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Abstract

:

An increase in inverter-based resources (IBRs) can lower the inertia of a power system, which may adversely affect the power system by causing changes such as a frequency nadir reduction or an increased initial rate of change of frequency (RoCoF). To prevent this, an ancillary service called fast frequency response (FFR) helps the inertia response by using IBRs. The main resources used in FFR are variable-speed wind turbine generators (VSWTGs) or energy storage systems (ESSs), which can respond quickly through converter control. The control is applied to the frequency regulation service faster than the primary frequency response, so the second frequency nadir may fall below the first frequency nadir. This study proposed a novel coordinated control strategy to efficiently utilize energy to improve the frequency nadir through coordinated control of wind turbines based on permanent magnetic synchronous generators (PMSGs) and battery energy storage systems (BESSs). The simulation results confirmed that the two-bus test system was composed of PSCAD/EMTDC, and the frequency nadir increased by utilizing the same amount of energy as in traditional control systems.
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1. Introduction


An increase in the proportion of renewable energy in power systems is planned and expected. Among the types of renewable energy, solar and wind power have the highest proportions of use and potential for renewable energy generation. These are inverter-based resources (IBRs) and have a low contribution to the inertia of power systems. Increasing the number of IBRs will result in the replacement of traditional synchronous generators in power systems, leading to low system inertia [1]. In a low-inertia system, insufficient system inertia increases the rate of change of frequency (RoCoF). This is mainly because photovoltaic devices do not have inertia. Although the variable-speed wind turbine generator (VSWTG) has rotational inertia, it does not affect the system’s inertia because it is decoupled from the system through a converter.



In a traditional power system, a disturbance leads to a frequency decrease, and synchronous generators immediately respond. This generator action prevents further decreases in frequency. Initially, the missing infeed is provided by inertia, and after a few seconds, the generator’s governor response is activated by droop control. However, in a high-IBR system, low inertia leads to a large initial RoCoF, which results in a small margin for the traditional generator governor. In the event of a missing large power supply, the frequency will drop below the reliability standard and a wide-area power failure may occur owing to the operation of the under-frequency relay. To prevent this issue, fast frequency response, which improves the lower frequency and the initial RoCoF through the inertial contribution of IBRs, has been introduced as a new auxiliary service. FFR can improve frequency stability during events with a large initial RoCoF.



VSWTGs and energy storage systems (ESSs) are representative IBRs that can be used as FFR resources [2]. Research has been conducted on the ability of the IBR control of VSWTGs to contribute to system inertia. In some studies, the use of the rotational kinetic energy of a wind turbine using the rotational kinetic energy of a drivetrain through converter control has been introduced [3,4,5]. This control method requires frequency or RoCoF measurements. The electrostatic inertia method uses the capacitor potential energy as inertia by regulating the voltage on the DC-link capacitor in the converter [6]. Suboptimal power point tracking (SPPT) is also a method of mitigation, which generates additional output by changing the operating point from the operating point on the maximum power point tracking (MPPT) curve to a suboptimal point [2,7,8]. Torque limit control, one type of SPPT control, is a control method that instantly maximizes the electrical torque through converter control [9]. Therefore, it is suitable for use in the case of frequency-drop events. The synchronverter method, which provides control similar to that of a synchronous generator, has the advantage that it does not rely on frequency or RoCoF measurements [10].



However, FFR does not always improve system stability. Because FFR reacts as quickly as possible after a frequency drop, the resource may not be used efficiently. In particular, the FFR of a VSWTG sometimes occurs at a second frequency nadir owing to the reduced power to restore the normal operating point of the wind turbine. This study proposed a novel coordinated control strategy for FFR using ESS and permanent magnetic synchronous generator (PMSG)-type wind turbine in order to solve the disadvantage that the second frequency nadir is lower than that of the first frequency nadir. The proposed control strategy utilizes resources efficiently to improve the frequency bottom point rather than responding to the frequency drop as quickly as possible. To verify the effectiveness of the proposed control method, a two-bus system was configured, and a generator dropout accident was simulated based on power systems computer-aided design/electromagnetic transients for DC (PSCAD/EMTDC), which is a time-domain transient simulation tool for power systems. The main contributions of this study are summarized as follows.



	
The conventional FFR control does not use energy efficiently from the viewpoint of the frequency nadir because various energy sources are activated simultaneously. In addition, a second frequency nadir may occur, which may reduce the frequency stability. Thus, a novel coordinated control strategy was proposed to improve the nadir frequency by using energy more efficiently than the conventional FFR control.



