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For frequency and voltage stability control of grid-forming converters in high-power electronic scenarios, this paper proposes a grid-forming converter grid-connection stability control strategy based on passive control and deep reinforcement learning. Firstly, the virtual synchronous generator (VSG) is written in the port-Hamiltonian form to clarify the interconnection and dissipative structure, and the achievable passive control law is obtained by energy shaping and damping injection. Then, DDPG is introduced to adjust the damping parameters online, so that the control has adaptive ability under multiple working conditions, and the closed-loop system is proved to be asymptotically stable based on Lyapunov function. Finally, the simulation example analysis is carried out. In the simulation of power mutation, voltage imbalance, short-circuit fault and load change, this method significantly reduces the overshoot and adjustment time compared with VSG-PI and fixed parameter PBC, and improves the steady-state error and energy dissipation rate. The simulation results verify the effectiveness of the combination of physical consistency and strategy adaptation.
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1 INTRODUCTION
With the continuous advancement of the goal of reducing carbon and consumption energy system construction, the global new energy grid-connected system has developed rapidly. (Shao et al., 2025; Xia et al., 2025). However, with the increasing proportion of power electronic devices in renewable energy power generation systems, especially the increase of power electronization rate caused by the expansion of wind power installation scale, the damping and inertia characteristics provided by synchronous generators in the system are significantly weakened, and the support ability of the power grid to wind power integration is reduced, which has an important impact on the stable operation of new energy grid-connected systems (Liu et al., 2023; Ji and Xu, 2024; Liu et al., 2024). In order to enhance the stability of the new energy grid-connected system, the grid-forming converter has received extensive attention as a technology that can actively provide support functions such as frequency modulation and voltage regulation. At present, the mainstream network-based control strategies mainly include four categories: droop control, virtual synchronizer control, matching control and virtual oscillator control. The droop control cannot directly respond to the frequency change rate of the system; the virtual synchronous machine control has the inertia support function, which can realize the direct response to the system frequency change rate. Matching control and virtual oscillator control are new control methods proposed in recent years. (Wang et al., 2022; Rocabert et al., 2012). Focusing on the control research of the grid-forming converters, the model bionic method represented by VSG introduces virtual inertia and damping by means of the rotor motion equation to improve the frequency support capability. In addition, the energy shaping method based on dissipative Hamiltonian or port-controlled theory can improve the stability margin of nonlinear links through interconnection-dissipative structure reconstruction. Building upon this foundation, the data-driven method represented by deep reinforcement learning emphasizes strategy adaptation under multi-disturbance and parameter uncertainty. While existing approaches have made progress in their respective dimensions, they generally face limitations such as linear PI parameters struggling to cover strong nonlinearities, fixed energy-shaping parameters failing to adapt to multiple operating conditions, and data-driven strategies lacking physical consistency constraints.
In this paper, a network construction control method based on VSG is adopted. This strategy introduces virtual inertia by simulating the dynamic characteristics of the synchronous generator, so that the system can provide inertia and damping support independently without relying on the phase-locked loop (Liu et al., 2017; Wang et al., 2023). However, due to the high fitting of the external characteristics of the synchronous machine, the scheme sacrifices the original fast response performance of the converter to a certain extent. In addition, VSG control models the new energy grid-connected system as a second-order system, which is more likely to cause stability problems under non-ideal conditions such as power fluctuation, grid voltage imbalance, short-circuit fault and load change. In terms of improving the control performance of grid-forming converters, several studies have proposed improvement schemes. In reference (Sang et al., 2021), a virtual synchronous direct-drive wind power control system based on DC voltage synchronization is designed. The complex power coefficient method is used to identify the key factors affecting the stability, and the corresponding stabilization control strategy and parameter tuning method are proposed to enhance the inertia response capability of the system. Reference (Cheng et al., 2023) reports a VSG control method based on the output stage, which suppresses the power fluctuation by introducing a current regulator to stabilize the output current oscillation. Based on the fourth-order generator model, the adaptive terminal sliding mode control law is constructed in reference (Yan and Wang, 2018), which realizes the error-free adjustment of the VSG excitation link, overcomes the uncertainty caused by the perturbation of the filter parameters, and improves the stability margin of the system. In reference (Dang et al., 2021), sliding mode control is applied to the inner current loop of the converter, and the robustness of the system after disturbance is enhanced by adjusting the grid-connected power factor. Although the above research has promoted the development of VSG control, most of the existing strategies do not fully consider the nonlinear dynamic behavior of the grid-connected system. The linear proportional integral control method is still widely used, and its control performance still has room for improvement.
