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Abstract

:

This paper presents a Scott transformer model to be applied in electromagnetic transients (EMT) programs, particularly in the absence of a detailed Scott transformer model for performing real-time simulations (RTS). Regarding a Scott transformer, a common topology for converting a three-phase network into two single-phase networks, the transformer model in EMT programs is essential to simulate large-scale electric railway systems. A code-based model has been developed to simulate the transformer in RTS directly and contain the transformer’s actual impedance characteristics. By establishing a mathematical foundation with the current injection method, we presented a matrix representation in conjunction with a network solution of EMT programs. The proposed model can handle more practical parameters of Scott transformers with a relatively low computational load. Thus, it supports the flexible computation of real-time simulators with a finite number of processor units. The accuracy of the model is verified by simulating it and comparing the simulation results with an industrial transformer’s certified performance. Furthermore, a case study involving a comparison of the results with the field measurement data of an actual Korean railway system demonstrated the efficacy of the model.
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1. Introduction


As electric railway systems have been widely employed around the world, various concerns regarding electric power systems have emerged. Since electric railway systems intermittently consume huge amounts of active and reactive power, they hinder load forecasting for power system operators and raise power quality problems such as harmonics, flickers, and negative-sequence currents in the three-phase balanced systems [1,2,3,4,5,6]. In severe cases, this might threaten the stability of the whole electric power system. Thus, it is essential to develop a model of an electric railway system, calculate the power flows, and analyze the effect on the transmission network [7,8,9,10,11,12]. The electromagnetic transients (EMT) program has been widely used to investigate power quality phenomena in the electric railway system [1,10,13,14]. Furthermore, real-time simulations (RTS) have attracted attention for power system analysis to handle problems closer to the real world [15,16,17,18,19]. In particular, RTS can be utilized to perform a hardware-in-loop (HIL) test for reactive power compensation systems and the coordination of protection systems [19,20,21,22,23]. In South Korea, large-scale real-time simulators are being used to investigate the effect of moving loads and the performance of the protection system.



Among the power quality problems, three-phase unbalance is one of the critical problems that the electric railway system causes on a balanced AC network. Since many electric railway systems act as a strong single-phase load, specially connected transformers such as the Scott, Le Blanc, Woodbridge, and V-connected transformers are required to deliver the power from the transmission network to the railway system [23,24,25,26]. Commonly, the Scott transformer has been employed to convert three-phase to two single-phases and maintain the three-phase balance [27,28,29,30].



Thus, the Scott transformer model is necessary to perform an EMT study for an electric railway system. The problem is that the transformer model is rarely included in the library provided by general EMT programs. Many users combine two transformer models to handle the problem, i.e., a single-phase transformer and a three-winding transformer to implement the Scott connection [10,13,25,26].



In fact, the Scott transformer model has recently been added to the library provided by the EMT program for real-time digital simulators (RSCAD). However, the model cannot set the actual parameters of Scott transformers, such as the leakage reactance of two phases. Accordingly, it cannot accurately involve the Scott transformer’s detailed characteristics, which are essential for simulating the electric railway system. Due to the incomplete model, voltage and current unbalance problems were repeatedly observed in RTS. To address this concern, we formed a Scott transformer by connecting two transformer models in the RSCAD Substep library in the same way as previously mentioned.



When it comes to RTS for electric railway systems, it should be noted that the railway system components, including power electronics-based apparatus and moving loads, require heavier computational resources. However, the Substep library models should completely occupy one of the processor units of real-time simulators. As for the approaches using two transformer models in the Substep library to implement the Scott connections, the limitations of the processor resources become a concern when it comes to executing RTS for electric railway systems.



To overcome the limitations above, we developed a Scott transformer model linked to C source code with a mathematical foundation. It has the following advantages:




	
Conveniently embodying the Scott transformer in EMT programs (rather than two transformer models);



	
Addressing the detailed impedance characteristics of the Scott transformer, including the leakage reactance of M- and T-phases;



	
Facilitating flexible computation in terms of real-time simulation of large-scale systems owing to the lighter computational burden of the proposed model.








