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In order to fully study the working characteristics of large-scale power electronic devices in the field of renewable energy delivery, it is imperative to build digital and physical hybrid simulation platforms. A power interface algorithm based on damping impedance is proposed to improve the stability of DC power grid hybrid platforms. Firstly, according to the characteristics of the open-loop transfer function of the damping impedance method, the matching principle between damping impedance at the power interface and equivalent impedance of the physical simulation system is obtained. Secondly, the calculation method of the equivalent impedance of multi-type equipment on the physical side is proposed, and the impedance real-time matching under different working conditions is realized. In order to reduce the simulation error caused by interface delay, a DC voltage interface delay compensation method based on slope prediction is proposed, and a prediction compensation model is established. A digital and physical hybrid platform for a four-terminal flexible DC power grid with DC circuit breakers is built to verify the proposed interface algorithm. The simulation results show that the proposed interface algorithm can effectively compensate for the interface delay and ensure the stable operation of the platform under different conditions.
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INTRODUCTION

Vigorously developing renewable energy is an important means to realize the transformation of energy to clean and low carbon (Jiang et al., 2020). The flexible DC transmission technology based on modular multilevel converters (MMCs) has become an important way of renewable energy export with its advantages of a small harmonic component of output voltage and a current, low loss, and easy expansion (Akagi, 2011; Teeuwsen, 2011). For China's power system, with the continuous growth of the inland renewable energy power generation, the focus of DC construction has gradually shifted from coastal areas to inland areas; transmission lines have gradually changed from submarine cables to overhead lines; and the main wiring has gradually changed from point to point to the DC power grid (Wang et al., 2019; He et al., 2020). However, the overhead line is greatly affected by the natural environment, which makes the fault rate higher. Furthermore, DC power grid faults will have an impact on a wide area. Therefore, DC circuit breakers (DCCBs), fault current limiters (FCLs), or other fault current suppression equipment must be configured in the DC power grid to reduce the impact of a fault (Li et al., 2020; Wang et al., 2020).

In order to realize the accurate modeling and engineering parameter verification of the high-voltage flexible DC transmission network with fault current suppression equipment, it is necessary to use physical hardware equipment for experimental simulation (Matar et al., 2016). However, considering the limitations of the laboratory area and construction cost, it is difficult to build a complete physical flexible DC transmission platform (Kotsampopoulos et al., 2015). The digital and physical hybrid simulation technology [also known as “power hardware in the loop (PHIL)] is an effective means to solve the above difficulties, which means the hybrid platform combines the advantages of digital simulation and physical experiments. The operator can observe the physical equipment characteristics and the DC power grid dynamic characteristics by placing the key research objects in the physical sub-platform. Therefore, PHIL is an effective method for the simulation experiment of the flexible DC power grid with fault current suppression equipment.

The digital simulation system (DSS) and physical simulation system (PSS) of the PHIL platform are connected by A/D converters, D/A converters, and power amplifiers (PA) This link inevitably produces a time delay and introduces some disturbances, which will make the hybrid simulation platform instability. And after the system fault, the analysis of the cause of the fault current suppression equipment action, such as overcurrent or interface instability, will be impossible. At present, based on the findings of the past studies, several interface algorithms are proposed to improve the interface stability and the ideal transformer model (ITM); among them is the most traditional algorithm used for PHIL simulations even though its stability is weak (Steurer et al., 2010; Dargahi and Ghosh, 2014). Transmission line model is suitable for the DC system (Hu et al., 2012), but it needs decoupling elements to improve simulation performance. If transmission line model is used to simulate the DC power grid, the entire system would be complex. Damping impedance method (DIM) can match the real-time impedance of the DSS and PSS subsystems in real time, ensuring the simplicity of the algorithm and improving the stability and accuracy of the platform (Ren et al., 2008). According to measured voltage and current value, real-time impedance matching of DIM can be realized, but this method is only applicable to passive physical systems with fixed frequency (Paran et al., 2014).

In order to solve the above problems, an improved DIM algorithm for the flexible DC power grid with fault current suppression equipment is proposed in this paper. The innovation points are as follows:

(a) The sub-module (SM), converter, and fault current suppression equipment are equivalent based on the Thevenin theorem, and the dynamic impedance matching method is proposed according to the direction of the current flow in the power interface.

