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This paper explores how choice of the cable system model may impact the simulated electromagnetic transient response of an MVDC system under fault situations. Simulations are carried out in MATLAB/Simulink environment, allowing for a detailed AC-DC converter model, necessary for accurate transient analysis. A stateof-the-art review of the existing and relevant cable models is presented. Three models are chosen to be implemented: the PI model, the constant parameters (CP) and the universal line model (ULM) also known as the wide band (WB) model. The simulation results present the transient overvoltage and current responses including the cable screen current. Illustrative results are provided to show the importance of transmission line model choice.

INTRODUCTION

As the usage of high-voltage direct current (HVDC) grows, so does the popularity of medium-voltage direct current (MVDC) systems. The benefits of MVDC can be analyzed in terms of energy efficiency, power dispatch, power capacity, power supply range, raw material consumption CO2 emissions, network resilience and ancillary services to the AC grid [1][2] [START_REF]Medium voltage DC system architectures[END_REF].

The emergence of MVDC systems relies on the development of electric components including power electronic converters, DC switchgear and DC cables. The requirement for these components depends on the MVDC system architecture, control, and protection. Adequate electromagnetic transient simulation models are necessary to establish some of the requirements. Electromagnetic transient simulations (EMT) are a go-to for analyzing MVDC systems, and cable modeling forms a crucial part of such simulations. If the cable modeling isn't precise, it could significantly impact the simulation results and the performance of the MVDC system overall. This article will first provide the test case to be studies and an overview of the different cable models used in EMT simulations. The article will then present the different components of the MVDC systems. Finally, the article will present the results of simulations performed using different cable models and conclude by summarizing the impact of cable modeling on the accuracy of EMT simulations of MVDC systems.

MVDC NETWORK ARCHITECTURE

The architecture of the case study MVDC system is presented in Figure 3 The ratings of the analyzed MVDC network are summarized in Table 1. according to [START_REF] Dworakowski | Protection of radial MVDC electric network based on DC circuit breaker and DC fuses[END_REF]. The interface with the AC grid is ensured by an AC-DC station with a voltage source converter (VSC) and a transformer. A DC-DC converter is considered to interface the LV DC load/source. The grounding is realized on the DC side, at the connection of two converters, the value of the grounding resistance is equal to 1Ω. The protection equipment is not analyzed in this paper.

AC-DC STATION

The AC-DC station between the AC grid and the MVDC network is composed of a 3-winding transformer and a 3-level Neutral Point Clamped inverter (NPC), which topology is presented in Figure 1. Comparing to 2-level inverters, the NPC synthesizes AC voltages from DC voltage using extra voltage level through the connections to the point Z presented in Figure 1.

DC-DC STATIONS

The DC-DC station insures the connection between LVDC loads or sources and the MVDC collector network. In this study, converter based on medium frequency transformers (MFT) are considered. A general representation of this type of converter is shown in Figure 2. 

INTRODUCTION TO CABLE MODELING

The analysis of multiconductor cable system is in general, a two-step process:

• Determine the per-unit-length parameters of inductance, capacitance, conductance, and resistance for the given cable. All cross-sectional information about the particular cable as conductor cross section, wire radius, conductor separations, and so on that distinguishes it from some other cables.

•

Determine the general solution of the resulting system equations, after incorporation of the terminal conditions.

In transient software like EMTP and PSCAD an S-domain (frequency domain) approach is preferred, and different models are implemented suited for various studies [START_REF] Dommel | EMTP theory book[END_REF]. Figure 4 displays a decision tree for the selection of the appropriate cable model to be chosen in a transient simulation software. Modeling the resistance in function of the frequency and the cable screen can only be done with traveling wave model.

Figure 4: Decision tree for transmission line model selection

The minimum limit for travel time is cable length/c where c is the speed of light, and this can be compared to the time step if a traveling wave model is appropriate or not. Approximate nominal PI sections models are often used for short cable systems (of the order of 15km), where the travel time is less than the solution time step, but such models are unsuitable for transmission distances. Instead traveling wave theory is used in the development of more realistic models.

