rated speed v

N
, the WTGs can only realize load reduction operation through PAC. Therefore, the rated wind speed v

N
 is set as v
3.

4) Between the high load reduction zone and the cut-out zone v
4: to ensure the safe operation of the WTGs, the cut-out wind speed v

out
 of the WTGs is set to v
4. Once the wind speed exceeds v
4, the WTGs will automatically stop and exit the load reduction state.




3.1.3 Determining the initial pitch angle for PAC


When the wind speed exceeds v
2, it is necessary to combine PAC with rotor speed control to realize load reduction operation. At a certain wind speed, the active power of the WTG output is proportional to the wind energy utilization coefficient C

p
. Therefore, the variation of the active power is described by the coefficient C

p
. According to Formula 1, the relationship curve between the utilization coefficient and the pitch angle can be obtained. Supplementary Appendix A3 demonstrates the variation of the wind energy utilization coefficient C

p
 with the pitch angle at a wind speed of v
2, where the rotor speed is 1.2 pu. It can be seen that C

p
 does not decrease monotonically as the pitch angle increases. When the wind speed is v
2, there exist three values of the pitch angle β
1 = 0°, β
2 = 0.5°, and β
3 = 2.1°, which can ensure the WTGs in load reduction operation of the WTGs.

To analyze the effects of different initial values of the pitch angle on the PAC, we selected β
1, β
2, and β
3 for analysis, as shown in Figure 3. When β
1 is the initial value, the pitch angle undergoes a large abrupt change of 2.1° as the wind speed increases from 10.2 m/s to 10.3 m/s. When β
3 is the initial value, the pitch angle changes very slightly as the wind speed increases from 10.2 m/s to 10.3 m/s; however, given the fact that PAC is introduced only in the medium load reduction zone, the pitch angle changes greatly from 0° to 2.1° when the wind speed reaches v
2 (10.1 m/s). In contrast, when β
2 is the initial value, the pitch angle changes by only 1.5° when the wind speed increases from 10.2 m/s to 10.3 m/s, and the pitch angle change when the wind speed reaches v
2 (10.1 m/s) is also small. Therefore, considering the maintenance cost of the WTGs and the limitation on the change rates of the pitch angle, β
2 is selected as the initial value for PAC in the medium load reduction zone.
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FIGURE 3 | 
Influence of different initial pitch angle values on pitch angle control in the medium load reduction region.







3.2 Quantifying the adjustable capacity of the WTGs considering wind speed prediction errors


The participation of WTGs in the FM service requires the reporting of the adjustable capacity to the power grid dispatch center, so it is necessary to quantify the FM capability of the WTGs based on the load reduction operation strategy and the corrected wind speed v

t
.



3.2.1 Wind speed forecast errors


The wind speed errors are predicted by combining historical and forecast data based on the autoregressive integrated moving average model, as shown in Equation 4:
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where p is the lag order of the autoregressive term; [image: image] is the coefficient of the ith autoregressive term; [image: image] is the ith lag time operator; [image: image] is the dth-order difference term of the data; d is the difference order that ensures the stability of the time-series data; [image: image] is the wind speed prediction error at period t; q is the lag order of the moving average term; p, d, and q are all determined using autocorrelation and partial autocorrelation; [image: image] is the coefficient of the ith moving average term; ε

t
 is the residual; C
0 is the constant term.




3.2.2 Wind speed correction considering forecast errors


By combining the wind speed prediction error and the WTG load reduction operation strategy, when the wind speed is in the load reduction zone, the WTGs need load reduction control to achieve bidirectional FM capability. Using the corrected wind speed v

t
, the adjustable capacity of the WTGs can be quantified as follows.

① WTGs in the low load reduction zone provide an upward adjustable capacity of d

1

%P
MPPT(v): when the corrected wind speed v

t
 is within the low load reduction zone, the load reduction rate of the WTGs is d

1

%. The rotor speed control is then utilized to operate the WTGs in the overspeed suboptimal trajectory while maintaining a pitch angle of 0° to realize the load reduction operation. The specific corresponding rotor speed can be determined using Equation 5.
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where [image: image] and [image: image] are the rotor speed and active power of the WTGs, respectively, operating in the load reduction state with the corrected wind speed v

t
.

