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As the proportion of HVDC infeed power increases in the eastern receiving-end power grid, inertia and frequency regulation capability decrease. Utilizing modular multilevel converter (MMC) stations at the receiving-end to provide active frequency support can effectively address this challenge. To this end, this paper first introduces conventional control methods for MMC-based HVDC systems participating in frequency regulation. Subsequently, it establishes a critical mapping relationship between the initial rate of change of frequency (RoCoF) and the subsequent maximum frequency deviation at the converter bus. Building upon this relationship, an adaptive strategy for dynamically adjusting the frequency regulation parameters (virtual inertia and damping coefficient) of the MMC is proposed. This strategy enables the MMC to provide prioritized inertia support during the initial inertial stage and switch to damping support during the recovery stage. Finally, simulations conducted on a modified IEEE 39 bus system validate the effectiveness of the proposed adaptive frequency regulation strategy.
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1 INTRODUCTION
The distribution of energy resources and loads in China is characterized by a reverse east-west pattern. Major fossil and renewable energy resources are in the western regions, while primary load centers are situated along the eastern coast. Thus, transmitting power from west to east is crucial, with ultra-high voltage direct current (UHVDC) transmission being a key technology for large-scale, long-distance power transmission (Li, 2016; Mejia-Ruiz et al., 2025). Recently, both the number and capacity of DC systems have significantly increased, and the proportion of DC infeed power in the eastern coastal provincial grids has gradually risen (Yuan, 2005; Mejia-Rui et al., 2022). Concurrently, the proportion of synchronous generation, mainly represented by hydropower and thermal power, has shown a declining trend year by year. With the decrease in synchronous generation share, the inertia and frequency regulation capabilities of the power grid also decline, posing a severe threat to frequency stability (Wen et al., 2020; Mejia-Ruiz et al., 2023). Under these conditions, MMC-based flexible HVDC systems providing active frequency support represent a promising solution (Xie et al., 2024; Li Congshan et al., 2025).
Various control strategies have been developed for MMCs to participate in AC grid frequency regulation. Among them, the most widely adopted are virtual synchronous machine (VSM) control (Guan et al., 2015) and P-f droop control (Wang et al., 2018). Xiong et al. (2021) investigates the use of inertia control in wind farms, realizing coordinated control between the wind farm and DC grid through power distribution among onshore MMCs. Kirakosyan et al. (2021) achieves frequency regulation at converter stations by modifying the droop control reference of MMCs. Considering that MMCs must also fulfill their internal voltage regulation tasks while supporting grid frequency, Wang et al. (2023) and Judge and Green (2019) explore coordinated control of DC voltage and AC frequency for individual MMC units.
However, existing control strategies typically rely on fixed frequency regulation parameters and adjust MMC output power based solely on instantaneous frequency deviations at the converter bus. If future system states can be predicted, control parameter selection can go beyond current-state dependence and incorporate future information as well, thereby significantly improving control performance. Consequently, some researchers have attempted to predict the maximum frequency deviation online. Yang et al. (2022) and Liu et al. (2020) employ polynomial fitting to describe frequency response characteristics and thereby predict the frequency nadir after major disturbances. Further considering the influence of nonlinear elements, Zhang et al. (2021) improves the polynomial fitting method and enhances the accuracy of frequency nadir prediction. While these approaches generally provide high accuracy, their timeliness often falls short, limiting their applicability in the real-time adaptive adjustment of MMC control parameters.
Based on the above analysis, it is evident that predicting the dynamic trajectory of AC frequency is a critical technique for enhancing frequency regulation performance. However, the timeliness of existing prediction methods remains insufficient. Most of these methods rely on fitting time-series data of considerable length, and their dependence on the completeness of input data reduces their effectiveness for real-time applications. In fact, the rate of change of frequency (RoCoF) when a disturbance occurs inherently contains information about the magnitude and location of the disturbance. This makes it possible to predict the maximum frequency deviation using RoCoF, thereby significantly improving the prediction timeliness. With key frequency trajectory information available, considerable enhancement in frequency regulation performance becomes achievable------though the design of an effective control strategy remains a challenge.
To address this issue, this paper first introduces control methods for flexible HVDC systems participating in frequency regulation and analyzes the requirements for frequency regulation performance in different post-disturbance phases at the receiving-end grid. Then, a primary frequency regulation model is established to derive the mapping relationship between RoCoF and maximum frequency deviation. Accordingly, a timing-adaptive method for adjusting the frequency regulation parameters of flexible HVDC systems is proposed. This method tunes the MMC’s virtual inertia and damping coefficient based on RoCoF immediately following a disturbance, thereby fully exploiting the frequency regulation potential of MMCs.
