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Abstract— The global shift towards zero carbon emissions has led 
to an increased demand for electricity, (e.g. For electrification of 
heat, transportation, etc.). High-temperature superconductor 
(HTS) cables offer a high-capacity and small-footprint solution 
compared to traditional cable technologies, making them ideal for 
densely populated areas. HTS cables, however, possess different 
electrical characteristics compared to conventional cables. This 
paper presents a specific case study of a 12.9 km long 275 kV HTS 
cable connecting Birkenhead Substation and Lister Drive 
Substation in the UK. A dynamic electrical model incorporating 
the varying resistance of the HTS cable was constructed. The HTS 
cable model was integrated into an equivalent test network, 
representing conditions at the target site, to analyse its behaviour 
and impact on conventional power system protection performance 
via simulation case studies.  The results indicate that differential 
protection operates reliably, while distance protection is impacted 
by the varying resistance. However, the proposed HTS cable 
design at the specified location presents a relatively small change 
in HTS cable resistance. The impact on distance protection was 
therefore minimal and can be addressed by considering HTS 
properties when determining distance protection settings. The 
study was conducted by considering manufacturer-supplied HTS 
parameters, network parameters reflective of an actual location in 
the UK grid, and protection requirements specified in the UK grid 
code. The study provides valuable insights into practicality and 
protection strategies for reliable HTS cable operation in a real-
world transmission network. The findings can inform future HTS 
cable designs and installations globally, as well as provide a 
framework for further research in this area. 

Index Terms— HTS cable, Faults, distance, and differential relay. 

I. INTRODUCTION
uperconductor power cables have been gaining attention 
due to their high power density and low losses [1]–[4]. 
This feature is particularly advantageous in densely 
populated areas as it eliminates the need for more 

electrical equipment installations and the construction of new 
substations [5]. Additionally, with the electrification of 
transport and heating, there will be a significant increase in 
demand in densely populated areas like city centers, and recent 
techno-economic studies have shown that HTS cables 
combined with advancements in cooling technologies can offer 
a cost effective solution in meeting such increased demand [6]–
[10].  In the event of a fault within a power system utilizing 

HTS cables, instantaneous fault current leads to a temperature 
rise where the superconductor resistance changes, possibly 
leading to quenching, depending on the design of the cable, as 
well as potential damage to the superconducting tapes. Power 
system protection should operate reliably under fault conditions 
and isolate the faulted section of the network, in order to 
maintain safety, prevent further equipment damage, and 
maintain network stability.  However, the non-linear change in 
the resistance of superconductor cables also poses challenges 
for conventional protection schemes and coordination [11].  

However, it should be noted, that in real-world applications 
the quench mode is not typically utilized, and a copper former 
provides a conduction path for fault current. HTS properties are 
therefore dependent upon factors such as cable design and 
network configuration. The fault current characteristics will 
also be influenced by the change in impedance characteristics 
between the superconducting mode and the fault conduction 
mode (either copper conduction or quenching). Such changes 
in fault levels and fault characteristics can potentially impact 
typically adopted AC protection methods, potentially leading to 
maloperation and thus threatening the reliable and secure 
operation of the power network. It is therefore critical to 
investigate the fault characteristics of HTS cables and assess the 
impacts of variable HTS cable impedance on typically adopted 
AC protection methods. A summary of the effects of HTS 
cables on different protection methods is presented in Table 1. 

Table 1 Review of HTS cable influence on the protection 
techniques 

Protection 
technique  

Quenching  
(Y/N) 

Key Findings  Ref.  

Overcurrent 
Protection Y  

• Fault Current magnitude is limited 
during internal/external faults.

• Overcurrent relay coordination 
negatively impacted. 

 [11], 
[12] 

Differential 
Protection Y  • Operates suitably. [13], 

[14]  

Distance 
Protection 

Y  • Quenching impacts relay performance.  [12], 
[13] 

N  

• Relatively small adverse impacts on 
distance relay performance.

• Backup distance protection was 
demonstrated for 1km HTS cable.

[14] 

Thermal 
Relay  Y  

• Utilizes thermo-electric properties of 
HTS cable

• Provides dependable HTS cable 
protection.

[13], 
[15]  

Time-
domain 
based 

methods  

Y  

• AI-based methods using time domain 
features. 

• Robust against time-varying 
impedance characteristic

• Not demonstrated in practical 
scenarios. 