The rest of the paper is organized as follows. Section 2 introduces the general structure of a Scott connection and the limitations of the conventional Scott model for RTS. Section 3 provides the mathematical foundation and presents a Scott transformer model using the current injection method. In addition, we discuss the computational resources of RTS when using the Scott transformer model in Section 3. In Section 4, the simulation results verify the proposed model’s accuracy by comparing the results with the certified performance of an industrial product. Furthermore, the efficacy of the model is demonstrated by comparing it with field data of an actual Korean railway system.




2. Scott Transformer Model for Real-Time Simulation


2.1. Scott Transformer


Specially connected transformers are essential to delivering power from an AC transmission network to electrical railway system. These apparatuses such as Scott, Le Blanc, and Woodbridge are used to transform the three-phase transmission structure of the grid into two single-phases. As a common connection, two single-phases (M-phase and T-phase) are connected to the three-phase network using a Scott transformer as shown in Figure 1.



A separate library model is highly required to form a Scott connection in the EMT study for the electric railway system. However, the Scott transformer model is rarely included in the library provided by general EMT programs. Many users combined a single-phase transformer and a three-winding transformer to implement the Scott connection as shown in Figure 2 [10,13,25,26].



Let the turn ratio of the primary side to the secondary side of the Scott transformer be k = (N1/N2). Then, the relationship between transformer voltage and current can be expressed as follows [3]:


            V   AB    ¯            V   BC    ¯            V   CA    ¯        =          3  k  2      −  k 2       0   k      −    3  k  2      −  k 2                  V  T   ¯            V  M   ¯        ,           I  A   ¯            I  B   ¯            I   C    ¯        =        2   3  k      0      −  1   3  k        1 k        −  1   3  k       −  1 k                  I  T   ¯            I  M   ¯         



(1)







If the magnitude of three-phase current in Equation (1) is denoted as I and identical loads are connected to M- and T-phases, the induced current is derived as


            I  T   ¯  =    3  k I  2  ∠ 0 °           I  M   ¯  =    3  k I  2  ∠ 90 °        



(2)




that is, currents of identical magnitude but the phase difference of 90° flow in the secondary side of the Scott transformer. The three-phase current of the primary side achieves the balanced state as follows:


            I  A   ¯  = I ∠ 0 °           I  B   ¯  = I ∠ − 120 °           I  C   ¯  = I ∠ 120 °        



(3)







In other words, when an identical load is connected to the M- and T-phases of the Scott transformer, we obtain currents with equal magnitude and a phase difference of 90° flow in these phases. Accordingly, balanced currents with equal magnitude and a phase difference of 120° flow in the three-phase side are obtained.



When it comes to industrial transformer certification, the characteristics of M- and T-phases must be tested separately. In the same manner, while configuring a Scott transformer with two transformers, each transformer’s parameters must be set in detail to contain the characteristics of M- and T-phases, respectively.




2.2. Scott Transformer Model for the Real-Time Simulator


Figure 3 shows the Scott transformer provided in the Library of RSCAD. As shown in Figure 1, a Scott connection converts a three-phase structure into two single phases. However, this model cannot handle the actual parameters of Scott transformers such as the leakage reactance of two phases. Although M- and T-phases have different impedance characteristics, only one reactance element is set into this model. Therefore, it is believed that the Library model cannot fully contain the attributes of the Scott transformer.



To investigate the problem in detail, we performed an impedance voltage test and compared the simulation results with a Scott transformer’s certified performance. The impedance voltage indicates the voltage drop only due to the impedance of the transformer. We can quantify the impedance voltage when one side of the transformer is configured as a short circuit as shown in Figure 4. The voltage when the rated current flows across both sides is called the impedance voltage. Therefore, the impedance voltage (%) is ideally equal to the percentage impedance of a transformer.



In the simulation experiment using RSCAD, the percentage of impedance of the Library Scott transformer model was set to 12.5%, and the short circuit was configured as shown in Figure 4. We then generated the input voltage and changed its magnitude to quantify the impedance voltage (i.e., the voltage when the rated current flows between both ends).



The measured impedance voltages are presented in Table 1. As the transformer’s percentage impedance was set to 12.5%, the measured impedance voltage should be 12.5% in the normal condition. However, the Library Scott transformer’s impedance voltages (8.49% and 11.36%) differed significantly compared to the theoretical value as represented in Table 1. Furthermore, when the library model is used, both sides of the transformer are expected to maintain the balanced condition following Equations (2) and (3). However, Figure 5a shows that an unbalanced current flowed in the three phases. Although the currents flowing in M- and T-phases had a normal phase difference (90°), the two currents differed in magnitude, as shown in Figure 5b. To sum up, impedance voltage tests show that the Library model cannot accurately simulate the Scott transformer.





