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Abstract

:

In this paper, an improved back-to-back converter is proposed, and the converter is used as a test power source for vector inspection of relay protection in an active distribution network, which effectively solves the problem that the output voltage and current of the test power source cannot be continuously and stably adjusted. Firstly, a three-phase back-to-back cascade converter is established to analyze the impedance characteristics of its DC terminal. Then a feedforward voltage is added to the inverter to improve the input impedance characteristics of the inverter. Secondly, the system stability and parameter stability of the improved back-to-back converter are analyzed. Finally, the improved converter is used as the test power source for vector inspection of relay protection in the active distribution network. The simulation results show that the stability of the improved back-to-back converter system is greatly improved. The experiment shows that the vector check technology based on an improved back-to-back converter can effectively check the vector of relay protection in an active distribution network and find various installation problems.
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1. Introduction


Vector inspection of relay protection is important to enact before the power grid is put into operation. Vector error will lead to false-action or non-action of relay protection in a normal operation state and fault state. Therefore, relevant power grid regulations stipulate that the correctness of the relay protection vector must be strictly checked comprehensively before newly installed equipment or devices with great changes in the circuit are put into operation [1]. At the same time, the relay protection vector inspection technology, applied before commissioning, reduces the safety risk caused by a system switching operation during the commissioning process and reduces the operation workload [2].



In recent years, vector inspection technology that has first been applied in newly built high-voltage substations and transmission networks is put into operation before relay protection [3,4], but there are some difficulties in its application to distribution networks. Compared with the high-voltage substation and transmission network, the line distance of the distribution network is shorter and the transformer capacity is smaller. As a result, the output voltage and output current of the test power source cannot be adjusted continuously and stably, which cannot satisfy the requirements of relay protection vector inspection of the distribution network [5,6].



Back-to-back converters have the advantages of four-quadrant operation, low current harmonic content, and controllable DC voltage, which attracts more and more scholars’ attention and research. In this paper, the control strategy and stability of back-to-back converters are analyzed and studied. Ref. [7] adopts a no-difference beat current control and active power feedback compensation mechanism to improve the harmonic current of the back-to-back converter system and grid-connection reliability. Ref. [8] proposed a coordinated control strategy of two-end converters, which can enhance the stable and reliable operation of the back-to-back MMC-HVDC transmission system. Ref. [9] uses the harmonic state space method to study the stability of back-to-back converters in wind turbines. Impedance matching theory points out that the stability of a cascade system not only depends on the stability of a single converter itself, but also the impedance matching between converters will affect the stability of the system to a large extent [10]. The impedance matching analysis method can be applied to improve and evaluate the stability of AC grid-connected inverters [11,12,13]. In refs. [14,15], the output impedance of the grid-connected inverter is constructed by virtual impedance correction to improve grid-connected stability. Refs. [16,17] proposed an active full bridge converter (DAB)—inverter cascade topology. The control link is designed according to the DC impedance of the cascade system to improve the impedance characteristics of the system and enhance its stability of the system. Ref. [18] studies the dynamic interaction between photovoltaic grid-connected inverters and power grids based on impedance analysis. None of the above references have been able to analyze the stability of the back-to-back converter from an impedance perspective and propose an improvement plan.



To solve these problems, an improved AC/DC-DC/AC cascade converter is proposed, and the converter is used as the test power source for relay protection vector inspection of the active distribution network in this paper. The main innovations of this paper are as follows:




	(1)

	
Adding a feedforward voltage to the inverter end of the converter can effectively improve the input impedance characteristics of the inverter, and thus the system stability of the converter;




	(2)

	
The vector inspection technology based on the improved back-to-back converter is applied to the vector inspection of the active distribution network for the first time, which can accurately find various installation problems of relay protection.









This paper is organized as follows: in Section 2, the three-phase back-to-back cascaded converter is established to analyze the impedance characteristics of its DC terminal; in Section 3, the system stability and parameter stability of the improved back-to-back converter are analyzed; in Section 4, the principle and flow of distribution network vector inspection are introduced; in Section 5, the improved converter is used as the test power source for vector inspection of relay protection, and vector inspection of relay protection of the active distribution network is carried out; in Section 6, conclusions are drawn.




