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With the continuous construction of high-voltage direct-current (HVDC) transmission projects, higher requirements are placed on the frequency security of the regional power systems. In order to ensure the frequency security of regional power systems, this paper proposes a transient frequency analytical method considering the emergency frequency control (EFC). Firstly, the aggregated system frequency response (SFR) model is constructed by reducing the order of the generator governor equation, the EFC equation, and the load model equation. Then, based on the aggregation model, the analytical solution of the transient frequency nadir of the regional power system is derived. The model can quickly and accurately calculate the transient frequency nadir of the regional power system considering EFC after the HVDC block fault. Finally, based on an actual regional power system model, the accuracy and applicability of the proposed method under HVDC block fault are verified.
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1 INTRODUCTION
With the rapid construction of high-voltage direct-current (HVDC) system, China has formed regional power systems with multi-infeed HVDC 1. (Wang et al., 2024; Li et al., 2020). Due to the complex coupling relationship between HVDCs and AC systems, system frequency security is a serious challenge for such systems, especially after the HVDC block fault in the regional power system (Hoke et al., 2024; Shen et al., 2023; Yu et al., 2022).
The HVDC system can transmit a large amount of electricity to the regional power system to meet the power demand. However, once the blocking fault occurs in the HVDC system, the large power imbalances will lead to serious frequency deviation and even threaten the security operation of the regional power system (Du and Li, 2021). On the other hand, the rapid development of new energy power generation such as wind turbines and photovoltaics in regional power grids has led to a continuous decline in the capacity of local thermal power units. This is not conducive to the inertia response of the local power grid and reduces the frequency response capability of the system (Hou et al., 2020; Denholm et al., 2020). For example, in 2015, a HVDC blocking in China caused the frequency of the East China power grid to drop to 49.557 Hz (Zhang et al., 2019). In the 2018 Brazilian blackout fault, the Belo Monte HVDC block caused a power shortage of 4000 MW in the southern power system, and the transient frequency nadir reached 58.44 Hz (Haes Alhelou et al., 2019).
Frequency is an important index to reflect the operation status of the power system (Shi et al., 2023). When the system has a large power shortage due to sudden disturbances, the system frequency will decrease significantly, which seriously threatens the security and stable operation of the power system. Therefore, it is urgent to quickly analyze the transient frequency dynamics after large disturbances to facilitate the formulation of corresponding EFC strategies and improve frequency security.
At present, the research methods of power system transient frequency analysis are mainly based on time-domain simulation, machine learning, wide-area measurement data, and SFR model (Anderson, and Mirheydar, 1990; Shaw and Kumar Jena, 2021; Liu et al., 2020; Xie et al., 2024; Son et al., 2024). The time-domain simulation method can take into ac-count the detailed model of the power system, which has high calculation accuracy but takes a long time. Son et al. (2024) proposed the definition and formalization of the frequency nadir index (FNI) by identifying the linear characteristics of inertia, frequency regulating reserve space (FRRS), and governor free (G/F) reserve in relation to frequency nadir, particularly under assumed contingencies such as generator dropout and sudden load fluctuation. In Larsson (2005), the active power shortage of the power system is estimated by using the pre-disturbance grid data provided by the wide-area measurement system. Then, the steady-state frequency after the disturbance is predicted based on power shortage. This method considers the load characteristics but ignores the influence of network loss on the algorithm. In the research of model-based frequency prediction method, Ahmadi and Ghasemi (2014) proposed a SFR model, which is used to analyze the frequency nadir after the fault, and the frequency security constraint is obtained by piecewise linearization. Shariati et al. (2023) established a practical medium-order multi-machine Extended System Frequency Response (ESFR) model that is applicable for the frequency study of large, complex power systems or an island portion due to sudden load disturbances or generator outages. In Acosta et al. (2020), the influence of spinning reserve capacity, static load model, and turbine governor is considered, and the transient frequency nadir is introduced into the formulation of the load shedding scheme, which improves the applicability of the SFR model. In summary, most of the above work is aimed at the application scenarios of AC power systems without considering the system transient frequency dynamics after HVDC blocking, which is difficult to directly apply to the regional power system with multi-infeed HVDC.