3. Development of Scott Transformer with Electromagnetic Transients Program


3.1. Electromagnetic Transients Modeling


To address the limitation of the Library model illustrated in Section 2.2, we developed a Scott transformer model that can be seamlessly integrated into various EMT programs. In other words, the proposed model is based on the current injection method so that it can be easily solved in general EMT programs [14,31].



3.1.1. Matrix Representation for EMT Programs


The generalized equivalent circuit of a single-phase transformer is represented in Figure 6. Based on the circuit above, the terminal voltages can be expressed as follows:


         v 1  ( t )        v 2  ( t )       =        R 1     0     0     R 2               i 1  ( t )        i 2  ( t )       +        L 1     + L   m       L m         L m       L 2     + L   m         d  d t          i 1  ( t )        i 2  ( t )        



(4)







To explain the n-winding transformer, it can be reorganized as follows, including the resistance matrix R and the inductance matrix L [14].


        v 1   ( t )         v 2   ( t )       ⋮       v n   ( t )       =        R 11    0   ⋯   0     0    R 22    ⋯   0     ⋮   ⋮   ⋮   ⋮     0   0   ⋯    R nn      ⏟  R        i 1   ( t )         i 2   ( t )       ⋮       i n   ( t )       +        L 11     L 12    ⋯    L  1 n        L 21     L 22    ⋯    L  2 n       ⋮   ⋮   ⋮   ⋮      L  n 1      L  n 2     ⋯    L nn      ⏟  L   d  d t         i 1   ( t )         i 2   ( t )       ⋮       i n   ( t )        



(5)







Consequently, the matrix representation for the n-winding transformer is presented as (5). Then, the voltage and current values are calculated and updated in each solution time step for the EMT program of the corresponding network.
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Figure 6. Configuration of an equivalent circuit for a single-phase transformer. 






Figure 6. Configuration of an equivalent circuit for a single-phase transformer.
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3.1.2. Current Injection Model for Scott Transformer


Considering the n-winding transformer in (5), the voltage and current input matrices are defined as follows:


    [  v   ( t ) ]   =          v 1   ( t )       v 2   ( t )     ⋯     v n   ( t )        T      [  i   ( t ) ]   =          i 1   ( t )       i 2   ( t )     ⋯     i n   ( t )        T     



(6)







Subsequently, to include the matrices R and L, the voltage and current are defined as Equation (7) based on Equation (5).


  [  v   ( t ) ]   =  [  R  ] [  i   ( t ) ]   +  [  L  ]  d  d t   [  i   ( t ) ]   



(7)







Adjusting these equations to EMT programs, the matrix representation of the transformer can be represented by being numerically integrated over a time step using trapezoidal integration.



Then, the voltage and current in Equation (7) can be reorganized as:


    [  v   ( t ) ]  + [  v   ( t - Δ t ) ]   2   Δ t  = [  R  ]   [  i   ( t ) ]  + [  i   ( t - Δ t ) ]   2   Δ t  + [  L  ] [ [  i   ( t ) ]  − [  i  (  t - Δ t  ) ] ]  



(8)







It can be represented in the form of the current injection model as follows [14]:


    [  R  ]    Δ t   2  + [  L  ]   [  i   ( t ) ]  +   [  R  ]   Δ t  2  − [  L  ]   [  i   ( t - Δ t ) ]  =    Δ t   2  [  v   ( t ) ]  −    Δ t   2  [  v   ( t - Δ t ) ]   



(9)







Equation (9) can be rearranged to express it as a conductance matrix G:


    [  i   ( t ) ]  =    [  R  ]    Δ t   2  + [  L  ]    − 1      Δ t   2  [  v   ( t ) ]  −    [  R  ]    Δ t   2  + [  L  ]    − 1      Δ t   2  [  v  ( t −  Δ t  ) ]         −    [  R  ]    Δ t   2  + [  L  ]    − 1     [  R  ]    Δ t   2  − [  L  ]   [  i   ( t - Δ t ) ]     



(10)







Consequently, it can be formed as follows:


  [  i   ( t ) ]  = [  G  ] [  v   ( t ) ]  + [   i   h    ( t ) ]   



(11)




where   [  G  ] =     [  R  ]    Δ t   2  + [  L  ]     − 1      Δ t   2   ,   [   i   h    ( t ) ]  = [  G  ]   [  v   ( t - Δ t ) ]  −   [  R  ] − [  L  ]  2   Δ t      [  i  (  t - Δ t  ) ]     G is composed of R and L matrices, and ih(t) indicates the current of the previous time step.



