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The virtual inertia technology of DGs (Distributed Generations) can provide inertia and damping support for the power system by imitating the traditional synchronous machine. However, the inherent delay problems around the communication and process links of the virtual inertia control will make an impact on the fast support effect. In this paper, the virtual inertia based hierarchical control scheme considering communication delay for distributed generations integration systems is proposed. The hierarchical control architecture including the PQ primary control and the virtual inertia based secondary control method which can realize the optimal power utilization and certain frequency support under the situation of communication signal delay at the same time. Firstly, the basic hierarchical control scheme for distributed generations and corresponding small signal modeling considering communication delay are presented. Then to enhance the inertia support ability of the distributed generation integration system, an improved hierarchical control strategy considering communication delay is designed based on the robust passivity method to compensate the equivalent delay disturbance. Finally, the effectiveness verification of the proposed control is carried out with the simulation cases in PSCAD platform.
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1 INTRODUCTION
With the rapid development of distributed generations (DGs) such as wind and photovoltaic, the inertia level of power system is greatly reduced, which seriously weakens the inertia support and frequency stabilization ability of the system. Nevertheless, the frequency stability of power system with high proportion DG integration can be significantly improved by making full use of the flexible adjustment ability of large-scale DGs (Liu et al., 2019; Razavi et al., 2019; Quan et al., 2020). As the energy storage system has the characteristics of stable performance, flexible control and fast response, some studies have used the energy storage system to assist the frequency regulation process, but the high cost and low life of the energy storage system are its main shortcomings (Guan, 2022; Guo et al., 2023). Besides, the DGs can participate in the frequency modulation of power grid through the direct control of the DG output power (Zhang et al., 2021), which directly controls the DGs to respond when the frequency is adjusted. This method makes the DGs unable to work at its optimal power point, which is equivalent to increasing the investment of distributed power supply.
In order to improve the stability of DG integration system, researchers are trying to find a suitable control method of power electronic converter to improve the stability of power system. It is a promising method to control the power electronic converter to have the dynamic characteristics of the traditional synchronous machine, which is called the virtual inertia technology (Beck and Hesse, 2007; Zhong and Weiss, 2011). The virtual inertia technology uses the mathematical model of the traditional synchronous machine to calculate the reference value of the inverter current and then controls the output current. The DG integration system under this control method can provide virtual inertia and damping for the power system by imitating the traditional synchronous machine. In (Kheshti et al., 2022), a novel Gaussian distribution-based inertial control scheme that can improve the frequency nadir without rotor speed over-deceleration is proposed. In (Guo et al., 2022), an inertial phase-locked loop is proposed for grid-connected converter to achieve fast frequency support which is analogous to the motion equation of synchronous generator. In (Yang et al., 2022), a fast frequency response strategy of a DFIG is proposed based on variable power point tracking control to boost the frequency support capability with grid-friendly rotor speed recovery. In (Xiong et al., 2021), a frequency trajectory planning based strategy is developed to improve frequency stability of droop-controlled inverter-based standalone power systems. To remain the basic structure of the DG control system, the power tracking scheme is adopted in this paper, which introduces the rate of change of frequency to the active power control loop of DG to provide inertia support by adjusting the active power command when the system frequency changes (Meng et al., 2019; Sun et al., 2020).