	
FFR has a very fast response; even a small delay will affect the results. Therefore, IBR activation delay, frequency detection delay, and communication delay were applied to the simulation to reflect the actual characteristics of the IBRs.






The remainder of this article is organized as follows. PMSG modeling is demonstrated for the simulation, which is introduced in Section 2. In Section 3, a novel coordinated control strategy for PMSGs and battery energy storage systems (BESSs) with fast frequency response is proposed. Finally, the simulation results and discussions are presented in Section 4 and Section 5.




2. Modeling of PMSG


A dynamic model of a 7 MW wind turbine based on a PMSG was designed. Figure 1 shows the configuration of a PMSG-type wind turbine system.



2.1. Wind Turbine Model


The mechanical power from wind captured by the wind turbine is given by


   P m  =  1 2  ρ π  R 2   V  w i n d  3   c p   (  λ , β  )   



(1)




where ρ, R,    V  w i n d    ,    c p   , λ, and β are the air density, rotor radius of the wind turbine, wind speed, power coefficient, tip speed ratio, and pitch angle, respectively. The tip speed ratio λ is the ratio of the blade tip speed to the wind speed. As in [11], the power coefficient    c p   , which is a function of the pitch angle and tip speed ratio, can be expressed as


   c p  = 0.580000  (    119.400    λ i    − 6.18500  )   e    − 21.0200    λ i      + 0.00680000    λ   



(2)




with


   1   λ i    =  1  λ + 0.0800000 β   −   0.0350000    β 3  + 1.00000    



(3)







The mechanical drivetrain of the wind turbine is represented as a two-mass shaft model, as shown in Figure 2. The wind turbine side torque,    T m   , which is the aerodynamic torque from the wind turbine rotor, and the generator side torque,    T g   , from the permanent magnetic synchronous generator act in opposition to each other. The torque equations of the mechanical drivetrain are:


   T m  =  J r     θ m   ¨  +  C  s h a f t    (   ω m  −    ω g   N   )  +  K  s h a f t    (   θ m  −    θ g   N   )   



(4)






  −  T g  =  J g     θ r   ¨  +    C  s h a f t      N 2     (   ω g  − N  ω m   )  +    K  s h a f t      N 2     (   θ g  − N  θ m   )   



(5)




where    J r   ,    J g   ,    ω m   ,    ω g   ,    θ m   ,    θ g   ,    C  s h a f t    ,    K  s h a f t    , and N are the moments of inertia of the wind turbine rotor and generator, wind turbine rotor and generator speed, angular position of rotor and generator, equivalent damping and stiffness of the two-mass model, and gear ratio, respectively.




2.2. Control Scheme of the Machine Side Converter


The wind turbine generator based on a PMSG had a back-to-back converter, including a machine-side converter and a grid-side converter. Owing to the converter, a PMSG-type wind turbine generator can operate at variable wind speeds and perform the MPPT operation. The MPPT control operates at the tip speed ratio where the power coefficient can operate at its maximum. The power of the MPPT is expressed as


   P  M P P T   =  1 2  ρ π  R 2     (    R ω    λ  o p t      )   3   c  p ,   m a x   =  K  o p t    ω 3   



(6)




where    c  p ,   m a x     is the maximum power coefficient and    λ  o p t     is the optimal tip speed ratio, which provides the maximum power coefficient. In this study, according to (2),    c  p ,   m a x     was 0.48,    λ  o p t     was 10.3, and the constant    K  o p t     was 0.6834. The torque of the MPPT is expressed as a quadratic function of  ω .



The electromagnetic torque of PMSG is given by


   τ  c m d   = −  3 2   p n   ψ f   i q   



(7)




where    p n   ,    ψ f   , and    i q    are the pole pairs of the PMSG, the flux linkage of the permanent magnet, and the quadrature axis current, respectively. Using (7), the machine-side converter can control the MPPT operation. In this study, the stable operating range of  ω  was from 0.55 pu to 1.0 pu and the stable operating range of  τ  was 0 pu to 1 pu, as shown in Figure 3. When the maximum rotor speed is reached, there is no longer a rotor speed increase in the transition section.




2.3. Torque Limit Control of PMSG


Figure 4a shows the control strategy consisting of three sequential steps, indicated by the red line. The first step is the additional output activation step (A-B-C), the second step is the deloaded operation step (C-D-E), and the final step is the recovery rotor speed step (E-F-A). In step A-B-C, the operating point is larger than the mechanical power    P m   ; thus, the rotor speed decreases during operation, which results in the extraction of rotational kinetic energy from the drivetrain. Therefore, it is necessary to restore the rotor speed to the MPPT operating point. For this recovery, the operating point is lowered below    P m    in step C-D-E. When the operating point is lower than    P m   , D-E becomes the acceleration step, and the rotor speed increases. As the rotor speed increases, it meets the MPPT curve (point F) and performs the MPPT operation.