Meanwhile, the current injection method including the Dommel algorithm is used in the EMT program to adjust the formula for each solution time step [14]. Unlike the typical Norton equivalent circuit in which one end is connected to the ground, the current injection model handles the voltage of each terminal rather than measuring the voltage across the terminals of each winding [31]. Based on the numerical trapezoidal method including Equations (8)–(11), the current injection model can be formed using the voltage and current at both ends as follows:


          i 1 +   ( t )         i 2 +   ( t )        = [   G   TR   ]        v 1 +   ( t )  −  v 1 −  ( t )        v 2 +  ( t ) −  v 2 −  ( t )       +        i   h 1    ( t )        i   h 2    ( t )                 i 1 −   ( t )         i 2 −   ( t )        = [   G   TR   ]        v 1 −  ( t ) −  v 1 +   ( t )         v 2 −  ( t ) −  v 2 +  ( t )       −        i   h 1     ( t )        i   h 2     ( t )         



(12)




where i1+(t), i1-(t),v1+(t), and v1-(t) are for the primary-side terminal, i2+(t), i2-(t),v2+(t), and v2-(t) are for the secondary-side terminal, and ih1(t) and ih2(t) are the current elements from the previous solution time step. GTR is the conductance matrix based on G in Equation (11) for the Dommel algorithm [14].



Based on the representation above, we obtain the current injection model for the n-winding transformer as follows:


          i 1    +   ( t )         i 2    +   ( t )       ⋮       i n +   ( t )        = [   G    n , TR    ]        v 1 +  ( t ) −  v 1 −  ( t )        v 2 +  ( t ) −  v 2 −  ( t )      ⋮       v n +  ( t ) −  v n −  ( t )       +        i   h 1     ( t )         i   h 2    ( t )      ⋮       i  hn   ( t )                 i 1 −   ( t )         i 2 −   ( t )       ⋮       i n −   ( t )        = [   G    n , TR    ]        v 1 −  ( t ) −  v 1 +  ( t )        v 2 −  ( t ) −  v 2 +  ( t )      ⋮       v n −  ( t ) −  v n +  ( t )       −        i   h 1     ( t )         i   h 2    ( t )      ⋮       i  hn   ( t )         



(13)




where in+(t),in-(t), vn+(t), and vn-(t) are components for the nth terminal, ihn(t) is the current in the previous solution time step, and Gn,TR is the conductance matrix for the n-winding transformer defined by [14].



Then, Equation (13) is rearranged based on the Dommel representation for Scott transformer to yield as follows:


          i a +   ( t )         i b +   ( t )         i c +   ( t )         i M +   ( t )         i T +   ( t )        = [   G    Scott , TR    ]        v a +  ( t ) −  v a −  ( t )        v b +  ( t ) −  v b −  ( t )        v c +  ( t ) −  v c −  ( t )        v M +  ( t ) −  v M −  ( t )        v T +  ( t ) −  v T −  ( t )       +        i  ha   ( t )        i  hb   ( t )        i  hc   ( t )        i  hM   ( t )        i  hT   ( t )                 i a −   ( t )         i b -   ( t )         i c −   ( t )         i M −   ( t )         i T −   ( t )        = [   G    Scott , TR    ]        v a −  ( t ) −  v a +  ( t )        v b −  ( t ) −  v b +  ( t )        v c −  ( t ) −  v c +  ( t )        v M −  ( t ) −  v M +  ( t )        v T −  ( t ) −  v T +  ( t )       −        i  ha   ( t )        i  hb   ( t )        i  hc   ( t )        i  hM   ( t )        i  hT   ( t )         



(14)




where GScott,TR is the conductance matrix for Scott transformer derived through the Dommel representation.