[16]  

In the paper, we discuss the distance and differential 
protection system behaviour during the internal and external 
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faults in the 275 kV HTS cable 12.9 km long between the Lister 
and Birkenhead substations in the UK transmission system and 
also, the challenges posed by HTS's unique properties.  

II. METHODOLOGY

In this study, the HTS power cable is composed of three 
separate individual core HTS superconducting power cables as 
shown in Fig. 1 and the transposed line diagram of the HTS 
cables is shown in Fig. 2. 

Fig. 1. Three single core High-temperature superconductor power 
cable  

The resistance of the superconductor is evaluated using the 
E-J Power law:

𝑅𝑠𝑐 =
𝐸𝑜

𝐼𝑐(𝑇)
(

𝐼

𝐼𝑐(𝑇)
)𝑛 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ    [Ω] 1 

The resistance of copper layers or core is given below 
𝜌𝑐𝑢 = (−2.46499 + 0.06351 ∗ 𝑇)10−9  [Ω.m] 2 

𝑅𝑐𝑢 =
𝜌𝑐𝑢 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ    

𝐴𝑟𝑒𝑎
3 

The critical current which is dependent on the operating 
temperature of the cable is as follows: 

𝐼𝑐 = 𝐼𝑐(𝑇𝑜)
(𝑇𝑐−𝑇)

(𝑇𝑐−𝑇𝑜)
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Where, 𝑇𝑐 = 92 K represents the critical temperature, 𝑇𝑜= 67
K denotes the initial temperature, and 𝐼𝑐(𝑇𝑜) singnifies the
critical current at 67 K. T stands for the temperature of tapes 
and n is equal to 25. The critical electric field 𝐸𝑜 =
1 × 10−4 𝑉/𝑚.

𝐼𝑐(𝑇𝑜) = {
2730,      for HTS phase 
3000 𝐴,  for HTS Screen 5 

𝐴𝑟𝑒𝑎 = {
240 𝑚𝑚2,  for  copper Core
245 𝑚𝑚2,  for  Screen  
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The phase impedance of the three individual phases; Phase 
A, phase B, and Phase C impedance are as follows: 

𝑍𝑎 =
𝑉𝑎 − 𝑉′𝑎

𝐼𝑎

= 𝑍𝑠 +
(𝑍𝑚𝐼𝑏 + 𝑍𝑚𝐼𝑐)

𝐼𝑎      
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𝑍𝑏 =
𝑉𝑏 − 𝑉′𝑏

𝐼𝑏

= 𝑍𝑠 +
(𝑍𝑚𝐼𝑎 + 𝑍𝑚𝐼𝑐)

𝐼𝑏     
8 

𝑍𝑐 =
𝑉𝑐 − 𝑉′𝑐

𝐼𝑐

= 𝑍𝑠 +
(𝑍𝑚𝐼𝑏 + 𝑍𝑚𝐼𝑎)

𝐼𝑐      
9 

The self-impedance of each phase of the cable is as follows: 
𝑍𝑠 = (Z0 + 2𝑍1)/3 10

The mutual impedance of each phase of the cable is as 
follows: 

𝑍𝑚 = (Z0 − 𝑍1)/3 11
Where X𝑎 , X𝑏  𝑎𝑛𝑑 X𝑐  are the self-reactance of each line and

Xm is the mutual reactance between the pair of lines. Where Z0,
Z1 and Z2 are the zero, positive, and negative sequence
impedance of the superconducting power cable.  

Fig. 2. Transpose line diagram of the HTS cable 

In the MATLAB/Simulink environment, we have developed 
the HTS model and an equivalent test network. Grid 
connections are represented as equivalent voltage sources 
accompanied by representative impedances reflecting the 
relevant fault characteristics. Voltage and current 
measurements are then fed into relay protection models, which 
are evaluated under various fault scenarios and locations, 
encompassing both conventional and HTS cables. 

Fig. 3. Schematic view of the network between the Birkenhead and 
Listerdrive with protection system 

Table 2 HTS cable and conventional cable parameters are given 
by Nexans and National Grid. 

The zero, positive, and negative sequences of the 
superconductor under steady state at 67 K temperature at rated 
current are 0.0004+1.0117i, 0.000+1.0108i, and 
0.0003+1.0108i, respectively. These values are given by 
Nexans.  