The wind turbine generator based on the PMSG controls torque via a machine-side converter; the torque–rotor speed curve for a simple control strategy is shown in Figure 4b. The electrical torque will be at its maximum value during the deceleration period, that is, the step in which rotating energy is released. In the acceleration period, the electrical torque will decrease to below point D. The electrical torque necessary for the rotor speed to recover is shown in Figure 4a. This must be lower than the OD slope, that is, the torque at point D, and for constant torque control, it must be lower than the OA slope. Therefore, the electrical torque must be set to a value lower than that of point A, as shown in Figure 4b. The rotor speed can decelerate to    ω  m i n    , but the greater the deceleration, the longer the recovery period. Therefore, in this study, the deceleration period was set to 3 s.





3. Control Strategy in Fast Frequency Response


3.1. Fast Frequency Response


In traditional frequency regulation, low inertia systems have a low frequency nadir owing to the large initial RoCoF, which can adversely affect system stability. As renewable energy sources expand, system inertia inevitably decreases because of the increase in IBRs. To solve these system stability problems, North American Electric Reliability Corporation (NERC) introduced the FFR concept, and Electric Reliability Council of Texas (ERCOT) applied the FFR ancillary service in 2020 [12].



FFR is an ancillary service that allows IBRs to inject or absorb active power in a power system by detecting frequency deviations to improve the frequency nadir or initial RoCoF. FFR utilizes IBRs that can respond quickly when a frequency drop occurs, so it has the advantage of being slower than an electromagnetically connected inertial response but faster than a primary frequency response operating through a droop. FFR is a reaction that uses a power electron device rather than a mechanical reaction, so the activation time is very fast. However, because it is not physically connected to the power system, frequency and RoCoF measurements are required, a process which results in delays in measurement and communication. RoCoF calculation using differentiation is difficult and error-prone. In this study, the RoCoF calculation is given by


  RoCoF  ( t )  =    f t  −  f  t − 0.05     0.05    



(8)




where    f t    and    f  t − 0.05     are frequency at time t and frequency 0.05 s before t.



To activate wind turbine resources for FFR, the wind turbine provides additional output power by utilizing the rotational energy of the drivetrain or the potential energy of the DC-link capacitor of the converter. Photovoltaic systems can be used as an FFR resource along with ESSs.



Types of conventional FFR control include proportional frequency deviation and RoCoF, input of a certain amount of active power when reaching deadband, reduction in proportional frequency deviation and RoCoF load, and reduction in a certain amount of load when reaching the deadband. These methods do not perform coordinated control between multiple resources but, rather, cooperative control for efficient resource utilization, because they activate resources simultaneously when a frequency drop for each resource is detected.



Table 1 shows examples of activation times for various resources in [13]. In addition, Table 2 describes the detection and communication delay for frequency and RoCoF detection in [14]. In this study, we configured a delay of 0.06 s on the frequency meter to reflect the measurement and communication delay time and a delay of 0.05 s on the converter controller to reflect the activation delay.




3.2. Novel Coordinated Control Strategy (NCCS)


FFR using a wind turbine achieves a fast response using a converter; in the case of a control method that generates a temporary output according to the frequency deadband, the maximum output of the IBRs is activated, so the frequency nadir is boosted dramatically and the initial RoCoF is reduced dramatically. As a result of the quick response and the period required for the recovery of the wind turbine, a second frequency dip may occur. Therefore, in this study, we proposed a coordinated control method that could improve the lowest frequency by preventing the secondary frequency drop during FFR control and by efficiently utilizing resources.



In general FFR control logic, when the frequency deadband is reached, additional output of the wind turbine and BESS output are simultaneously activated, which is highly likely to cause a second frequency dip owing to the recovery period of the wind turbine. If the FFR resources are activated at the same time, the secondary frequency dip due to wind turbine recovery is likely to be lower than the first frequency nadir. By activating the ESS near the first frequency nadir point, the lowest frequency point can be improved. When the BESS is activated near the first frequency nadir, the value of the first nadir is lower than that of the existing method, which increases the droop response of the synchronous generator and improves the second frequency dip. Figure 5 illustrates the concept used to improve the frequency nadir. In the conventional method, when an event occurs at time    t a   , the FFR resources of the wind power generator and ESS are activated at    t b   , which is the time when the frequency deadband is reached. However, when the FFR of the ESS is activated at    t c    close to the first frequency nadir point, the droop response of the synchronous generator increases compared to the conventional method and the second frequency is improved.