② WTGs in the medium load reduction zone provide an upward adjustable capacity of d

2
%P
MPPT(v): when the corrected wind speed v

t
 is in the medium load reduction zone, the load reduction rate of the WTGs is d

2
%. The rotor speed remains unchanged at 1.2 pu. because it has already reached the upper limit of safe operation. The combination of rotor speed and pitch angle control is used to ensure WTG operation in the load reduction state. The initial value of PAC in the load reduction area is β
2, and the specific corresponding pitch angle can be determined using Equation 6.
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where β

t
 and [image: image] are the pitch angle and active power of the WTGs, respectively, operating in the load reduction state at the corrected wind speed v

t
.

③ WTGs in the high load reduction zone provide an upward adjustable capacity of d

3

%P

N
: when the corrected wind speed v

t
 is in the high load reduction zone, the load reduction rate of the WTGs is d

3

%. Because the rotor speed of the WTGs in the normal operation state has reached the upper limit of safe operation (1.2 pu), it is not possible to use rotor speed control. Therefore, PAC is used to realize the load reduction operation of the WTGs, and the specific corresponding pitch angle can be determined using Equation 7.
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where β

t
 and [image: image] are the pitch angle and active power of the WTGs, respectively, operating in the load reduction state with the corrected wind speed v

t
.

In summary, based on the loadreduction operation strategy of the WTGs and the corrected wind speed v

t
, the upward adjustable capacity [image: image] and the downward adjustable capacity [image: image] of the WTGs are determined as shown in Equations 8, 9, respectively.
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where [image: image] is the lower limit of the grid-connected power of the WTGs; β
max is the maximum angular limit of PAC. When the active power of the WTG output is lower than [image: image], an automatic shutdown is initiated because the mechanical power cannot maintain the power balance of the WTG.






4 POWER ALLOCATION STRATEGY FOR EVS CONSIDERING OFF-GRID TIME UNCERTAINTY


Owing to their mobility characteristics, EVs may leave before or after the planned off-grid time, which may lead to inaccurate prediction of the controllable capacity of EVs and make it difficult to fulfill FM tasks in extreme cases. It is even possible that the charging demand cannot be met after controlling the charging and discharging due to early departure. To solve this problem, the credibility parameter is introduced to describe the off-grid time uncertainty, a single EV controllable domain model is built based on the credibility modification, and the EVs are grouped into different states to quantify the adjustable capacity of the EV cluster. Then, by comprehensively considering the FM capability of the EVs, charging urgency, and credibility information, the FM prioritization parameter is established to determine the FM priority list. Finally, based on the FM tasks of the EVs, the FM priority list, and the state grouping, a power allocation strategy is proposed to determine the participating EVs and the total response capacity.



4.1 EV state grouping based on the controllable domain model




4.1.1 Single EV controllable domain model based on credibility correction


The credibility parameter ρ

i
 can be obtained from the historical charging data of the EVs, as shown in Equation 10 (Luo et al., 2013). The off-grid time of the users can be corrected using the credibility parameter, as shown in Equation 11. Accordingly, the single EV controllable domain model is established based on the credibility correction, as shown in Figure 4, and the time range when the EV is connected to the power grid is [t

in,i

, t

l,i

(ρ

i

)]. Here, t
in,i
 is the arrival time of the ith EV, and t

l,i
 (ρ

i
) is the corrected off-grid time based on the credibility parameter ρ

i
 of the ith EV. In Figure 4, SOC
min refers to the minimum state of charge (SOC) of the EV; SOC

i,0 is the initial SOC of the ith EV; SOC
e,i
 is the expected SOC of the ith EV; SOC
max is the maximum SOC of the EV. [image: image] and [image: image] are the maximum discharging and charging power of the EV, respectively.
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FIGURE 4 | 
Single electric vehicle (EV) controllable domain model based on credibility correction.



If ρ

i
 < 1, then the EV will be off-grid before the set off-grid time t

l,i
. At this time, the upper and lower boundaries of the controllable domain based on the credibility correction are A-B-C’ and A-F-E’-D’, respectively, and the boundary for forced charging of the EV is E’-D’. The forced charging boundary can be calculated from the forced charging time t

f,i

(ρ

i

), as shown in Equation 12. On the contrary, if ρ

i
 ≥ 1, the EV will be off-grid after the set off-grid time t

l,i
, and the upper and lower boundaries of the controllable domain based on the credibility correction are A-B-C’ and A-F-E’-D’, respectively, such that the forced charging boundary of the EV becomes E’-D’. When t ≥ t

f,i

(ρ

i

), to satisfy the charging demand, the EV enters the forced charging state (FCS) and is charged based on [image: image] until the EV goes off-grid.
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where [image: image] and [image: image] are the historical values of the actual and planned dwell times of the ith EV, respectively; t

l,i
 is the planned off-grid time; [image: image] is the time required in the tth period to charge the ith EV to [image: image] at the maximum charging power [image: image], as shown in Equation 13:


[image: image]


where Q is the battery capacity of the ith EV; SOC

i
(t) is the state of charge of the ith EV in the tth period; [image: image] is the charge conversion factor.