The protection standards specified in the UK grid code [17] 
for 275 kV circuits exceeding a length of 10 km, require 

Parameter Value Unit 
Rated Voltage, VL-L (rms) 275 kV 

Superconducting Resistance, RSHTS 0.0003 Ω/km 
Superconducting Inductance, LSHTS 0.06 mH/km 

HTS Capacitance, CHTS 0.2 µF/km 
Resistance of Conventional Cable, RCC 0.0142 Ω/km 
Inductance of Conventional Cable, LCC 0.51 mH/km 

Capacitance of Conventional Cable, Ccable 0.332 µF/km 
Length of Conventional/HTS Cable, l 12.9 km 
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primary unit protection and secondary non-unit protection. 
Primary unit protection entails a comparison of parameters at 
the boundaries of the protected zone, while secondary non-unit 
protection relies on local relay measurements to define 
protection zones that can be synchronized to serve as backup 
for other non-unit protection components. In the UK, the 
primary unit protection and secondary non-unit protection are 
typically distance protection and current differential, 
respectively. This document provides detailed insights into the 
settings and fault considerations associated with both 
differential and distance protection schemes in the 275-kV 
circuit. 

A. Differential protection setting
In this study, the employed differential protection model 

follows a commonly used two-slope characteristic, depicted in 
Fig. 4(a), where it utilizes differential current (Id) and restraint 
current (Ir) as defined by equations (12) to (14). 

𝐼𝑑 = |𝐼𝐵 + 𝐼𝐿| 12 

𝐼𝑟 =
|𝐼𝐵| + |𝐼𝐿|

2
13 

{
𝐼𝑑 >  𝑘1𝐼𝑟  +  𝐼𝑠1 ,

𝐼𝑑 >  𝑘2𝐼𝑟  +  (𝑘1 − 𝑘2)𝐼𝑠2  +  𝐼𝑠1,
if 𝐼𝑟

𝑈𝐺𝐶 ≤ 𝐼𝑠2 14 If  𝐼𝑟
𝑈𝐺𝐶 > Is2

Here, IB and IL represent the currents entering the protected 
line from the Birkenhead and Listerdrive ends, respectively. 
Typical relay settings are adopted as Is1 (=1.0 A secondary), the
relay minimum pick-up current; Is2 (=5.0 A secondary), the point
at which the relay slope switches; and k1(=0.3) and k2 (=0.15) are
the relay bias slopes. 

Fig. 4. (a) Differential relay two slope characteristic and (b) Distance 
relay quad characteristic 

B. Distance protection settings
The distance protection principle relies on the measurement 

of impedance at the relay location, utilizing local voltage and 
current data. Impedance values are measured for each phase-to-
ground and phase-to-phase connection. During fault conditions, 
the impedance trajectory measured by the relay moves into a 
pre-defined zone as depicted in Fig. 4(b). The existing distance 
protection relay employs a quadrilateral characteristic with 
Zone 1 covering 80% of the protected circuit length and Zone 2 
extending to 120% of the protected circuit length. The formulas 
governing the impedance measurements captured by the relay 
denoted as Zrelay and incorporating the zero-sequence 
compensation factor K, are elaborated in equations (15)-(17). 

𝑍𝑟𝑒𝑙𝑎𝑦 =
𝑉𝐵

𝜙

(𝐼𝐵
𝜙

+ 𝐾𝐼𝑟𝑒𝑠)
15 

𝐼𝑟𝑒𝑠 = 𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 16 

K = 1
3

(
𝑍𝐿0

𝑍𝐿1
− 1) 17 

Here VB and IB are the voltage and current measurements 
taken at the relay location in Birkenhead, while ϕ represents the 
relevant phase impedance being measured. ZL1 and ZL0 
correspond to the positive and zero sequence impedance values 
associated with the protected circuit, which may encompass 
either the conventional cable or the HTS cable. 

C. Fault conditions
In our analysis of the cable data, we have considered various 

scenarios that correspond to both maximum and minimum fault 
conditions based on the seasons.  Specifically, winter faults and 
summer faults, as outlined in Table 3. The resistance evolution 
during the fault, the maximum and minimum, and at other fault 
level currents are depicted in Fig. 5. For the fault current 4.9 kA 
the resistance evolution is very small and it is between 1.726 to 
1.851 µΩ. For the other two fault currents depicted in Fig. 5, 
their value is in mΩ range.  The ∆R(

mΩ

km
) is the change in the 

sequence resistance value from the steady state condition to the 
fault condition, provided by Nexans. The phase impedance of 
the HTS cable is obtained by using the equations 7 to 9. During 
the fault condition, this ∆R was added to Z0, Z1 and Z2 to obtain
the phase impedance values. While normal condition ∆R = 0. 

