Han Deng 
  
Yang Qi 
email: qiyang@nwpu.edu.cn
  
Jingyang Fang 
email: jingyang.fang@duke.edu
  
Vincent Debusschere 
email: vincent.debusschere@grenoble-inp.fr
  
Yi Tang 
email: yitang@ntu.edu.sg
  
Multi-Terminal Soft Open Point with Anti-Islanding and Over-current Protection Capability

Keywords: Distribution network, soft opening point, backto-back converter

To increase the reliability of distribution networks, back-to-back converters-based soft open points (SOPs) are emerging as supportive devices for flexible power dispatch and fault isolating under abnormal conditions. However, the existing SOP control schemes are characterized by a master-slave configuration, and the malfunction of the master converter will paralyze the whole SOP system. Further, the existing SOPs are controlled at the current feeding mode, which cannot support isolated loads during the islanding fault. In view of these challenges, this paper develops a reliable and unified control scheme for the multiterminal SOP. The proposed solution can regulate the power flow during normal conditions, provide the grid-forming functionality for islanding cases, and limit the current after a short-circuit fault autonomously without detecting faults or switching modes.

I. INTRODUCTION

The growth of renewable energy sources complicates modern power distribution networks and boosts fault occurrences for the sake of their intermittent essence [START_REF] Fang | On the inertia of future moreelectronics power systems[END_REF]- [START_REF] Qi | Passivity-based synchronization stability analysis for power-electronic-interfaced distributed generations[END_REF]. To mitigate the fault influence and improve the reliability of the modern power system, soft open points (SOPs) based on back-toback converters have been proposed [START_REF] Bloemink | Increasing distributed generation penetration using soft normally-open points[END_REF]- [START_REF] Simanjorang | Application of series type btb converter for minimizing circulating current and balancing power transformers in loop distribution lines[END_REF]. Under normal operation, SOP can also control the active power flow among the feeders and compensate for reactive power. A detailed control algorithm for power flow control, fault isolation, and supply restoration has been proposed in [START_REF] Cao | Operating principle of soft open points for electrical distribution network operation[END_REF]. The system configuration with an SOP is shown in Fig. 1, and the basic configuration of the back-to-back based SOP is shown in Fig. 2, where V dc V 1

V V V 1 , V V V 2 , • • • , V V V n represent
V n + -Fig. 2: Basic schematic of back-to-back based SOP.

In the existing SOP control methods, the master back-toback voltage source converter (VSC) must be controlled at dc-link voltage control mode while other slave VSCs are controlled in power flow control modes based on current control strategy [START_REF] Cao | Operating principle of soft open points for electrical distribution network operation[END_REF]- [START_REF] Hafezi | Autonomous soft open point control for active distribution network voltage level management[END_REF]. As such, the power interaction can be controlled and the short circuit current can be limited due to the inheritance of current control. However, with this kind of master-slave control architecture, the master converter that controls the dc-link voltage will undertake all the redundant power if the power references for other converters are not welldesigned. Moreover, the malfunction or fault of the master converter causing the dc-link voltage collapse will lead to the fail of the whole SOP system. Furthermore, slave VSCs cannot perform the grid-forming functionality when an islanding fault IEEE COPYRIGHT -https://www.doi.org/10.1109/ECCE47101.2021.9595456 occurs.

To fill these gaps, this paper proposed a unified SOP control scheme, in which all the back-to-back converters are controlled in the same manner. Under normal operation, the SOP can control active power flow among the connected feeders and regulate the reactive power independently. The merits of the designed grid-forming control enable voltage support if any of the terminals are undergoing an islanding fault. A current limit scheme is also employed to prevent the grounding fault influence from spreading to other terminals and distribution networks. The SOP with the designed control scheme can go through both types of faults without detecting the fault or shifting modes. The performance of the designed SOP control scheme is tested in simulation, showing that the SOP can work well under normal operation and can handle the grounding fault or perform the grid-forming functionality for islanding situations effectively wherever the fault happens.

II. DESIGN AND CONTROL OF SOP

This section will firstly introduce the overview control system for the k th back-to-back converter, and then detail the controller design separately.

A. System Overview

The circuit diagram and the control scheme of an individual back-to-back converter sub-module are shown in Fig. 3. The k th converter connects to the k th grid V V V k through an LCL filter which consists of L gik , C gfk , L ggk and their equivalent series resistance (ESR) R gik and R ggk . The subscript k denotes the parameters of the k th converter. Further, subscript ref represents the reference value, and dq means signals in rotational dq frame. The power controller controls the dc link voltage v dc as well as the active power P k and the reactive power Q k flowing from the converter to the grid, and generates the phase angle reference θ k and voltage amplitude reference v gfkd ref for the voltage and current controller. The voltage over the LCL capacitor v gfkabc is controlled by the voltage and current controller, where the converter side current i gikabc is used to damp the resonance frequency oscillation of the LCL filter. As the converter is controlled in a grid-forming way, the converter cannot limit over-current inherently. To address this issue, an additional current limit controller is applied. In this paper, all the converters are designed and controlled in the same way. Table I and Table II illustrates the system parameters and the control parameters, respectively.