Passive control has the advantages of simple structure, low cost, strong robustness and easy implementation (Ortega et al., 2008; Cheng et al., 2024). The grid-connected system under grid-type control is essentially a nonlinear system, and the linear control method is often less stable. This kind of method usually needs to simplify the nonlinear part of the system, which leads to the deviation between the model and the actual system, and it is difficult to achieve effective and stable control of power, frequency and voltage (Zhang et al., 2021). In addition, the parameter optimization effect of virtual synchronous generator (VSG) is limited, and its fixed parameters are difficult to adapt to the dynamic changes of power grid conditions. The passivity-based control method is based on the structural characteristics of the system. The controller is designed from the perspective of the energy function, and the system is asymptotically stable by reconstructing the generalized energy function. This method does not need to introduce complex nonlinear functions or observers, and the parameter tuning is simple. Reference (Cheng et al., 2019) combines passive control with shunt active filter to realize reactive power and harmonic compensation under non-ideal conditions, which improves system stability. In reference (Liu et al., 2021), an adaptive passive control strategy based on dissipative Hamiltonian model is proposed for doubly-fed wind turbines, which can effectively suppress forced subsynchronous oscillation. Reference (Cheng et al., 2017) proposed a converter control strategy based on internal model observer and passive theory to reduce the damage of grid imbalance to doubly-fed wind turbines. Reference (Chen et al., 2019) applied the passive control of the Euler-Lagrange model to the modular multilevel converter under unbalanced grid conditions, which enhanced the stability of the system. In summary, the research on passive control in power system direction is mainly applied to the machine side and the grid side (Xue et al., 2022; Liu et al., 2023; Xue et al., 2020). The machine side mainly studies direct-drive and doubly-fed wind turbines, and the grid side mainly studies two-level converters, modular multi-level converters, etc., which have not been applied to the grid control. Therefore, this paper applies passive control to the virtual synchronous control equation to make up for the shortcomings of the linear control method‘s lack of adaptability to model errors and parameter changes and improve system stability. In response to the above shortcomings, this paper proposes a two-layer control strategy of physical mechanism hybrid strategy learning. The lower layer uses passive control to perform energy shaping and damping injection on VSG to ensure structural stability and convergence; DDPG is introduced by the upper layer to adjust the PBC damping injection parameters online, enabling the control law to adaptively approximate optimal performance under different faults, disturbances and weak network conditions.
In summary, this study investigates the grid-connected stability of grid-forming converters based on the VSG control principle. A Hamiltonian energy shaping-based control strategy derived from passivity theory is proposed to regulate angular frequency and voltage. The main features are as follows.
	Passive control belongs to the category of nonlinear control theory, which is extremely in line with the nonlinear characteristics of the system, and the controller is designed through Hamilton’s energy molding control method, which has excellent VSG output control ability, fast response and accurate control.
	By introducing a damping mechanism, the system energy can be reconfigured and the energy function can be optimized, so that the angular frequency and voltage of the VSG output can be stabilized within the desired equilibrium range, and the robustness and stability of the system can be enhanced under non-ideal system conditions.
	The strategy is able to quickly track the system desired balance point and synchronize the tracking of angular frequency and voltage changes under the non-ideal conditions of power change, grid voltage imbalance, short-circuit faults, and load changes in the simulated working conditions, the advantages of the proposed method are quantitatively explained from the indexes of adjustment time, overshoot, steady-state error and energy dissipation rate, which greatly improves the frequency stability of the system.

2 MAIN TOPOLOGY AND CONTROL PRINCIPLE OF GRID-FORMING CONVERTER
2.1 Main topology of grid-forming converter
The cooperative control of the grid-forming converter refers to the closed-loop cooperation between the passive energy shaping of the physical layer and the adaptive setting of the damping parameters of the intelligent layer. The physical layer guarantees the provable stability through the Hamiltonian energy function and the interconnection-dissipative structure; the intelligent layer takes the system state as the observation and the damping adjustment as the action, and optimizes the dynamic performance online without destroying the passive structure. The grid-type control system mainly contains the grid-side converter, filter, grid impedance, etc. The virtual synchronization control used in this paper is the main topology of the grid-type converter. In this paper, the virtual synchronous control is adopted as the control strategy of the grid-type, and the converter control includes VSG control, power external loop control and voltage-current double closed-loop control. The VSG main topology is shown in Figure 1.
[image: Diagram of a voltage-source inverter with control loops. It features a DC input, marked as U_dc, connected to an inverter bridge. Output lines, labeled i_a, i_b, and i_c, pass through inductors and resistors labeled L_f and R_f. Capacitors marked C stabilize the output voltages, u_ga, u_gb, and u_gc. Control systems include PWM, voltage and current double loop control, VSG control, and performance calculation, orchestrating the inverter's operation with parameters like δ, E, P_ref, Q_ref, P_e, and Q_e.]FIGURE 1 | Main topology and control structure of grid-forming converter.2.2 Mathematical model and control strategy of VSG
Virtual synchronous control mimics the electromechanical dynamics of synchronous generators, with its core functionality consisting of active-frequency power and reactive-voltage power control loops.
The specific equations of active power-frequency regulation are shown in Equation 1.
dδdt=ωgJdΔωdt=Pref−Peω0−D·ωg−ω0(1)
where, δ is the phase difference; ωg is the grid reference synchronous angular frequency; ω0 is the rated angular frequency of the grid; J is the rotating control assembly inertia; D is the coefficient of damping; Pe is the active power output to the grid; Pref is the active power setpoint reference for grid.
The specific equation of reactive voltage regulation is shown in Equation 2
dEdt=1KQref−Qe−DqUn−U0(2)
where, K is the reactive regulation coefficient; Qref is the reactive power setpoint at the point of common coupling; Qe is the reactive power output to the grid; Dq is the reactive sag coefficient; Un is the rated terminal voltage peak, Un≈E; U0 is the actual peak value of the terminal voltage.
The active-frequency control incorporates the rotor motion equation, as shown in Equation 1, thereby enabling the provision of inertia support to the grid-connected system via the grid-forming converter, which is shown in Figure 2.