(b) The frequency of the DC fluctuation is monitored in real time to enable the accurate calculation of the equivalent reactance of the inductance at the DC interface.

(c) An interface delay compensation method based on the slope prediction strategy is proposed to improve the waveform fitting of the DSS and PSS subsystems.

(d) A two-terminal MMC digital simulation system, running in RT-LAB in real time, is built, using MATLAB. This DSS system, together with a two-terminal MMC physical platform and a DCCB physical platform, forms the PHIL platform to enable the verification of the stability and accuracy of the proposed algorithm.



ANALYSIS OF THE DC POWER GRID PHIL PLATFORM STRUCTURE AND THE DIM INTERFACE ALGORITHM


Structure of the DC Power Grid PHIL Platform

Taking the four-terminal flexible DC power grid PHIL simulation platform as an example, the structure diagram is shown as Figure 1.


[image: Figure 1]
FIGURE 1. Four-terminal HVDC PHIL system structure.


The PSS subsystem is the key research object of the PHIL platform, which mainly includes MMC converters, arm reactors, converter transformers, AC/DC equivalent lines, various types of controllers and fault current suppression equipment required by the DC power grid, etc., for the dynamic physical simulation of the flexible DC network.

The working states of the AC/DC system are macro analyzed at the DSS subsystem that mainly includes MMC stations and an equivalent AC circuit. After being built by MATLAB software, it runs in RT-LAB and completes signal acquisition, calculation, output, and other tasks within the set simulation step size.

The power interface, which is responsible for the transmission and exchange of energy and signal between the DSS and PSS subsystems, mainly includes the interface algorithm and interface hardware devices. In this paper, the DIM interface algorithm is used at the PHIL platform, and the damping impedance is matched in real time. The interface hardware includes D/A converters, A/D converters, power amplifiers, Hall current and voltage sensors, etc. The digital signals of the DSS subsystem are converted by the D/A converters into analog signals, which are fed to the PSS subsystem through PA. The analog signals of the PSS subsystem collected by the Hall sensors transformers are converted by the A/D converters into digital signals, which are used in the next step for system parameter calculation and damping impedance matching by feeding them back to the DSS subsystem.



Analysis of the DIM Interface Algorithm

The DIM interface algorithm adds damping impedance Z* on the basis of the traditional ITM algorithm for the PHIL platform to have higher stability and accuracy. The schematic diagram of the algorithm is shown in Figure 2. In the figure, ZSH is the equivalent output impedance of PA. The equivalent DC power voltage US and equivalent impedance ZS constitute the equivalent circuit on the digital side. The equivalent DC power voltage UH and equivalent impedance ZH constitute the equivalent circuit on the physical side.


[image: Figure 2]
FIGURE 2. A schematic diagram of the DIM.


According to the transmission capacity and the voltage level of the DC systems at digital and physical sides, the proportional coefficients of the controlled voltage source and the controlled current source are calculated, using the following equations:
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where UDSS and UPSS are the DC-rated voltages of digital and physical sides, respectively; PDSS and PPSS are the rated transmission powers of the DC system at the digital and physical sides, respectively.

According to Figure 2, the open-loop transfer function of the DIM algorithm for the DC power interface can be deduced as follows:

[image: image]

The DSS subsystem is affected by disturbances and an interface delay, and the errors of all simulation steps get accumulated, making the PHIL system unstable. According to the Nyquist stability criterion, in order to ensure that the platform is in the absolute stable state, the damping impedance Z* has to be matched with the ZH of the PSS subsystem at different working states in real time so that Z* becomes equal to (kU/kI)ZH and eliminates the accumulated errors.




DIM IMPEDANCE MATCHING


MMC Operation Mechanism and Equivalent Impedance Calculation

The valve-based controller of the MMC determines the input amount of each arm SM according to the arm voltage reference wave transmitted by the station-based controller, which means that the sinusoidal voltage waveform at AC port of MMC is fitted in the form of the step wave. So, when the MMC transmits power, each SM can be equivalent to a controllable voltage source.

The main circuit topology of the MMC converter, which has six arms, is shown in Figure 3. Each arm contains N number of SMs and arm inductance L, while each sub-module is composed of capacitance (C), two insulated gate bipolar transistors (IGBTs) (T1 and T2) and two reverse parallel diodes (D1 and D2).