B. Power Flow and DC Voltage Control Scheme with Grid-Forming Control

Fig. 4 shows the designed active power and dc link voltage control scheme, which includes the controller and the plant block diagrams. The active power flow is controlled by the basic droop control, where K pk denotes the power droop gain. The dc-link voltage is controlled by a proportional-integral (PI) controller, where K dcpk is the proportional gain and K dcik is the integral gain. The phase angle of the VSC is determined coordinately by the active power control and the dc voltage control as

θ k = ω 1 + K pk (P k ref -P k )+ K dcpk (V dc ref -v dc ) + K dcik (V dc ref -v dc ) . (1) 
Then we will analyze the steady state characteristics of the designed SOP. The power angle δ k = θ k -θ gk between the k th B2B VSC and the k th grid feeder can be derived as

δ k = (ω n -ω gk ) + K pk (P k ref -P k )+ K dcpk (V dc ref -v dc ) + K dcik (V dc ref -v dc ) , (2) 
where ω gk is the frequency of the grid that is connected to VSC k. Taking differential of (2) will lead to

dδ k dt = ∆ω gk + K pk (P k ref -P k ) -K dcpk dv dc dt +K dcik ∆v dc , (3) 
where ∆ represents the deviation from the nominal value. At steady state, dδ k dt = 0 and dv dc dt = 0, so the relationship among P k ref , P k , and V dc will be:

(P k ref -P k ) - K dcik K pk ∆v dc - 1 K pk ∆ω gk = 0. (4) 
Summing ( 4) for all the k VSCs yields

P k ref - P k -∆v dc K dcik K pk - 1 K pk ∆ω gk = 0.
(5) Also, at steady state, P k = 0, so the voltage deviation can be calculated as

∆v dc = P k ref - 1 K pk ∆ω gk K dcik K pk , (6) 
and the individual active power output of the k th B2B VSC can be expressed as

P k = P k ref - K dcik K pk ∆v dc - 1 K pk ∆ω gk . (7) 
Equation [START_REF] Simanjorang | Application of series type btb converter for minimizing circulating current and balancing power transformers in loop distribution lines[END_REF] shows that ∆v dc is an indicator of the uncoordination among the power references P k ref and the grid frequency deviations ∆ω gk . For the proper operation of SOP, the sum of power references P k ref should be 0. However, as P k ref comes from the upper layer controller, and the B2B VSCs are controlled locally, the power references P k ref might be given to the B2B VSCs incorrectly due to faults or + - V dc _ref v dc
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Fig. 4: Active power and dc link voltage control scheme and reactive power control scheme. communication delays, making P k ref = 0. Ideally, the uncoordinated power references should be shared evenly among all the B2B converters. When ∆ω gk = 0, and P k ref = 0, the power sharing among the converters can be calculated as

P 1 ref -P 1 : P 2 ref -P 2 : . . . : P k ref -P k = K dci1 Kp1 : K dci2 Kp2 : . . . : K dcik K pk . ( 8 
)
With the power sharing relationship (8), the parameters can be designed according to the power-rating ratio of the B2B VSCs.

A simple droop control scheme is used in the reactive power flow control scheme, i.e.

v gfkd ref = V ref + K qk (Q k ref -Q k ), (9) 
where the droop coefficient is denoted as K qk . Contrary to active power control, each back-to-back converter connected to the dc-link capacitor controls their reactive power independently.

C. Voltage and Current Limiting Control Scheme

Fig. 5 shows the inner-loop voltage and current control scheme, which is composed of the voltage controller, the current limiting controller, the inverse current controller, and the anti-windup controller. The control objective for the voltage and current controller is to ensure satisfying voltage tracking performance under normal operation and limiting current amplitude under faults. The voltage controller follows the gridforming converter parameter design guideline in [START_REF] Fang | More-electronics power systems: power quality and stability[END_REF], where a PI controller is used to track the voltage reference, and the converter side current is fed back to damp the LCL resonance frequency oscillation. The current limiting controller will not work when the current is lower than its limitation I max because of the existence of the inverse current controller, which is a complete inverse of the current limiting controller except the saturation block [START_REF] Qoria | Grid-forming control to achieve a 100% power electronics interfaced power transmission systems[END_REF]. When the converter encounters a short circuit fault or grounding fault, the converter current will follow the reference of the saturation block intermediately with the current limiting controller. The saturation rule is designed as

i gidS * = sign(i gid * ) min(I max , |i gid * |) i gidS * = sign(i giq * ) min(|i giq * |, I max 2 -i gid * 2 ) , (10) 
where i gidq * are the original current references and i gidqS * are the saturated current references. To avoid the saturation of the voltage controller integrator, the anti-windup controllers are utilized. The descriptions and values of controller parameters are shown in Table II.