2 MMC FREQUENCY REGULATION IMPLEMENTATION
Without loss of generality, the control system block diagram of the MMC can be summarized in a general form as shown in Figure 1. The MMC control system mainly consists of four parts: the modulation unit, the inner-loop controller, the outer-loop controller, and the reference value generator. Typically, the modulation unit and inner-loop controller are fixed, while the outer-loop controller can be configured for different control objectives. For the d-axis outer-loop controller, the options include constant active power control or constant DC voltage control. For the q-axis outer-loop controller, the options include constant reactive power control or constant AC bus voltage control. The method by which MMC participates in frequency regulation is to generate the input signal of the d-axis outer-loop controller based on grid frequency deviation or rate of change of frequency.
[image: Diagram of a power system control architecture showing components like a Modular Multilevel Converter (MMC), Converter Transformer, and AC Grid. Elements include Inner and Outer Loop Controllers, Modulation Unit, Reference Generator, and Phase-Locked Loop (PLL). Signals and parameters such as U_dc, I_dc, U_s, θ_s, and f_s are indicated, detailing control and modulation signal pathways within the system.]FIGURE 1 | Control structure of the MMC.In the figure, Idc and Udc represent the DC current and DC voltage of the MMC, respectively; Us and θs represent the voltage magnitude and phase at the point of common coupling (PCC); fs is the grid frequency at the PCC; Ps and Qs represent the active and reactive power outputs of the MMC, respectively. ivdref and ivqref are the reference values for d- and q-axis currents; uvdref and uvqref are the reference values for d- and q-axis voltages. θPLL is the phase angle output by the phase-locked loop (PLL), and εdref and εqref are the input command values for the d- and q-axis outer-loop controllers.
At the primary frequency regulation time scale, the dynamic response of the MMC can be neglected, and the MMC is assumed to follow the control commands in real time. When the MMC operates under constant active power control, to enable its participation in AC frequency regulation, the input of the d-axis outer-loop controller can be generated as shown in Equation 1.
Psref=Ps0−2HvdΔfsdt−DvΔfs(1)
here Psref is the active power reference, Ps0 is the initial active power value, Hv and Dv are the virtual inertia and damping coefficients, and Δfs is the frequency deviation of the converter bus. Unless otherwise specified, all variables used in this article are in per unit value.
If the MMC adopts constant DC voltage control, the relationship between the DC voltage and power can be approximately described by the differential equation shown in Equation 2.
CeqUdcdUdcdt=Pin−Pout(2)
here Ceq is the equivalent capacitance of the MMC, Udc is the DC voltage, Pin is the active power input from the DC side into the MMC, and Pout is the active power output on the AC side.
When the receiving-end MMC adopts constant DC voltage control, and the sending-end converter station operates under constant active power control, Pin in Equation 2 can be considered constant. To allow the MMC to exhibit the frequency regulation characteristic for Pout as shown in Equation 3, Udc can be designed to satisfy Equation 4.
ΔPout=−2HvdΔfsdt−DvΔfs(3)
Ceq2Udc2−Udc02=Hvfs2−fs02+Dv∫Δfsdt(4)
here ΔPout is the variation in the MMC’s output power. By integrating both sides of Equation 4, the following can be obtained:
Udcref=2Hvfs2−fs02+2Dv∫ΔfsdtCeq+Udc02(5)
here Udc0 is the rated DC voltage, and fs0 is the rated frequency.
According to Equation 5, to enable the MMC operating under constant DC voltage control to exhibit frequency regulation behavior, the DC voltage reference value can be set as:
Udcref=2Hvfs2−fs02+2Dv∫ΔfsdtCeq+Udc02(6)
here Udcref is the DC voltage reference value.
3 TIMING-ADAPTIVE FREQUENCY REGULATION STRATEGY FOR RECEIVING-END MMC-HVDC STATIONS
When an active power disturbance occurs in the system, causing an imbalance between supply and demand, the system enters a frequency response process. Generally, the frequency response of an AC grid can be divided into three stages: the inertial stage, the damping stage, and the steady-state stage, as illustrated in Figure 2. During the inertial stage, the frequency drops rapidly. At this stage, the MMC should primarily provide inertia support to the onshore grid to slow down the rate of frequency decline. In the damping stage, the frequency begins to recover and gradually reaches a steady-state value. If the MMC continues to provide inertia support during this stage, it may hinder the rate of frequency recovery. Therefore, in the damping stage, the MMC should primarily provide damping support to the onshore grid.