2. Impedance Characteristics of the Converter


This section analyzes the system impedance of the three-phase back-to-back converter, the output impedance of the rectifier at the DC terminal, and the input impedance of the inverter. When analyzing the input impedance of the inverter, feedforward voltage is added to the inverter end, which can effectively improve the input impedance characteristics of the inverter.



2.1. Converter System Impedance


Firstly, we set up the back-to-back cascading converter topology as shown in Figure 1. The converter on both terminals is composed of three pairs of switch tubes in a three-phase bridge circuit.    e 1    is the grid voltage at the rectifier end,    L 1    and    r 1    are the filter inductance and parasitic resistance of the rectifier converter, respectively,  C  is DC filter capacitor,    u  d c     and    i  d c     are DC voltage and current, respectively,    L 2    and    r 2    are the filter inductance and parasitic resistance of the inverter converter, respectively, and    e 2    is the grid-connected voltage of the inverter.



The block diagram of the impedance principle of a back-to-back converter cascade system is shown in Figure 2.    G A  ,  G B    are transfer functions of rectifier A and inverter B, respectively [19].



The transfer function G of the converter cascade system is:


  G =  G A   G B   1  1 +  T m     



(1)







As can be seen from the transfer function of the cascade system, the system stability is not only dependent on the stability of a single system but also related to the impedance matching between subsystems. According to the principle of automatic control, if the open loop transfer function of a system is stable, the system is stable. Therefore,    T m    can be regarded as the open loop transfer function of the cascade system, which is called the minimum loop ratio. Thus, on the premise that all subsystems are stable, the stability of the whole cascade system can be judged by the stability of the    T m   .    T m    is related to the control mode of the subsystem. If A is the voltage source converter and B is the current source converter, then    T m    is the output impedance of rectifier A compared with the input impedance of inverter B [20], as shown in Equation (2):


   T m  =    Z  A _ o u t      Z  B _ i n      



(2)




where    Z  A   ¯       o u t     represents the output impedance of source converter A, and    Z  A   ¯       i n     represents the input impedance of load converter B.



If A and B have opposite characteristics—that is, A is the power converter and B is the voltage source converter—then    T m    is the input impedance ratio of inverter B to the output impedance of rectifier A [21], as shown in Equation (3):


   T m  =    Z  B _ i n      Z  A _ o u t      



(3)







Input impedance    Z  i n     and output impedance    Z  o u t     can be obtained by constructing a small signal model of the system at the static operating point, and the calculation method is shown in Equations (4) and (5):


   Z  i n   =     u ^   i n       i ^   i n      



(4)






   Z  o u t   = −     u ^   o u t       i ^   o u t      



(5)




where      u ^    i n     and      i ^    i n     are the input voltage and current small signal disturbance, respectively. Similarly,      u ^    o u t     and      i ^    o u t     are the input voltage and current small signal disturbance, respectively.




2.2. Rectifier Impedance


The control block diagram of the voltage and current double closed-loop control rectifier is established in the dq coordinate system, as shown in Figure 3. In the figure,    i  i   ¯  d     and    i  i   ¯  q    , respectively, represent axis d- and q-axis components of grid-connected current at the rectifier terminal.    d  i   ¯  d     and    d  i   ¯  q    , respectively, represent the d and q axis components of the rectifier switch duty cycle.    e  i   ¯  d     and    e  i   ¯  q    , respectively, represent the components of axis d and axis q of rectifier grid-connected voltage. The symbol “*” represents the given value of the corresponding variable, and the symbol “^” below represents the small signal disturbance of the corresponding variable [22].



The small signal model of the rectifier is established by the small signal analysis method, as shown in Equation (6):


   L 1   d  d x           i ^   1 _ d           i ^   1 _ q         =       −  r 1     0     0    −  r 1                i ^   1 _ d           i ^   1 _ q         +         e ^   1 _ d           e ^   1 _ q         −           d ^   1 _ d           d ^   1 _ q          U  d c   +        D  1 _ d          D  1 _ q           u ^   d c      



(6)




where    D  1   ¯  d     and    D  1   ¯  q     are, respectively, the d- and q-axis components of the DC duty ratio of the rectifier system, and U is the steady-state DC voltage.



According to the power balance principle, when the loss in the power transmission process is ignored, the power at the input and output sides of the rectifier should be equal.