Considering that the HVDC system has the characteristics of highly controllable power and rapid control response, its corresponding control method can be used to adjust the transmission power to provide power support for the regional power system after the HVDC block fault (He, 2023). Under this background, this paper proposes a transient frequency analytical method for the regional power system considering the EFC. The main contributions are:
1) The basic control mode of the HVDC system is analyzed, and its control method participating in emergency frequency regulation is designed;
2) The multi-machine system frequency response (MM-SFR) model considering the EFC is constructed. Then, the aggregated system frequency response (ASFR) model is constructed by reducing the order of the generator governor equation, the EFC equation, and the load model equation. The model can quickly and accurately calculate the transient frequency nadir after disturbance;
3) The effectiveness and practicability of the proposed method are verified in the actual power system model. This method can accurately predict the transient SFR un-der different fault scenarios, and can quickly calculate the frequency nadir.
The rest of this paper is arranged as follows: Section 2 describes the control method of the HVDC system. In Section 3, the MM-SFR model considering EFC and the ASFR model are derived. Section 4 is the case study. Section 5 presents the conclusions.
2 HVDC CONTROL METHODS
2.1 HVDC basic control method
The constant current control and fixed extinction angle (γ) control are the basic methods of HVDC control (Feldman et al., 2013; Li et al., 2010). The constant current control of the rectifier side is shown in Figure 1. This control can keep the DC constant within the adjustment range of the trigger angle, αrec.
[image: Figure 1]FIGURE 1 | Constant current control of rectifier.
Figure 2 is the constant current and extinction angle control diagram of the inverter side, and the specific parameters are shown in Shi et al. (2018a). In addition, there are minimum trigger angle control, current deviation control, voltage-dependent current order limiters (VDCOL) control, constant power control, and other control methods in the HVDC system.
[image: Figure 2]FIGURE 2 | Constant current and constant extinction angle control of inverter.
2.2 HVDC fast power control
The HVDC system is usually used as an important control resource for EFC due to its advantages such as fast response and large controllable capacity. The HVDC transmission system can quickly increase or decrease the power for emergency support. The fast power control block diagram is shown in Figure 3.
[image: Figure 3]FIGURE 3 | HVDC fast power control.
In Figure 3, PDC0 and PEND are the specified HVDC power references. The HVDC transmission power can be changed from PDC0 to PEND, and vice versa. Figure 4 is a schematic diagram of HVDC fast power control.
[image: Figure 4]FIGURE 4 | Schematic diagram of HVDC fast power control.
In Figure 4, ts, te, and VDC are the start time, end time of HVDC fast power control, and the measured DC voltage, respectively. When HVDC receives the action command at ts, it will carry out fast power control according to the reference value PEND. When the output power of HVDC reaches the reference value at time te, it can immediately make up for the system power shortage.
3 TRANSIENT FREQUENCY ANALYTICAL METHOD
3.1 SFR dynamics
Power system frequency security is closely related to active power balance. When the HVDC block fault occurs in the multi-infeed regional power system, the active power balance between the generation and the load is broken, and the system will enter the frequency dynamic process. The SFR can be divided into inertial response (IR), primary frequency regulation (PFR), secondary frequency regulation (SFR) and tertiary frequency regulation (TFR) (Zhang et al., 2020).
1) IR. The inertial response takes effect immediately after the fault occurs. At this stage, due to the frequency regulation dead-band, the generator governor has not yet responded. The rate of change of frequency (RoCoF) is completely determined by the rotational inertia and is inversely proportional to its value. In low inertia systems, the system transient frequency will drop rapidly.
2) PFR. When the frequency deviation exceeds the dead-band, the generator governor responds and adjusts the output of the prime mover. The system enters the primary frequency regulation stage. During this stage, the transient frequency reaches its nadir, and then gradually returns to the quasi-steady-state frequency.
3) SFR. Since the PFR is a differential regulation, in order to restore the system frequency to the nominal value, the automatic generation control system will adjust the generator output to achieve indifference control. This process is called secondary frequency regulation.
4) TFR. Tertiary frequency regulation refers to economic dispatch. The purpose is to re-adjust the power generation output to obtain better quality power at the lowest power generation cost and to prepare for the next possible failure.
The typical transient frequency response is shown in Figure 5.
[image: Figure 5]FIGURE 5 | The typical SFR.