Table 3 Maximum and minimum faults during the winter and 
summer in the UK network 

Fig. 5. HTS cable resistance evolution versus the fault duration up 
to 500 msec  during different fault level conditions 

III. RESULTS AND DISCUSSION 

To assess the performance of the differential protection 
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principle, we conducted simulations involving various internal 
faults within the protected HTS circuit, including those 
occurring at circuit terminals and the midpoint. A fault 
resistance of 100 Ω was simulated to ensure compliance with 
protection standards in the UK. Additionally, we simulated an 
external fault scenario to assess protection selectivity. The 
outcomes of these differential protection case studies are briefly 
presented in Table 4.  

The differential protection principle as described by (12)-
(14) is not influenced by the HTS cable dynamic impedance and
the results indicate that it provides dependable and selective
protection for HTS cables. Differential protection however
requires relays at each terminal of the protected circuit and
communication between local and remote relays.
Communication link failure therefore presents a risk to the
dependable operation of the HTS circuit.

Table 4 Differential Protection Case Studies 

To assess the performance of the distance protection 
principle, fault scenarios were created at three different 
locations along the protected circuit, specifically at 100%, 80%, 
and 60% of its length. Voltage and current measurements taken 
at the relay location were then utilized as inputs for the distance 
relay model, as outlined in equations (15)-(17). The details and 
results of the case studies are summarized in Table 5.  

Table 5 Distance Protection Case Studies 

Fig. 6 illustrates the impedance plot for distance relay in the 
event of an HTS cable fault occurring at a location 60% along 
the cable's length. Notably, the fault impedance falls within the 
designated impedance zone characteristic, ensuring dependable 
relay operation. These findings confirm that distance protection 
can maintain reliable functionality with the given HTS cable 
configuration at the designated network site, and under 
expected operating conditions. 

Under fault conditions, the HTS resistance increases 

according to fault level and fault duration (representing the 
amount of current flowing through the HTS conductor). If the 
temperature is below 𝑇𝑐, the superconductor remains
superconducting; otherwise, it quenches. The increase in the 
current above the critical 𝐼𝑐 values raises the resistance,
resulting in temperature increases. However, the HTS reactance 
remains unchanged. Examining Fig. 5, the largest change in 
HTS resistance modelled in this study, corresponding to a fault 
level of 22.4 kA and fault duration of 500 ms, results in a very 
small HTS resistance change, ΔR. Comparing this value to the 
static HTS reactance shown in Table 2, it is observed to be very 
small, approximately 0.2% relative to the static HTS reactance. 
This indicates that under the specified network conditions and 
cable design used in the paper, the HTS cable does not 
experience quenching and the change in HTS impedance is 
dominated by the static HTS impedance. This mitigates against 
the potential impact of the varying HTS fault resistance. 

Fig. 6. Distance Case 11:  AG Fault at 60% of HTS cable, AG 
Fault, Fault Level = 22.4kA  

IV. CONCLUSION 

This paper assesses the impact of HTS cables on typically 
applied AC protection systems. An HTS cable model 
incorporating the time-varying resistance under fault conditions 
was modelled using a manufacturer design based on a specified 
network location.  The HTS cable model was incorporated into 
an equivalent network model of the specified network location. 
This test system was used to assess the performance of distance 
and differential relays which are typically adopted primary and 
secondary protection methods applied in the UK, respectively. 
Simulation case studies under a site-specific range of fault 
levels and fault conditions were performed. Differential 
protection provided dependable and selective performance. The 
results and accompanying analysis of the HTS cable properties 
show that under the specified conditions quenching does not 
occur and under such conditions, distance protection can be set 
based on superconducting impedances. The findings show that 
HTS cable design influences the performance of AC protection 
methods. Future works can include the assessment and 
investigation of different HTS cable designs and novel 
protection methods. This will allow system planners to update 
grid codes, and protection settings guidelines and provide 
valuable insights into the adoption of HTS technologies. 

HTS cable and protection system study for UK's 275 kV transmission network
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