  P = 1.5 (  e  1 _ d    i  1 _ d   +  e  1 _ q    i  1 _ q   ) =  u  d c    i  d c    



(7)







Assuming that the three-phase input voltage is symmetrical and balanced without disturbance, while      e ^    1   ¯  d   = 0 ,      e ^    1   ¯  q   = 0  , small signal analysis is performed on Equation (7), and the results are shown in Equation (8):


  1.5  E  1 _ d     i ^   1 _ d   =   u ^   d c    I  d c   +  U  d c     i ^   d c    



(8)




where    E  1   ¯  d     is the voltage of the d-axis of the rectifier system grid in steady state and   I  d c     is the steady-state current.



Let the current transfer function from voltage to axis D be    G   u  d c    i  1 _ d     =   i ^   1 _ d   /   u ^   d c    , then the small signal equation of power balance is shown in Equation (9), and Equation (10) is the output impedance of the DC terminal of the rectifier:


  1.5  E  1 _ d    G   u  d c    i  1 _ d       u ^   d c   =   u ^   d c    I  d c   +  U  d c     i ^   d c    



(9)






   Z  r e c _ o u t   = −     u ^   d c       i ^   d c     =   −  U  d c     1.5  E  1 _ d    G   u  d c    i  1 _ d     −  I  d c      



(10)







Since the rectifier in this paper adopts voltage and current double closed-loop control, the axis components of duty cycle disturbance d and q are, respectively:


          i ^   1 _ d           i ^   1 _ q         =  1 2         H  1 _ i   ( −  H u    u ^   d c   −   i ^   1 _ d   )       −  H  1 _ i     i ^   1 _ q         =       −    H  1 _ i    2     0     0    −    H  1 _ i    2                i ^   1 _ d           i ^   1 _ q         +       −    H  1 _ i    H u   2       0        u ^   d c    



(11)




where    H  1 _ i   ( s )   is the transfer function of the current loop PI regulator in rectifier control and    H u  ( s )   is the transfer function of the voltage loop PI regulator.



Substitute Equation (11) into Equation (10), then the rectifier model is as follows.


   M 1          i ^   1 _ d           i ^   1 _ q         =         e ^   1 _ d           e ^   1 _ q         +       −  D  1 _ d   +  H  1 _ i    H u  / 2       −  D  1 _ q           u ^   d c    



(12)




where    M 1  =        L 1  s +  r 1  −  H  1 _ i   / 2    0     0     L 1  s +  r 1  −  H  1 _ i   / 2        . Then, the transfer function of DC voltage to d-axis current is shown in Equation (13):


   G   u  d c    i  1 _ d     =     i ^   1 _ d       u ^   d c     =   −  D  1 _ d   +  H  1 _ i    H u  / 2    L 1  s +  r 1  −  H  1 _ i   / 2    



(13)







By substituting Equation (13) into Equation (10), the expression of output impedance    Z  r e c _ o u t     at the DC terminal of the rectifier can be obtained.




2.3. Inverter Impedance


We establish the control block diagram of the inverter in the converter in the dq coordinate system, as shown in Figure 4.



In this figure, P and Q represent active and reactive power respectively,    e  2 _ d     and    e  2 _ q    , respectively, represent axis d and axis q components of the grid-connected voltage of the inverter system,    i  2 _ d     and    i  2 _ q    , respectively, represent d- and q-axis components of inductance current, and    d  2 _ d     and    d  2 _ q    , respectively, represent the d- and q-axis components of the inverter switch duty cycle [23].



Similar to the derivation of the rectifier model, the small signal model of the inverter is shown in Equation (14):


   L 2   d  d x           i ^   2 _ d           i ^   2 _ q         =       −  r 2     0     0    −  r 2                i ^   2 _ d           i ^   2 _ q         +         e ^   2 _ d           e ^   2 _ q         −           d ^   2 _ d           d ^   2 _ q          U  d c   +        D  2 _ d          D  2 _ q           u ^   d c      



(14)




where    D  2 _ d   ,    D  2 _ q     are the DC duty cycle d- and q-axis components of the inverter system. Similar to rectifier analysis, the loss in the process of power transmission is ignored, and the impedance of the DC terminal is obtained according to the power balance equation, as shown in Equation (15):


   Z  i n v _ i n   =     u ^   d c       i ^   d c     =    U  d c     1.5  E  2 _ d    G   u  d c    i  1 _ d     −  I  d c      



(15)




where    E  2 _ d     is the grid d-axis voltage of the inverter system at a steady state.