4.1.2 EV state grouping based on the controllable domain model


The battery capacities of the EVs participating in the FM during the off-grid time should meet the charging requirements of the EV users. Based on the single EV controllable domain model, the remaining on-grid time [image: image] and the baseline power charging time [image: image] are used as quantitative indices to describe the urgency of the EV charging demand, as shown in the Equations 14, 15. The EVs connected to the power grid are then categorized into the strong V2G state (SV2GS), weak V2G state (WV2GS), and FCS using [image: image], [image: image], and the SOC information (Figure 5) to describe the urgency of EV charging. The specific grouping constraints are shown in Table 1.
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where [image: image] and [image: image] are the remaining on-grid time of the ith EV in the tth period and the time required to charge to [image: image] at the baseline charging power [image: image] of WV2GS, respectively.


[image: Figure 5]



FIGURE 5 | 
Schematic representation of EV state grouping.







TABLE 1 | 
EV state grouping constraints under different control states.

[image: Table 1]


As shown in Equation 16, [image: image] is the time at which the system switches between SV2GS and WV2GS. The EVs in the FCS have very high charging urgency and will not be assigned FM tasks; furthermore, they will be charged using the baseline charging power P
c
max until the charging requirements are satisfied. The EVs in the WV2GS have high charging urgency and weak FM capability, and the EV is charged using the baseline charging power [image: image] of the WV2GS when there is no FM task. The EVs in the SV2GS have very strong FM capability and weak charging urgency, so these are the main bearers of the FM tasks; these EVs are charged using the baseline charging power [image: image] of the SV2GS when there are no FM tasks. To prevent the EVs from overcharging and discharging, it is necessary to update their SOC every 1 min.
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4.1.3 Adjustable capacity quantification of the EV cluster


Based on the controllable domain model and the EV states, Figure 6 demonstrates the adjustable capacity of the EVs in the controllable states, namely the SV2GS and WV2GS, as shown in Equations 17, 18. The left side of the vertical axis in the figure is the adjustable capacity provided by the EVs in the SV2GS, while the right side is the adjustable capacity provided by the EVs in the WV2GS.
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where [image: image] and [image: image] are the upward and downward adjustable capacities of the ith EV in the tth period, respectively; [image: image] and [image: image] are the maximum discharging and charging power values, respectively; E

s
 and E

w
 are the sets of EVs at SV2GS and WV2GS, respectively.


[image: Figure 6]



FIGURE 6 | 
Controllable capacities of the EVs in different states.



The EVs calculate the total upward adjustable capacity [image: image] and downward adjustable capacity [image: image] during period t based on the adjustable capacity of a single EV, as shown in Equations 19, 20. The EVs then report these values to the power grid dispatch center. Based on the system frequency deviation and the adjustable capacity reported by the EVs, the power grid dispatch center assigns FM tasks to the EVs using the strategy presented in Section 4.2.
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where N

t


co
 is the total number of EVs that are in a controllable state during period t.





4.2 Power allocation strategy based on state grouping and priority lists




4.2.1 Establishing FM priority parameters


Based on the EV FM capability, charging urgency, and EV credibility information, the FM prioritization parameter [image: image] is established as shown in Equation 21:


[image: image]


where ρ

i
 is the credibility parameter; α

i,t
 is the FM capability parameter that describes the completion of the charging demand for the ith EV during period t, as shown in Equation 22; [image: image] is the charging urgency parameter that describes the relative level of charging urgency of the ith EV from among all the EVs during period t, as shown in Equation 23. EVs with large values of [image: image] indicate that the probability of entering the FCS is smaller, and there is more time to participate in the FM service; therefore, the upward FM capability is stronger.