[image: Graph depicting frequency deviation over time with three stages: arresting, damping, and steady-state. Initial sharp rise shows rate of change of frequency (RoCoF), reaching maximum deviation at damping stage, then stabilizing. Labels indicate key phases and deviations.]FIGURE 2 | Diagram of the frequency response.To define a switching principle between the inertia support and damping support modes of MMC, and to ensure that the MMC does not become overloaded in either mode, it is necessary to predict the maximum frequency deviation after the disturbance. To improve both the speed and accuracy of this prediction, a method based on RoCoF is proposed for estimating the maximum frequency deviation.
3.1 Maximum frequency deviation estimation based on RoCoF
Considering that primary frequency regulation is a relatively long-duration global dynamic process, local and inter-area oscillations in the system can be assumed to have largely decayed at this timescale. All generators in the AC system operate in synchronism, maintaining a uniform system frequency. Therefore, a unified frequency model is adopted to simulate the system’s frequency response characteristics (Fan et al., 2020). A representative model of a system incorporating both thermal and hydroelectric generating units for primary frequency regulation is shown in Figure 3.
[image: A block diagram showing a control system. It features multiple summation and functional blocks connected by arrows. Key elements include summation nodes, transfer functions, delay functions, and gain elements, labeled with parameters such as \( \Delta P_c \), \( \Delta P_t \), \( \Delta P_h \), and \( \Delta f_s \). Blocks display formulas like \( \frac{1}{2H_{ac} + D_{ac}} \), \( \frac{1 + F_H T_R s}{1 + T_R s} \), and \( \frac{1}{R_t} \), indicating system dynamics and control flow.]FIGURE 3 | Transfer function diagram of the primary frequency regulation model.In Figure 3, ΔPt and ΔPh represent the mechanical power variations of thermal and hydropower units. FH represents the proportion of power generated by the high-pressure boiler of the steam turbine, TR is the reheating time constant, and Δf is the system frequency deviation. Rt and Rh are the droop coefficients of thermal and hydropower units. Tw is the time constant associated with the water hammer effect. ΔPe represents the variation in electromagnetic power. Hae is the equivalent system inertia time constant, and Dae is the equivalent system damping coefficient. It is assumed that the system contains nt thermal units and nh hydropower units. The expressions for Hae and Dae are given in Equations 7, 8, where SBi is the rated capacity of the ith unit.
Hae=∑i=1ntSBiHi+∑i=1nhSBiHi∑i=1ntSBi+∑i=1nhSBi(7)
Dae=∑i=1ntSBiDi+∑i=1nhSBiDi∑i=1ntSBi+∑i=1nhSBi(8)
By aggregating and equivalently modeling the governor systems of thermal and hydropower units (Li et al., 2025), the differential equation of the aggregated governor system can be obtained as follows:
TfaeRaedΔfsdt−TpaedΔPmaedt=ΔPmae−1RaeΔfs(9)
In Equation 9, ΔPmae represents the sum of the mechanical power variations of all units, and its expression is given in Equation 10. Tfae, Tpae, and Rae are equivalent parameters, which satisfy the conditions described in Equations 11–13.
ΔPmae=∑i=1ntΔPti+∑i=1nhΔPhi(10)
1Rae=∑i=1nt1Rti+∑i=1nh1Rhi(11)
TpaeΔPmae=∑i=1ntTRiΔPti+∑i=1nh0.5TwiΔPhi(12)
TfaeRae=∑i=1ntFHiTRiRti−∑i=1nhTwiRhi(13)
The transfer function of the system frequency response after equivalence is:
ΔfΔPe=Rae1+Tpaes2HaeTpaeRaes2+2HaeRae+TpaeRaeDae+Tfaes+DaeRae+1(14)
The magnitude of RoCoF (Rate of Change of Frequency) is related to system inertia and the amount of power deficit, and can be expressed as:
vR=ΔPe2Hae(15)
According to Equations 14, 15, the quantitative relationship between the system’s maximum frequency deviation and RoCoF can be obtained as:
η=ΔfmaxvR=2HaeDeq+1/Rae1+1−2ζωnTpae+ωn2Tpae2e−ζ1−ζ2π−φ(16)
In this equation, η denotes the ratio between the maximum frequency deviation and RoCoF, Δfmax is the maximum frequency deviation, and vR is the RoCoF. The expressions for ωn, ζ, and φ are given as follows:
ωn=DeqRae+12HaeTpaeRae(17)
ζ=2HaeRae+TpaeDeqRae+Tfae22HaeTpaeRaeDeqRae+1(18)
φ=arctanωn1−ζ21/Tpae−ζωn(19)
From Equations 16–19, the ratio η between the maximum frequency deviation and RoCoF does not change with the magnitude of the disturbance power. Under constant system parameters, it remains a fixed value. Therefore, in practical systems, it can be considered approximately that the ratio between the maximum frequency deviation and RoCoF is only related to the operating condition and remains unchanged under disturbances such as DC blocking and load fluctuations. The influence of key parameters in above formulas is analyzed in Table 1.