[image: Figure 3]
FIGURE 3. Main circuit of the MMC topology structure.


As can be seen from Figure 3, the resistance of each SM depends on its insert or bypass state. The on-state resistance of the IGBT and diode is RTon and RDon, respectively. Since the off-state resistance of the IGBT and diode is more than eight orders of magnitude larger than their respective on-state resistance, it can be considered that the off-state resistance is infinite. Depending on the direction of the current flow in the sub-module, the resistance RSM of each SM can be expressed as given below (Gnanarathna et al., 2011):
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where S is the SM switch function (S = 1 when the SM is at the insert state and S = 0 when it is at the bypass state), RC is the equivalent resistance of capacitance, and Δt is the simulation step size.

In each simulation step, the number of insert-state SMs and bypass-state SMs is fed back by the valve-based controller to the DSS subsystem in real time. The DSS subsystem calculates the equivalent resistance Rarm of each arm according to the current direction of the arm.

[image: image]

The upper formula expresses the equivalent arm resistance when the arm current is positive, while the lower formula expresses the equivalent arm resistance when the arm current is negative.

In the PHIL simulation platform of the MMC-HVDC grid, the DC voltage of the DSS subsystem is fed to the DC side of the PSS subsystem through the PA after being proportionally transformed.

(a) Because the DC current flows into the MMC station from the positive pole and flows out from the negative pole (or negative in and positive out) through the three-phase arms, no DC current flows into the AC system.

(b) For the PSS subsystem, the AC signals have no effect on the DC feedback signals.

(c) The DC component of the three-phase arm current has the same direction.

Therefore, in the aspect of the converter, Z* only needs to match the DC line resistance and the arm resistance and reactance of the converter at the PSS side in real time in order to ensure the stability of the DC power grid PHIL platform.

Based on the DC current flow path, the equivalent reactance of the upper and lower arms of each phase is in series, and the equivalent reactance between phases is in parallel. According to the working principle of the converter, there are N SMs in the insert and bypass states of each phase. The equivalent resistance Rcvtr, and equivalent inductance Lcvtr of the converter are calculated as follows:

[image: image]
 

DCCB Operation Mechanism and Equivalent Impedance Calculation

In 2012, ABB first developed a hybrid DC circuit breaker with a rated voltage of 320 kV and a rated current of 2 kA. The topology of the breaker, which can break an 8.5 kA fault current in 5 ms, is shown in Figure 4. The development of this technology was rated by MIT Technology Review as one of the 10 most important scientific and technological milestones of 2012 (Majumder et al., 2017; Li et al., 2019).


[image: Figure 4]
FIGURE 4. Hybrid DC breaker of ABB.


The DCCB consists of a main circuit, a transfer circuit, and an energy absorption circuit. The working current flows through the main circuit for power transmission. Once a DC fault occurs, the IGBT of the transfer circuit is turned on, and the IGBT of the main circuit is turned off immediately. When the current of the main branch decreases to zero, the mechanical switch will be opened, and then the IGBT of the transfer circuit is disconnected. Finally, the energy of the continuous current of the inductor is discharged through the arrester.

Because the DCCB has no inductance or capacitance, its external circuit presents pure resistance characteristics. In different working stages, its equivalent resistance, RDCCB, can be calculated using the following formula:

(a) Before the DC fault:

[image: image]

(b) During the fault current transfer:
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(c) After the fault current transfer:

[image: image]

where NonM is the number of IGBT switches used in the main circuit and NonT is the number of IGBT switches used in the transfer circuit.



FCL Operation Mechanism and Equivalent Impedance Calculation

At present, passive FCL, connecting the smoothing reactor in series in the DC line, is widely used in engineering. The disadvantage of this method is that, if the smoothing reactor is too small, the DC fault current cannot be limited by it effectively. However, if the smoothing reactor is too large, the dynamic characteristics of the system will be reduced.

In the future, each DC line of the DC power grid should be equipped with active FCL as well as the smoothing reactor. At present, there is no recognized topology for the active FCL, but the existing research ideas are basically the same: control power electronic devices to make the fault current flow into a high inductance branch.