IBRs are capable of quick response through converter control, so outputting near the nadir point is the most efficient way to improve the lowest frequency. Even if the first frequency nadir is lowered, the lower second frequency nadir can be increased, so it is efficient to output the BESS output near the nadir point to improve the overall lowest frequency.



From the perspective of RoCoF, after the inertial response of the synchronous generator, the FFR of the wind turbine is activated, and the RoCoF increases with a gentle slope. In this study, we proposed the RoCoF constant α to inject the BESS output before the RoCoF reaches zero, that is, before reaching the frequency nadir. α was determined by the system inertia and the amount of FFR that could be output. In the case of a system with large inertia, the initial RoCoF appears smaller when a disturbance occurs compared to a system with a small inertia, and the recovery speed of RoCoF is also slow, so α was determined as a large value, and vice versa. In addition, the value of α can be changed according to the amount of FFR that the ESS can output. Figure 6 shows relationship between RoCoF and the constant α. In this study, the optimal value was determined through repeated preliminary simulations.



The second frequency dip occurs when limited resources are rapidly exhausted or during the recovery period in the wind turbine generator. To prevent the second dip, there is a way to reduce the amount of additional power generated by the wind turbine, but this approach does not utilize resources efficiently, so the wind turbine generator should produce the maximum additional power after reaching the frequency deadband. Instead, the output of the BESS is set to a frequency deadband different from that of the wind turbine and reacts when it reaches the specified RoCoF. In this way, the initial RoCoF can be increased, but a second frequency dip can be avoided, and resources can be used efficiently.



Figure 7 illustrates a flowchart of the proposed NCCS. The NCCS indicates coordinated control between the wind turbine generator and BESS for FFR control in the case of a frequency drop, and efficient resource utilization for the purpose of increasing the frequency nadir. First, when the frequency falls beyond a certain value, the FFR of the PMSG is activated, and when the deceleration period reaches the specified time, the output is reduced through torque control of the converter. When the rotor speed recovers through the acceleration section and the operating point reaches the MPPT curve, the operation is followed by MPPT. In the case of the BESS, the response is not due to the frequency deadband, but to the RoCoF. When a specific RoCoF is reached, the FFR of the BESS operates. This is not an RoCoF proportional control method, but a constant power control method. This is to improve the frequency nadir by operating the BESS when RoCoF is low, that is, when it reaches the frequency nadir.





4. Test System and Simulation Results


4.1. Configuration of Test System


The test system for verifying the NCCS was built in PSCAD/EMTDC. Figure 8 shows the small-scale grid model, which consisted of a PMSG-based wind turbine, a BESS, two synchronous generators, and a static power load of 30 MW and 3.4 MVAR. The synchronous generators were based on a thermal power plant with an IEEE-type generic steam turbine model, an approximate mechanical-hydraulic control governor model, and a type 1 excitation system [14,15,16,17,18]. The inertia constants of 50 MVA (SG #1) and 10 MVA (SG #2) were 6.0 s and 4.5 s, respectively. The droop coefficient of all synchronous generators was set to 5%. The initial operating points of each generator were 0.4 pu and 1.0 pu, respectively. The capacity of the PMSG-type wind turbine was 7 MW with a wind speed of 8 m/s, which can generate an output of 3.3 MW. The capacity of the BESS was 3 MWh, and the BESS included a 2 MW converter with an initial state of charge (SoC) of 0.5.




4.2. Simulation Results


To evaluate the effectiveness of the proposed method, we simulated the cases of no control, of the FFR operating only the BESS, of the FFR operating the BESS and PMSG-type wind turbine, and of the FFR operating with the proposed control. A typical FFR control scheme injects real power when reaching the deadband. The BESS produces its maximum output, and a wind turbine based on PMSG performs torque limit control. For frequency events, SG #2 generating 10 MW tripped out within 20 s in all cases, resulting in a severe frequency drop due to transient power imbalance.



The NCCS does not set the specified RoCoF constant α. This is because α may vary depending on the activation and communication delay of the IBRs and the inertia of the system. Figure 9 shows the simulation results for changing α. The α values close to zero are too late to improve the lowest frequency, and the α values too far from zero do not effectively prevent secondary frequency dip. In this test system, α was set to −0.45. Figure 10 shows the RoCoF when only the PMSG responds to the FFR.