In Figure 5, Δtd is the frequency regulation dead-band stage, ΔtI is the IR stage, ΔtII is the PFR stage, ΔtIII is the SFR stage, t0 is the fault time, tr is the PFR response time, tn is the time when the transient frequency drops to the nadir, tq is the time when the system recovers to the quasi-steady-state frequency, fqss is the quasi-steady-state frequency, and fnadir is the frequency nadir.
3.2 Model construction
After a failure occurs, frequency changes vary in different regions due to spatiotemporal distribution characteristics. Therefore, the relevant researchers use the center of inertia (COI) frequency to represent the system frequency (Kundur, 1994; Tang et al., 2016). The COI frequency is defined as follows:
[image: image]
where i is the generator bus, fCOI is the COI frequency, fi is the frequency of bus i, and Hi is the inertia time constant of bus i. For simplicity, fCOI is denoted as f below.
The generator’s swing equation is:
[image: image]
where H is the inertia time constant, Δω = ω-ω0 is the rotor angular velocity deviation, ΔPm is the generator mechanical power deviation, and ΔPe is the generator electromagnetic power deviation. The frequency and power base values are:
[image: image]
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After taking the above base value, the system frequency is equal to the rotor angular velocity:
[image: image]
Then the frequency dynamic expression of bus i is:
[image: image]
Accumulate the frequency dynamic expression of bus i:
[image: image]
According to the COI frequency expression (Wang et al., 2024), it can be obtained that:
[image: image]
[image: image]
where Hs is the equivalent inertial time constant of the system, ΔPms is the total variation of the input mechanical power of the prime mover, and ΔPes is the total variation of the load. It can be seen that after the concept of COI frequency is introduced, the dynamic expression of the system frequency has the same form as the swing equation of the generator, and the system frequency can be considered to be the same everywhere. For simplicity, the following Hs, ΔPms, ΔPes are recorded as H, ΔPm, ΔPe.
There are many motor loads in the power system whose power changes with frequency fluctuations, which will damp the system frequency changes, as follows:
[image: image]
where ΔPL is the frequency-insensitive load change in the system, and D is the load damping coefficient.
The effect of HVDC fast power control can be equivalent to increasing Pe or decreasing Pm. According to the idea of increasing Pe, ΔPDC is regarded as the increase of Pe, as follows:
[image: image]
where [image: image] is the electromagnetic power deviation after considering HVDC fast power control, ΔPDCi is the control amount of HVDC i, and n is the number of HVDCs participating in fast power control.
The response time of the HVDC is milliseconds, while the time scale of PFR is in seconds. Therefore, this paper uses the delay function and first-order inertial element to model to correctly express the control characteristics of the HVDC in EFC.
[image: image]
where ∆PDC is the control amounts of the HVDC, PordDC is the power references of the HVDC from the control center, P0DC is the transmission power of the HVDC before fault, TDC is the communication delays, Td is the EFC response time.
In addition, the load shedding also helps to compensate for power imbalance. The load shedding control function can be represented by a delay function with time constant.
[image: image]
where ∆PLS is the load shedding amount, PordLS is the power references of the load from the control center, and TLS represents the delay time of load shedding control.
Therefore, the SFR process can be expressed by Eq. 15:
[image: image]
The generator has the ability to actively participate in PFR. The equation expressing the approximate speed regulation characteristics of thermal power generators is:
[image: image]
where the specific parameters can be found in Shi et al. (2018b).
The above mathematical derivation can be described by the MM-SFR model considering the EFC, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | The MM-SFR model considering the EFC.
3.3 Model reduction
Since the governor branch of the MM-SFR model is complex and the model order is high, it is difficult to analytically solve the system transient frequency. Therefore, it is necessary to simplify the model reasonably. Based on the method proposed in Shi et al. (2018a), the speed regulation characteristics of all generators in the power system are equivalent to a feedback branch and obtain an ASFR model with a simple structure. Then the closed-loop transfer function expression is derived, and the time-domain analytical expression of transient frequency is obtained by inverse Laplace transform. Figure 7 is the reduced-order model diagram. The reduced-order derivation is shown in (Larsson, 2005; Feldman et al., 2013; Ahmadi and Ghasemi, 2014; Acosta et al., 2020; He, 2023; Shariati et al., 2023).
