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In addition to the traditional long-distance and bulk power transmission application, the HVDC system can bring additional benefits to the system by providing ancillary service. The high-voltage direct-current transmission (HVDC) system can regulate its power flow in a very short time and can be used to provide emergency support to rescue the disturbed system from very bad conditions. However, because traditional generators cannot meet the great power demand of the HVDC system in a short time, the fast response of the HVDC system may cause severe power-unbalance events in the power supporting system. In this paper, a combination frequency response control (CFRC) is proposed for the fast frequency response (FFR) and HVDC system coordinating under the contingency. With the proposed combination frequency response control, the most use of the frequency response capacity of the HVDC system could be made. Meanwhile, the coordination between the HVDC system and fast frequency response could prevent the frequency of the power-source-provided system from dropping to an unacceptable level. The simulation study is conducted on a highly reduced power system model of the three North American interconnections. The simulation verification shows the effectiveness and feasibility of the proposed combination frequency response control and indicates that the frequency stability for both side systems of the HVDC system could be significantly improved with the proposed combination frequency response control. In the future, the communication delay between energy storage and HVDC will be considered in the strategy to further improve the accuracy of fast frequency response.
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1 INTRODUCTION
Over the past decade, high-voltage direct-current transmission (HVDC) systems have witnessed continuous increases around the world with the development of advancing power electronic technology (Sun et al., 2021a; Xiao et al., 2021; Sun et al., 2022a). In Asia, China, which has the greatest number of HVDC operating and planning systems, has continuously led the global HVDC system construction in recent years (Li et al., 2019). In the United States, HVDC transmission technology has been widely accepted as a good choice to achieve economic long-distance and bulk power transmission and to interconnect all three interconnections independently (Sun et al., 2019a).
With the advancement of voltage source converter (VSC) technology, the applications of the HVDC system have been greatly improved (Sun et al., 2017; Sun et al., 2019b). In addition to the long distance and bulk power delivery, the HVDC system could provide a quick dynamic response to different types of system disturbances. Sharing the frequency response reserves via the HVDC system is a high-value product. Over the past decade, some projects and researchers have considered including HVDC systems in frequency control. MISO (2014) adopted the VSC-HVDC system to share the frequency response reserve that could bring 25% financial benefits to the system operator, which justifies the economy of the HVDC transmission system. In 2017, the Interconnection Seam Study project was cooperatively investigated by the Department of Energy (DOE) and research partners, including national laboratories and universities. In this project, sharing the frequency response reserve was one of the critical benefits that could bring a major contribution to the operating financial benefits of the HVDC system (NREL). The Pacific Northwest National Laboratory also studied the possibility of the frequency response serviced from multi-terminal HVDC networks in the American grid (Elizondo and Kirkham, 2016).
Different from the traditional synchronous generators in the electric power grid, the active power control of the HVDC system is decoupled from the frequency (Sun et al., 2020). Thus, the HVDC system could realize a quick frequency response to the disturbed system under the contingency. In practice, the power regulation of the HVDC system under an event can be up to hundreds of MW per second, which could significantly improve the frequency of nadir during the event (Belkin, 2012). However, the typical large fossil-fired thermal generator could only ramp 1% of its capacity in 1 min (Kirby). Due to the response rate deviation, the unrestricted power regulation rate of the HVDC system may cause huge frequency oscillations in the supporting system and even cause power outages. Therefore, improving the system frequency response performance through the HVDC system or guaranteeing the operating safety of the support-provided system is a clear dilemma in system frequency control.
Due to the great need for frequency regulation and the consequent economic advantage, numerous fast frequency response (FFR) resources represented by energy storage equipment, such as batteries and flywheels, have been recently installed into the system (Kim et al., 2017). The FFRs have very high cycle stability, high power density, and fast charging and discharging owing to low inner resistance (Zhao et al., 2015). Under the frequency event, the FFRs could provide a quick response to the system, which could digest part of the influence caused by the HVDC system frequency control.
