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The VSC-HVDC system can damp the inter-area low-frequency oscillation effectively. To enhance the ability of the VSC-HVDC supplementary control, this article proposes a unified low-frequency oscillation controller design using the robustness theory. The unified control strategy uses both the active power control and reactive power control loop of the VSC to expand the supplementary control dimensions. To design the controller, the TLS-ESPRIT identification method is used to obtain the system small signal model and the oscillation characteristic. Based on the model identified out, the linear matrix inequality method based robust control theory is applied for the controller design, and the robust controllers for active power control and reactive power control loop are both designed to improve the control effect. Finally, the simulation results show that the controller can reach better control effect and the robustness can also be guaranteed.
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1 INTRODUCTION
Power grid interconnection is an inevitable trend in the development of the power industry (Tao et al., 2021a). Large-scale interconnected power grids can reduce the total reserve capacity of the entire power grid, and it also can use the time difference and seasonal difference in different regions to ease the fluctuation of load peaks and valleys. The power resources can be used reasonably and economically, and the cost can also be reduced greatly (Tao et al., 2021b).
Although the large-scale AC–DC hybrid transmission system can provide powerful transmission capacity and flexible operation modes, many new problems will be brought to the power grid. The weakly damped low-frequency oscillation (LFO) problem is one of the typical challenges faced by large-scale grid interconnection. The power system stabilizer (PSS) is the most convenient method to suppress low-frequency oscillation, and a lot of researchers use intelligent methods to improve PSS’s performance. For example, Abido (2002) proposes a novel evolutionary algorithm-based approach to the optimal design of multimachine power system stabilizers (PSSs), the proposed approach employs a particle swarm optimization (PSO) technique to search for optimal settings of PSS parameters. Abdel-Magid and Abido (2003) uses the optimal multi-objective design of robust multimachine power system stabilizers (PSSs) based on genetic algorithms, where the problem of robustly selecting the parameters of the power system stabilizers is converted to an optimization problem, which is solved by a genetic algorithm with the eigenvalue-based multi-objective function. Cai and Erlich (2005) also studied the simultaneously coordinated tuning of the flexible AC transmission systems (FACTS) power oscillation damping controller and the conventional power system stabilizer (PSS) controllers in multimachine power systems, and the parameter-constrained nonlinear optimization algorithm is used.
It is found that PSS mainly performs additional control on generators, so it has a good control effect and the lowest cost for intra-regional oscillations, but for inter-regional oscillations, its effect is poor, especially in the design of stabilizers in a multimachine system (Wang et al., 2020). With the development of HVDC technology, additional damping control of line-commutated converter-based high-voltage direct current (LCC-HVDC) transmission systems becomes a unique resource in AC–DC hybrid grids and can suppress the inter-regional oscillations effectively (Jiang et al., 2019). Smed and Andersson (1993) damps the oscillations with power modulation of LCC-HVDC links, showing that active power modulation is efficient when applied a short mass-scaled electrical distance from one of the swinging machines. Pirooz Azad et al. (2013) studies the supplementary damping control-based LCC converters’ constant current control mode, and the WAS concept is used to damp the oscillation and the predictive control theory is also studied in this article. Li et al. (2012) proposed a coordination approach for the controller design of HVDC and flexible ac transmission systems (FACTS) wide-area controls, which is realized with one HVDC interconnected transmission.
It can be seen that LCC-HVDC are widely used for supplementary damping. But compared with the voltage-sourced converter-based (VSC) HVDC, the LCC-HVDC is usually suffered from the commutation failure problem (Zhang, 2021). So, some people start designing the supplementary damping control through the VSC-HVDC system. Fuchs et al. (2014) demonstrates the stabilization of large power systems using VSC-HVDC links, and the performance enhancement obtained with a global MPC-based grid damping controller is verified. Preece et al. (2013) does the research similar to Pirooz Azad et al. (2013), where the additional controller is added in the VSC system, and to damp the inter-area oscillations, the MLQG method is used to improve the controller’s performance. Huang et al. (2019) also investigates how virtual synchronous machines affect LFOs in power systems. Although some studies related to supplementary damping control have been carried out in the VSC-HVDC area, the controller’s robustness is not specially considered. Moreover, most of the damping controls are implemented through the active power control loop, and the reactive controller is neither considered usually.
To design the supplementary damping control based on the active and reactive control loop through the VSC-HVDC system, and to guarantee the controller’s robustness, this study proposes a unified VSC-HVDC supplementary control strategy. The novelty of this study can be concluded from two aspects. The first novelty is that the reactive and active power control channels of VSC are both used to suppress the oscillations, which has better effect for system stability enhancement; the second novelty of this study is that the robust control theory is applied for the LFO controller design, which can guarantee the correctness of the controller in different situation.