EVs with large values of α

i,t
 have large relative capacities and are close to meeting the charging requirements. Therefore, such EVs have strong upward FM capabilities and can be prioritized to reduce the charging power or even reverse discharging when participating in upward FM. On the contrary, for smaller values of α

i,t
, the EV capacities are smaller, and the upward FM capability is weaker while the downward FM capability is stronger. Therefore, when participating in downward FM, such EVs can be prioritized to increase their charging power with small values of α

i,t
.
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where N

all
 is the total number of EVs.




4.2.2 Power allocation strategy


After receiving the FM task [image: image] during period t, all EVs in the SV2GS and WV2GS are sorted from highest to lowest based on [image: image] to obtain the upward FM priority list L

up


t
; then, all the EVs in the SV2GS and WV2GS are sorted from lowest to highest based on [image: image] to obtain the downward FM priority list L

down


t
, as shown in Equation 24. Here, L

up


t
 and L

down


t
 satisfy the constraints shown in Equation 25.
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where c

k
 is the number of the kth EVs in L

up


t
; d

h
 is the number of the hth EVs in L

down


t
.

The EV cluster determines the participating EVs and FM capacity based on the FM priority list, status grouping, and FM tasks.

1) [image: image] < 0 indicates that the EVs need upward FM, which means reducing their charging power. To satisfy the charging requirements, the EVs in the SV2GS are prioritized to respond to the FM task. Therefore, it is necessary to calculate the FM capacity [image: image] provided by switching all the EVs in the SV2GS to the idle state, as shown in Equation 26.


[image: image]


When [image: image], the EVs in the SV2GS are switched to the idle state sequentially according to the upward FM priority list L

up


t
 until the number N

re
 of EVs participating in the response satisfies the constraints shown in Equation 27.


[image: image]


where [image: image] is the response capacity of the kth EV.

When [image: image], all EVs in the SV2GS are first switched to an idle state, and the EVs in the WV2GS are switched to an idle state sequentially according to L

up


t
. If the demand for FM cannot be met at this time, the EVs in the SV2GS are switched from idle to discharge states sequentially according to L

up


t
 until the FM requirements are met.

2) [image: image] indicates that the EVs need downward FM, which means increasing their charging power. To satisfy the charging requirements, the EVs in the WV2GS are prioritized to respond to the downward FM task. The FM capacity [image: image] provided by switching all the EVs in the WV2GS to the maximum power charging state is calculated as shown in Equation 28.


[image: image]


When [image: image], the EVs in the WV2GS are adjusted to [image: image] according to L

down


t
 until the number of EVs participating in the response satisfies the constraints described in Equation 29.


[image: image]


where [image: image] is the response capacity of the hth EV.

When [image: image], the charging power of all EVs in the WV2GS is first adjusted to [image: image], and then the EVs in the SV2GS are then adjusted from [image: image] to [image: image] according to L

down


t
 until the FM requirements are satisfied.






5 COOPERATIVE FM TASK ASSIGNMENT STRATEGY CONSIDERING SOURCE–LOAD UNCERTAINTY




5.1 Cooperative FM task assignment strategy


To compensate for the intermittency and uncertainty when WTGs are involved in FM, a cooperative FM task assignment strategy is proposed for WTGs and EVs based on the urgency of EV charging and the economy of load reduction operations for the WTGs, considering the uncertainties of the two resources; this allows a reasonable allocation of the FM tasks while avoiding overuse of a single resource to improve the frequency stability of the system. The assignment strategy is based on the following principles:

1) Because EVs have transportation characteristics, their travel requirements must be met when participating in the FM service. When the power grid needs downward FM, EVs are preferred for increasing the charging power to meet the FM requirements.

2) WTGs in the load reduction operation state can affect economic efficiency; therefore, the power grid needs upward FM, and WTGs are preferred for increasing the active power output to meet the FM requirements.

The power grid dispatch center assigns FM tasks based on the adjustable capacities reported by the EVs and WTGs in accordance with the above principles, as explained below.

1) If [image: image], the power grid needs upward FM: In this case, the dispatch center assigns FM tasks to the EVs, WTGs, and thermal units based on the upward adjustable capacities provided by the WTGs and EVs. Specifically, this includes three situations.

① When [image: image], the upward adjustable capacity of the WTGs can meet the power grid FM requirements, and the WTGs are responsible for all upward FM tasks while the EVs and thermal power units have no FM tasks, as shown in Equation 30.


[image: image]


② When [image: image], relying only on the upward adjustable capacity [image: image] provided by the WTGs cannot meet the power grid FM requirements, and the EVs need to participate in FM. Therefore, the FM task of the WTGs accounts for [image: image], while the EVs complete the remaining part of the FM task and the thermal power units have no FM task, as shown in Equation 31.