TABLE 1 | Influence of key parameters on system dynamics.	Key parameter	Physical meaning	Influence on transfer function G(s) characteristics. (Increase)	Influence on system dynamic frequency response (after disturbance)
	Hae	Equivalent inertia time constant of synchronous generators (reflects the system’s ability to resist frequency changes)	- Increases the coefficients of the quadratic and linear terms in the denominator, reducing the natural frequency ωn
- Lowers the open-loop gain, slowing down the response speed	- When increased: The RoCoF in the inertial stage decreases (frequency drops more gently), and the time to reach the frequency nadir is delayed
- When decreased: RoCoF increases (frequency drops faster), and the time to reach the frequency nadir is advanced
	Dae	Equivalent damping coefficient (sum of generator mechanical damping and load frequency-sensitive damping, reflecting the system’s ability to attenuate frequency oscillations)	- Increases the coefficients of the linear and constant terms in the denominator, improving the damping ratio ζ
- Suppresses oscillation tendency and reduces overshoot	- When increased: Oscillation attenuation accelerates (secondary frequency drop is weakened), and the frequency nadir is higher (shallower drop)
- When decreased: Oscillation attenuation slows down (secondary frequency drop is more obvious), and the frequency nadir is lower (deeper drop)
	Rae	Equivalent governor droop coefficient (reflects the steady-state frequency regulation capability of units)	- Scales all terms in the numerator and denominator	- When increased: The steady-state frequency deviation increases (worse long-term frequency recovery)
- When decreased: The steady-state frequency deviation decreases (better long-term frequency recovery)
	Tpae	Equivalent governor lag time constant (reflects the delay characteristic of mechanical power adjustment)	- Introduces a zero at s=−1Tpac (the zero shifts leftward as Tpae increases)
- Increases the coefficients of the quadratic and linear terms in the denominator	- When increased: Mechanical power response is delayed, the frequency nadir is lower (more severe frequency drop), and the transient process is prolonged
- When decreased: Mechanical power response is accelerated, the frequency nadir is higher (shallower frequency drop), and the transient process is shortened
	Tfae	Equivalent governor lead time constant (reflects the acceleration characteristic of initial mechanical power response)	- Increases the coefficient of the linear term in the denominator, improving the damping ratio ζ	- When increased: Initial mechanical power adjustment is accelerated, the frequency drop slope decreases, and the frequency nadir is higher
- When decreased: Initial mechanical power adjustment is slowed down, the frequency drop slope increases, and the frequency nadir is lower


3.2 MMC time-sequence adaptive frequency regulation strategy
To enable the MMC to provide inertia support to the system during the arrest stage and damping support during the stabilizing stage, the active power variation of the MMC should satisfy the following conditions:
ΔPMMC=−2HmdΔfdt,dΔfdt≤vc−DmΔf,dΔfdt>vc(20)
In this equation, ΔPMMC represents the active power variation of the MMC, while Hm and Dm denote the adaptive virtual inertia and damping coefficients of the MMC, respectively. vc is the rate of change of frequency at the moment of strategy switching, which satisfies the following equation:
2HmdΔfdtdΔfdt=vc=DmΔfdΔfdt=vc(21)
By adjusting the values of Hm and Dm, the switching point of the control strategy can be regulated. In extreme cases, if Hm approaches zero, the MMC enters the virtual damping control mode right at the initial operating point. If Dm approaches zero, the MMC enters the virtual damping control mode only at the lowest frequency point. The values of Hm and Dm can be reasonably set based on predicted values of RoCoF and the maximum frequency deviation, as shown in:
Hm=ΔPmax/vRDm=ΔPmax/Δfmax(22)
In this equation, ΔPmax represents the maximum active power variation of the MMC.
In combination with Equation 16, the virtual damping coefficient can also be expressed as a function of RoCoF:
Dm=ΔPmaxηvR(23)
After the disturbance occurs, the virtual inertia Hm of the MMC is first determined using the rate of change of frequency at the moment of the disturbance. Then, considering the inertia support provided by the MMC, the predicted maximum frequency deviation Δfmax is obtained from Equation 16, and subsequently the virtual damping coefficient Dm of the MMC is calculated using Equation 23. During the frequency response process, the control strategy is switched based on Equation 20, and the value of vc is obtained from Equation 21.