The article is organized as that Section 2 introduces the VSC-HVDC structure and unified supplementary control scheme. Section 3 describes the system modeling method using TLS-ESPRIT identification technology. Based on the obtained small signal model, Section 4 designed the unified controller using mixed H2/H∞ robust control theory based on the LMI approach. Section 5 studies the cases, and Section 6 makes the conclusions.
2 THE VSC-HVDC STRUCTURE AND UNIFIED SUPPLEMENTARY CONTROL
The structure of a VSC-HVDC system with d-q control scheme is presented as in Figure 1. The control of VSC can be divided into two parts, namely, the outer vector voltage control and the inner vector current control.
[image: Figure 1]FIGURE 1 | Control diagram of VSC-HVDC.
2.1 Outer Vector Voltage Control Loop
According to Figure 1, the outer vector voltage control is composed of two parts. The first part outputs the active current reference idref, while the second part outputs the reactive current reference iqref, and the idref is decided by the deviation of the active power Ps and its reference PSref, or by the deviation of the DC voltage Udc and its reference Udc_ref. Similarly, the iqref is decided by the deviation of the reactive power Qs and its reference QSref, or by the deviation of the AC voltage Vac and its reference Vac_ref.
Generally, for a multi-terminal VSC-HVDC system, there is always a converter in constant DC voltage control mode. So, the supplementary damping control should be added at the converter in constant active power control. The chosen converter’s outer vector controls are presented in the following Figure 2.
[image: Figure 2]FIGURE 2 | Control diagrams of the outer power control.
2.2 The Inner Vector Current Control Loop
Figure 3 shows the inner control loop, which is presented as follows.
[image: Figure 3]FIGURE 3 | Inner vector current control loop diagram.
The model of VSC-HVDC in d-q coordinates can be expressed as shown in (1)–(3), and the definitions of the variables in the equations can be found in Li et al. (2017).
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2.3 The Unified Supplementary Damping Control for VSC
It can be seen from the earlier description that the main control of the VSC decides its active and reactive power. So, to realize the damping control for the AC system, the supplementary control is needed besides main control. For a converter in constant power control, the supplementary control is usually added at its active power control loop. Specifically, the outer vector current control is used for extra control function. It is known that the active power mainly decides the damping characteristic, so the supplementary damping control of VSC can be designed at the constant active power control loop. On the other side, although the reactive power has less impact on the frequency oscillation, the influence cannot be ignored. As the reactive power control can change the voltage characteristic, which can also improve the damping performance of the power grid.
Considering the active power control and the reactive power of the VSC are decoupled by the d-q control scheme, another reactive supplementary damping control can also be designed at the reactive outer vector control loop. With such a design, the damping control abilities of the VSC can be enhanced, and the control dimensions can also be expanded from only one to two channels. Such a control concept can be defined as a unified supplementary damping control scheme, as it utilizes the apparent capacity of a single VSC converter. The control diagrams of a unified supplementary damping control are presented in Figure 4.
[image: Figure 4]FIGURE 4 | Control diagrams of the Unified Supplementary Damping control for VSC.
3 SYSTEM MODELING THROUGH TLS-ESPRIT IDENTIFICATION
3.1 The System Modeling Method
It is known that before the controller design, the controlled system should be confirmed, as shown in Figure 5. In this article, the controller system is the hybrid AC-DC system, as the low-frequency oscillation always occurs in the large-scale connected power grid. So, after introducing the supplementary control of VSC, the key problem now is how to establish the system model.
[image: Figure 5]FIGURE 5 | Relationship between the supplementary control and system.
To establish the power grid system model, the classical method is to model every single component and device such that the most accurate characteristics can be reflected. However, the scale of the modern power system is very large, and such a method can hardly be used for practical engineering. Another important and widely used method is to identify the system without modeling the specific components. This method is suitable for small signal analysis, and the TLS-ESPRIT identification algorithm is used in this article.
3.2 The TLS-ESPRIT Identification Algorithm
The total least square estimation of signal parameters via rotational invariance techniques (TLS-ESPRIT) algorithm is an effective tool for harmonic analysis and attenuated sinusoidal signal parameter estimation (Tripathy et al., 2011), (Bachl, 1995). Compared with traditional algorithm simulation, it has the characteristics of strong antinoise and interference ability. It has been widely used in voice signals, biological signal processing, and other occasions.
The core idea of the ESPRIT algorithm is to calculate the rotation operator of the signal through the autocorrelation matrix and the cross-correlation matrix formed by the data to obtain the frequency and attenuation factor of the signal through the rotation recognition, and then combine the TLS separation to obtain the amplitude and phase of the signal.
Generally, the sampled signal can be expressed as a series of combinations of sinusoidal signals and noise, whose amplitude decays exponentially. The expression at the sampling moment can be expressed as follows:
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image] are the angular frequency, amplitude, phase, and attenuation factor of the first oscillation mode, respectively. ωn is the white noise.