[image: image]


③ When [image: image], relying only on the upward adjustable capacity provided by the EVs and WTGs cannot meet the power grid FM requirements. At this time, the FM tasks of the EVs and WTGs are at their maximum upward adjustable capacities, and the remaining FM tasks are accomplished by the thermal power units, as shown in Equation 32.


[image: image]


2) If [image: image], the power grid needs downward FM: The dispatch center assigns FM tasks to the EVs and WTGs based on the downward adjustable capacities [image: image] and [image: image], respectively. This includes three situations as follows.

① When [image: image], the downward adjustable capacity provided by the EVs meets the power grid FM requirements, and the EVs are responsible for all downward FM tasks while the WTGs and the thermal power units have no FM tasks, as shown in Equation 33.


[image: image]


② When [image: image], the downward adjustable capacity [image: image] provided by the EVs alone cannot meet the power grid FM requirements. Therefore, the FM task of the EVs accounts for [image: image], while the WTGs are responsible for the remaining downward FM task, and thermal power units have no FM task, as shown in Equation 34.


[image: image]


③ When [image: image], relying only on the downward adjustable capacity provided by the EVs and WTGs cannot meet the downward FM requirements of the power grid as the FM tasks of the EVs and WTGs are at their maximum downward adjustable capacities. Hence, the remaining downward FM tasks are accomplished by the thermal power units, as shown in Equation 35.


[image: image]





5.2 Control flow of the cooperative FM strategy


The detailed processes involving the participation of the EVs and WTGs in the FM service of the power grid are described below. The cooperative FM strategy is shown in Figure 7. First, the WTGs determine the wind speed interval by considering the wind speed prediction errors, and the upward and downward adjustable capacities of the WTGs are determined based on the load reduction operation strategy when the wind speed is in the load reduction zone. At the same time, the EVs are connected to the power grid based on the daily driving patterns, and the EV cluster groups the EVs based on their SOCs and charging urgencies before determining their upward and downward adjustable capacities based on the state grouping.


[image: Figure 7]



FIGURE 7 | 
Control flow of the cooperative FM strategy.



Then, the power grid dispatch center assigns FM tasks to the EVs and WTGs in accordance with the cooperative FM task assignment strategy based on the power grid frequency deviation and the reported adjustable capacities. When the adjustable capacities of the two cannot meet the FM requirements, the remaining FM tasks are accomplished by the thermal power units. After determining their respective FM tasks, the EVs and WTGs adjust their active power as outlined in Sections 3, 4 to participate in the FM service of the power grid.





6 CASE STUDY




6.1 Control flow of the cooperative FM strategy


To verify the effectiveness of the cooperative FM strategy considering the source–load uncertainty, a power system FM model including an EV and a wind turbine is built based on prior works (Li et al., 2019; Deng et al., 2022); the relevant parameters of the power system and EV model are as detailed in the literature (Li et al., 2019; Deng et al., 2022), in addition to those of the WTGs and the response time constant. The system model diagram is shown in Supplementary Appendix A4. Considering the load volatility and new energy generation, the unbalanced power of the system is simulated based on the white noise model (Shinji et al., 2008), as shown in Supplementary Appendix A5. The relevant parameters of the WTGs are shown in Supplementary Appendix B1, while the wind speeds of the WTGs are shown in Supplementary Appendix A6. Based on the proposed method of dividing the wind speed zones, the time periods for each of the wind speed zones are shown in Supplementary Appendix B2.




6.2 Result analysis of WTGs participating in FM considering wind speed prediction errors


Since the impact of wind speed errors on FM has not been considered in the current research, the following two scenarios are established for comparative analysis to verify the impact on FM capacity prediction and FM effect:

Scenario 1: EVs do not participate in FM, while the WTGs participate in FM based on the proposed load reduction FM strategy without considering the uncertainties of wind speed prediction errors. If the adjustable capacity of the DFIGs is not enough to satisfy power grid FM requirements, the remaining FM tasks are accomplished by the thermal power units.

Scenario 2: EVs do not participate in FM, while the WTGs participate in FM based on the proposed load reduction FM strategy considering wind speed prediction errors. If the adjustable capacity of the WTGs is not enough to meet the power grid FM requirements, the remaining FM tasks are accomplished by the thermal power units.