[image: Block diagram illustrating a control system with inputs \( P_{ref} \) and \( P_e \) being processed through summing, multiplication by constants \( 1/\omega_0 \), \( 1/Js \), and \( 1/s \). Feedback with block \( D \) occurs after the \( 1/Js \) block. Constants \( \omega_0 \) and \( \omega_g \) are added before the final output \(\delta\).]FIGURE 2 | VSG active frequency control structure diagram.The reactive power-voltage control module adjusts the grid-connected reactive power through the excitation voltage regulation function, thereby generating the reactive power output voltage required for the grid-forming converter, which is shown in Figure 3.
[image: Diagram of a control system showing three main components: a summing junction, a block labeled \(D_q\), and another summing junction followed by a block labeled \(1/Ks\). Inputs \(U_0\) and \(U_n\) lead to the first summing junction, producing an output that enters \(D_q\). The output, with inputs \(Q_{ref}\) and \(Q_e\), is processed by the second summing junction and flows into \(1/Ks\), resulting in output \(E\).]FIGURE 3 | VSG reactive voltage regulation control block diagram.3 PASSIVE CONTROL DESIGN BASED ON VSG
3.1 Hamiltonian model and passivity analysis of VSG
The concept of passivity is derived from the dissipation property, which shows the behavior of a dynamical system by describing the interaction between the internal energy of the system and the external energy, therefore passive control theory achieves the control objective by considering the VSG as an energy exchanger, setting the energy function related to the control objective and designing a passive controller, which minimizes the energy of the system at the desired point while ensuring that the system is asymptotically stabilized (Hua et al., 2022). Passive control is a nonlinear control strategy, the core idea of this method is based on the principle of passivity, the system increases the energy less than the external injected energy, and the control objective reaches the desired point quickly by injecting damping.
Taking x=δ,ω,ET as the state, the basic dynamics of VSG is shown in Equation 3.
Jω˙=Pref−Pe−Dω−ω0δ˙=ω−ω0E˙=KQref−Qe−DqU0−E(3)
Under the port mapping y=∇Hx,u=Pref,QrefT. The construct is shown in Equation 4.
Hx=12Jω−ω02+12αE−U02+βΦδ(4)
where, α,β>0, Φδ are equivalent phase potential functions. Then there are shown in Equation 5.
x˙=Jx∇Hx−Rx∇Hx+gxu(5)
The following standard port-Hamiltonian form is obtained:
x˙=gx·ux+Jx−Rx·∇Hxy=∇Hx·gTx(6)
where, Hx is the energy function of the system; Jx reflects the interconnection structure within the system, and characterizes the non-dissipative exchange channel of energy between subsystems, which is an antisymmetric matrix, i.e., Jx=−JTx; Rx is a dissipation matrix, which reflects the energy dissipation characteristics of the system, corresponding to the physical damping and loss path. Its size determines the energy dissipation rate and transient damping characteristics. The matrix is a positive definite matrix, i.e., Rx=RTx≥0
The coefficient matrix in Equation 6 is:
x=x1x2x3=δωgE,gx=001Jω0001K,Jx=010−100000,
Rx=0000DJ0001K,∇Hx=Peω0ωgQe+DqE−U0,ux=PrefQref
The Hamiltonian function Hx can be obtained from ∇Hx as shown in Equation 7.
Hx=Peδω0+ωg22+QeE+DqE22−DqU0E(7)
where, Hx is the generalized energy storage of the system, the first term is the virtual mechanical kinetic energy and the second term is the electromagnetic equivalent energy. By adjusting the curvature of Hx and the position of the minimum point, the closed-loop dynamics are reconstructed.
According to the theory of passivity, the dissipation inequality reflecting the energy change of the system is shown in Equation 8.
uTy−H˙x=∂Hx∂xTR∂Hx∂x≥0(8)
where, ∂Hx∂xTR∂Hx∂x is a dissipative function. The left side of the dissipation inequality reflects the net increment of energy inside the VSG control system, and the right side reflects the energy input of the external injection system. The relationship shows that the energy increment of the system is always less than or equal to the external energy input, which proves that the system has strict passivity.
Since Jx is an antisymmetric matrix with a quadratic form of 0, as shown in Equation 9.
∂Hx∂xTJ∂Hx∂x≡0(9)
This does not affect the system energy change and need not be considered when calculating the damping injection, thus simplifying the design step of the passive controller.
3.2 Passive control design of VSG
Under non-ideal conditions, the VSG angular frequency and output voltage will fluctuate, in order to improve the system stability, they are set as the controlled physical quantities for the system desired equilibrium point configuration, and the passive control is able to control the controlled physical quantities to the corresponding desired values, therefore, the desired point of the VSG control system is set as shown in Equation 10.
x*=x1*x2*x2*T=δ*ω*E*T(10)
where, δ* is the phase difference reference value, ω* is the angular frequency reference value, and E* is the reactive voltage reference value. In this paper, the rated condition of the system is taken as the expected equilibrium point: Pref=Pn, Qref=0, U0=Un, the setting reflects the steady-state requirements of the normal operating point and is configured as a minimum point of the energy function.
The damping term is added to accelerate the energy dissipation of the system, which is obtained by the interconnection and damping allocation method as shown in Equation 11.
x˙=∂Hdx∂xJdx−Rdx(11)
where, Hdx is the desired energy function of the system, Hdx=Hax+Hx; Jdx, Rdx are the new interconnection matrix and damping matrix of the system, respectively; the antisymmetric matrix Jax is used to modify the structural matrix, Jdx=Jax+Jx, Jax=−JaTx, and the positive definite matrix Rax is used to modify the damping matrix, Rdx=Rax+Rx, Rax=RaTx, which can be obtained according to Hamilton’s Equation 6.
x˙=Jax+Jx−Rax+Rx×∂H∂x−∂H∂xJax−Rax+gxu=Jax−Rax∂H∂x+gxw(12)
gxw=gxu−∂H∂xJax−Rax(13)
From the above equation, the control law w can be equated to the change in the structure of the Hamiltonian system.