In addition, to avoid frequent actions of the MMC and to reduce the estimation error caused by differences in RoCoF across different buses, the RoCoF used in practical applications should be the average value over a time window, rather than an instantaneous value at a single moment. This approach reduces both the frequency of MMC actions and the estimation error in the maximum frequency deviation due to varying frequency bands across different buses.
The triggering condition for the MMC time-sequence adaptive frequency regulation strategy is given by:
Δft=ts−Δft=t0ts≥db(24)
In Equation 24, t0 is the measurement start time, ts is the measurement end time, and db is the dead band for action.
The control flow is illustrated in Figure 4. The key steps are as follows:
	Step 1: Prediction of Maximum Frequency Deviation

[image: Flowchart illustrating the real-time measurement and control process of MMC bus frequency rate of change of frequency (RoCoF). It begins with measuring RoCoF. If RoCoF does not satisfy a specific equation, no further action is taken. If it does, the MMC sequential adaptive frequency control strategy is activated. The process includes predicting maximum frequency deviation using an equation, calculating damping coefficients based on predictions, and computing desired active power variation using additional equations. Finally, the MMC control reference value is calculated based on the desired power variation and control strategy.]FIGURE 4 | MMC sequential adaptive frequency regulation strategy flowchart.After a disturbance occurs, the virtual inertia Hm of the MMC is set based on the rate of change of frequency (RoCoF). Then, considering the virtual inertia of the MMC, the maximum frequency deviation is estimated using the relationship between RoCoF and frequency deviation described in Equation 16.
	Step 2: Calculation of MMC Expected Active Power Variation

The virtual damping coefficient is calculated using Equation 23, and the frequency change rate at the control mode switching point is calculated using Equation 21. Subsequently, Equation 20 is used to compute the expected active power variation of the MMC in real time throughout the time-sequence process.
	Step 3: Calculation of MMC Control Reference Value

If the MMC operates under a constant active power control mode, then the expected active power variation obtained in Step 2 serves directly as the power reference. If the MMC operates under a constant DC voltage control mode, then the DC voltage reference is further calculated based on the relationship between virtual inertia, damping coefficient, and DC voltage as described in Equation 6.
4 CASE STUDY ANALYSIS
The proposed method is validated on a modified IEEE 39-bus system, with simulations conducted using PSS/E. The network topology of the modified IEEE 39 bus system is shown in Figure 5. A bipolar MMC-based flexible DC transmission system is integrated at Bus 7, and the main parameters of the MMC-HVDC are listed in Table 2.
[image: Diagram of an electrical network featuring labeled nodes, lines, and symbols representing a Modular Multilevel Converter High Voltage Direct Current (MMC-HVDC) system connected to a sending-end power grid. Various pathways and components are numbered, indicating flow paths and connections between nodes labeled G30 to G39.]FIGURE 5 | Network topology of the modified IEEE 39 bus system.TABLE 2 | Main parameters of the monopole MMC-HVDC system.	Category	Value
	Rated power (MW)	1,000
	Rated DC voltage (kV)	400
	Line resistance (Ω)	1.5


In the original IEEE 39-bus case, the total installed generation capacity is approximately 8050 MVA, with a load of 6124 MW. After the MMC-HVDC is connected, the generation capacity and output of all generating units remain unchanged, while all loads are scaled proportionally to maintain supply-demand balance.
4.1 Validation of maximum frequency deviation prediction method
The prerequisite for the effective application of the MMC time-sequenced adaptive frequency regulation strategy is the accurate prediction of the maximum frequency deviation using RoCoF. Therefore, the following focuses on validating the RoCoF-based method for predicting maximum frequency deviation. Generally, after a disturbance occurs, due to differences in generator capacities, parameters, and distances from the disturbance point, the imbalance in power is distributed unevenly among the generators. Consequently, within a very short time after the disturbance, each generator exhibits a different RoCoF. Because of the variation in RoCoF among generators, they cannot maintain perfect frequency synchronization, and relative phase shifts occur—this process is known as the power angle swing. When the system damping ratio is sufficient, the relative motion among generators gradually settles down, and the system then enters the primary frequency regulation stage, during which the generators operate in synchronism. For example, if a 600 MW load step is applied to the modified IEEE 39 bus system, the frequency variations of the ten generators in the system are shown in Figure 6.