The inverter adopts constant power control, so the duty cycle disturbance is shown in Equation (16):


          d ^   2 _ d           d ^   2 _ q         =       −  H  2 _ i     i ^   2 _ d         −  H  2 _ i     i ^   2 _ q         = −       −  H  2 _ i   / 2    0     0    −  H  2 _ i   / 2               i ^   2 _ d           i ^   2 _ q          



(16)




where    H  2 _ i   ( s )   is the transfer function of the PI regulator of the current loop in the control loop of the inverter system. Substitute Equation (16) into Equation (14), then the small signal model of the inverter is shown in Equation (17):


   M 2          i ^   2 _ d           i ^   2 _ q         = −         e ^   2 _ d           e ^   2 _ q         +        D  2 _ d          D  2 _ q           u ^   d c    



(17)




where    M 2  =        L 2  s +  r 2  −  H  2 _ i   / 2    0     0     L 2  s +  r 2  −  H  2 _ i   / 2        . Then, the current transfer function    G   u  d c    i  2 _ d       of the inverter DC terminal voltage to axis D is shown in Equation (18):


   G   u  d c    i  2 _ d     =     i ^   2 _ d       u ^   d c     =    D  2 _ d      L 2  s +  r 2  +  H  2 _ i   / 2    



(18)







After substituting Equation (18) into Equation (15), the input impedance    Z  i n v _ i n     expression of the DC inverter can be obtained.




2.4. Improved Inverter Impedance


The DC terminal voltage error is used as a given compensation for the inverter d-axis power loop, and the improved inverter transfer function    G   u  d c    i d      block diagram is shown in Figure 5. The transfer function of inverter DC terminal voltage to d-axis current can be directly derived from Figure 5, as shown in Equation (19):


    G ′    u  d c    i d    =     u ^   d c       i ^   d c     =    D d  + k  H i  / 2    L 2  s +  r 2  +  H  2 _ i   / 2    



(19)




where k is the voltage feedforward coefficient and    H i  ( s )   is the transfer function of the current loop PI regulator. Substitute Equation (19) into Equation (18) to obtain the improved input impedance of the DC inverter      Z ′    i n v _ i n    :


     Z ′    i n v _ i n   =     u ^   d c       i ^   d c     =    U  d c     1.5  E d    G ′    u  d c    i d    −  I  d c      



(20)









3. Stability Analysis


The stability of the improved back-to-back converter directly determines the feasibility of its application in relay protection vector inspection of the distribution network. Therefore, this section analyzes the stability of the improved back-to-back converter from two aspects of subsystem and parameter influence.



3.1. Subsystem Stability Analysis


From the above analysis, the mathematical models of the output impedance    Z  r e c _ o u t     of the rectifier and the input impedance    Z  i n v _ i n     of the inverter before and after optimization have been obtained. Because the rectifier acts as a voltage source converter, the minimum loop ratio of the cascade system is the ratio of the rectifier’s output impedance to the inverter’s input impedance. Under the condition of a given power of 5 kW, the output impedance of the rectifier at the DC terminal, the input impedance of the inverter, and the porter diagram of the optimized input impedance of the inverter are shown in Figure 6.



Figure 6 shows that the output impedance amplitude of the DC rectifier is smaller, and the phase ranges from 90° in the low-frequency band to −90° in the high-frequency band. Compared with the output impedance, the input impedance amplitude of the DC inverter is larger. Its low-frequency phase is −180° showing negative impedance, which is also an important reason for the instability of the cascade system. After the voltage feedforward is introduced into the inverter, the impedance amplitude is reduced and the low-frequency phase is 0°, which shows resistance. Theoretically, it is beneficial to system stability.




3.2. Influence of Parameters on System Stability


First, three parameters K1, K2, and K3 are introduced, which represent the common gain coefficients of the rectifier current loop PI controller, the voltage loop PI controller, and the inverter power loop PI controller, respectively. Equation (21) is the transfer function of the PI controller after introducing the common gain coefficient of the PI parameter:


  H ( s ) =  K i  (  k p  +    k i   s  )  



(21)




where    k p  ,  k i    are the ratio and integral coefficient.