By analyzing and comparing the DCCB and active FCL, it can be concluded that their working modes are similar: a fault current transferred to another branch for current limiting or breaking. The method of analyzing the equivalent resistance RFCL and equivalent inductance LFCL of active FCL is basically the same as that of DCCB. However, FCLs also have inductance.

(a) Before the DC fault:

[image: image]

(b) During the fault current transfer:

[image: image]

(c) After the fault current transfer:

[image: image]
 

PSS-Equivalent Impedance Calculation

Based on the PHIL platform of the four-terminal flexible DC power grid as an example, the equivalent circuit of the two-terminal DC transmission system at PSS can be obtained through the above analysis, as shown in Figure 5.


[image: Figure 5]
FIGURE 5. Equivalent model of PSS.


In Figure 5, the red line indicates the outgoing line of the PA, ZL is the DC transmission line impedance of the PSS subsystem, and ZFCS is the sum impedance of the DC fault current suppression equipment.

[image: image]

The equivalent impedance of the PSS subsystem at the left power interface is discussed below:

(a) When I1 > 0, I2 ≤ 0, and I3 > 0, or I1 < 0, I2 ≥ 0, and I3 < 0, the equivalent resistance, RH, and equivalent reactance, XH, of the PSS subsystem will be as follows:

[image: image]

(b) When I1 ≤ 0, I2 > 0, and I3 > 0, or I1 ≥ 0, I2 < 0, and I3 < 0, the equivalent resistance, RH, and equivalent reactance, XH, of the PSS subsystem will be as follows:

[image: image]

(c) When I1 > 0, I2 > 0, and I3 > 0, or I1 < 0, I2 < 0, and I3 < 0, the equivalent resistance, RH, and equivalent reactance, XH, of the PSS subsystem will be as follows:

[image: image]

Because the third term of RH and XH will be extremely small in (17), (two orders of magnitude smaller than the line impedance), the matching value of the damping impedance will remain almost unchanged during the transition between state (a) and state (c).

The equivalent resistance of the PSS subsystem at the right power interface can also be similarly calculated.

The Hall current sensors of the PSS subsystem feedback the above current signals back to the real-time digital simulator. The DSS system matches the left and right Z* according to different working conditions to ensure that Z* and (kU/kI)ZH are equal.

The value of RDCCB, RFCL, and LFCL is calculated by the PSS subsystem and transmitted back to the DSS subsystem through signal lines to calculate Z*.




INTERFACE DELAY COMPENSATION STRATEGY

In the actual operation of the PHIL simulation platform, a time delay occurs in the feed forward channel of the interface hardware device because of the response time required by the PA, and, as a result, the voltage of the DSS subsystem cannot be reflected in the PSS subsystem in real time. In the steady state operation of the hybrid platform, the DC voltage remains constant, and the influence of interface delay can be ignored. However, if the DC bus voltage of the DSS subsystem fluctuates, the waveform of the DC voltage will get delayed on the PSS side. The delay may cause system instability, and then the cause of DCCB action (caused by overcurrent or delay) cannot be judged in the process of a fault test, so the delay must be compensated. But the DC signal fluctuation is random, so the frequency domain phase-shift method of the AC signals (Ren and Sloderbeck, 2011) cannot be used to compensate the DC interface delay. The time delays of each interface device used in the laboratory are shown in Table 1.


Table 1. Time delays of interface devices.

[image: Table 1]

For the DC power interface, only the data prediction method can be used to compensate time delay. Based on the existing DC voltage data, the voltage value after Δt delay is predicted and the power amplifier is ordered to output the predicted voltage value.

Because the delay time, Δt, is microsecond physical quantity, which is only more than 10 times of the simulation step size of the DSS subsystem, a simple linear prediction method can be used. Based on the voltage during the current simulation step and the voltage value of the previous step, the slope of the straight line determined by these two points can be calculated, and the preliminary predicted value Udc_f of the DC voltage after Δt can be found.

An error will still exist between the preliminary predicted voltage and the actual DC voltage of the digital system. To compensate for this error, the predictive value can be defined as:

[image: image]

where Udc_PSS is the real-time output voltage of PA, Udc_DSS is the real-time DC bus voltage of the DSS subsystem, and k is the error compensation coefficient. Because the current compensation can be applied only to the physical side after a time delay of Δt, the error has been reduced, owing to the action of Udc_f. Thus, k should be a positive number <1. Figure 6 shows the schematic diagram of the interface delay compensation strategy.