III. SIMULATION RESULTS

To verify the effectiveness of the control scheme, simulation is conducted under PLECS environment. The islanding fault and the grounding fault locations are illustrated in Fig. 6, i.e. in the grid side of one of the terminal. In the simulation, 3 backto-back converters are connected to the same dc link capacitor, and the power reference for the converter 1, 2 and 3 are 1000
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Anti-Windup Controller i gi kd q * i gi kd qS * Fig. 5: Voltage and current control scheme. W, 2000 W, -3000 W, respectively. Note that all faults happen at the grid side of the 1 st converter. Fig. 7 -8 illustrates the simulation results for islanding fault and the grounding fault, respectively. Fig. 7 illustrates the voltage and current response of converter 1 when a grounding fault happens at the grid side of converter 1 as shown in Fig. 6 (a). The grid voltage amplitude of V V V 1 suddenly drops from nominal voltage to 0 at 1 s and recovers at 1.05 s. The fault current limit is I max = 25 A. When the fault happens, the current is limited at the amplitude of 25 A immediately, and its direct and quadrature components accord with the saturation rule [START_REF] Hafezi | Autonomous soft open point control for active distribution network voltage level management[END_REF]. After the fault is cleared at 1.05 s, the converter recovers to its original operation point successfully due to the existence of the anti-windup controller. Note that the recovery process is also determined by the fault duration time , the power controller and the existence of the equilibrium point, etc., which falls within the scope of current limiting strategies for grid-forming converters. Fig. 8 tests the SOP performance when an islanding fault occurs at the AC side of converter 1 at 3 s as shown in Fig. 6 (b). Prior to this, a 3000 W load was supplied by grid 1. According to Fig. 8(a), before 3 s, the converter follows the power reference correctly, and the dc voltage is well controlled at 800 V. After the islanding fault happens at 3 s, grid 1 disconnects from the load and the SOP. As such, the 3000 W load is taken over by the SOP and shared by converter 2 and 3 according to evenly according to [START_REF] Mudaliyar | Real-time coordinated control of low voltage dc distribution network with soft opening point[END_REF]. More specifically, the VSC 1 will transfer 3000 W, which is 2000 W more than the planned transferring load 1000 W. To balance the power, VSC 2 and VSC3 will take the 2000 W load, so the power transferring to grid 2 reduced 1000 W and the power absorbing from grid 3 also increased 1000 W. Additionally, the dc link voltage amplitude also drops 27.7 V after the fault according to [START_REF] Bloemink | Increasing photovoltaic penetration with local energy storage and soft normally-open points[END_REF]. Fig. 8(b) illustrates the zoom-in view of the converter voltage, the current, and the dq components of the current of converter 1 before and after the islanding fault happens. The stable sinusoidal waveform of the voltages and currents shows that the AC-side of converter 1 can also perform the grid-forming function even without grid 1.
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IV. CONCLUSIONS

To increase the reliability of the more electronics power system, this digest proposed a symmetrical SOP control scheme that can enhance power interaction between grids and tolerate the grounding or islanding fault at any of the feeders it connects to autonomously. The controller design and the steady state analyzing is performed in detail. The effectiveness of the control scheme is proved in the simulation. 
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 3 Fig. 3: Schematic of individual back-to-back converter.
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 6 Fig. 6: Simulated 3-terminal system.
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 7 Fig. 7: Voltage and current response of converter 1 under grounding fault at grid 1.
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  Dc link Voltage and active power and reactive power waveform under islanding fault.

  Zoom-in view of voltage and current waveform under islanding fault.
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 8 Fig. 8: SOP response under islanding fault at grid 1.

Table I :

 I System parametersSymbol Description Value

	Ts	Sampling period	0.1 ms
	fn	Nominal frequency	50 Hz
	ω 1	Fundamental angular frequency	314.1 rad / s
	fsw	Switching frequency	10 kHz
	V ref	Nominal phase voltage amplitude	220 V
	L gik	LCL filter converter-side inductance	2 mH
	R gik	LCL filter converter-side ESR	0.1 Ω
	C gfk	LCL filter capacitance	40 µF
	L ggk	LCL filter grid-side inductance	2 mH
	R ggk	LCL filter grid-side ESR	0.1 Ω
	C dc	Dc-link capacitance	2000 µF
	V dcref	Dc-link voltage reference	800 V