Such that the Hankle matrix is formed from the sampled data as Equation 5 shows, in which L > P, M > P, L + M - 1 = N.
[image: image]
By performing the singular value decomposition of the aforementioned matrix using Equation 6
[image: image]
In Equation 6, V H represents the conjugate transpose of the matrix V, M is a diagonal matrix, and the diagonal elements of the M are the singular values arranged in accordance with the size. The V is divided into signal subspace VS and noise subspace VN according to the size of the singular value. The column vector of VS is the eigenvector corresponding to the largest singular values P of the matrix X.
By deleting the first and second rows of VS the remaining matrices are V1 and V2. When noise and interference are not considered, there exist an invertible matrix Ψ, which makes
[image: image]
Considering the noise interference, Equation 7 can be rewritten as follows:
[image: image]
According to Ψ, the signal parameters can be obtained, such that the TLS method is used to optimize Ψ and minimize the norm of the error matrix [image: image]. Then performing the singular value decomposition on the matrix [V1, V2], we can obtain
[image: image]
where [image: image], and it can be rewritten as follows:
[image: image]
Finally, by calculating the eigenvalues [image: image] of the matrix [image: image], the frequency, damping coefficients, and the damping ratios of each component can be obtained, and the expressions of them are presented as shown in Equations 11–13.
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For a N point sampling signal Y = λc, where
[image: image]
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[image: image]
Such that, by using the least square method to obtain the solution of the equation [image: image], the amplitude and phase of each component in the signal can be obtained as follows:
[image: image]
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4 MIXED H2/H∞ ROBUST CONTROL BASED ON THE LMI APPROACH
After the system modeling, the next step is to design damping controllers with satisfied performance. The mixed synthesis with regional pole placement is employed in this article (Chilali et al., 1999; Lien, 2004).
Figure 6 shows the robust control diagrams with consideration of an identified system G(s) using TLS-ESPRIT technology, and the definition of each part can be found in Chilali et al. (1999) and Lien (2004).
[image: Figure 6]FIGURE 6 | Robust control diagram for the LFO damping control.
Let z∞ = [ z∞, z∞2 ]T, Equation 19 shows the state space of the controlled system.
[image: image]
The controller K(s) is written as follows:
[image: image]
The whole system under control can be given as follows:
[image: image]
where [image: image], and
[image: image]
The controllers considering H∞, H2, and damping performance should satisfy the following equations, the meanings and definitions of the equations and the variables can be found in Zeng and Li( 2018). Figure 7 shows the damping performance with satisfied damping ratios under the constrains of these equations.
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[image: Figure 7]FIGURE 7 | Diagram of damping ratioζ >cosθ area (Area D).
Finally, by combining the TLS-ESPRIT identification algorithm, the whole unified robust control scheme based on the LMI method both considering the robustness, controllability, and damping performances can be presented as in Figure 8.
[image: Figure 8]FIGURE 8 | Unified robust control scheme based on the LMI method and TLS-ESPRIT algorithm.
5 CASE STUDY
To verify the aforementioned analysis, the simulations are implemented in this section. The structure of an AC–DC hybrid system to be studied is shown in Figure 9. The system is an eight-machine two-area system, where VSC-HVDC and the AC lines connect two areas together. The detailed parameters of VSC-HVDC can be found in.
[image: Figure 9]FIGURE 9 | Test system with VSC-HVDC.
5.1 Control Signals Selection and System Identification
To realize the system control, the feedback signals should be selected at first. In this article the residue index is used for signal selection. Let a single input single output system’s state space equation is given as follows:
[image: image]
where a is the state matrix, [image: image] is the increment of state vector, [image: image] is the increment of input variable, [image: image] is the increment of output variable, b is a column vector, and c is a row vector. To eliminate the cross coupling between the state variables, a new state vector z related to the original state vector [image: image] is considered by the transformation
[image: image]
where [image: image] is the modal matrix whose column vector [image: image] is the right eigenvector related to corresponding eigenvalue [image: image], that is [image: image]. So according to Tao et al. (2021a), we get
[image: image]
The transfer function of Eq. 1 can be written as follows:
[image: image]
[image: image]
where [image: image] , [image: image] is a diagonal matrix composed of eigenvalues, [image: image] is the eigenvalue, [image: image] is residue at the eigenvalue [image: image], [image: image] is the ith column vector of [image: image], and [image: image] is the ith row vector of [image: image]. After the dominant oscillation mode has been determined, the residue of each signal can be found in Table 1 as follows. It can be seen that ω3 is the most suitable feedback signals for the control.
TABLE 1 | Residues of different signals.