However, the virtual inertia control technology is realized by using digital control technology which includes the instruction generation and control realization processes. Hence the inherent delay problems around the communication and process links will make an impact on the fast frequency support effect (Liu et al., 2015; Yuan et al., 2022). According to (Vafamand et al., 2019; Lian et al., 2021), the time delays in digital signal may compromise the integrity and timeliness of the inertial support of the DGs and can be up to hundreds of milliseconds. From the point of view of synchronizing machine simulation, the time delay in the virtual inertia control is expected to be as small as possible. And too much large control delay may even make the system becomes unstable in severe cases (Nan et al., 2018). To handle this problem, the Rekasius substitution is used in (Suud et al., 2022) to compute the stability delay margin of an islanded micro-grid with virtual inertia and constant communication delay. Reference (Yang et al., 2019a) intends to reveal that the effects of delay, which are caused by frequency measurements and DC-link voltage regulation during the inertia emulation, are non-negligible in small-scale low inertia power systems with virtual inertia control implementations. In (Yang et al., 2019b), a detailed analysis of the effect of time-delays on virtual inertia control is presented which reveals that instability will happen when the virtual inertia is greater than the existing power system inertia regardless of time-delays. In (Haldar et al., 2022), a delay based control strategy for emulation of virtual inertia in inverters operating in islanded operation mode is presented. Most of the existing literature relies on classical control theory to analyze the delay problem of a certain part of the control system, but there is a lack of delay modeling and suppression techniques including the control link of the system. Since the virtual inertia control requires fast frequency recovery ability, this paper focuses on the control system modeling and time delay compensation to eliminate the communication signal time-delay influence.
In this paper, the virtual inertia based hierarchical control scheme considering communication delay for DGs integration systems is proposed. The main contributions of the paper can be given as following:
(1) The hierarchical control architecture including the PQ primary control and the virtual inertia based secondary control method is presented which can realize the optimal power utilization and certain frequency support under the situation of communication signal delay at the same time.
(2) To enhance the inertia support ability of the DG integration system with communication delay, the small signal modeling for DGs considering communication delay is presented. Then an improved hierarchical control strategy is designed based on the robust passivity method, which can compensate the equivalent delay disturbance with fast response speed and superior robustness.
The effectiveness verification of the proposed control is carried out with the simulation cases in PSCAD platform, which shows that the proposed virtual inertia control can track the equivalent disturbance caused by time delay and compensate for the delay with superior dynamic response.
2 SYSTEM STRUCTURE AND HIERARCHICAL CONTROL ARCHITECTURE FOR DGS
The systems structure and hierarchical control architecture for DGs are shown in Figure 1. The hierarchical control architecture including the PQ primary control and the virtual inertia based secondary control method is proposed in this paper for DGs. For the DGs, the PQ control mode is adopted in the primary control layer for the optimal utilization efficiency of DGs. In order to make full use of the flexible regulation ability of DGs, the additional virtual inertia control is implemented in the secondary control layer for frequency support of the utility grid. According to the rate of change of frequency, the additional control command can be generated and attached to the active power control loop of DG in the primary PQ control layer to provide inertia support. In the practical operation, due to the communication transmission from the secondary control layer to the controller of each DG unit, the time delay in the hierarchical control scheme is inevitable. Since the secondary virtual inertia control is implemented for fast frequency recovery of the utility grid, the control performance would be significantly impacted by the communication delay, which may bring serious disturbance and reduce the system stability. To eliminate the communication signal time-delay influence, the improved hierarchical control strategy based on virtual inertial considering communication delay is proposed in the following section.
[image: Figure 1]FIGURE 1 | Schematic diagram of DG integration system.
3 HIERARCHICAL CONTROL STRATEGY FOR DGS
3.1 Primary PQ control layer
The topology structure of the grid-connected inverter is shown in Figure 2 where C is the DC filter capacitor, Udc is the DC voltage, Lf is the filter inductance of inverter, Lg is the grid inductance, Ut and Ug are rms values of the grid voltages.
[image: Figure 2]FIGURE 2 | Topology of the grid-connected inverter.
From Figure 2, the mathematical model is shown in Eq. 1 
[image: image]
The inverter generally adopts the vector control strategy based on grid voltage orientation, as shown in Figure 3. The power outer loop control generates d axis and q axis current command values respectively according to the demand of active and reactive power, and regulates the active and reactive power injected into the grid by adjusting the current values of d axis and q axis. In Figure 3, Pref and P are the reference and actual values of the active power respectively; Qref and Q are the reference value and actual value of reactive power respectively; idref and iqref are the reference values of d axis current and q axis current, respectively; id and iq are the d axis and q axis components of the inverter output current, respectively; Ud and Uq are the d axis and q axis components of the modulated voltage output by the current controller.