When the common gain coefficient K1 of the rectifier current loop parameter changes, the bode diagram of the output impedance of the DC terminal is shown in Figure 7a. It can be seen from the figure that when the coefficient K1 changes from 0.1 to 1.5, the amplitude and phase of the output impedance do not change. That is to say, the current loop parameters of the rectifier under the voltage and current double closed-loop control have little effect on the output impedance characteristics, and they are not the dominant factor affecting the instability of the system.



When the common gain coefficient K2 of the voltage loop PI parameter of the rectifier changes, the bode diagram of the output impedance of the DC terminal is shown in Figure 7b. In general, the increase in the voltage loop PI parameter will lead to the increase in high-frequency resonant amplitude in the system, which is not conducive to system stability. In this paper, the influence of impedance on system stability is studied under the premise of system stability. It can be seen from Figure 7 that when the coefficient K2 increases from 0.1 to 1.5, the impedance amplitude of low-frequency rectifier decreases, and the capacitive impedance characteristic of high-frequency rectifier weakens. The increase in coefficient leads to the reduction of impedance amplitude, which is beneficial to the cascade system impedance matching. Therefore, the stability of back-to-back converters will be positively affected.



When the feedforward voltage is introduced into the power loop of the inverter, only the input impedance of the inverter is affected, and it has nothing to do with the rectifier side. Therefore, the change in the input impedance of the optimized inverter is analyzed. Figure 8 shows the input impedance bode diagram before and after optimization when the coefficient K3 changes.



When the common gain coefficient K3 of the inverter power loop PI parameter changes, the bode diagram of the input impedance of the DC terminal is shown in Figure 8a. When the coefficient K3 changes from 0.1 to 1.5, the high-frequency input impedance amplitude increases, and the negative impedance characteristic of low-frequency inverter increases. Figure 8b is the bode diagram of the optimized input impedance at the DC terminal when the coefficient K3 changes. By comparing Figure 8a,b, it is obvious that the amplitude of the input impedance after optimization decreases. In addition, the low frequency band changes from the negative impedance characteristic which endangers the stability of the system to the pure resistive characteristic which is beneficial to the stability of the system. It can be seen that the input impedance of inverter with feedforward voltage is beneficial to the stability of cascade system.



Figure 9 shows the bode diagram of the input impedance of the DC inverter before optimization when the power changes. When the power changes from 1 kW to 6 kW, the amplitude of the input impedance of the low-frequency inverter decreases, and the negative impedance characteristic increases. The decrease in the input impedance amplitude can easily cause instability in the cascade system, so the stability of the system can be improved by increasing the amplitude of the input impedance.





4. Principle of Vector Inspection


Vector inspection of relay protection includes secondary voltage value, secondary current value, the angle between secondary voltage, the angle between secondary current, and the correspondence between angle value and amplitude, etc. Vector inspection mainly checks the current transformer ratio range, polarity selection, voltage, and current secondary circuit wiring correctness. The test device for relay protection vector inspection of the distribution network is shown in Figure 10, which includes the current converter, test device, simulated load, and protection device.



The input end of the current transformer is connected to 380 V mains power, and the output end is connected to the reception test equipment. The output end of the equipment to be tested is connected to the analog load, and the protection device is connected to the equipment to be tested through the voltage transformer and current transformer.



The current converter includes AC/DC-DC/AC cascade converter module, step-down transformer module, and processor module. The converter module can output continuous, stable, and adjustable current and voltage. Step-down transformers are used for voltage regulation. The processor controls and adjusts the converter module according to the output voltage and current of the converter. The whole converter equipment is required to be able to output the required load current stably and quickly respond to the required pulse current. Its nominal design is 50 kVA, 100 A/150 V phase voltage.



The analog load includes parallel test inductance, inductive analog load, capacitive analog load, and analog grounding line, which can form a variety of loops with the equipment to be tested. The test inductance adopts a fixed value of 0.5 Ω. The inductive analog load is for star connection access, which has an adjustable range of 0–1.0 Ω. The capacitive analog load is for angular connection access, which has an adjustable range of 50 μF 200 μF. The dynamic stability of the analog ground cable must be at least 150 A/min.