The coordination operation of the HVDC system and energy storage has been recently investigated in some papers mainly focusing on renewable energy integration improvement (Junyent-Ferr et al., 2015; Xu et al., 2019; Sun et al., 2022b) and HVDC system operation enhancement (Yang et al., 2019; Sun et al., 2021b; Sun et al., 2021c; Judge and Green, 2019). Some papers have also discussed the effect of energy storage on HVDC system frequency control (Ray et al., 2009; Rakhshani et al., 2017; Pathak et al., 2017; Yang et al., 2019; Judge and Green, 2019). However, most of the research aims to use energy storage to assist the HVDC system frequency control for performance improvement. Considering energy storage as FFRs to coordinate the HVDC system frequency response for both sides of system operating safety has not received much attention.
In the past, the communication and real-time situational awareness of the devices in the system could not satisfy the fast frequency response requirement. Thanks to the advancement of the wide-area monitoring system, the device information interaction is fast enough and more reliable to enable the HVDC system and FFRs coordination control (You et al., 2016; Zhou et al., 2016). In this paper, a combination frequency response control (CFRC) strategy is developed for the FFRs and HVDC system coordinating under the contingency. The proposed combination control is based on the active power control of the HVDC system and FFRs, as well as real-time communication. With the proposed combination frequency response control, the most use of the frequency response capacity of the HVDC system could be made. Meanwhile, the coordination between the HVDC system and FFRs could also prevent the frequency of the power-source-provided system from dropping to an unacceptable level.
This paper is organized as follows: Section 2 introduces the studied system model. Section 3 introduces the motivation of this paper and the transient stability analysis of the system with FFRs and HVDC system integration. The operation principle and control strategy of the proposed combination frequency response control are described in Section 4. The simulation verifications are presented based on a highly reduced power system model of the three North American interconnections in Section 5. Finally, the results and conclusion are discussed in Section 6.
2 MODEL DESCRIPTION
In this paper, a two-terminal VSC-HVDC system interconnecting two asynchronous grids is depicted in Figure 1. The traditional fossil-fired thermal generator is adopted, and the battery energy storage system (BESS) is used as FFR.
[image: Figure 1]FIGURE 1 | Configuration of the two-terminal VSC-HVDC system interconnecting two asynchronous grids.
The half-bridge VSC is adopted as the converter of the HVDC system; the equivalent circuit of one VSC of the VSC-HVDC system connected to an asynchronous AC grid is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram of a VSC in the VSC-HVDC system, where uabc represents the AC voltage of the asynchronous grid, vabc and iabc are the output AC voltage and AC current of the VSC-HVDC system, and R and L denote the resistance and inductance of the interfacing reactor, respectively.
As shown in Figure 2, the VSC mathematical model can be rewritten according to Xiao et al. (2015):
[image: image]
For the inner current control loop of VSC, the synchronous dq-frame is adopted for the current controller implementation. The synchronous dq-axis voltage and current components are transformed with Park transformation from balanced static abc-axis voltages and currents. Thus, the VSC dynamic equations in the synchronous dq-frame could be expressed as
[image: image]
where ω represents the angular frequency of the AC grid. Based on Eq. 2, the inner current control loop of the VSC could be expressed as
[image: image]
where kp and ki are the proportional and integral gains.
The basic control of the VSC is shown in Figure 3, where CAPC is the constant active power control, CDVC is the constant DC voltage control, CRPC is the constant reactive power control, and CFRC is a combination frequency response control.
[image: Figure 3]FIGURE 3 | Basic control of the VSC-HVDC system (one terminal).
3 PROBLEM DESCRIPTION
3.1 Motivation
In addition to the long-distance and bulk power transmission, the advancement of the HVDC transmission technology brings more benefits to the power system, such as large-scale renewable integration and ancillary services. In some severe events, the HVDC could provide bulk power support to the disturbed system in a very short time, which could significantly suppress the influence of the disturbance and rescue the disturbed system from further deterioration or even outage. However, traditional generators cannot meet the great power demand of the HVDC system in a short time. The fast response of the HVDC system may cause severe power-unbalance events in the power supporting system. In order to avoid this issue, a compromise has to be made that limits the HVDC’s fast response capability by setting operating constraints. However, with the increasing integration of large-scale renewable energy into the electric system, it is harder to meet the real-time power balance due to its random output. The fast controllability of the HVDC system should receive attention and needs a better coordination scheme for releasing its support capability to meet the growing demand for renewable energy output regulation.