[image: Figure 7]FIGURE 7 | The reduced-order MM-SFR model considering the EFC.
Since the dynamic of HVDC is in milliseconds, its response time constant can be ignored.
[image: image]
where ∆PDCi is the control amount of the ith HVDC.
The reduced-order parameters are obtained by weighting the original governor parameters according to the static adjustment coefficient. The relationship is as follows:
[image: image]
where Hi and Di are the inertia and damping constants of the ith generator. i is the number of governor branches, ki is the branch numbers of generators. κi is the ith branch equivalent gains of the generator. λi is the weighting coefficient of the ith branch.
The time-domain equation of electromagnetic power deviation can be derived based on the reduced-order MM-SFR model,
[image: image]
[image: image]
where ΔPlost is the active power shortage in the regional system. ΔPlost(s) is the power imbalance function. ΔPDC (s) is the HVDC fast power control function, and ΔPLS (s) is the control function of load shedding.
The unit step response U(t) of the reduced-order MM-SFR model is as follows:
[image: image]
where ωn, ζ, ωr, α, and φ are the coefficients of the governor.
[image: image]
According to the superposition rule of linear system, the frequency deviation expression is:
[image: image]
The frequency nadir can be obtained according to (Shariati et al., 2023)-(23),
[image: image]
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where f0 is the nominal frequency.
The system transient frequency gradually recovers its nominal value with the help of the generator governor and EFC. The quasi-steady-state frequency is:
[image: image]
where Δfq is the frequency deviation at the quasi-steady-state frequency.
The expression of quasi-steady-state frequency deviation is:
[image: image]
where tq is generally tens of seconds.
The analytical expression of the quasi-steady-state frequency can be obtained based on (Kundur, 1994)-(27):
[image: image]
4 CASE STUDY
4.1 Information
In this paper, an actual power grid model is constructed in the electromechanical transient simulation software PSS/E to verify the proposed method. Among them, the generator adopts the GENROU model, the exciter system adopts the SEXS model, the turbine governor adopts the IEEESGO model, and the HVDC system adopts the CDC4T model. The computing resource information is CPU Intel Core i7-7500, a 2.70 GHz dual-core processor, with memory 16GB. The studied receiving-end power system model is shown in Figure 8, which contains 64 equivalent loads with a total demand of 59.60 GW, 39 equivalent generators, 196 1000 kV or 500 kV AC lines, and 6 HVDC lines. The HVDC systems are ± 660 kV HVDC-1, ± 800 kV HVDC-2, and ± 800 kV HVDC-3, with a transmission power of 4 GW, 8 GW, and 8 GW respectively. The multi-DC feed-in ratio accounts for 33.56% of the total load of the power grid. 33.6% of load demand in the receiving-end power system is supplied by active power through the 3 HVDCs.
[image: Figure 8]FIGURE 8 | The topology of the receiving-end power system.
4.2 Accuracy verification of analytical method
4.2.1 HVDC emergency control capability test
In the system shown in Figure 9, the HVDC emergency control capability is first tested. Since HVDC emergency control has the advantages of fast speed and large adjustment capacity, it is an important control measure to ensure the power system frequency security. Therefore, when the HVDC block fault occurs, HVDC emergency control is usually first used for power support. Figure 10 shows the simulation results of HVDC emergency control. The fault scenario is that a single-pole fault on HVDC-2 is blocked at t = 2 s, where the active power deficit is 4000 MW, which represents 6.71% of the total system pre-fault demand. At t = 2.1 s, HVDC-1 and HVDC-3 increase the active power by 10% for power support, which are 400 MW and 800 MW respectively.
[image: Figure 9]FIGURE 9 | HVDC emergency control test.
[image: Figure 10]FIGURE 10 | System frequency response curves under different methods.
4.2.2 Fault scenario: HVDC-1 single-pole blocking
A single-pole blocking fault occurred in HVDC-1 at t = 1 s, resulting in a power deficit of 2 GW. At this time, the remaining normal HVDC is set to keep the transmission active power unchanged, that is, HVDC emergency control is not performed. The simulation step is set to 0.01 s, and the total simulation time is 15 s. The transient frequency response of the receiving-end power system after the HVDC-1 block fault calculated by the analytical method in this paper is compared with the results of the electromechanical transient simulation software PSS/E, as shown in Figure 10. The transient frequency indices calculated by the two methods are shown in Table 1.