[image: Figure 3]FIGURE 3 | The vector control based on grid voltage orientation of the inverter.
3.2 Virtual inertia based secondary control method of DGs
In the DG grid connection inverter, the phase-locked loop (PLL) is needed to generate the reference phase of the power grid. The PLL usually uses the q-axis component generated by coordinate transformation and obtains the reference phase by controlling the q-axis voltage to zero (Nabil et al., 2022). The PLL adopted in the grid-connected inverter is given in Figure 4 where Utq is the q-axis component of the voltage vector at the grid-connection point. The working principle is that the instantaneous value of grid voltage is transformed to generate Utq. Through the PI controller and coefficient KV, the angular frequency difference Δω can be obtained. Then the angular frequency ωtra is obtained by adding Δω to the rated angular frequency ω0, and the measured value angle θtra of the phase is obtained by the integration process.
[image: Figure 4]FIGURE 4 | The PLL control strategy.
According to Figure 4, the power grid frequency f obtained from the PLL is given as
[image: image]
where KP and KI are the proportional and integral coefficients; KV is the gain coefficient. By taking the derivative of Eq. 2, the frequency change rate df/dt of the power grid is obtained as
[image: image]
Then the active power increment ΔPinertia is further obtained as
[image: image]
where Hinertia is the virtual inertia time constant. Therefore, the virtual inertia control of DGs based on the PLL control of the grid-side inverter is realized.
The above virtual inertia based secondary control method for DGs actively participating in power grid frequency regulation is shown in Figure 5.
[image: Figure 5]FIGURE 5 | The virtual inertia based secondary control method for DGs.
4 HIERARCHICAL CONTROL STRATEGY FOR DGS CONSIDERING COMMUNICATION DELAY
4.1 Small signal modeling of DGs with the hierarchical control strategy considering communication delay
The system small-signal model of hierarchical control scheme is firstly established in this part. The mathematical model of the grid-connected inverter in the synchronous rotating d-q reference frame is given as
[image: image]
From the primary PQ control in Section 3.1, the inverter current id and iq are controlled to follow the current references idref and iqref through the PI controller, and it yields
[image: image]
where KPId and KIId, KPIq and KIIq are the proportional and integral parameters of the PI controllers. The outer power loop controls are also based on the PI controllers which has
[image: image]
where KPP and KIP, KPQ and KIQ are the proportional and integral parameters of the power loop PI controllers. Then the following differential and algebraic equations can be obtained as
[image: image]
and
[image: image]
where xP, xQ, xid and xiq are the intermediate state variables. Based on the above derivation, the small signal model of the grid-connected inverter with primary PQ control is formulated as
[image: image]
where [image: image]; here [image: image] stands for the small-signal components and A is the system matrix which can be obtained from Eqs 8, 9.
Besides the primary PQ control, the virtual inertia based secondary control method of DGs is carried out for the fast frequency enhancement. Once receiving the measurements sent from the inverters, the secondary controller generates the supplementary power signal for frequency regulation. According to (4), the power reference command with the virtual inertia based secondary control is given as
[image: image]
where Pn is the power reference command from primary PQ control. Defining the control input as
[image: image]
Then the Small signal modeling of DGs with the hierarchical control strategy is
[image: image]
where the control input u = usec, and the matrix B is given as
[image: image]
However, the unavoidable time delay in signal sampling, measurement and execution may reduce the fast control performance of the virtual inertia based secondary control. The control structure diagram and tested time delay of some practical DGs integration system can be seen in Figure 6, which shows that the total time delay in the signal communication can be up to tens to hundreds of milliseconds. That is to say, the problems caused by the time delay may make the virtual inertia based secondary controller not only unable to achieve the expected control objectives, but also may lead to the deterioration or even instability of the dynamic performance of the inverter systems.
[image: Figure 6]FIGURE 6 | The control structure diagram and tested time delay of some practical DGs integration system.