Traveling wave model

Let us suppose a system of 𝑛 parallel lines of length 𝑙 above an infinite, perfectly conducting ground plane. Thus, the 𝑛 line voltages and 𝑛 line current in the frequency domain, in matrix form, are obtained as:

𝑑𝑉(𝑠) 𝑑𝑥 = 𝑍(𝑠). 𝐼(𝑠) (1) 
𝑑𝐼(𝑠) 𝑑𝑥 = 𝑌(𝑠). 𝑉(𝑠) (2) 
The per unit length series impedance 𝑍(𝑠) ∈ ℂ 𝑁,𝑁 , and admittance 𝑌(𝑠) ∈ ℂ 𝑁,𝑁 , matrices are given by: 𝑍(𝑠) = 𝑅(𝑠) + 𝑠𝐿(𝑠) and : 𝑌(𝑠) = 𝐺(𝑠) + 𝑠𝐶(𝑠). And contains the per-unit length resistance 𝑅(𝑠), inductance 𝐿(𝑠), conductance 𝐺(𝑠) and capacitance. 

Where 𝑌 𝑐 (𝑠) ∈ ℂ 𝑁,𝑁 and 𝐻(𝑠) ∈ ℂ 𝑁,𝑁 are matrices representing the characteristic admittance and the propagation function, respectively. 𝑌 𝑐 and 𝐻 being obtained by:

𝑌 𝑐 (𝑠) = 𝑍(𝑠) -1 √𝑍(𝑠)𝑌(𝑠) (5) 
𝐻 = 𝑒 -√𝑍(𝑠)𝑌(𝑠) 𝑙 (6)

The backward traveling can be expressed as: 

Constant parameters CP model

For traveling wave models, the simplest model is the constant parameters. Its main advantage is computational speed. The following simplifications are made in this model:

•

The frequency dependency of the parameters (𝑍 𝑎𝑛𝑑 𝑌) is ignored. Instead, the Per Unit Length (pul) parameters are calculated at a single frequency which makes the model acceptable for simulations with reduced frequency content.

•

The resistive losses are ignored in the line equations but included in a lumped form.

Universal line model

The most widely used cable model is the Universal line model (ULM) also known as the WideBand model [START_REF] Morched | A universal model for accurate calculation of electromagnetic transients on overhead lines and underground cables[END_REF]. This model is considered a phase domain model at difference from CP that is considered as a modal domain model. In order to overcome the problem of frequency dependent transformations matrices the WB model is directly formulated in the phase domain. In this model the propagation matrix as well as the characteristic admittance matrix are directly fitted in the phase domain.

1) Fitting the characteristic admittance:

The characteristic admittance 𝑌 𝑐 is easily fitted since it doesn't have resonance peaks. All the elements of 𝑌 𝑐 are fitted with the same set of poles expressed in the following form:

𝑌(𝑠) ≈ 𝑌 𝑐 𝑓𝑖𝑡𝑡𝑒𝑑 = ∑ 𝑅 𝑛 𝑠 -𝑎 𝑛 + 𝐷 𝑁 𝑛=1 (9) 
Where 𝑠 = 𝑗𝜔 in rad/s, the model order 𝑁; the poles 𝑎 𝑛 and residues 𝑅 𝑛 are either real or come in complex conjugate pairs; 𝐷 is a constant matrix.

2) Fitting the propagation function:

The approximation of the propagation function is more difficult since its elements contain propagation delays. The modal contributions of 𝐻 are calculated and a proper delay is assigned to each mode. The delay is calculated using the optimization technique proposed in [START_REF] Gustavsen | Time delay identification for transmission line modeling[END_REF]. The criterion proposed in [START_REF] Gustavsen | Time delay identification for transmission line modeling[END_REF] is used to group repetitive or close delays. Time delays are removed from the modal components and then fitted using RKFIT [START_REF] Mouhaidali | Electromagnetic Transient Analysis of Transmission line based on rational Krylov approximation[END_REF]. The propagation function is then fitted using the poles from the modal approximation.

The only remaining unknowns are the residues, and 𝐻 is approximated as:

𝐻(𝑠) ≈ 𝐻 𝑓𝑖𝑡𝑡𝑒𝑑 = ∑ ( ∑ 𝑅 𝑚,𝑖 𝑠 -𝑎 𝑚,𝑖 𝑁 𝑖 𝑚=1 ) 𝑒 (-𝑠𝜏 𝑖 ) 𝐾 𝑖 ( 10 
)
where 𝐾 is the number of grouped modes, 𝜏 𝑖 are the collapsed time 𝑅 𝑚,𝑖 is the matrix of residues calculated for the corresponding poles 𝑎 𝑚,𝑖 of the grouped modes and 𝐻 𝑓𝑖𝑡𝑡𝑒𝑑 stands for the rational approximation of H considering the grouped modes.