TABLE 1 | Frequency Indices and Errors under HVDC-1 single-pole blocking.
[image: Table 1]It can be seen from Figure 10 that after the HVDC-1 block fault occurred, the power system frequency dropped significantly. The COI frequency response calculated by the analytical method in this paper is close to the simulation results of PSS/E software. According to Table 1, the transient frequency calculated by the two methods reaches the frequency nadir almost at the same time. In addition, the frequency nadir and quasi-steady state frequency calculated by the analytical method are 49.7847 Hz and 49.9034 Hz respectively. Compared with the calculation results of PSS/E, the relative errors are less than 0.01% and 0. 1% respectively, which reflects the accuracy of the proposed method.
In order to verify that the proposed method is also applicable to the frequency analytical calculation, HVDC emergency control was considered. After 0.1 s of HVDC-1 single-pole block fault, the HVDC-2 and HVDC-3 are urgently increased by 800 MW respectively. After taking HVDC emergency control, the transient frequency dynamics calculated by this method are compared with the simulation results of PSS/E, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | System frequency response curves under HVDC emergency control are considered in different methods.
It can be seen from Figure 11 that the transient frequency response is improved after the HVDC emergency control in the receiving-end power system. Compared with the case without control measures, the frequency nadir and quasi-steady state frequency are increased by 0.1005 Hz and 0.1187 Hz, respectively. In addition, the maximum frequency deviation calculated by PSS/E is 2.19 × 10−3 p.u., and the quasi-steady state frequency deviation is only 8.66 × 10−4 p.u., which is close to the nominal frequency. Therefore, it shows that the frequency security of the receiving-end power system with multi-infeed HVDC can be improved by reasonable emergency control.
The frequency indices and errors calculated by the two methods are shown in Table 2. The frequency indices obtained by the analytical method proposed in this paper are very close to the simulation results of PSS/E, and the relative errors are both less than 0.01%. Therefore, it can be seen that the proposed analytical method in this paper still has high accuracy in the case of considering DC emergency control, and can accurately reflect the support effect of DC emergency control on the system frequency after blocking. Therefore, it can be seen that this analytical method has high accuracy when considering the HVDC emergency control, and can accurately reflect the support effect of HVDC emergency control on the system frequency after block fault.
TABLE 2 | Frequency indices and errors under different methods.
[image: Table 2]4.2.3 Fault scenario: HVDC-3 bi-pole blocking
This section further verifies the accuracy and applicability of the proposed method under the more serious fault. The fault scenario is that a bi-pole fault on HVDC-3 is blocked at t = 1 s, where the active power deficit is 8000 MW, which represents 13.42% of the total system pre-fault demand. At this time, the remaining normal HVDC is set to keep the transmission active power unchanged, that is, HVDC will not participate in emergency control. According to the above conditions, the transient frequency curve is obtained by the analytical method and PSS/E simulation, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | System frequency response curves under different methods.
It can be seen from Figure 11 that after the HVDC-3 bi-pole block fault occurred, the power system frequency dropped significantly. The frequency nadir is lower than the threshold value of under-frequency load shedding (49.25 Hz), which seriously threatens the frequency security of the receiving-end power system. The detailed frequency indices and errors calculated by the two methods are shown in Table 3.
TABLE 3 | Frequency Indices and Errors under HVDC-3 bi-pole blocking.
[image: Table 3]According to Table 3, the frequency response calculated by the analytical method is close to the simulation results of PSS/E software. In addition, the frequency nadir and quasi-steady state frequency calculated by the analytical method are 49.1939 Hz and 49.7454 Hz respectively. Compared with the calculation results of PSS/E, the absolute error levels of fnadir and fqss are both 10−3 Hz. It shows that the proposed method can accurately reflect the system frequency dynamics under the more serious fault.
However, under this fault, the power system may trigger low-frequency load shedding action, resulting in a large area of load shedding. Therefore, it is necessary to adopt appropriate emergency control strategies. The strategies are as follows: at t = 1.1 s, HVDC-1 emergency increased by 400 MW, HVDC-2 emergency increased by 800 MW, and at t = 1.2 s, the power system emergency load shedding is 3900 MW. After implementing the emergency control strategy, the transient frequency curves calculated by the analytical method and PSS/E are shown in Figure 13. The frequency indices and errors are shown in Table 4.