Considering the time delay, the system model can be written as
[image: image]
The equivalent delays τ1 and τ2 contain both transmission delays of state variables and control inputs and satisfy
[image: image]
where τmax is a positive constant. It can be seen from Eq. 13 that the system stability under the control input u can be guaranteed with the small disturbance analysis method. However, the existing of delays τ1 and τ2 in Eq. 14 may destroy the system stability and make the stability condition no longer satisfied. Therefore, the effects of time delays in system state transmission and control inputs are simultaneously considered in the model and corresponding improved control is proposed in the next section.
4.2 Improved hierarchical control strategy based on virtual inertial considering communication delay
In this section, an improved hierarchical control strategy considering communication delay is designed based on the robust passivity method to compensate the equivalent delay disturbance. The main problem to design the improved control is how to deal with the time delay term both in state variable and control input properly. To handle this, the system dynamic equation is transformed in the following form.
[image: image]
where the equivalent delay disturbance is defined as [image: image]. In this part, the robust passivity method is proposed to compensate the equivalent delay disturbance D(t). For the equivalent delay disturbance D(t), the expansion expression can be given according to Taylor’s formula
[image: image]
Since the equivalent delay time τ1 and τ2 are time-varying, the high-order polynomial with respect to time t can be used to express the equivalent delay disturbance D(t), which is given as
[image: image]
where ai (i = 0,…) is the constant coefficient of the polynomial. Considering that the noise becomes serious and the structure becomes complicated in the controller design, the high order dynamic behavior of the delay disturbance is ignored and it has
[image: image]
Then the robust passivity method to compensate the equivalent delay disturbance is proposed in this paper. For the system dynamic model (15), take the following variable transformation
[image: image]
where [image: image] and [image: image] are the ideal value at the equilibrium point and the corresponding error. By taking (19) into (15), it has
[image: image]
where [image: image] and [image: image] are the dynamic estimate and estimate error of the unknown equivalent delay [image: image], which means [image: image]. To stabilize the system with the existence of communication delay, the virtual damping matrix [image: image] is introduced in Eq. 20 to compensate the equivalent delay disturbance, which has
[image: image]
If the actual control law [image: image] is taken as
[image: image]
where [image: image] is the inverse matrix of B, it has
[image: image]
Then the system Lyapunov function with equivalent time delay is chosen as
[image: image]
where Qx and QD are the positive coefficient matrix. Together with Eq. 23, the derivative of the Lyapunov function [image: image] is
[image: image]
From Eq. 18 it is seen that the equivalent delay disturbance is assumed to be first-order. Thus it yields
[image: image]
If the adaptive law is designed as
[image: image]
then the derivative of the Lyapunov function [image: image] can be written as
[image: image]
To ensure the system Lyapunov function [image: image] with the virtual damping matrix [image: image] can be convergent, the virtual damping matrix [image: image] should be determined to ensure that the term [image: image] is satisfied. Then the Lyapunov function [image: image] satisfy the system asymptotic stability condition and the asymptotic stability of the system can be guaranteed, which means the improved hierarchical control strategy based on virtual inertial considering communication delay is realized with the robust passivity control law (22) and the equivalent delay disturbance compensation law (27).
5 CASE STUDY
To verify the validation of the proposed control strategy, the DG integration system shown in Figure 7 is established in PSCAD platform. The capacity of each DG unit in the simulation model is 40 kW and use the hierarchical scheme based on virtual inertia control strategy proposed in this paper. The rated ac frequency is 50 Hz and the ac voltage is 380 V. Two cases including the load power fluctuation and the single-phase ground fault are conducted in this section to verify the validation of the proposed control strategy under common disturbances.
[image: Figure 7]FIGURE 7 | Simulation System topology of DGs.
5.1 Case 1
In this case, the initial active load in the system is 40 kW. At time 3 s, the load power increases to 60 kW. Besides, there exists time delay in the communication of the virtual inertia based secondary controller. The system simulation results with and without the proposed improved control are shown in Figures 8–10.