SIMULATION MODEL

The case study MVDC network presented in Figure 3 was modelled in Matlab/Simulink as shown in Figure 6. The model is composed of a 20MW AC-DC converter station (including two cascaded NPC converters, 10MW each). Considering the control of the network, the AC-DC station controls the DC voltage and the reactive power at the AC grid terminal. The AC-DC converters are modelled using a detailed switching model. 

SIMULATION RESULTS

The case study MVDC network was simulated under DC fault conditions considering different faults locations. Two types of faults were considered: pole to pole faults and pole to ground faults as shown in Figure 6. For the case of a pole to ground fault, the fault is done on the positive pole.

The contribution of DC load/sources to fault current is neglected. This is valid considering the isolated DC-DC converter with fault current limiting capability. The isolated DC-DC converters typically provide fault blocking capability.

Pole to pole fault

The faults occur after the system reaches the steady state at nominal operation point. The voltage is ±10kV, and the current in the DC line is 1kA. The pole-to-pole fault is at the system termination. Three measurement points are considered and shown in Figure 6, the fault current in the core conductor, the core conductor to ground voltage and the current flowing throw the metallic screen.

The fault current is shown in Figure 7, The PI cable model and the CP model tend to overestimate the fault current with higher oscillation frequencies than the wide band model. The voltage in the DC line is presented in Figure 8, the voltage collapses to zero. The screen current is presented in Figure 9. The screen current is a very important parameter in the design of the cable metallic screen. The CP model underestimates the fault current in the screen compared to the wide band model. 

Pole to ground fault

Internal pole-screen-ground faults at the positive pole are done at several distances in the system. The currents flowing through the cable core for pole-ground faults applied at different points of the system are shown in Figure 10. The PI model show higher peaks than the other two models. The core to ground voltage for different fault locations are shown in Figure 11. The PI model and the CP model present higher voltage peaks with high-frequency oscillation. Figure 12 shows the current that flow through the metallic screen, the screen current is not modelled with PI model. This current flow due to two reasons. First, discharging currents and grid contribution during faults can flow through the metallic screen since it is in the fault current path. Furthermore, induced circulating currents at the cables metallic screen are seen. One can see that these contributions do not have the same intensity when changing the fault location. The results show that the wideband model outperforms the other models in accurately capturing the transient behavior of cables. This is due to its ability to model the frequencydependent behavior of the cable, which is particularly important in high-frequency transient simulations. The PI model and the constant parameter model, on the other hand, provide acceptable results for low-frequency simulations but are less accurate in capturing the highfrequency behavior of the cable. These findings highlight the importance of selecting an appropriate cable model for a given simulation scenario. In addition, this study has shown that the use of simplified cable models, such as the PI model or the constant parameter model, can lead to significant errors in simulation results, especially in high-frequency scenarios.

Overall, this study provides valuable insights into the impact of cable modeling on the accuracy of electromagnetic transient simulations in MVDC systems. These insights will be useful for engineers and researchers in designing and analyzing medium-voltage DC systems.
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 5 Figure 5: Illustration of the current and voltage waves for a multiconductor Taking into consideration the terminal conditions at both ends, the currents and voltages can be expressed as forward, and backward-traveling waves as shown in Figure 5. Subscripts 𝑓 and 𝑏 indicate the forward and backward traveling waves. The currents and voltages at both ends can be expressed as: 𝐼 0 (𝑠) = 𝑌 𝑐 (𝑠)𝑉 0 (𝑠) -𝐻(𝑠)[𝑌 𝑐 (𝑠)𝑉 𝐿 (𝑠) + 𝐼 𝐿 (𝑠)] (3) 𝐼 𝐿 (𝑠) = 𝑌 𝑐 (𝑠)𝑉 𝐿 (𝑠) -𝐻(𝑠)[𝑌 𝑐 (𝑠)𝑉 0 (𝑠) + 𝐼 0 (𝑠)](4)
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 6 Figure 6: Simulation model of the MVDC network including AC grid, AC-DC converter, DC cable and fault locations.
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 7 Figure 7: DC current for a pole-to-pole fault at the system termination
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 8 Figure 8:Cable core to ground voltage for a pole-topole fault at the system termination.
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 9 Figure 9:Cable metalic screen current for a pole to pole fault at the system termination

  

  

Table 1 : Ratings of the case study MVDC network

 1 

	Parameter	Value
	MVDC voltage	±10kV (20kV)
	AC-DC converter power	20MW
	MVDC line current	1kA
	MVDC line length	20km
	LV load/source power	200kW
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