Consequently, we develop the matrix representation in Equation (14) as a C source format to insert it into a network solution in EMT programs. The proposed Scott transformer based on the C source is shown in Figure 7.





3.2. Computational Load for Simulations of Electric Railway System


As an EMT program does not provide a Scott transformer model, many users combine a single-phase transformer and a three-winding transformer to form the Scott connection as shown in Figure 2. In RSCAD, the Scott transformer can also be configured using two transformers as shown in Figure 8.



Note that the network solution must be computed with the Substep, which performs as many operations as an integer multiplied by the main time step. This is because the model in Figure 8 uses a transformer in the Substep Library. For instance, if the main time step is 50 µs, the time step of Substep can be 25 µs or smaller. This increases the total computational load of real-time simulators. Moreover, it should be noted that the Substep model entirely occupies one of the processor units as shown in Figure 9a. This implies that a processor unit would be occupied entirely even when only one Scott transformer is to be utilized. This increases the total computational load and lowers the computation efficiency.



In contrast, since the proposed model was formed as a C source, it can be easily utilized at any time step. Furthermore, the computational load can be decreased and the computation efficiency increased. Figure 9b shows that approximately 5% of the total computational load is utilized by this model.



It is necessary to compare the computational load utilized by the Substep model and the proposed model since the simulation of a large-scale electric railway system requires a large number of computations, such as those for accurately finding the state of each facility and for simulating moving vehicles. Suppose the elements incur a large computational load in scenarios where the number of processor units in a real-time digital simulator is limited. In that case, these can pose a problem for the RTS study for the electric railway system.



Regarding this, the proposed Scott transformer model can enhance the flexibility of computational resources while simulating a large-scale electric railway system (see Figure 9).





4. Simulation Results


4.1. Impedance Voltage Tests


In this section, we present the simulation results using a real-time digital simulator (RTDS) to verify the effectiveness of the proposed model. To begin with, we tried to verify the model’s accuracy through an impedance voltage test. The equivalent circuit for the impedance voltage test of the proposed transformer was organized as shown in Figure 10. The parameters in Table 2 are identical to those of the transformer certified by the Korea Electrotechnology Research Institute (KERI). After we set the input parameter as Table 2, the impedance voltage test was performed.



Note that the currents in M- and T-phases became unbalanced in the impedance voltage test of the RSCAD Library model as shown in Figure 5. By comparison, in the results shown in Figure 11, both sides of the proposed model are in a balanced state. As a transformer parameter, the measured impedance voltage in Table 3 is identical to the leakage value (12.5%) input. Thus, the effectiveness of the model is demonstrated by the fact that the three-phase structure was accurately converted to two single phases (i.e., M- and T-phases), and the balance of each phase was maintained.




4.2. Short-Circuit Tests


The short-circuit test is a representative procedure that is performed for assessing a transformer’s characteristics. Note that owing to the limitation of the system configuration for the generation of a rated voltage (154 kV) on the high-voltage (HV) side, a rated voltage (55 kV) was formed on the low-voltage (LV) side, whereas the HV side was configured as a short circuit as shown in Figure 12. We measured the short-circuit current when the switching operation occurs, while the rated voltage is formed on the LV side shown in Figure 12.



Figure 13a shows the short-circuit current waveform when the T side is configured as an open circuit and voltage is generated on the M side. The actual waveform of the short-circuit current of the transformer certified by KERI is shown in Figure 13b. As illustrated, the waveform of the short-circuit current for the proposed model is similar to that of the actual short-circuit current. In addition, the peak and RMS current values are almost equal to those shown in Table 4.



Similarly, Figure 14 shows the short-circuit current waveform when the M side was configured as an open circuit and voltage was generated on the T side. Figure 14 and Table 5 show that the test result for the proposed transformer model is identical to that presented in the certified test report of KERI.




4.3. Case Study


This section presents a case study performed on an existing electric railway system in South Korea. Figure 15 shows a substation in the Jeolla province in South Korea and a feeding system. The parameters of this system are listed in Table 6. We investigated the section from the supply substation (S/S) to the parallel post (PP) as represented in Table 6 and Figure 15. This case study examined the efficacy of the models by comparing the result when the Library model is used (Figure 3), the Substep library model is used (Figure 8), and the proposed model is used (Figure 7).