The use of FFR motivates a prospective solution for the aforementioned problem such that the fast response capacity of the HVDC system could be best used. As shown in the following section, the participation of the local FFRs could prevent the power-sourced-provided grid from falling into unstable operating conditions, which enables the reaction of HVDC at a fast pace other than being limited. This paper does not claim by any means that the coordination control between the HVDC system and FFRs will bring more financially attractive benefits than single HVDC system control or FFRs response.
3.2 Transient stability analysis of the system with FFRs and HVDC system integration
This section shows that the use of FFR is beneficial to avoiding system instability when utilizing the fast controllability of the HVDC to support system frequency by using the extended equal-area criterion (EEAC) theory.
The EEAC theory is proposed by Professor Yusheng Xue as an effective method in the quantitative analysis of power system transient stability (Liao and Yun, 2004). The outstanding performances of EEAC have been demonstrated by online operation records in many energy management system (EMS) environments worldwide (Xu et al., 2017). If the power system is subject to a large disturbance (line break, short circuit, machine cut, load cut, etc.), the power system will be transiently stable under this large disturbance if the individual generating units can maintain synchronous operation and have acceptable voltage and frequency levels. The EEAC theory assumes that all generators in the system can be divided into two generator clusters under disturbance. Intuitively speaking, the generators being heavily disturbed are grouped and referred to as the critical cluster, whereas the rest are grouped as the remaining cluster.
When energy storage equipment and HVDC are connected to the power system, additional electromagnetic damping torque is generated on the generator side, which suppresses the oscillatory instability of the power angle. Analyzed in terms of the extended equal area method, FFR and HVDC deliver electromagnetic power to the power system, providing additional damping area and thus improving the transient stability of the system. Assuming that such two clusters have been found and the HVDC system and FFRs are included in the critical cluster, the whole system can be treated as a time-varying two-machine system. The equivalent inertia could be expressed as
[image: image]
where c represents the critical generator cluster and r represents the remaining cluster. Mc and Mr are the equivalent inertia of the critical generator cluster and the remaining cluster, respectively. Pmc and Pmr are the equivalent mechanical power of the critical generator cluster and the remaining cluster, respectively. Pec and Per are the equivalent electrical power of the critical generator cluster and the remaining cluster, respectively. δc and δr are the generator rotor angles.
With the standard simplifying assumptions, the motion of a system could be described as
[image: image]
Here, M, Pm, and Pe can be described as
[image: image]
where M and Mtotal are equivalent inertia and total inertia of the system, respectively. Pm is the equivalent mechanical power and Pe is the equivalent electromagnetic power of the system.
As shown in Eq. 5, the stability problem of the system can be equivalent to the stability of the relative generator rotor angle:
[image: image]
Equation 5 can be converted to
[image: image]
When the HVDC system extracts the power from the supporting system to realize power support, Pec is changed to
[image: image]
where ∆PES is the injection power from FFRs to the power-sourced-provided system and ∆Pdc is the extracting power from the power-sourced-provided system to the HVDC system, which could be expressed as
[image: image]
where RES and RHVDC are the response rates of FFRs and the HVDC system.
The relative generator rotor angle could be expressed as
[image: image]
where Pec’ is the equivalent electrical power of the system after HVDC system support and δs’ is the relative generator rotor angle after HVDC system support.
The stability margin of the system’s first swing changes to
[image: image]
where δ0 is the operating point of the equivalent generation before the HVDC system support, δDSP is the dynamic saddle point, η’ is the stability margin of the system’s first swing after HVDC system support, and Pe’ is the equivalent electromagnetic power of system after HVDC system support.
The stability margin deviation of the system’s first swing can be depicted as
[image: image]
Inserting Eqs 10, 13,
[image: image]
As shown in Eq. 14, if RES(t) − RHVDC(t) > 0, the stability margin deviation is large than 0 so that the system stability will not be affected by the frequency support of the HVDC system. If RES(t) − RHVDC(t) < 0, the stability margin deviation is small than 0, so the system stability will be influenced by the HVDC system support. In order to demonstrate the impact of the HVDC system support and FFR coordination of the system transient stability, groups of frequency curves with different ratios k between RES(t) and RHVDC(t) are depicted in Figure 4. The ratio k is defined as k = RES(t)/RHVDC(t).
[image: Figure 4]FIGURE 4 | Frequency response curves with different ratios.