[image: Graph showing frequency deviation in hertz over time in seconds. Various colored lines depict different frequency deviations, initially dropping steeply before stabilizing around the eight-second mark. A red dashed ellipse highlights the data between zero and two seconds, with an inset focusing on this range.]FIGURE 6 | Frequency response curves of the ten units after the load steps.From Figure 6, it can be observed that after the disturbance, the generators cannot maintain complete frequency synchronization. Using the RoCoF at a single time point to predict the maximum frequency deviation is likely to introduce significant errors. However, if the average RoCoF over a certain time window is used, the average RoCoFs of different generators become relatively similar, providing a more reliable reference for predicting the maximum frequency deviation. Therefore, in the following analysis, the average RoCoF values over different generators and various time window lengths are used to predict the maximum frequency deviation. These predictions are then compared with the actual maximum frequency deviations obtained from simulation results. The corresponding errors are shown in Figure 7. The formula for calculating the prediction error is given in Equation 25.
ε=Δfpv−ΔfsvΔfsv×100%(25)
where ε is the prediction error, Δfpv is the predicted value of the maximum frequency deviation, and Δfsv is the simulated value of the maximum frequency deviation.
[image: Three-dimensional bar chart depicting estimation error percentages against measurement time window lengths for various generator numbers. Bars are colored in shades of teal, orange, and red, indicating different window lengths ranging from zero to one point five seconds. The estimation error percentages range from zero to thirty-two point five percent. Generator numbers range from thirty to thirty-nine.]FIGURE 7 | Statistical chart of maximum frequency deviation prediction error.From Figure 7, if a time window of only 0.5 s is used to average the RoCoF, the resulting prediction of the maximum frequency deviation has a relatively large error, with the maximum reaching up to 31%. However, if the time window length is extended to 1.5 s, the prediction error can be effectively reduced to below 10%. It is worth noting that the time window should not be excessively long, as this would delay the participation of the MMC in frequency regulation, reducing its effectiveness in enhancing frequency stability. Among the ten generators, using G39 to obtain the average RoCoF yields the best prediction accuracy for the maximum frequency deviation. This is because G39 has a relatively large capacity and a smoother frequency waveform, resulting in a more stable mapping relationship between RoCoF and maximum frequency deviation.
It should be noted that RoCoF measurement errors (△VR)) affect the switching criterion through two paths:
Path 1: Impact on Hm and maximum frequency deviation prediction: Hm is directly tuned by RoCoF (Equation 22). A positive △VR (overestimated RoCoF) leads to overestimation of Hm, resulting in excessive inertia support and delayed frequency recovery. A negative △VR (underestimated RoCoF) leads to insufficient Hm, failing to suppress the initial frequency drop.
Path 2: Impact on vc and switching timing: vc is derived from predicted maximum frequency deviation (Equation 21), which depends on RoCoF. An overestimated RoCoF advances the switching to damping support, while an underestimated RoCoF delays it.
To determine the applicable error range for a specific system, it is necessary to conduct prior analysis of its structure and dynamic performance—this is a practical engineering prerequisite for the strategy’s application.
4.2 Verification of the MMC sequential adaptive frequency regulation strategy
The following section verifies the MMC sequential adaptive frequency regulation strategy. It is assumed that the MMC’s short-term maximum support power is 0.1 pu, equivalent to 200 MW. Three operating conditions are selected for simulation: MMC not participating in frequency regulation, MMC using the sequential adaptive frequency regulation strategy, and MMC using the virtual synchronous control strategy. Under the virtual synchronous control strategy, the inertia and damping coefficient of the MMC are fixed, selected based on the principle of ensuring no overload occurs throughout the transient process.
The simulation results are shown in Figures 8–10. Figure 8 presents the system’s frequency response curves under the three conditions. It can be observed that when the MMC adopts either the sequential adaptive frequency regulation strategy or the virtual synchronous control strategy, the minimum point of the system frequency can be effectively increased, thereby improving system frequency stability. Compared with the virtual synchronous control strategy, the sequential adaptive frequency regulation strategy can further increase the minimum system frequency and accelerate the frequency recovery process. This is because, during the system frequency recovery process, inertia control plays a hindering role, whereas the sequential adaptive frequency regulation strategy transitions into damping control during this phase, which is beneficial for enhancing the frequency recovery speed.