Both sides of Equation 13 are simultaneously multiplied by gTx to obtain
w=u−gTxgx−1gTxJax−Rax∂H∂x=u+α(14)
α=−gTxgx−1gTxJax−Rax∂H∂x(15)
where, α is an additional control for the generation of Hamiltonian modified structures, for Equation 14, by setting a reasonable dissipation matrix Jax and damping matrix Rax, it can accelerate the rate of system energy consumption, so as to realize the control of system energy. Here we choose Jax=0, Rax=diagra1ra2ra3, ra1, ra2, ra3 are selected as the injection damping parameters, and the passive control law obtained is simple and controllable.
Substituting Equation 15 into the relevant parameters, we can get Equation 16.
α=Jra2Δωω0+PrefKra3Qe+DqE−E0ω0+Qref(16)
The passive control law based on VSG can be obtained by opening Equation 12:
dδdt=ωgdΔωdt=Pref−Peω0−DJ+ra2−ra2ω02ωgdEdt=ra3ω0−1K−ra3Qe+DqE−E0+QrefK(17)
The passive control system structure is shown in Figure 4, where the reactive power reference value is set to zero.
[image: Diagram depicting two control systems. The top system shows input-output flow for power reference \(P_{\text{ref}}\) and electrical power \(P_{\text{e}}\), involving frequency \( \omega_0 \), speed \( \omega_{\text{g}} \), and angle \( \delta \). The bottom system handles voltage reference \(E_0\), error \(E\), and reactive power \(Q_{\text{e}}\), with elements \(D_{\text{q}}\) and system constants. Mathematical expressions for transfer functions in both systems connect elements through summation and loop feedback.]FIGURE 4 | Passivity-based control block diagram.According to the expected equilibrium point x*, definable Lyapunov function is shown in Equation 18.
Vx=Hx−Hx*≥0(18)
From the port-Hamiltonian model is shown in Equation 19.
x˙=Jx−Rx∇Hx+gxu(19)
Under the closed-loop passive control law, the power of the outer port is balanced, as shown in Equation 20.
V˙x=∇HxTx˙=∇HxTJx−Rx∇Hx=−∇HxTRx∇Hx≤0(20)
At this moment, Vx is not increasing. If ∇Hx=0 holds only at x*, then the system is asymptotically stable at x*. Here, the “energy” Hx refers to generalized stored energy, including virtual mechanical kinetic energy and electromagnetic equivalent energy. If Vx is sampled at intervals of t, the energy dissipation rate can be observed via the Vx curve, and the dissipation slope can be compared across controllers. Damping injection improves the positive definiteness of Rx, thus accelerating the energy dissipation rate. The initial value r1,r2,r3 of damping injection is selected according to the linearized small signal model, so that the closed-loop characteristic polynomial satisfies the damping ratio of about 0.7 and the expected bandwidth, and then fine-tuned online by DDPG to adapt to different working conditions.
3.3 Passive control law optimization based on DDPG algorithm
As mentioned above, passive control accelerates the energy dissipation of the system by injecting damping d1、 d2. However, fixed damping parameters are difficult to maintain optimal performance under all operating conditions. In order to realize the adaptive tuning of parameters, this section introduces the deep deterministic policy gradient (DDPG) algorithm to construct a model-free reinforcement learning agent to learn the optimal damping injection strategy online, thereby improving the transient characteristics and anti-interference ability of the system.
The VSG control system is regarded as an environment for reinforcement learning, and the key elements are defined as follows.
	State st: It is defined as the observation of the environment by the agent. In this paper, the physical quantity that can fully reflect the transient characteristics of the system is selected as the state variable, and the expression is shown in Equation 21.

st=Δω,ΔV,Pe,Qe,dΔωdt,dΔVdtT(21)
where, Δω=ω−ωref and ΔV=V−Vref are the errors and differentials of angular frequency and voltage, respectively, which can effectively characterize the dynamic process of the system.
	2. Action at: It is defined as the control command of the energy body output. In this paper, the adjustment of the damping parameters directly corresponding to the passive control law is selected. The expression is shown in Equation 22.

at=Δd1,Δd2T(22)
where, d1 and d2 are respectively the initial damping values designed in Section 3.2.
	3. Reward function rt: Defined as a key computational step to guide agent learning strategies, this paper designs a reward function to punish errors, oscillations, and severe controls, and encourages fast and smooth stabilization processes is shown in Equation 23.

rt=−α1Δω2+α2ΔV2+α3Pe2+α4Qe2−βatTat(23)
where, α and β are weight coefficients, and the greater the reward value, the better. Therefore, the minus sign before the formula means that the goal of the agent is to minimize the sum of the squares in brackets, that is, to minimize the error and the magnitude of the action.
The state vector s=Δω,ΔU,P,Q,Δω˙,ΔU˙T covers the key physical quantities such as frequency-voltage error, power branch and energy change rate at the same time. It can effectively describe the transient process without introducing hidden variables that are difficult to measure, and is suitable as the input of the policy network.