[image: Figure 13]FIGURE 13 | System frequency response curves under emergency control are considered in different methods.
TABLE 4 | Frequency indices and errors under different methods.
[image: Table 4]According to Figure 13 and Table 4, after the emergency control, the system transient frequency nadir reaches about 49.6 Hz, which avoids triggering low-frequency load shedding and improves frequency security.
Under the emergency control strategy, the absolute errors of the frequency nadir and the quasi-steady state frequency obtained by the proposed method and PSS/E simulation are only 00,048 Hz and 0.0030 Hz, respectively. This shows that the proposed method is suitable for the analytical calculation of transient frequency after taking an emergency control strategy.
At the same time, it is further verified that the transient frequency analytical method considering emergency control has good applicability to the receiving-end power system with multi-infeed HVDC.
4.3 Applicability verification of analytical method
4.3.1 The SFR model parameter adjustment
The fault scenario: the load suddenly increases by 10% at 1s in the established system. In this fault scenario, set the difference coefficient R to 5%, and adjust the load damping coefficient D from 0.01 to 0.05. The system frequency response curves under different coefficients D are shown in Figure 14. When the system load suddenly increases, with the decrease of D, the decrease rate of the system initial transient frequency increases, the transient frequency nadir and quasi-steady-state frequency indices decrease, reflecting the gradual deterioration of the frequency response of the system transient frequency response caused by the decrease of D parameter. Specifically, when parameter D decreases by 0.01, the maximum frequency change rate increases by about 0.38 Hz/s, the transient frequency nadir decreases by about 0.12 Hz, and the quasi-steady-state-frequency decreases by about 0.05 Hz. The frequency security of power system can be increased by properly adjusting the control parameter D.
[image: Figure 14]FIGURE 14 | System frequency response curves under different load damping coefficients.
4.3.2 Adaptability verification of the SFR model
Considering the randomness and diversity of faults, the fault scenarios are set as the operating conditions when a unipolar/bipolar blocking fault occurs in HVDCs at 1 s, or when the load of the grid is perturbed according to the load increase of 0.1%, 0.2%, 9.9%, 10.0% of the total load, or when the two types of faults are randomly combined. The errors between the PSS/E and the SFR model of the frequency nadir, the time when the transient frequency drops to the nadir, and quasi-steady state frequency are shown in Figure 15.
[image: Figure 15]FIGURE 15 | The absolute error of frequency indices.
It can be seen from Figure 15, the absolute errors between the PSS/E and the SFR model of the frequency nadir, the time when the transient frequency drops to the nadir, and quasi-steady state frequency are greater than zero in each of the predicted fault scenarios, which reflects conservativeness of the model. In various scenarios, the absolute error between the frequency nadir and the quasi-steady-state frequency is approximately less than 0.0004 p.u. and 0.0001 p.u., which meets the requirements of engineering applications.
5 CONCLUSION
This paper presents a novel a transient frequency analytical method for the receiving-end power systems, particularly focusing on the impact of EFC following HVDC block faults. The proposed method has been validated through an actual power system model, demonstrating its accuracy and effectiveness. The main contents of this paper are as follows:
1) HVDC system control mode analysis. The paper introduces an analytical method that considers the basic control mode of HVDC systems and designs a control method for EFC participation. This approach allows for a more nuanced understanding of how HVDC systems can be leveraged to support frequency stability in the event of disturbances.
2) Aggregated system frequency response (ASFR) model. The important innovation is the development of the ASFR model, which simplifies the complex MM-SFR model by reducing the order of the generator governor equation, the EFC equation, and the load model equation. This model enables a rapid and precise calculation of the transient frequency nadir, which is crucial for assessing and ensuring frequency security.
3) Analytical method for frequency indices. The paper derives an analytical solution for the transient frequency indices of the receiving-end power systems considering EFC. This solution provides a time-efficient method to predict system frequency dynamics post-disturbance, which is vital for formulating timely and effective EFC strategies.
To further enhance the system security and stability, future research could focus on distributed energy resources, flexible loads participation with the help of edge computing and artificial intelligence.
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