The impedance of the test system load is the sum of the impedance of the device under test and the impedance of the simulated load. During the test, we adjust the simulated load to compensate for the test equipment and adjust the system load to the inductive or capacitive load of 1 Ω.



The relay protection vector inspection process of the whole distribution network is as follows:




	
According to the type of relay protection, select different locations to connect to the converter equipment and simulated loads;



	
Adjust the output voltage and current of the converter equipment and calculate the impedance of the test system load;



	
Subtract the simulated load impedance from the system load impedance to obtain an estimated impedance value of the device under test;



	
According to the estimated impedance value of the device under test and the test type, adjust the converter device and the simulated load to compensate the system load impedance to the preset value;



	
Connect the protection device to the test system and start the test. Check the correctness of the vector according to the secondary voltage and secondary current collected by the protection device.









5. Simulation and Experimental Verification


In this section, the stability of the improved converter is verified by simulation. Then, the improved converter is used as the test power source to verify the relay protection vector inspection technology in the distribution network.



5.1. Converter Stability Verification


For the above theoretical analysis, this paper built a three-phase back-to-back converter cascade system on the MATLAB/SIMULINK simulation platform. Table 1 shows the main circuit parameters in the simulation, and Table 2 shows the PI parameters of each control link. In accordance with the theoretical analysis, the rectifier adopts the DC voltage and filter inductor current double closed-loop control strategy, while the inverter adopts the constant power control mode. Figure 11, Figure 12 and Figure 13, respectively, show the changes in DC terminal voltage, rectifier, and inverter power of the cascade system before and after optimization when the coefficients K1-K3 change. Figure 14 shows the changes in DC terminal voltage, rectifier, and inverter power when output power changes.



Figure 11 shows the waveforms of the DC terminal voltage, rectifier, and inverter power output optimized when coefficient K1 is 0.5, 1.0, and 1.5, respectively. In each case, when the coefficient K1 changes, the system voltage and power are not greatly disturbed. Comparing the two cases, it is obvious that the peak value of the output voltage of the optimized system is smaller. The power transition process is relatively gentle, which has a favorable effect on the system.



Figure 12 shows the waveforms of DC terminal voltage, rectifier, and inverter power output when coefficient K2 is 0.5, 1.0, and 1.5, respectively. As K2 increases, the peak value of DC terminal voltage gradually weakens, and the short-term impact on the system gradually decreases. At the same time, the inverter power output waveform gradually flattens with the increase in the coefficient. According to the above analysis, the increase in the K2 coefficient reduces the output impedance of the rectifier, which is conducive to system stability. The input impedance amplitude of the DC inverter decreases after the feedforward voltage is introduced. Regulating voltage is no longer only the responsibility of the rectifier. At this time, the inverter is also sharing part of the work of regulating voltage, and the system’s adjustability has also been improved.



Figure 13 shows the waveforms of DC terminal voltage, rectifier, and inverter power output when coefficient K3 is 0.1, 0.5, and 0.9, respectively. With the increase in the coefficient, DC terminal voltage distortion and voltage peak value gradually increase. At the same time, the harmonic wave of the rectifier and inverter output power becomes larger under forward power. The increase in inverter power loop parameters enhances the negative impedance characteristics of the inverter, which is not conducive to the stability of the cascade system. Compared with the waveform before and after optimization, the introduction of feedforward voltage effectively reduces the voltage harmonics of the DC terminal, and the output power distortion rate of the rectifier and inverter decreases.



Figure 14 shows the DC terminal voltage, rectifier, and inverter power output of the improved converter when output power P is 1 kW, 3 kW, and 7 kW, respectively. As the power increases, the voltage spike generated by the DC terminal voltage at the power mutation increases. The power variation of the rectifier and inverter gradually becomes uneven, and the stability of the converter system becomes worse.




5.2. Distribution Network Vector Inspection Application


First, the analog load is adjusted so that the end of the device to be tested is connected to the three-phase test inductance, the impedance of which is XS. Adjust the output voltage and current of the converter. The test device automatically reads current, voltage, and active power values, then the impedance of the test system load is calculated as XL. The system load impedance minus the analog load impedance, the estimated value of the impedance to be tested equipment Xd = XL − Xs. Under different test devices, the estimated impedance values of the devices to be tested are shown in Table 3.