DDPG is an offline strategy algorithm based on Actor-Critic architecture, which consists of four neural networks and an experience replay buffer. The intelligent agent performs action at in the environment, observes a new state st+1 and a reward rt, and stores the transferred samples in the experience replay buffer. Minimize the loss function is shown in Equation 24.
L=1N∑iyi−Qsi,ai|θQ2(24)
where, yi is the target Q value. The weight coefficient is prioritized by frequency stability over power balance, followed by voltage stability and control smoothness setting, taking into account rapidity and realizability.
Use policy gradient ascent to update parameters to maximize the expected return is shown in Equation 25.
∇θμJ≈1N∑i∇θμμs|θμsi∇aQs,a|θQs=si,a=μsi(25)
Soft update strategy to ensure learning stability is shown in Equation 26.
θQ′←τθQ+1−τθQ′θμ′←τθμ+1−τθμ′(26)
Through the above process, the intelligent agent continuously learns and approaches the optimal strategy μ*s, so as to generate the optimal damping adjustment Δd1,Δd2 in real time, so that the passive control system can show excellent performance under various disturbances.
4 SIMULATION VERIFICATION RESULTS ANALYSIS
To validate the effectiveness and superiority of the VSG-oriented control strategy proposed in this paper under various operating conditions, simulation studies are conducted under five scenarios: normal operation, power fluctuations, grid voltage imbalance, short-circuit faults, and load variations. Subsequently, the reliability and dynamic response capabilities of the system are evaluated based on the simulation results of the grid-forming converter system model. All simulations in this paper are performed on the MATLAB/Simulink R2023b platform using a fixed-step discrete solver. The simulated waveforms under different simulation conditions are analyzed to compare the passive control strategy with the virtual synchronous control effect. The system parameters are shown in Table 1, the DDPG algorithm parameters are shown in Table 2.
TABLE 1 | System parameters of VSG control.	Parameters of VSG control	Numerical value	Parameter	Numerical value
	Rated active power PkW	10	Filter inductance LfmH	3.2
	Rated voltage UnV	380	Filter capacitance CμF	20
	DC side voltage UdcV	700	Filter resistance RfΩ	0.1
	Reactive power droop coefficient Dq	1,000	Moment of inertia Jkg·m2	0.057
	Reactive power regulation coefficient K	10	Damping factor DN·m·s/rad	5


TABLE 2 | DDPG algorithm parameters.	Category	Parameter	Value	Explanation
	Optimization	Actor learning rate	1e-4	Adam
	Critic learning rate	1e-3	Adam
	Discount factor	0.99	Long-term performance
	Soft update of target network	0.001	Polyak
	Structure	Actor hidden layer	256–256	ReLU
	Critic hidden layer	256–256	ReLU (State-action parallel)
	Train	Lot size	128	Random small batch
	Playback buffer	1e6	Circular buffer
	Explore noise	N (0,0.1) truncation	Behavior exploration
	Training steps	≥2e5	Until reward convergence


4.1 Steady-state operation simulation
Under normal operating conditions, the simulation waveforms under VSG control and passive control strategy are shown in Figure 5. Where: Figure 5a–d show the active and reactive power, angular frequency, and output voltage of the converter output, respectively. From Figs. a and b, it can be seen that the stable values of active and reactive power are consistent with the data in Table 1; Figs. c and d show that the angular frequency and voltage can quickly and stably track the reference value of the system, and the simulated waveforms under passive control have smaller overshoots and reach the stable values faster, which proves that the proposed strategy has good stabilized operation characteristics.
[image: Graphs comparing the performance of VSG control and Passive control over time for different electrical parameters. (a) Active power graph shows oscillations stabilizing near zero. (b) Reactive power also stabilizes around zero after initial fluctuations. (c) Angular frequency begins around 315 radians per second and stabilizes over time. (d) Output voltage starts at a lower level, rising to stabilize at 350 kilovolts. Each graph shows VSG control in blue and Passive control in red.]FIGURE 5 | PBC control simulation waveform under normal operating conditions. (a) Converter output active power (b) Converter output reactive power (c) Converter output angular frequency (d) Converter output voltage.Under steady-state operating conditions, the passive control strategy proposed in this paper shows better dynamic performance than traditional VSG control. The fundamental reason is that the passive control reconstructs the energy flow of the system through energy shaping and damping injection mechanisms. From the perspective of Hamilton energy function, the passive controller makes the system energy function have faster convergence characteristics at the desired equilibrium point by modifying the interconnection matrix and damping matrix of the system. In contrast, traditional VSG control relies on fixed PI parameters, and its response speed and overshoot are limited by the inherent limitations of linear control. Passive control effectively suppresses the energy oscillation of the system in the transient process by injecting an adjustable damping term, thereby achieving smoother power and frequency response. In addition, the nonlinear characteristics of passive control make it better adapt to the inherent nonlinearity of the system and avoid the performance degradation of linear control when the model is mismatched. The results of this section show that passive control can provide better control effect under steady state and small disturbance, which lays a foundation for subsequent simulation under complex working conditions.