[image: Line graph showing frequency deviation in Hertz over time in seconds. Three strategies are compared: black line for no frequency regulation, red line for sequential adaptive frequency regulation, and blue line for virtual synchronous control. Initially, all lines start at zero, dip to a minimum around two seconds, then gradually rise towards zero by ten seconds.]FIGURE 8 | Frequency response curves under different control strategies of the MMC.[image: Graph showing MMC active power variation over time in seconds. The black line indicates actual variation, the red dashed line represents the inertial component, and the blue dashed line depicts the damping component. The y-axis ranges from negative 0.06 to 0.18 pu. The curves show initial fluctuation then stabilize.]FIGURE 9 | Active power variation of the MMC under the sequential adaptive frequency regulation strategy.[image: Graph depicting MMC active power variation over time in seconds. Two strategies are compared: Time-sequential Adaptive Frequency Regulation Strategy (black line with squares) and Virtual Synchronous Control Strategy (red line with circles). Both start at 0.18 per unit, decreasing over 10 seconds, with the black line showing greater variation initially.]FIGURE 10 | Comparison of the MMC active power variations under different control strategies.The active power variation of the MMC under the sequential adaptive frequency regulation strategy is shown in Figure 9. Figure 9 illustrates the actual active power variation of the MMC, as well as the computed results of the inertia and damping components. Under the sequential adaptive frequency regulation strategy, the actual active power variation of the MMC corresponds to the maximum value between the inertia and damping control outputs, effectively forming an upper boundary. Figure 10 presents the MMC active power variations under both the sequential adaptive frequency regulation strategy and the virtual synchronous control strategy. In comparison, the sequential adaptive frequency regulation strategy enables the MMC to release its maximum power margin at the point of maximum frequency deviation. In contrast, under the virtual synchronous control strategy, the MMC reaches its peak output before the frequency nadir and subsequently experiences a continuous decline in output due to inertia control, failing to fully utilize the MMC’s power support capability. The detailed comparison between the proposed adaptive strategy and the virtual synchronous control is shown in Table 3.
TABLE 3 | Superiority of the Proposed Adaptive Strategy vs. Virtual Synchronous Control.	Evaluation dimension	Proposed sequential adaptive strategy	Virtual synchronous control (VSM control)	Superiority of the proposed strategy (based on Figures 8, 10)
	1. Control parameter adaptability	Adjusts virtual inertia Hm and virtual damping Dm in real time based on RoCoF
- Larger Hm in the inertial stage (to slow RoCoF)
- Larger Dm in the damping stage (to accelerate recovery)	Uses fixed Hv and Dv (set in advance to avoid overload during transients)	Avoids the “trade-off dilemma” of VSM control: No over-inertia-induced recovery delay in the damping stage, and no insufficient damping-induced oscillation in the steady-state stage
	2. System frequency nadir (key indicator for frequency stability)	From Figure 8: The frequency nadir is 49.71 Hz (minimum frequency during disturbance)	From Figure 8: The frequency nadir is 49.69 Hz	Raises the frequency nadir by 0.02 Hz—an improvement for receiving-end grids
	3. Frequency recovery speed	From Figure 8: Time to recover to 49.8 Hz is 5.48 s	From Figure 8: Time to recover to 49.8 Hz is 7.18 s	Shortens the frequency recovery time by 1.7 s—accelerates the system’s return to stable operation and reduces the duration of low-frequency stress on equipment
	4. Avoidance of inertia Hindrance	Switches to damping control in the recovery stage—eliminates the hindrance of inertia control on frequency rise	Maintains fixed inertia control throughout the process—inertia-induced “negative damping” slows down frequency rise	As shown in Figure 8: The proposed strategy’s frequency rise slope is higher than VSM control in the recovery stage


Previously, it was mentioned that if the receiving-end MMC operates under constant active power control, its participation in frequency regulation is achieved by adjusting its power reference. In this case, the power and energy required for frequency regulation are provided by the sending-end grid, and the DC voltage of the system can remain stable due to the sending-end MMC maintaining constant DC voltage control. On the other hand, if the receiving-end MMC operates under constant DC voltage control, its participation in frequency regulation is achieved by adjusting the DC voltage reference. In this scenario, the power and energy needed for frequency regulation are supplied by the DC-side capacitor energy storage of the MMC. Since the energy storage capacity of MMC submodule capacitors is limited, it usually cannot provide effective frequency support, and additional super-capacitor energy storage is required (Li J. et al., 2025). The impact of MMC participation in frequency regulation on its own DC voltage under different super-capacitor configurations is analyzed in Figure 11. When the equivalent lumped capacitance Ceq takes per unit values of 30, 12, and 6 pu (based on a rated capacity of 1,000 MW), it is observed that when the capacitance per unit value drops below 6 pu, the MMC DC voltage decreases below 0.9 pu under the current frequency regulation parameters, which is generally unacceptable. Therefore, if the receiving-end MMC adopts constant DC voltage control and attempts to participate in frequency regulation of the receiving-end grid, it imposes high requirements on the configuration of supercapacitor energy storage.