Secondly, according to the estimated impedance value of the equipment to be tested, the simulation load is adjusted to compensate for the system load impedance to 1 Ω. When adjusting the current converter device for vector inspection, the current output by the converter device should meet certain requirements. Its size is related to the primary current of the device to be tested, as shown in Table 4.



5.2.1. Bus and Feeder Vector Inspection


The wiring diagram of the vector inspection of the 10 kV bus and feeder is shown in Figure 15. The power source of the test system comes from the station power, and the currency converter is connected to the equipment under test from the incoming line of the bus I. The simulated load is connected to the device under test from feeder F12. The protection device is connected to the device to be tested through the voltage transformer and current transformer. We adjust the system load to inductive 1 Ω, and then adjust the output current and output voltage of the converter equipment. The relay protections that can be tested are bus low voltage overcurrent protection, feeder F12 overcurrent protection, and quick break protection. The inspection results are shown in Table 5.



It can be seen from Table 5 and Table 6 that the secondary voltage and secondary current of bus protection and feeder F12 protection are both greater than 0.02 A and 0.2 V, and the secondary current lags almost 90° behind the secondary voltage. Therefore, it can be judged that the vectors of bus protection and feeder F12 protection are correct. Similarly, by changing the position of the converter device and the simulated load, vector inspections can be carried out on other protections of the bus and feeder.




5.2.2. Distribution Vector Inspection


The wiring diagram for vector inspection of the distribution transformer is shown in Figure 16. The power source of the test system is from the station electricity, and the currency converter is connected to the equipment to be tested from the 1# incoming line of the distribution transformer box, and the analog load is connected to the equipment to be tested from the 1# outgoing line of the distribution transformer. Vector inspection can be carried out for overcurrent protection and quick break protection of the 1# distribution transformer. The current converter is connected to the equipment to be tested from the 2# incoming line of the distribution transformer box, and the analog load is connected to the equipment to be tested from the 2# outgoing line of the distribution transformer. Vector inspection can be carried out for overcurrent protection and quick break protection of the 2# distribution transformer. The inspection results are shown in Table 7.



As can be seen from Table 7, the secondary voltage and secondary current of distribution transformer overcurrent protection and quick break protection are both greater than 0.02 and 0.2 V. Moreover, the secondary current lags behind the secondary voltage by almost 90°, so the vector of distribution protection is judged to be correct. Similarly, vector inspection can be carried out on other measurement and control devices of the distribution transformer box by changing the position of the current converter and the simulated load. It is not discussed here.




5.2.3. Installation Problems Were Found in Application


The test device constructed in this paper was used to carry out vector inspection on relay protection of a 10 kV distribution network in a certain area, and several installation problems were found, as shown in Table 8. This shows that the vector inspection technology based on improved back-to-back converters can accurately carry out vector inspection of relay protection in the active distribution network and find various installation problems.






6. Conclusions


This paper presents an improved back-to-back converter which is used as a test power source for relay protection vector inspection. The simulation results show that adding feedforward voltage to the inverter can effectively improve the input impedance characteristics of the inverter, thus improving the system stability of the converter. At the same time, the vector inspection technology based on the improved back-to-back converter can meet the requirements of the distribution network and find various installation problems of the relay protection. Due to the limited laboratory conditions, this paper only uses simulation to verify the stability of the improved converter. In future work, experiments will be used to further verify the stability of the improved converter.
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Figure 1. Topology of back-to-back converters. 
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Figure 2. Schematic block diagram of cascade system impedance. 
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Figure 3. Control block diagram of the rectifier in dq coordinate system. 
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Figure 4. Control block diagram of an inverter in dq coordinate system. 
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Figure 5. Improved inverter transfer function block diagram. 
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Figure 6. Bode diagram of input/output impedance of converter. 
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Figure 7. Output impedance bode diagram when coefficients K1 and K2 change. (a) Output impedance bode with K1 changes. (b) Output impedance bode with K2 changes. 
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Figure 8. Input impedance bode diagram before and after optimization when coefficient K3 changes. (a) Input impedance bode diagram before optimization with K3 changes. (b) Input impedance bode diagram after optimization with K3 changes. 
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Figure 9. Input impedance bode diagram before optimization when power changes. 
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Figure 10. Vector inspection test device structure. 
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Figure 11. Waveform of DC terminal voltage, rectifier and inverter power output when coefficient K1 changes. 
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Figure 12. Waveform of DC terminal voltage, rectifier, and inverter power output when coefficient K2 changes. 
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Figure 13. Waveform of DC terminal voltage, rectifier and inverter power output when coefficient K3 changes. 
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Figure 14. Waveform of DC terminal voltage, rectifier, and inverter power output when power changes. 
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Figure 15. Relay protection vector inspection wiring diagram of feeder and bus. 
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Figure 16. Vector inspection wiring diagram of relay protection of distribution transformer. 
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Table 1. Main circuit parameters of the back-to-back converter cascade system.
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	Parameter
	Value