4.2 Dynamic operation simulation
4.2.1 Power change working condition
At t = 1 s, the active power reference value jumped from 10 kW to 15 kW, and then decreased to 700 W at t = 1.3 s. By observing the change of simulation waveform (the results are shown in Figure 6), it can be found that Figures 6a–d show the active and reactive power, angular frequency and voltage waveform of passive control output under two control strategies. When the power step occurs at 1s and 1.3 s, the active and reactive power return to stable operation after a short fluctuation under the condition that the grid voltage level remains unchanged. The system angular frequency and output voltage quickly track the new set value and tend to be stable under the regulation of passive control. Compared with the traditional VSG control, the proposed method has faster recovery speed and smaller overshoot. The results show that the passive control strategy is superior to the traditional VSG control in terms of dynamic response performance under power mutation conditions, showing faster response characteristics. The strategy in this paper can accelerate the speed of the system to reach a stable value by inputting damping to the system. To evaluate the stability margin of the strategy under the most unfavorable transient conditions involving concurrent weak grid and output fluctuations, a large-magnitude power step is employed. The step amplitude is based on the rated power SN, and the relative disturbance intensity value is between 0.07,0.5, which covers the rapid variable output situation that may occur when the new energy station redistributes the unplanned power. It is convenient to verify the robustness and recovery speed of the controller under extreme conditions.
[image: Four line graphs compare Virtual Synchronous Generator (VSG) control and Passive control. Graph (a) shows active power, graph (b) shows reactive power, graph (c) shows angular frequency, and graph (d) shows output voltage over time. Each graph displays distinct fluctuations and differences between the VSG and Passive control methods, particularly around one second, with VSG showing more pronounced deviations. Legends indicate the control types represented in blue and red lines.]FIGURE 6 | Simulation waveforms of two control strategies when power changes. (a) Converter output active power (b) Converter output reactive power (c) Converter output angular frequency (d) Converter output voltage.Under the condition of sudden power change, passive control shows faster response speed and smaller overshoot, which is mainly attributed to its control mechanism based on energy dissipation. When the active power reference value changes step by step, the system energy function changes drastically. The passive controller accelerates the redistribution and dissipation of the system energy by adjusting the damping injection amount in real time, so as to quickly converge to a new equilibrium point. It can be seen from Figure 6 that the angular frequency and voltage response curves under passive control are smooth and have no significant oscillation, indicating that it has good transient stability. Further analysis shows that the passive control directly relates the dynamic behavior of the system to the change of the energy function through the Interconnection and Damping Assignment (IDA-PBC) method, and realizes the accurate control of the system state. In contrast, due to the dependence on fixed parameters, the traditional VSG control is prone to overshoot and oscillation when the power suddenly changes, and the response is slow. In this study, the adaptive ability and robustness of the system under power disturbance are significantly improved by the nonlinear energy management mechanism of passive control.
4.2.2 Grid voltage unbalance condition
When t = 1 s, the voltage imbalance occurs in the power grid, and the three-phase voltage rises by 10%. The disturbance continues until t = 1.5 s. The simulation waveform of the grid converter under passive control during the voltage change process is shown in Figure 7. The results show that when the voltage rises by 10% in 1s, in order to maintain the constant active power, the VSG output voltage rises rapidly and converges to the new equilibrium point. After 1.5 s voltage recovery, the output voltage decreases and tends to a new steady-state value. When the power is constant and the grid voltage changes, the angular frequency and voltage of the VSG output can respond quickly and track the target operating point. Under the passive control strategy, the angular frequency and voltage of the system output show smaller overshoot and faster recovery speed than the traditional VSG control, indicating that the method is always superior to the traditional control strategy in terms of dynamic response performance.
[image: Four line graphs compare VSG control (blue) and Passive control (red) across various parameters. Graph (a) shows active power (kW), graph (b) depicts reactive power (kvar), graph (c) displays angular frequency (rad/s), and graph (d) presents output voltage (kV) over time from 0.5 to 2 seconds. Each graph highlights differences in control strategies, with significant deviations in VSG control.]FIGURE 7 | Simulation waveforms of two control strategies when grid voltage rises. (a) Converter output active power (b) Converter output reactive power (c) Passive control output angular frequency (d) Passive control output voltage.The unbalanced grid voltage condition is an important test for the robustness of the control system. The passive control strategy proposed in this paper can still maintain good dynamic performance in the case of voltage swell, and its core advantage is that its energy-shaping control framework can effectively cope with external disturbances. When the grid voltage changes asymmetrically, the system energy function is asymmetrically distributed. The passive controller reconfigures the system energy flow by adjusting the damping matrix and the interconnection structure, forcing the system state to quickly track the new equilibrium point. It can be seen from Figure 7 that the voltage and frequency response curves under passive control transition smoothly without obvious jitter, indicating that it has strong anti-interference ability. In addition, the passive control does not depend on the symmetry assumption of the grid voltage, so it can still maintain good performance under non-ideal grid conditions. In contrast, the traditional VSG control is prone to power oscillation and frequency fluctuation when the voltage is unbalanced, and its performance is limited by the linear characteristics of the control structure. This study further verifies the applicability and superiority of passive control in non-ideal grid environment.