Figure 4 shows that the response rate ratios between FFRs and the HVDC system significantly affect the transient stability of the power-sourced-provided grid. Figure 4 also shows that the faster response rate of FFRs could overcome the negative effect of the HVDC system on the supporting system stability during frequency support. Compared to traditional no FFR response, FFRs and the HVDC system coordination could support the system frequency without harming the system stability. Therefore, the coordination control of the HVDC system and FFRs is preferred during frequency support.
4 COMBINATION FREQUENCY RESPONSE CONTROL
Due to the increasing penetration of renewable energy and energy storage in the grid, the demand for real-time interactive source-load-storage response has increased significantly. Recently, FFR devices, represented by energy storage, have gradually started to be deployed as auxiliary services in the system. FFR can provide a fast power response to the measured or observed changes in system frequency, thus significantly mitigating power fluctuations due to the high proportion of renewable energy injected into the power system.
In addition, voltage source converter-based high-voltage DC (VSC-HVDC) is a flexible DC transmission technology with fast power reversal capability. The active and reactive power can be controlled independently. It has many advantages, such as a black start and the ability to connect to weak AC networks, which can increase the flexibility of interconnected grids to support each other and regional standby complementarity. Owing to the voltage source converter-based characteristic, the FFRs could provide the same response rate output as the HVDC system. Thus, the frequency response control of the HVDC system should consider the capacity of the FFRs for the operating stability of the power-sourced-provided grid. This paper proposes a combination frequency response control (CFRC) strategy for FFRs and the HVDC system coordinating under the contingency. The detailed control strategy of the CFRC is introduced in the following sections.
4.1 General energy management system structure of the system integrating the HVDC system and FFRs
The realization coordination control of the HVDC system and FFRs needs a reliable real-time energy management system (EMS). Figure 5 shows the general EMS structure of the system integrating the HVDC system and FFRs to guarantee the operation of the proposed CFRC. As shown in Figure 5, the EMS is based on the wide-area monitoring system, and FFRs and the HVDC system information interaction could be achieved speedily and reliably. The PMU in the wide-area measurement system measures the frequency and phase angle quantities on the contact line associated with the FFR and then packages the data to send to the FFRs EMS. The EMS of the FFRs continuously monitors the operating condition of the FFRs, converts the FFRs’ operation condition to the operating constraints, and then sends it to CFRC. After that, the operating constraints of the FFRs are sent to the CFRC for further analysis, and the response function of the HVDC system is determined if a frequency event occurs.
[image: Figure 5]FIGURE 5 | EMS structure of the system integrating the HVDC system and FFRs.
4.2 Combination frequency response control
The objective of the CFRC is to realize a reasonable HVDC frequency response control that makes the most of the fast response capacity of the HVDC system while guaranteeing the power-sourced-provided grid operating safety. Therefore, the CFRC is separated into two parts: one for HVDC emergency support control and the other for frequency stabilization identification control. The HVDC emergency support control is designed to quickly stabilize the system frequency and reduce system frequency variations after the occurrence of a disturbance. Then, the frequency stabilization identification ensures that the HVDC emergency support control is over. The CFRC is configured on one of the terminals of the VSC-HVDC system and works on constant active power control. The basic control diagram of the CFRC is depicted in Figure 6.
(1) HVDC emergency support control aims to reduce the amount of frequency change after an AC system incident. In conventional converter stations, HVDC frequency control mostly uses a fixed proportionality factor without considering the frequency regulation capability of the AC grid on the opposite side involved in frequency regulation. This leads to the possibility of large deviations in the frequency of the AC grid on the opposite side during the use of HVDC support power, affecting its own safe and stable operation. In order to overcome this problem, this paper adopts the amount of frequency deviation on both sides as the control quantity.
[image: Figure 6]FIGURE 6 | Basic control diagram of the CFRC.
Figure 7 depicts the flowchart of the HVDC emergency support control. In Figure 7, flocal is the measured frequency of the PCC bus, fremote is the measured frequency on the PCC bus of the other terminal of the VSC-HVDC system, fref is the nominal frequency, fdeadband is the dead-band of the CFRC activation, and kHV+FFR and kHV are the droop coefficients for the HVDC system frequency response under different operation conditions, respectively. The active-frequency regulation slopes kp and ki are determined by considering the online reserve capacity and inertia of the AC grid on both sides of the HVDC.