[image: Figure 8]FIGURE 8 | The simulation results with no time delay. (A) ac frequency, (B) ac voltage.
[image: Figure 9]FIGURE 9 | The simulation results with different time delays. (A) ac frequency with 10 ms delay, (B) ac voltage with 10 ms delay, (C) ac frequency with 12 ms delay, (D) ac voltage with 12 ms delay, (E) ac frequency with 15 ms delay, (F) ac voltage with 15 ms delay.
[image: Figure 10]FIGURE 10 | The simulation results of the equivalent delay disturbance of frequency. (A) the equivalent delay disturbance with 10 ms delay, (B) the equivalent delay disturbance with 12 ms delay, (C) the equivalent delay disturbance with 15 ms delay.
The system simulation results in Figures 8, 9 show the ac frequency and voltage response of the DG integration system during the load fluctuation in different situations. In Figure 8, the conventional virtual inertia control without any time delay compensation is adopted with no time delay in the signal communication. It can be seen that the system frequency and voltage can transition to a new steady state after the load increase at 3 s. However, when there exists time delay in the signal communication of the virtual inertia based secondary controller, the system response gets worse and even becomes unstable. From the system response under conventional control in Figure 9, it is seen that when the time delay is 10 ms, the system frequency is oscillating and the oscillation continues to 3.4 s. When the time delay increases to 12 ms, the dynamic response of system frequency and voltage gets larger oscillation with the conventional virtual inertia control. More serious is that the system loses stability when the time delay is 15 ms from Figures 9E, F with the conventional virtual inertial control. The simulation results under proposed robust passivity control method in Figure 9 show the ac frequency and voltage with different time delays to compensate the equivalent delay disturbance. It is seen that the ac frequency and voltage all respond satisfactorily no matter how much the communication time delay is. Figure 10 gives the simulation results of the equivalent delay disturbance of frequency, which indicates that the proposed control can track the equivalent disturbance caused by time delay and then compensate for the delay.
5.2 Case 2
In this case, the active load in the system is still 40 kW. At time 3 s, a single-phase ground fault occurs and lasts for 10 ms. It is also assumed that there exists different time delay in the communication of the virtual inertia based secondary controller. The system simulation results with and without the proposed control are shown in Figure 11. Besides, the system performance is also compared with the time delay compensation control in the existing literature (Natoriand and Ohnishi, 2008).
[image: Figure 11]FIGURE 11 | The simulation results with 10 ms delay of case 2. (A) ac frequency with no delay, (B) ac voltage with no delay, (C) ac frequency under different controls, (D) ac voltage under different controls.
The simulation results show that during the single-phase ground fault, the transient process is deteriorated when there exist time delays in the signal communication with the conventional virtual inertia control. However, when the proposed robust passivity method works to compensate the equivalent delay disturbance, the oscillations of ac frequency and voltage can still be decreased and the impact of time delay can be well suppressed. The system response is also compared with the time delay compensation control in (Natoriand and Ohnishi, 2008), which shows that although the oscillations can be suppressed, large overshoots still exist. It can be concluded from the above cases that even the system suffers large disturbances, the improved hierarchical control strategy based on the robust passivity method can significantly enhance the robustness of the DG integration system for superior dynamic response when there exists time delay in the communication channel.
6 CONCLUSION
As the rapid development of DGs and the development of virtual inertia control, the inherent communication delay problems around the control link makes an impact on the fast support effect which cannot be ignored. This paper proposes the virtual inertia based hierarchical control scheme for DGs considering communication delay, which includes the PQ primary control and the virtual inertia based secondary control method. To enhance the inertia support ability of the DG integration system, an improved hierarchical control strategy considering communication delay is designed based on the robust passivity method to compensate the equivalent delay disturbance. The effectiveness verification of the proposed control is then carried out with the simulation cases in PSCAD platform. In further research, it is necessary to conduct the inertia enhancement method study of multiply distribution systems with DGs on a broader level to comprehensively improve the stability of the distribution power system.
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