4.2.3 Short circuit fault condition
When t = 1 s, a two-phase short-circuit grounding fault occurs at the grid-connected point, and the duration is 20 ms. The simulation results obtained by using the traditional VSG control and the passive control method proposed in this paper are shown in Figure 8. Figures 8a,b are the active power and reactive power waveforms of VSG grid-connected. The analysis shows that when a short-circuit fault occurs in the system, the passive control method proposed in this paper takes the desired trajectory as the tracking target through energy function shaping and damping injection. Compared with the traditional VSG control, it shows better dynamic response performance during the fault process, and the overshoot is significantly reduced. Figures 8c,d show the VSG output angular frequency and voltage waveform. It can be seen that the proposed method can quickly track the desired operating point and achieve synchronous response of angular frequency and voltage. Compared with the traditional VSG control, the proposed method has smaller steady-state error and faster response speed in the desired trajectory tracking during the two-phase short-circuit grounding fault. After the fault is cleared, the 1% steady-state error band of the angular frequency ω and the terminal voltage V is used as the recovery criterion. After 20 ms two-phase short-circuit clearing, both PBC and PBC-DDPG make ω and V enter and remain in the error band within 0.25s. Compared with the recovery time of about 0.58s of VSG-PI, the collaborative strategy shows higher fault ride-through and rapid recovery capabilities.
[image: Four line graphs labeled a to d compare Virtual Synchronous Generator (VSG) control and Passive control. Graph a shows active power, graph b reactive power, graph c angular frequency, and graph d output voltage. Time on the x-axis ranges from 0.6 to 1.8 seconds. VSG control (blue) and Passive control (red) lines diverge near the 1-second mark in each graph, indicating variations in response.]FIGURE 8 | Simulation waveforms of two control strategies in short-circuit fault. (a) Converter output active power (b) Converter output reactive power (c) Passively controlled output angular frequency (d) Passively controlled output voltage.Short-circuit fault is one of the most serious transient processes in power system, which puts forward high requirements for the dynamic response and stability of the control system. The passive control strategy proposed in this paper shows good robustness and fast recovery ability during short-circuit fault. The control mechanism is to reshape the Hamilton function of the system by energy shaping method, and accelerate the dissipation of energy accumulated during the fault by damping injection, so as to avoid the divergence of the system state. From Figure 8, it can be seen that the active power, reactive power and voltage frequency under passive control can quickly return to a stable value after fault clearance, and the overshoot is significantly smaller than that of traditional VSG control. This performance improvement is due to the nonlinear structure of passive control and the energy-based design concept, which enables it to better deal with the interaction between large disturbances and nonlinearity of the system. In addition, passive control does not require complex fault detection and switching logic, and can achieve adaptive adjustment only through energy feedback, which has strong engineering practical value. The results of this study show that the passive control can still maintain good control effect under extreme fault conditions, which provides a theoretical basis for the application of grid converter in fault ride-through.
4.2.4 Load change condition
In the initial state, the reference value of active power is 10 kW, the load is put into 10 kW at the common connection point at 1 s, and the load is removed at 1.5 s, and the response of the system is observed in 2 s, and the simulation waveforms of passive control of grid-type converter when the load changes are shown in Figure 9. At the beginning stage, the system operates under normal operating conditions, and at 1s the load is suddenly increased by 10 kW, and in order to maintain the power unchanged, the VSG reactive power is rapidly increased to reach a new stable value; at 1.5 s the load surge ends, and the VSG reactive power returns to the original stable value. In 1 s and 1.5 s when the working conditions change, the angular frequency and output voltage are able to reach the new working value quickly and run stably; after the load change, under the action of passive control, the angular frequency and output voltage of the system VSG output are smaller in overshooting compared to that of the traditional VSG control, and return to the stable value more quickly. The connected load adopts a resistance-inductance hybrid model with a power factor of 0.95. This setting reflects the common inductive characteristics of industrial scenarios, which is conducive to examining the impact of reactive power coupling on voltage regulation.
[image: Four graphs comparing Virtual Synchronous Generator (VSG) control and Passive control over time. Graph (a) shows active power in watts, peaking around 1 second for VSG. Graph (b) displays reactive power in volt-ampere reactive, with noticeable fluctuations for VSG. Graph (c) depicts angular frequency in radians per second, stable with slight deviations. Graph (d) shows output voltage in kilovolts, with minor variations. Each graph includes a time axis from zero point five to two seconds.]FIGURE 9 | Simulation waveforms of two control strategies when the load changes. (a) Converter output active power (b) Converter output reactive power (c) Passively controlled output angular frequency (d) Passive control output voltage.Under the sampling period Ts = 100us, the calculation amount of each cycle of the PBC layer mainly includes: energy gradient ∇H, interconnection dissipation matrix multiplication and damping term superposition, and the complexity is approximately On2, where n = 3. The DDPG layer adopts “slow cycle” update, and only one Actor forward propagation is performed in the online phase, the two layers are fully connected, 256 nodes, and the inference complexity is about 2562+256×a scalar multiplication plus, which is much lower than the PBC inner loop frequency. Comparing Vx under the VSG-PI, PBC, and PBC–DDPG control schemes yields the temporal evolution curves of the energy function, as shown in Figure 10.
[image: Graph showing the comparison of three control methods over time. The black line (VSG-PI) starts at 200 and decreases steeply. The blue line (PBC) starts slightly below and follows a similar trend. The red line (PBC-DDPG) starts lower and decreases more gradually. The x-axis is time (seconds) from 0 to 5, and the y-axis is V(t) from 0 to 200.]FIGURE 10 | Energy function dissipation curve.As shown in Figure 10, the Lyapunov energy function Vt of the system monotonically decreases over time under all three control strategies, indicating that the system satisfies the energy dissipation condition under the closed-loop passive control law. In contrast, the traditional VSG-PI control exhibits the slowest energy decay rate, indicating its limited damping effect and relatively gradual energy release process. PBC-based control significantly accelerates energy decay due to the explicit introduction of a dissipation matrix; The proposed PBC-DDPG cooperative control achieves the fastest energy function decline throughout the entire process, approaching steady-state energy levels within approximately 2 s. This demonstrates that the method significantly enhances the system’s energy dissipation capacity and recovery speed through adaptive damping injection. This result validates the asymptotic stability and fast dynamic characteristics achieved under the proposed cooperative control scheme.