(2) The frequency stability identification control aims to determine the end moment of the HVDC emergency support control. Therefore, the current amount of power on the HVDC is automatically maintained after the system frequency has stabilized. The judgment criterion is shown as follows:
[image: image]
where FFRop-cap, FFRcap, and λ are the operating capacities of the FFRs, the total capacity of FFRs, and the buffering coefficient for FFRs exiting, respectively.
[image: Figure 7]FIGURE 7 | Flowchart of the HVDC emergency support control.
As shown in Figure 6, the controller determines the frequency fluctuation condition of the system by monitoring the power of the AC system to which the DC station is connected. When the operating capacity is less than the capacity threshold, the controller sends a signal to keep the current amount of power on the HVDC stable. The frequency stability identification control ensures that the system is stable by identifying the system capacity before exiting the combined frequency response control.
(3) The CFRC process is described as follows: when a frequency event occurs at one connected grid and the frequency oscillation is over the dead band, the CFRC is activated to respond to the frequency oscillation. In order to suppress the influence of the HVDC system on the power-sourced-provided grid, FFRs in the power-sourced-provided grid are activated at the same time. FFRs provide support with the same response rate as the HVDC system. Meanwhile, its EMS continuously monitors the capacity condition of the FFR unit. When the capacity of the FFR unit reaches Eq. 15, FFRs exit the support process and send a signal to the CFRC. Once the CFRC receives the signal from FFRs, the CFRC will use the “hold” function to freeze the value of the current frequency change and the HV+FFR output function. Because the value of the current frequency change is frozen by the “hold” function, the HV output function is automatically activated and the CFRC will provide support to the disturbed grid with kHV until the frequency at the disturbed grid is stable.
With the proposed CFRC, the HVDC system could provide a fast enough response to the disturbed system to improve the frequency nadir and stabilize the frequency as soon as possible. Meanwhile, with the continuous monitoring of the capacity condition of the FFRs, the CFRC could adjust the response rate of the HVDC system to prevent the power-sourced-provided grid from falling into a bad operating condition.
5 SIMULATION VERIFICATION
5.1 Model description
To verify the performance of the proposed CFRC, a highly reduced North American grid (NAG) model is adopted in PSCAD/EMTDC, as depicted in Figure 8. The highly reduced models are developed from an equivalent NAG model. The data of this NAG model have been openly published (CURENT, 1001; Geni). The equivalent NAG model has been validated by a full NAG model in power flow and frequency response perspective. Because the equivalent NAG model is too big for the PSCAD simulation, the EI and WECC systems are further reduced with the generation aggregation method, in which the EI system is represented by seven dynamic cluster generations and the WECC system is represented by six dynamic cluster generations. The data of these two systems are shown in Table 1. FFRs configured in the WECC and EI are assumed as VSC-based energy storage, and the capacity is assumed as 10 MWh/800 MW. A two-terminal VSC-HVDC system is embedded in highly reduced models, where the VSC1 is connected to WECC and the VSC2 is connected to EI. The VSC1 works at CAPC with CPFC, and the VSC2 works at CDVC. The frequency dead-band of the CPFC is set as .05 Hz, and the kHV+FFR and kPHV of the CPFC are set to 5 and 3, respectively. The parameters of the VSC-HVDC system are depicted in Table 2. The parameters of the electrochemical energy storage are depicted in Table 3 (Meng et al., 2020). The initial condition of the VSC-HVDC system is 1,200 MW, and the direction is from WECC to EI.
[image: Figure 8]FIGURE 8 | Configuration of the NAG system.
TABLE 1 | Generation capacities of the highly NAG model.
[image: Table 1]TABLE 2 | Converters’ parameters in the VSC-HVDC system.
[image: Table 2]TABLE 3 | Examples of the electrochemical energy storage suitable for fast response services.
[image: Table 3]5.2 Case I: Trip one generator in EI (the response of FFRs does not exceed their capacity)
At t = 3 s, the generator G-EI7 (3,603 MW) is tripped in EI. Figure 9 shows the simulation results of the VSC-HVDC system using the CFRC to support the EI system.