[image: Figure 6]
FIGURE 6. Diagram of the interface delay compensation strategy.




SIMULATION AND TEST

To verify the proposed power interface algorithm and interface delay compensation method, a digital and physical hybrid simulation platform for a four-terminal flexible DC power grid with DCCBs has been built. A 200 level ± 500 kV DSS subsystem, with 3,000 MW capacity, has been built in the computer by using MATLAB/SIMULINK. The DSS subsystem is connected with a 2 kW 31 level ± 200 V PSS subsystem through an RT-LAB5600 real-time digital simulator and four quadrant PAs. The wiring diagram of the digital and physical hybrid simulation platform has been shown in Figure 1. The difference from Figure 1 is that the two DCCBs at the PSS subsystem are, respectively, configured at the positive pole of MMC1 and MMC2, and the negative pole is not connected with DCCB. The PSS subsystem is shown in Figure 7, and its parameters are shown in Table 2.


[image: Figure 7]
FIGURE 7. The test of power hardware in the loop. (A) Two terminal MMC-HVDC prototype, (B) prototype of DCCB, (C) DC line and arm reactance, (D) MMC sub-module and DCCB sub-switch, (E) experimental test platform, and (F) RT-LAB 5,600 and power amplifier.



Table 2. Experimental parameters of physical system.

[image: Table 2]

Each board in Figure 7D contains two sub-modules or two sub switches. According to the system parameters, the ratio coefficient Ku of the controlled voltage source is 2,500, and the proportional coefficient Ki of the controlled voltage source is 600. By consulting the equipment manual and measuring the circuit resistance, the relevant parameters are calculated. As for MMC Rcvtr = 0.314 Ω, Lcvtr = 10.67 mH; as for DC line RL = RL1 = RL2 =1.92 Ω, LL = LL1 = LL2 = 63 mH; as for DCCB NonM = 15, NonT = 72, RTon + RDon = 0.03 Ω.


Experimental Condition 1: Verification of Interface Delay Compensation Algorithm

In the initial state, the system runs stably with a stable DC voltage at the rated value. When the DC voltage at the digital side is slightly disturbed, the comparison between the output voltage of the PA and the voltage of the DC line on the digital side before and after the delay compensation is shown in Figure 8A. The interface delay is about 30 μs, which is slightly higher than the forward channel delay. When a single pole short circuit occurs on the DC bus of the digital side, the prediction of the DC bus voltage by the interface delay compensation algorithm is shown in Figure 8B. Because the system adopts a symmetrical single-pole connection mode, there is no fault current exists on the DC side after the single pole-grounding short circuit, and the DCCBs equipment does not act. The experimental data show that, after using the delay compensation algorithm, the DSS outputs the predicted DC bus voltage in advance, and that the output voltage of the power amplifier can coincide with the DC line voltage of the digital side, which can reduce the error caused by the delay.


[image: Figure 8]
FIGURE 8. Verification of interface delay compensation algorithm. (A) Small interference test. (B) DC single pole short circuit test.




Experimental Condition 2: Transmission Power Change of the MMC Station

According to the number of the MMC station in Figure 1, MMC station I (DC voltage control) operates at Udc = 1 (unit value); MMC station II (active power control) operates at PII = 0 (unit value); MMC station III (droop control) operates at PIII = 0.3 (unit value); MMC station IV (droop control) operates at PIV = 0.3 (unit value). After the system is stable, the active power received by MMC station II will be raised once every 2.5 s for three times, respectively set as PII = 0, PII = −0.2, PII = −0.5, and PII = −0.8. The resistance R* matching value is shown in Figure 9A, the inductance L* matching value is shown in Figure 9B, the DC side voltage and the current of MMC station II are shown in Figure 9C. When the system operates stably, the current and circulating current of upper and lower arms of the MMC station II of phase A are shown in Figure 9D, and the capacitor voltage of sub-module is shown in Figure 9E. The experimental data show that both sides of the power interface can achieve real-time impedance matching. The MMC station has a high response speed to the change of active power. The voltage fluctuation of the sub-module capacitor is ~±0.4 V, which is within ±5% of the rated value.