Figure 8 shows the adjustable capacities of Scenario 1, Scenario 2, and the actual wind speed. The upward adjustable capacity is positive, whereas the downward adjustable capacity is negative. It can be seen in Scenario 1 that owing to the influence of the wind speed prediction errors, the predicted adjustable capacity of the WTGs is significantly higher than the actual adjustable capacity during 11:49–15:37 and 19:40–21:20. If the power grid dispatch center assigns FM tasks based on the predicted adjustable capacity during these periods, the FM tasks of the WTGs may exceed the FM capacity and fail to satisfy the FM requirements. The predicted adjustable capacity is significantly lower than the actual adjustable capacity during 18:14–19:12, which may result in the wastage of FM resources.


[image: Figure 8]



FIGURE 8 | 
Comparison of the controllable capacity between Scenario 1 and Scenario 2.



In Scenario 2, the predicted wind speed is corrected by considering the wind speed prediction errors to improve the accuracy of the wind speed prediction, where the predicted adjustable capacity of the WTGs is only slightly higher than the actual adjustable capacity during parts of the intervals 14:14–19:29, 18:30–19:41, and 20:08–20:30. The wind speed prediction errors can be used to predict the adjustable capacity of the WTGs more accurately than using the predicted wind speeds directly. According to the above analysis, considering the wind speed errors can improve the accuracy of FM capacity prediction by 9.27%.

The power deviations between the FM tasks and the actual FM outputs of the WTGs under different scenarios are compared and analyzed, as shown in Figure 9. Deviations greater than 0 indicate that the FM outputs of the WTGs are insufficient, whereas deviations less than 0 indicate that the FM outputs are too large. In Scenario 1, the FM output fails to meet the FM requirements during 12:21–15:34, 19:56–20:28, and 21:08–21:19. In particular, during 21:08–21:19, the FM output shows a maximum deviation of 0.54 MW. Compared with Scenario 1, insufficient FM output occurs in Scenario 2 only during a small interval, which proves that the proposed load reduction FM strategy of the WTGs considering wind speed prediction errors can effectively participate in the FM service of the power grid while improving the quality of the power system frequency.


[image: Figure 9]



FIGURE 9 | 
Power deviations between the FM tasks and actual FM outputs of the wind turbine generators (WTGs) under different scenarios.






6.3 Result analysis of the proposed cooperative FM strategy


To verify the effectiveness of the cooperative FM strategy, Scenario 3 was established, in which the EVs and WTGs participated in FM; when the adjustable capacity of the two resources cannot satisfy the FM demand of the grid, the remaining FM tasks are accomplished by the thermal power units. The FM achieved by the WTGs and EVs is shown in Figure 10. It can be seen that the total adjustable capacity of the EVs and WTGs can fulfill the FM tasks.


[image: Figure 10]



FIGURE 10 | 
FM task components of the EVs and WTGs.




Figure 11 shows the participation of EVs and WTGs in FM. Considering the charging urgency when EVs participate in FM, the downward FM tasks of the EVs are more than the upward FM tasks. During 16:54–17:03, the downward adjustable capacity of the EVs cannot meet the power grid FM demand, and the remaining FM tasks are accomplished by the WTGs. These WTGs do not participate in the downward FM tasks in the other periods. From the figure, it can be seen that when the WTGs participate in FM, the main FM task is upward FM. Owing to the limitation of the adjustable capacity, the upward FM demand of the power grid cannot be fully satisfied, and the remaining upward FM task is accomplished by the EVs. Specifically, during 20:00–22:00, the upward FM capacity of the WTGs is small or even zero, and the upward FM task of the power grid is almost entirely handled by the EVs.


[image: Figure 11]



FIGURE 11 | 
EV or WTG FM under Scenario 3.




Figure 12 demonstrates the frequency deviations of the WTGs and EVs participating in FM. From the figure, it is seen that the frequency deviations of Scenario 2 and Scenario 3 are close to each other during 10:42–12:40 and 16:51–19:06. This is due to the fact that in these periods, the WTGs are in the high load shedding area, and their adjustable capacity is larger while the FM task is smaller. However, in the other periods, the frequency deviations of Scenario 2 are higher than those of Scenario 3. This is because they are limited by the wind speed, and the turbines are unable to provide more adjustable capacity as the FM task is larger. Therefore, the WTGs cannot meet the system FM requirements, and the thermal power units are required to fulfill the remaining FM task, leading to increased frequency deviations owing to the slower ramp rates of the thermal power units. In Scenario 3, the adjustable capacities of the EVs and WTGs are complementary and can respond quickly to the FM task. Therefore, the FM effects of Scenario 3 are better than those of Scenario 2. As a result, the proposed collaborative FM strategy can effectively compensate for the intermittent and uncertain characteristics of the WTG FM output to improve the FM effects.