The case study system was set in RTDS to evaluate a system condition at a specific time. We measured each feeder’s voltage, current, and active power using the CT and PT at 6:14:03 AM in an existing system. Then, we compared the measurement values with evaluated values by the simulations. The comparison results are summarized in Table 7.



The measurement points (Upward Line and Downward Line in S/S and SP) are marked in blue in Figure 15. It is observed that the results of using the Substep model and the proposed model are similar to the actual measurement data. On the other hand, the results of the Library model differ significantly from the actual measurement data. In addition, Figure 16 compares the accuracy of the results obtained using each model with the actual measurements (Table 7). The accuracy is remarkably low when the Library model was utilized as shown in Figure 16.



As mentioned in Section 3.2, it should be emphasized that RTS for electric railway systems requires heavy computational resources. The problem is that the Substep library models should completely occupy one of the processor units of real-time simulators (see Figure 9a and Figure 17a). This hinders the flexible calculation of processor units of real-time simulations. In contrast, the proposed model occupied only 5% of a processor unit as shown in Figure 17b. With the Substep model, the overall RTS should occupy four cores of an RTDS as shown in Figure 17a. In contrast, the RTS with the proposed model holds fewer cores as shown in Figure 17b. Consequently, the proposed model achieved lower absolute computational load and higher flexibility in the use of the processor unit while configuring a large-scale electric railway system.





5. Conclusions


A precise Scott transformer model with a lighter computational burden is presented in this paper. The limitation of the existing Library model in RSCAD was revealed and proved experimentally. To overcome it and facilitate a system modeling procedure, the authors developed the Scott transformer model based on C source for EMT programs including RTS. The proposed model can be seamlessly integrated with the network solution programs since it is based on the current injection model, which is the most common method for EMT study. Furthermore, a code-based model can directly form the Scott connection in RTS and handle the impedance characteristics closer to the real world. The accuracy and efficacy of the proposed model are thoroughly demonstrated by following the same test procedure as a certified transformer test. In addition, it is confirmed that the computational burden becomes lighter, and the flexibility of the overall RTS computation has been notably improved. Therefore, it is believed that the proposed Scott transformer model will be of immediate help in modeling and studying the electric railway system.
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Figure 1. The basic structure of Scott transformer. 
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Figure 2. Scott connection using a single-phase transformer and a single-phase three-winding transformer. 
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Figure 3. Scott transformer model in the Library of RSCAD. 
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Figure 4. Circuit configuration for impedance voltage test of the Library Scott transformer model. 
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Figure 5. Impedance voltage test result for the Library Scott transformer model: (a) unbalanced three-phase current waveform; (b) unbalanced M- and T-phase current waveforms and vector representation. 
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Figure 7. The proposed Scott transformer model linked to C source code in RSCAD. 
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Figure 8. Scott connection using a single-phase transformer and a single-phase three-winding transformer in the Substep library. 
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Figure 9. Comparison between computational loads of (a) Scott connection using the Substep library models (processor assignment for Scott connection using a single-phase transformer and 3-winding transformer from the Substep library) and (b) the proposed Scott transformer (processor assignment for Scott connection based on the proposed model). 
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Figure 10. An equivalent circuit diagram for impedance voltage test. 
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Figure 11. Result of impedance voltage test for the proposed Scott transformer: (a) three-phase current waveforms; (b) M- and T-phase current waveforms and vector representation. 
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Figure 12. Circuit diagram for short-circuit test of the Scott transformer. 
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Figure 13. M-phase short-circuit test results of Scott transformer (comparison between short-circuit test results obtained by RTDS and those in the certified test report by KERI): (a) waveform of short-circuit test result of the proposed Scott transformer, obtained by RTDS simulation (M-phase); (b) waveform in the certified test report (M-phase). 
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Figure 14. T-phase short-circuit test result of Scott transformer (comparison between short-circuit test results obtained by RTDS and those in the certified test report by KERI): (a) waveform of the short-circuit test result of the proposed Scott transformer (T-phase); (b) waveform in the certified test report (T-phase). 
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Figure 15. Part of the electric railway system in Jeolla province in South Korea. 
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Figure 16. Comparison of accuracy between the simulation results of each model and the actual measurement data. 
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Figure 17. Processor assignment of the RTDS for the case study: (a) processor assignment when the Scott Connection is configured using the Substep model; (b) processor assignment using the proposed model. 
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Table 1. Impedance voltage test results of the Library Scott transformer model when the input parameter (percent impedance, %Z) is set as 12.5%.
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M-Phase