[image: Figure 9]FIGURE 9 | Simulation results of the VSC-HVDC system in frequency control. (A) Frequency of the EI with HVDC frequency control and without HVDC frequency control. (B) Frequency of the WECC with and without CFRC. (C) Power flow on the VSC-HVDC system and the output of FFRs. (D) DC voltage of the VSC-HVDC system during the HVDC frequency control with the CFRC.
As shown in Figure 9A, if the disturbed system only relies on its inner frequency response capacity, the frequency will drop to 59.6 Hz, which may activate the automatic under-frequency load shedding and lead to serious financial loss for the system operator and power customers. However, with the HVDC frequency control, the frequency nadir of the disturbed system can be significantly improved. It reduces the probability of serious events. However, owing to the fast response performance of the HVDC system, the frequency of the power-source-provided system will be affected.
As shown in Figure 9B, the frequency in the power-source-provided system drops to 59.6 Hz. It is not an acceptable operating frequency for the system’s inner devices. With the proposed CFRC, the frequency drop in the power-source-provided system is suppressed, and the equipment in the power-source-provided system could operate well under this frequency until the contingency is clear.
Figure 9C shows the power flow change of the HVDC system and the power output change of FFRs. Figure 9D shows the DC voltage change of the HVDC system. As shown in Figures 9C, D, with the proposed CPFC, the FFRs could follow the HVDC system frequency response in real-time to mitigate the influence caused by the HVDC system frequency response to the power-source-provided system so that avoiding unacceptable frequency drops. The DC voltage during the CPFC working process is stable, which indicates that the CPFC will not influence the stability of the VSC-HVDC system’s normal operation.
5.3 Case II: Trip one generator in EI (the response of FFRs exceeds their capacity)
At t = 3 s, the generator G-EI8 (6,000 MW) is tripped in EI. At t = 10 s, due to out-of-capacity, FFRs exit from the coordination control. Figure 10 shows the simulation results of the VSC-HVDC system using the CFRC to support the EI system.
[image: Figure 10]FIGURE 10 | Simulation results of the VSC-HVDC system in frequency control. (A) Frequency of the EI with HVDC frequency control and without HVDC frequency control. (B) Frequency of the WECC with and without CFRC. (C) Power flow on the VSC-HVDC system and the output of FFRs. (D) DC voltage during the HVDC frequency control with the CFRC.
As shown in Figure 10, after the generator trips in the EI, the HVDC system immediately responds to the frequency variation. With the CFPC, FFRs follow the HVDC system power flow change to suppress the frequency deviation in the power-source-provided system. At t = 10 s, FFRs exit from the support for out-of-capacity. As shown in Figure 10C, the output of FFRs drops to 0 MW with a constant ramping rate. According to the proposed CPFC, the output function of the HVDC system changes from the HV+FFR output function to the HV output function. As shown in Figure 10C, the response rate of the HVDC is decreased. During the function switch process, the frequency in the WECC (Figure 10B) and EI (Figure 10A) has acceptable oscillation. Figure 10D shows that the DC voltage is also stable during the CPFC working process. The simulation results indicate that the proposed CPFC could enhance the frequency response capacity of the HVDC system while avoiding unacceptable frequency variation of the power-source-provided system under the contingency.
6 CONCLUSION
The HVDC system could provide a quick dynamic response to various system disturbances. Providing ancillary services through the HVDC system is expected to be a high-value product for system operation. However, due to the response rate deviation between the traditional generators and the HVDC system, the unrestricted power regulation rate of the HVDC system may cause huge frequency oscillations in the supporting system and even cause power outages. Therefore, improving the system frequency response performance through the HVDC system or guaranteeing the operating safety of the support-provided system is a clear dilemma in system frequency control. In this paper, based on the coordination between the HVDC system and fast frequency response, a combination frequency response control is proposed to make the most use of the fast response capacity of the HVDC system and prevent the power-sourced-provided grid from falling into unstable operating conditions. The proposed combination frequency response control is demonstrated based on a highly reduced power system model of the three North American interconnections. The results from the simulation show that the proposed combination frequency response control is effective and performs well under different contingencies. With the proposed combination frequency response control, the frequency stability of the disturbed system could be significantly improved. Meanwhile, the frequency of the power-source-provided system will be kept within an acceptable level for the system’s normal operation. In the future, the communication delay between energy storage and HVDC will be considered in the strategy to further improve the accuracy of fast frequency response.
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