[image: Table 1]To design the unified robust controller of the previously mentioned system, the identification work should be performed at first. According to the analysis, the feedback signal of the robust controller is chosen as ω3, which is the rotor speed of G3. The transfer function of the identified system for active power control loop is given as in (30). The comparison between the real curve and the identified curve is presented as Figure 10, it can be seen that the two curves match well with each other, which prove the correctness of the TLS-ESPRIT algorithm.
[image: image]
[image: Figure 10]FIGURE 10 | Identified results for the active power-controlled system GP_system.
Similarly, the transfer function of the identified system for reactive power control loop is given as in (31). The comparison between the real curve and the identified curve is presented as Figure 11, it also can be seen that the two curves match well with each other, which further prove the correctness of the TLS-ESPRIT algorithm.
[image: image]
[image: Figure 11]FIGURE 11 | Identified results for the active power-controlled system GQ_system
5.2 Robust Controller Design
The weight function of the robust controller is given as follows:
[image: image]
[image: image]
[image: image]
The order-reduced robust controllers of the active and reactive power control loop are shown in (32) and (33), respectively, and the bode diagrams of each controller before and after order reducing are also shown in Figure 12 and Figure 13, respectively.
[image: image]
[image: image]
[image: Figure 12]FIGURE 12 | Controllers KP_system(s) with and without reduction.
[image: Figure 13]FIGURE 13 | Controllers KQ_system(s) with and without reduction.
5.3 Simulation Verification
Then the unified robust controllers are added into the system as shown in Figure 9, and the control effects with only active supplementary control is also presented in each simulation cases to validate the unified robust controllers’ effect and advantages.
5.3.1 In Load Disturbance Occasion
In this case, a relatively small disturbance is implemented at the vsc2 side. At 2s, the load at vsc2 suddenly reduced, and the system’s operation situations are compared in different control strategies. Figure 14 to Figure 18 give out the rotor speeds, active power, and reactive power of generators and VSC-HVDC.
[image: Figure 14]FIGURE 14 | Rotor speeds of G3 with different schemes.
From Figures 14–16, it can be seen that the unified control has much better effect and the damping ration can be enhanced a lot. Compared with the classical active power controller, the unified control can further improve the system small stability, and it further proves that the reactive power control can help with damping enhancement. The active and reactive power output of VSC are also given in Figures 17, 18, where it indicates that unified controller can control the damping from two dimensions and is very helpful. Table 2 gives the specific damping ratio changing situations to present the effect more clearly.
[image: Figure 15]FIGURE 15 | Rotor speeds of G6 with different schemes.
[image: Figure 16]FIGURE 16 | Active power of G3 with different schemes.
[image: Figure 17]FIGURE 17 | Active power of VSC with different schemes.
[image: Figure 18]FIGURE 18 | Reactive power of VSC with different schemes.
TABLE 2 | Damping ratio changing situations.
[image: Table 2]5.3.2 In Fault Occasion
In this case, a single phase to ground fault occurs at 2s, and the system’s operation situations are compared in different control strategies. Figure 19–Figure 23 give out the comparison results. It also proves the effectiveness and correctness of the unified controller.
[image: Figure 19]FIGURE 19 | Rotor speeds of G3 with different schemes.
[image: Figure 20]FIGURE 20 | Rotor speeds of G6 with different schemes.
[image: Figure 21]FIGURE 21 | Active power of G3 with different schemes.
[image: Figure 22]FIGURE 22 | Active power of VSC with different schemes.
[image: Figure 23]FIGURE 23 | Reactive power of VSC with different schemes.
5.3.3 In Operation Mode Changes Occasion
To further prove the robustness of the proposed method, the operation mode of the VSC is changed at 2 s, that is the output of the VSC is reduced from the rated 400–50 MW, and the system’s operation situations are compared in different control strategies. Figure 24–Figure 28 give out the comparison results. It proves the unified controller can still damp the oscillations and thus the robustness of the unified controller can be validated.
[image: Figure 24]FIGURE 24 | Rotor speeds of G3 with different schemes.
[image: Figure 25]FIGURE 25 | Rotor speeds of G6 with different schemes.
6 CONCLUSION
This article studies the unified supplementary damping controller to suppress low-frequency oscillation through VSC-HVDC and the following conclusions can be obtained. The active and reactive power control loop of VSC can be both used for oscillation control, and the reactive supplementary damping controller is independent with the classical active damping controller due to VSC’s decoupled d-q control scheme, which expands the control dimensions of VSC-HVDC for LFO control. Compared with the classical active power damping controller, suppressing the low-frequency oscillation through VSC can have a better effect. Because there are actually two controllers that damp the oscillation simultaneously, and the damping ratio of the original oscillation modes can both be increased when the controllers are added. The LFO can both be quickly eliminated whether it is in fault, power disturbance, and operation vary occasions.
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