	The effective value of grid voltage(e)/V
	220



	Rectifier side inductance (L1)/mH
	2



	Rectifier side inductance parasitic resistance (r1)/Ω
	0.16



	Capacitance (C)/mF
	2.35



	Switching frequency (fs)/k Hz
	10



	Inverter inductance (L2)/mH
	3



	Inverter inductance parasitic resistance (r2)/Ω
	0.16



	Specifies the DC terminal voltage (UDC)/V
	700
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Table 2. Controller parameters.
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	PI Control Loop
	Scale Parameter
	Integral Parameter





	Rectifier current loop
	50.87
	103.49



	Rectifier voltage loop
	0.58
	42.2



	Inverter current loop
	15
	1520
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Table 3. Main circuit parameters of the back-to-back converter cascade system.
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	Type
	System Load Impedance XL
	Analog Load Impedance Xs
	Estimated Impedance Xd





	Bus
	0.5037 Ω
	0.5 Ω
	0.0037 Ω



	Line
	0.7524 Ω
	0.5 Ω
	0.2524 Ω



	Distribution converter
	18.5495 Ω
	0.5 Ω
	18.0495 Ω
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Table 4. Output current requirements of converter equipment.
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	Primary Current of the Device
	Current Converter Output Current





	Rated current ≥ 500 A
	 ≥ 10 A



	Rated current ≥ 1000 A
	 ≥ 20 A



	Rated current ≥ 2000 A
	 ≥ 40 A



	Fault current
	 ≤ 100 A
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Table 5. Busbar protection test data.
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	Transformer
	U Phase
	V Phase
	W Phase





	PT of bus I
	1.274V∠0°
	1.271V∠239°
	1.281V∠118°



	Incoming CT of bus I
	0.082A∠270°
	0.082A∠150°
	0.082A∠31°



	Bus coupler CT
	0.082A∠270°
	0.082A∠150°
	0.082A∠31°
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Table 6. Feeder protection test data.






Table 6. Feeder protection test data.





	Transformer
	U Phase
	V Phase
	W Phase





	PT for bus II
	0.358A∠5°
	0.354A∠242°
	0.359A∠124°



	CT of feeder 12
	0.082A∠270°
	0.082A∠150°
	0.082A∠31°
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Table 7. Test data of transformer protection.
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	Transformer
	U Phase
	V Phase
	W Phase





	1# Incoming cabinet PT1
	1.238V∠2°
	1.236V∠237°
	1.242V∠121°



	1# Distribution converter CT1
	0.075A∠272°
	0.071A∠153°
	0.078A∠29°



	2# Incoming cabinet PT2
	1.242V∠3°
	1.248V∠247°
	1.261V∠119°



	2# Distribution converter CT2
	0.062A∠264°
	0.064A∠159°
	0.068A∠27°
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Table 8. Installation problems were found in the application.
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	Installation Problem
	Annotation





	The cable connection of the digital input optical fiber of the voltage combination unit is incorrect
	In the process of a line protection vector inspection test, an error in voltage phase sequence was found, which was considered a phase sequence error of line interval combination unit voltage input optical fiber. It belonged to misconnection.



	The remote module of the voltage transformer is incorrectly connected
	During the protection vector inspection test of a certain line, the protection device shows no voltage of a certain phase, and the quality problem of the remote module is determined by the inspection



	The polarity of the busbar current is incorrectly configured
	In the process of vector inspection of bus protection, the polarity of the current is wrong. After checking, the polarity of the bus current is wrong, which belongs to the fixed value configuration error
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