Figure 11 shows the simulation results for the various control methods in FFR. In the case of FFR control in which the BESS- and PMSG-type wind turbines are activated in the deadband, the second frequency dip was lower than the first frequency dip, indicating that resource utilization was inefficient. However, because the proposed control scheme performed the control to improve the lowest frequency after reaching a specific RoCoF, it was confirmed that the frequency improvement was effective with the same resources.



Figure 12 shows the resulting electrical torque and rotor speed during the wind turbine torque limit control. As shown in Figure 4b, the electrical torque was reduced to 1 pu and kept constant, after which the MPPT operation was performed. It can be seen that the rotor speed decreased when generating additional output, converting the inertia of the drivetrain into electrical energy and recovering normally through the acceleration section.



Table 3 shows first and second frequency drop with constant α. Table 4 shows the lowest frequency for each method. The proposed NCCS is the highest frequency nadir among various methods.





5. Discussion


This study proposed the use of the NCCS for BESS- and PMSG-type wind turbines to improve the frequency nadir while the system frequency drops during fast frequency response, and it was verified using a small-scale grid. In the proposed strategy, the RoCoF deadband was adapted, and coordinated control between the wind turbine based on the PMSG and the BESS was performed to prevent the second frequency drop and to improve the frequency nadir. This approach has the advantage of improving the frequency nadir because it enables the output of the BESS near the frequency nadir through the RoCoF.



The conventional fast frequency control was not efficient in improving the frequency nadir because it focused on supporting the frequency response as quickly as possible. Simulation results showed that the proposed control strategy can utilize the same resources as in conventional fast frequency control to improve the frequency nadir and prevent the second frequency dip from being lower than the first frequency drop.
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Figure 1. Configuration of the PMSG-type wind turbine. 
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Figure 2. Drivetrain based on the two-mass shaft model. 
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Figure 3. Torque–rotor speed curve on the MPPT. 
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Figure 4. Proposed control operation on the MPPT curve: (a) power–rotor speed curve; (b) torque–rotor speed curve. 
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Figure 5. Concept used to improve frequency nadir. 
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Figure 6. RoCoF and RoCoF constant α. 
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Figure 7. Flowchart of the proposed NCCS. 
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Figure 8. Configuration of the test system. 
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Figure 9. Proposed NCCS results according to constant α change: (a) system frequency; (b) system frequency (enlarged view). 
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Figure 10. FFR with only the PMSG control: (a) the RoCoF; (b) the RoCoF (enlarged view). 
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Figure 11. Simulation results: (a) system frequency; (b) output power of the PMSG type wind turbine; (c) output power of synchronous generator #1; (d) output power of the BESS. 
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Figure 12. Simulation results of the PMSG type wind turbine: (a) electrical torque and torque command; (b) rotor speed. 
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Table 1. Activation time for various resources.
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	Resources
	Wind Turbine
	Lithium Batteries
	Flow Batteries
	Lead-Acid Batteries
	Flywheel
	Super Capacitor
	HVDC





	Activate (fully activate)
	40 ms (500 ms)
	10–20 ms
	10–20 ms
	40 ms
	≤4 ms
	10–20 ms
	50–500 ms
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Table 2. Frequency/RoCoF detection and signaling time.
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Detection Type

	
Measure & Identify

	
Signal






	
Frequency direct detection

	
≤2–3 cycles

	
≒1 cycle




	
(33–50 ms)

	
(8 ms)




	
RoCoF detection

	
≒2–3 cycles

	
≒1cycle




	
(33–50 ms)

	
(8 ms)




	
Local RoCoF/frequency measurement

	
≥5 cycles

	
-




	
(83 ms)
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Table 3. First and second frequency nadir according to RoCoF constant α.






Table 3. First and second frequency nadir according to RoCoF constant α.





	α
	−0.3
	−0.4
	−0.45
	−0.5
	−0.6
	−0.7





	1st nadir
	59.0025
	59.0615
	59.0751
	59.1086
	59.1452
	59.1680



	2nd nadir
	59.0761
	59.0754
	59.0735
	59.0667
	59.0535
	59.0379
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Table 4. Comparison of frequency nadir results.






Table 4. Comparison of frequency nadir results.





	Methods
	Without Control
	FFR with Only BESS
	FFR with BESS and PMSG
	FFR with NCCS





	Frequency nadir (Hz)
	58.4703
	58.7687
	59.0283
	59.0735
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