4.2.5 Dynamic performance evaluation
The operation state of grid-forming converter under weak grid and multi-disturbance conditions is usually affected by many kinds of dynamic factors. In order to quantitatively verify the transient characteristics of the above control strategy, the overshoot, adjustment time and steady-state error of angular frequency and output voltage are extracted respectively under two typical working conditions of power step and two-phase short-circuit fault. At the same time, the slope of energy function with time reflects the energy dissipation and dynamic recovery speed of the system. In the evaluation process, a unified 1% steady-state error band is used as the adjustment time criterion to ensure that the comparison of different control modes has a consistent basis.
The dynamic performance formed according to the simulation data is shown in Table 3. The results show that in the power step scenario, compared with the traditional VSG-PI control, the angular frequency overshoot of the PBC-DDPG cooperative strategy is reduced from 13.5% to 4.1%, and the adjustment time is shortened from 0.58 s to 0.26 s. In the short-circuit fault clearing stage, the steady-state error decreases from 2.4% to 0.9%, which further verifies the frequency and voltage recovery ability of the proposed control strategy under rapid disturbance of the system.
TABLE 3 | Dynamic performance comparison of three control strategies under typical working conditions.	Working condition	Index	VSG-PI	PBC	PBC-DDPG
	Power step	Overshoot	13.5	7.4	4.1
	Accommodation time	0.58	0.42	0.26
	Short circuit fault lasts 20 ms	Steady state error	2.4	1.7	0.9
	Energy dissipation slope	0.42	0.71	0.96


From the data in Table 3, it can be seen that through energy shaping and damping injection, the passive control makes the grid converter have stronger energy release ability, and can quickly suppress the state offset after the disturbance occurs, which shows the synchronous improvement of overshoot and recovery speed. Reinforcement learning makes the damping injection intensity have the adaptive ability of working conditions, so that the control strategy can avoid the performance degradation caused by parameter solidification when switching between different operating states. In the related experiments, the descent speed of the energy function is increased from 0.4 to 0.96, which indicates that the redundant energy in the system dissipates more quickly and avoids the long-term oscillation of the dynamic link. From the perspective of actual operation, the strategy strengthens the dynamic stability margin of the grid-connected converter during accident switching or large-scale power redistribution. When the working condition mutation ratio reaches 50% of the rated output level, the synchronous variable can still be restored to the steady-state operation range within about 0.3 s, which not only improves the transient performance, but also reduces the risk of relay protection action, which is more conducive to the safe and stable operation of the inverter grid-connected system in the low short-circuit capacity area.
5 CONCLUSION
Aiming at the stability of the angular frequency and output voltage of the grid-type converter under non-ideal conditions, a VSG control strategy based on passive control is proposed, and the following conclusions are obtained through simulation and comparison.
	The passive control theory is introduced in this paper, and the passive control law based on VSG control model is designed. Under the VSG framework, the structural stability is ensured by Port-Hamiltonian energy shaping and damping injection, and the damping parameters are fine-tuned online by DDPG to adapt to multiple working conditions, so as to achieve comprehensive improvement in key indicators such as overshoot, adjustment time, steady-state error and energy dissipation speed.
	The passive control significantly improves the dynamic response capability of the grid-structured converter by injecting damping, so that the system can maintain stability under complex operating conditions. Under power fluctuation, grid voltage imbalance, short-circuit faults and load change disturbances, the system is able to maintain good operation capability, with obvious anti-interference ability and excellent system robustness.
	In this paper, passive control and VSG control are combined to enhance system stability. However, the influence of the damping parameters in the passive control law on the system response has not been fully analyzed.
	This study provides a new idea for the control of grid-forming converters, that is, the “model-free” learning ability of DRL is used to compensate and optimize the “model-based” control strategy based on physical model, which provides an effective reference for solving the nonlinear and multi-condition control problems in power electronic power systems. The PBC-DDPG strategy proposed in this paper shows better comprehensive performance under various non-ideal conditions such as power mutation, grid voltage imbalance, short-circuit fault and load change, the fast inner loop PBC and slow outer loop DDPG scheduling can ensure the real-time performance of 100 μs inner loop. Compared with VSG-PI, the average computational load increases by about 10%–20%.

Although this study verifies the effectiveness of the proposed strategy, further research can be carried out from the following aspects: Firstly, it is necessary to further explore the quantitative mapping relationship between damping parameters and system dynamic performance in passive control, and establish the parameter design theory of the system to reduce the initial dependence on the optimization algorithm. Secondly, it is necessary to evaluate the universality and scalability of the strategy under different grid strength and converter capacity. Furthermore, the training and verification of the current DDPG algorithm are based on the simulation environment. In the future, it is necessary to solve the engineering practice challenges such as the migration of the agent to the actual physical controller, the embedded deployment and the security guarantee in operation. Finally, this paper focuses on the single-machine system, and the future power grid is bound to be a complex system with multiple grid-forming converters. Therefore, it will be a valuable research direction to extend the framework to multi-airport scenarios and study the distributed cooperative control strategy based on multi-agent reinforcement learning (MARL) to solve the potential oscillation and stability problems in parallel operation.
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