[image: Graph showing the MMC DC voltage over 10 seconds for three different equivalent capacitance values: 30, 12, and 6 pu. Voltage decreases over time, with higher capacitance maintaining higher voltage levels. Black squares, red circles, and blue triangles represent each capacitance.]FIGURE 11 | Variation curves of the DC voltage with different super-capacitor energy storage configurations.4.3 Discussion on applicable conditions and performance boundaries
The case study demonstrates the effectiveness of the proposed adaptive frequency support strategy. However, its performance and applicability are subject to different conditions under the two control modes of the receiving-end MMC, which are systematically summarized here.
4.3.1 Applicable conditions for constant active power control mode
4.3.1.1 Energy source
The active power support is fundamentally provided by the sending-end grid. The receiving-end MMC acts as a power regulator, and the DC link serves as the power transmission channel.
4.3.1.2 Performance boundary and requirements
Sending-end Grid Capability: The sending-end grid must have sufficient spare capacity and fast response capability (e.g., from generators or energy storage) to inject the additional power required for frequency support into the DC link.
DC Link Capacity: The DC transmission system (including converters and lines) must have the capacity margin to carry this additional power transient without causing overcurrent or overvoltage issues.
Sending-end Control Coordination: The sending-end converter station must be capable of maintaining DC voltage stability while the receiving-end MMC varies its power draw. This mode is most suitable when the sending-end grid is strong and has abundant regulation resources.
4.3.2 Applicable conditions for constant DC voltage control mode
4.3.2.1 Energy source
The active power support is sourced from the energy stored in the DC-side capacitors of the MMC submodules. The DC voltage variation is the direct manifestation of this energy exchange.
4.3.2.2 Performance boundary and limitations
Limited Energy Reserve: The inherent energy storage capacity of MMC submodule capacitors is very limited. As shown in Figure 11, without external support, the DC voltage can drop to unacceptable levels during frequency support, which may threaten the secure operation of the HVDC system itself.
Dependency on Additional Energy Storage: To provide meaningful and sustained frequency support, this mode mandatorily requires the integration of large-capacity external energy storage systems (e.g., supercapacitors or batteries) on the DC side to supplement the MMC’s internal capacitance. The required size of this energy storage is directly proportional to the intended support power and duration. And the key requirement is “short-term fast high-power response”.
DC Voltage Stability: The control strategy must carefully manage the DC voltage deviation. Excessive deviation might lead to protection system activation or instability. Therefore, this mode is applicable primarily in systems where significant supercapacitor energy storage is co-located with the MMC station.
4.3.3 Summary
In summary, the choice between the two modes depends on the system configuration and available resources. The constant active power control mode is preferable when the sending-end grid is the desired source of support energy. In contrast, the constant DC voltage control mode is a viable option only when substantial supercapacitor energy storage is installed at the receiving-end station, effectively creating a hybrid MMC-ESS system for local frequency support.
5 CONCLUSION
This paper analyzes the technical approaches for MMC participating in grid frequency regulation under two control strategies: constant active power and constant DC voltage. To address the limitations of fixed-parameter control, a novel sequential adaptive frequency regulation strategy for MMC is proposed, which dynamically adjusts virtual inertia and damping coefficients based on the real-time estimation of the maximum frequency deviation via RoCoF.
Simulations conducted on the modified IEEE 39-bus system demonstrate the superior performance of the proposed strategy compared to the conventional virtual synchronous control (VSC) strategy. The advantages are quantitatively validated as follows:
Improved Frequency Nadir: The proposed strategy raises the system frequency nadir by 0.02 Hz, from 49.69 Hz to 49.71 Hz, as directly evidenced in Figure 8. This improvement is critical for enhancing the frequency security margin of the low-inertia receiving-end grid.
Accelerated Frequency Recovery: The time for the system frequency to recover to 49.8 Hz is significantly reduced from 7.18 s to 5.48 s, a reduction of 1.7 s. This faster recovery minimizes the duration of low-frequency stress on power equipment.
Full Utilization of Power Margin: The proposed strategy enables the MMC to deliver its maximum allowable support power of 200 MW (0.2 pu) precisely at the moment of the frequency nadir. In contrast, under the VSC strategy, the MMC’s output peaks before the nadir and decreases to about 180 MW at the critical point, failing to fully utilize its 200 MW capacity when it is most needed.
In summary, the proposed sequential adaptive strategy effectively taps into the frequency regulation potential of MMCs by ensuring optimal power injection at the critical time and eliminating the hindering effect of inertia during recovery. The case study quantitatively confirms its effectiveness in improving both the frequency nadir and the recovery speed.
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