[image: Figure 9]
FIGURE 9. The test of transmission power change. (A) R* matching value, (B) L* matching value, (C) DC voltage and current of MMC station II, (D) current and circulating current of phase A arms, and (E) capacitor voltage of sub module of MMC station II.




Experimental Condition 3: Blocking Test of the MMC Station

In the initial state, MMC station I operates at Udc = 1; MMC station II operates at PII = −0.8; MMC station III operates at PIII = 0.3; and MMC station IV operates at PIV = 0.3. When the system is stable, MMC station I will be locked and will not undertake the task of DC voltage control. The DC side voltage and the current of MMC station II before and after blocking are shown in Figure 10A, while those of MMC station III and MMC station IV are shown in Figure 10B. The experimental data show that the DC voltage decreases at the moment when MMC station I is blocked, but that MMC station III and MMC station IV can quickly stabilize the DC voltage to the rated value and provide the missing active power to maintain the stable operation of the system.


[image: Figure 10]
FIGURE 10. The test of MMC station locking. (A) DC voltage and current of MMC station II; (B) DC voltage and current of MMC station III and IV.




Experimental Condition 4: Bipolar Short Circuit Experiment on Physical Side

Before the fault, MMC station I operates at Udc = 1; MMC station II operates at PII = −0.7; MMC station III operates at PIII = 0.3; and MMC station IV operates at PIV = 0.3. After the system becomes stable, a bipolar short circuit fault occurs on the DC line between MMC station I and MMC station II. The voltage and current waveforms of the DC line are shown in Figure 11A, the resistance R* and inductance L* matching values in this process are shown in Figures 11B,C, respectively. When the fault current on the physical side rises to about 10 A, the DCCB switches it off. The DCCB completes this action in ~6 min after the fault has occurred. After the DC fault, the matching value of R* decreases from 37.058 to 25.875 Ω, while that of L* decreases from 1094.5 to 787.52 mH. After the DCCB transfer circuit is turned on, the main circuit resistance and transfer circuit resistance are in parallel relationship, the matching value of R* decreases to 25.552 Ω; however, there is no inductance change in the process, and the matching value of L* remains unchanged. After the DCCB main circuit is disconnected, the matching value of R* increases to 33 Ω, while that of L* remains unchanged. After the DCCB transfer circuit is disconnected, the physical side DC line is completely disconnected, and the power interface can only interact with adjacent MMC stations, and the matching value of R* is reduced to 17.308 Ω, while that of L* matching value is reduced to 568.61 mH. During the operation of DCCB, the power interface can match the impedance of the physical side in real time.


[image: Figure 11]
FIGURE 11. Bipolar fault test of PSS. (A) Voltage and current of the DC line at PSS, (B) R* matching value, and (C) L* matching value.





CONCLUSION

(a) In this paper, a simulation strategy based on the damping impedance interface algorithm is proposed for the digital and physical hybrid simulation platform of the HVDC grid with fault current suppression equipment. According to the working conditions of the physical system, the equivalent impedance of the physical system is calculated to realize the real-time matching of the damping impedance and ensure the stable operation of the hybrid simulation system.

(b) Because of the randomness of the DC signal fluctuation, the frequency domain phase shift method of the AC signal cannot be used for DC interface delay compensation. An interface delay compensation method for DC signal is proposed by this paper. It predicts the DC voltage of the DSS subsystem after a time of ΔT and outputs it in advance to realize interface delay compensation, which reduces the system error caused by the delay.

(c) A digital and physical hybrid simulation platform for the four-terminal flexible HVDC grid, with a DCCBs prototype, is built, which has verified the interface algorithm and the delay compensation method. In different experiment conditions, the interface delay is effectively compensated. When the working state of the system changes, the voltage and the current fluctuate slightly, but they can recover quickly and operate stably. After a DC short circuit fault, DCCB can complete the action in ~6 min, and the power interface can match the impedance change of the process in real time. It is proved that the interface control algorithm proposed in this paper is feasible.

At present, the PHIL platform in the laboratory only contains one type of fault current suppression equipment—DCCB. In the future, the FCL prototype will be installed in the PSS subsystem for DC fault current-limiting simulation.
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