	
T-Phase






	
Transformer percent impedance setting

	
12.5%




	
Impedance voltage

	
13.08 kV (8.49%)

	
11.75 kV (11.36%)
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Table 2. Detailed parameters of Scott transformer (identical to those of the transformer certified by KERI).
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	Parameter
	Value





	Transformer rating
	45 MVA



	Rated voltage
	154 kV/55 kV



	T-side leakage reactance

(Single-phase transformer)
	12.5%



	T-side resistance
	0.2%



	M-side leakage reactance

(Single-phase 3-winding transformer)
	12.5%



	M-side resistance
	0.2%
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Table 3. Result of impedance voltage test (a comparison of the result with the certified test report of an actual Scott transformer by KERI).






Table 3. Result of impedance voltage test (a comparison of the result with the certified test report of an actual Scott transformer by KERI).










	
	Certified Test Result
	Results with the Proposed Model





	Impedance voltage
	19.25 kV
	19.25 kV



	M-phase current (RMS)
	0.4090 kA
	0.4089 kA



	T-phase current (RMS)
	0.4090 kA
	0.4091 kA



	HV side current (RMS)
	0.1687 kA
	0.1688 kA
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Table 4. M-phase short-circuit test result of Scott transformer (comparison between short-circuit test results obtained by RTDS and those in the certified test report).
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	Certified Test Result
	Using Proposed Model
	Error





	Voltage
	55 kV
	55 kV
	



	Current (RMS)
	3.178 kA
	3.174 kA
	0.12%



	Current (Peak)
	8.104 kA
	8.125 kA
	−0.25%
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Table 5. T-phase short-circuit test result of Scott transformer (comparison between short-circuit test results obtained by RTDS and those in the certified test report).
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	Certified Test Result
	Using Proposed Model
	Error





	Voltage
	55 kV
	55 kV
	



	Current (RMS)
	3.125 kA
	3.125 kA
	0.001%



	Current (Peak)
	7.969 kA
	7.967 kA
	0.002%
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Table 6. Specifications of a railway power supply system in Jeolla province in South Korea used in the case study.
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Parameter

	
Value






	
Utility-side equivalent

impedance

	
Positive sequence: Z1 = 0.106 + j1.195%

Zero sequence: Z0 = 0.73 + j3.033%

	
at 100 MVA Base




	
Scott transformer

	
45 MVA

154 kV/55 kV

%Z = 10.0%




	
Auto transformer

	
55 kV/27.5 kV

Z = j0.45 Ω




	
Catenary impedance

	
Trolley

Rail

Feeder

	
0.0088 + j0.245 Ω/km

0.03 + j0.081 Ω/km

0.106 + j0.35 Ω/km




	
Catenary admittance

	
Trolley

Rail

Feeder

	
0.0021 + j0.0065 mS/km

0.0026 + j0.0069 mS/km

0.0008 + j0.0038 mS/km




	
Section distance

	
S/S to PP

PP to SP

	
8.32 km

8.42 km
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Table 7. Case study result (comparison of actual measurement data with the RTDS simulation results obtained using each model (the Substep model, the proposed model, and the Library model)).
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S/S

	
SP




	
Time

6:14:03 AM

	
Upward

Line

Voltage

(kV)

	
Downward Line

Voltage

(kV)

	
Upward

Line

Current

(kA)

	
Downward

Line

Current

(kA)

	
Upward

Line

Power

(MW)

	
Downward

Line

Power

(MW)

	
Upward

Line

Voltage

(kV)

	
Downward

Line

Voltage

(kV)






	
Actual Measurement

	
48.552

	
48.570

	
0.3501

	
0.3520

	
16.5850

	
16.6245

	
47.3179

	
47.3215




	
Substep Model

	
49.22

	
49.22

	
0.3528

	
0.3549

	
16.74

	
16.78

	
48.03

	
48.03




	
Proposed Model

	
49.11

	
49.11

	
0.352

	
0.3541

	
16.67

	
16.70

	
47.92

	
47.92




	
Library Model

	
52.75

	
52.75

	
0.3781

	
0.3803

	
19.22

	
19.26

	
51.46

	
51.46
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