[image: Figure 12]



FIGURE 12 | 
Comparison of FM effects between Scenario 2 and Scenario 3.






6.4 Comparative analysis of the proposed cooperative FM strategy


To verify the advantages and rationality of the FM task allocation strategy considering the urgency of EV charging and wind speeds, Scenario 4 was established. In Scenario 4, the adjustable capacities of the EVs and WTGs are not taken into account, and the power grid dispatch center directly allocates the FM tasks to the EVs and WTGs equally in a ratio of 5:5. If the EVs or WTGs are unable to satisfy the FM requirements, the thermal power units complete the remaining FM tasks. The FM tasks and other conditions in this scenario are the same as those of Scenario 3.

The FM situation of the EVs and WTGs in Scenario 4 is shown in Figure 13. If the FM tasks are assigned in a ratio of 5:5, the EVs can complete the assigned FM tasks. Therefore, the FM output curve of the EVs coincides with the FM task curve. However, the limited upward adjustable capacity of the WTGs prevents the completion of the upward FM tasks of the system, so it is necessary for the thermal power units to increase the FM output. The WTGs are able to complete the downward FM tasks assigned by the dispatch center, except during a part of 13:34–15:23 and the period when the wind speed is in the non-load reduction zone.


[image: Figure 13]



FIGURE 13 | 
Frequency modulations of (A) EVs and (B) WTGs under Scenario 4.




Figure 14 illustrates the frequency deviation between Scenario 3 and Scenario 4. It can be seen that the FM effects of Scenario 3 are better than those of Scenario 4. The main reason for this is that the upward adjustable capacity provided by the WTGs is smaller than the downward adjustable capacity, and the limitations of the adjustable capacity and wind speed on the FM capabilities are ignored when assigning FM tasks based on the fixed ratio, resulting in the FM task assignment exceeding the FM capacity. The adjustable capacity provided by the EVs is larger than that provided by the WTGs. Therefore, they are able to complete the assigned FM tasks, but the EVs may not be able to complete the assigned FM tasks during the period when the EVs are off-grid if these tasks are increased. The FM task assignment strategy in Scenario 3 combines the characteristics of EVs and WTGs. Therefore, during upward FM, if the adjustable capacity provided by the WTGs cannot satisfy the upward FM requirements, the remaining FM tasks are allocated to EVs based on the reported adjustable capacity. The same is true for downward FM. The cooperative FM strategy adopted in Scenario 3 does not waste FM capacity or assign too many FM tasks when there is insufficient FM capacity. It can also reasonably utilize the FM resources on both the source and load sides while meeting the FM requirements to maintain the frequency stability of the system.


[image: Figure 14]



FIGURE 14 | 
Comparison of FM effects between Scenario 3 and Scenario 4.







7 CONCLUSION


A cooperative FM strategy considering source–load uncertainty was proposed in this work. Here, the power grid dispatch center determines the FM required based on the urgency of EV charging and the economy of the WTG load reduction operations. Through the proposed WTG load reduction FM strategy, the WTGs can consider the wind speed prediction errors, and the rotor speed and pitch angle control are combined to operate the WTGs in the load reduction state. The FM tasks assigned by combining the rotor speed and pitch angle controls are in response to the corrected wind speed and FM tasks. By analyzing the simulation results, the following conclusions can be drawn:

1) Considering the wind speed prediction errors can improve the accuracy of quantifying the adjustable capacity of the WTGs and improve the FM effects when the WTGs participate in the FM service. Compared to the case where the wind speed errors are not considered, the FM capacity prediction can be improved by 9.27% when the errors are considered.

2) The combined rotor speed and pitch angle control of the WTG load reduction FM strategy improves the system frequency stability in the load reduction zone under continuously varying wind speeds.

3) The cooperative FM task allocation strategy enables the EVs and WTGs to complement each other’s strengths , reducing the impacts of the intermittency and uncertainty of the WTG FM outputs on the system frequency; accordingly, the FM effect is 6.05% higher than that when using a fixed allocation ratio.
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