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Abstract

:

The aim of the presented study is to optimize the different classes of high-temperature superconducting (HTS) DC cables for improving their performances in a cryo-electric aircraft considering their weight, peak temperature during faults, and the ratio of current passing through each tape to the critical current of HTS tapes. These terms were interpreted into three objective functions, and a multi-objective optimization algorithm known as non-dominated sorting genetic algorithm II was used to find the optimal solution clusters. The cable optimization was conducted for different former materials by changing the former thickness and radius. Results showed that the DC HTS cables with aluminum former have the lowest weight while cables with copper formers have the best thermal performance against faults.
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1. Introduction


The aviation sector is responsible for emitting around 2% to 6% of total greenhouse gases into the Earth’s atmosphere, annually [1]. Although in recent years, outstanding improvements have been attained to increase the efficiency of aircraft engines, due to the large and growing number of flights, the ratio of emitted greenhouse gases by aircraft is still increasing [2]. According to FlightPath 2050, the amount of CO2 and NOx in new aircraft units must be reduced by 75% and 80% by 2050 compared to the 2000 baseline [3]. Among the proposed solutions, electrification seems to be one of the most promising solutions. Electric machines along with electrified drivetrains are capable of increasing the efficiency and power density of propulsion systems with almost zero greenhouse gases depending on the scenario. Although electrification provides multiple benefits, the low power density of conventional electric devices is still a real challenge that must be dealt with [4]. To address it, high-temperature superconducting (HTS) devices could be used in a combination with cryogenic fluids, especially hydrogen [5]. This will lead to the concept of cryo-electric aircraft. HTS devices such as machines [6], cables [7,8], busbars, and superconducting fault current limiters [9] are the main components of aircraft propulsion and power systems while cryogenic fluids are used to dissipate any heat load imposed on superconducting devices [10,11].



As shown in Figure 1, HTS cables can be used to transmit and distribute power to electrical loads such as electrical motors in propulsion systems. Although HTS cables can principally operate both in alternative current (AC) and direct current (DC) regimes, due to some considerations related to higher AC loss and heat loads in the AC regime, DC cables seem to be the better choices for the power system of cryo-electric aircraft. DC HTS cables should be optimized so that they have the lowest possible weight while their performance against fault events is improved. Such a multi-objective optimization problem is complicated and difficult to deal with by using conventional mathematical formulas. Thus, artificial intelligence (AI) techniques could be used to find the optimum solution [12,13,14].



In this paper, a non-dominated sorting genetic algorithm II (NSGA II) is used to optimally design multiple DC HTS cables with respect to weight and fault performance considerations for a cryo-electric aircraft. For this purpose, three objective functions are considered, namely minimization of total cable weight, minimization of peak temperature of the superconducting layer during faults, and optimization of the ratio of current passing through each HTS tape to the critical current of the tape. In addition, four materials were selected to analyze their impact on the structure and the geometrical design of a DC HTS cable with respect to fault conditions, specialized for cryo-electric aircraft.




2. Modelling Procedure


If one considers Figure 2 as the equivalent circuit model of a single-layer DC HTS cable consisting of a former and    N  t a p e     as the number of yttrium barium copper oxide (YBCO) HTS tapes, the current sharing between these two layers is calculated based on Equations (1) and (2):


   I  H T S   =    R  f o r    ( T )     R  f o r    ( T )  +  R  H T S    ( I )    ×  I  c a b l e    



(1)






   I  f o r   =    R  H T S    ( I )     R  f o r    ( T )  +  R  H T S    ( I )    ×  I  c a b l e    



(2)




where    I  H T S     is the current passing through superconducting tapes,    I  f o r     is the current passing through the former layer,    I  c a b l e     is the total current entering the DC HTS cable,    R  f o r    ( T )    is the temperature-dependent resistance of the former layer, and    R  H T S    ( I )    is the current-dependent resistance of superconducting tapes.



To calculate the current-dependent resistance of superconducting tapes, Equation (3) is adapted based on [13], and to calculate the temperature-dependent resistance of the former, Equation (4) could be applied:


   R  H T S    ( I )  =    E c       (     I  H T S      I c   ( T )     )   n     I  H T S      ℓ e   



(3)






   R  f o r    ( T )  =  R  f o r    (   T  o p    )   (  1 + α    (  T −  T  o p    )   )   



(4)




where    E c    is the critical electrical field,  n  is the index value of YBCO HTS tape,    I c   ( T )    is the temperature-dependent critical current,    ℓ e    is the cable length,    T  o p     is the operational temperature, and  α  is the coefficient of temperature-dependency of metallic former resistance [15].



By passing the calculated currents through superconducting layers and the former layer, heat is generated as a consequence of Joule heating, which causes a temperature violation of the operational temperature. The generated heat could be calculated by Equation (5) [16]:


  G  (  T , I  )  =  {       R  H T S    ( I )  ×  I  H T S      (   I  H T S   −  I c   ( T )   )      T <  T c         R  f o r    ( T )       I  f o r  2      T ≥  T c       }   



(5)




where   G  (  T , I  )    is generated heat under different temperatures and currents, and    T c    is critical temperature.



Part of the generated heat is transferred to the cryogenic coolant fluid of the DC HTS cable, in the form of convection, which is calculated in this paper based on Equation (6) [17]:


   Q  c o n v   = h  A  c a b l e    (  T −  T f   )   



(6)




where  h  is the heat transfer coefficient in    (   W   m 2  · K    )   ,    A  c a b l e     is the total cross-section of the HTS cable in    (   m 2   )   , and    T f    is the coolant fluid bulk temperature in   ( K )   [17].



By obtaining the values of Equations (5) and (6), the temperature can be calculated according to Equations (7) and (8) [18]:


  Δ  T j  =    (  G  (  T , I  )  −  Q  c o n v    )  t   ρ  C p     



(7)






   T  j + 1   =  T j  + Δ  T j   



(8)




where  ρ  is the density of understudied material (former or HTS tapes) in    (    k g    m 3     )     ,  t  is time in    ( s )   ,    C p    is the specific heat capacity of understudied material in    (   J  k g · K    )   , and  j  stands for time sample interval. It should be mentioned that the term of    (  G  (  T , I  )  −  Q  c o n v    )    must be expressed in    (   W   m 3     )   .



Finally, the critical current variations caused by temperature changes can be calculated by Equation (9) [19]:


   I c   ( T )  =  {       I c    0     (     T c  − T    T c  −  T  o p      )    1.5       T <  T c       0    T >  T c       }   



(9)




where,    I c    0    is the reference critical current at operational temperature and self-field.




3. Multi-Objective: NSGA II


Non-dominated genetic algorithm II is one of the fastest sorting algorithms that have been used to deal with multi-objective optimization problems. This algorithm was firstly introduced in 2000 by K. Deb et al. at the “International Conference on Parallel Problem Solving from Nature” [20].



A multi-objective optimization problem consists of  n  decision variables,  k  fitness functions, and a set of  m  in-equality and  p  equality constraints, as defined in Equations (10) to (13) [21]:


  F i t n e s s   F u n c t i o n = min y = min  (   f 1   ( x )  ,    f 2   ( x )  ,   …  f k   ( x )   )    k ≥ 2  



(10)






  x =  (   x 1  ,    x 2  ,   …  x n   )   



(11)






   g i   ( x )  ≤ 0         i = 1 ,   2 ,   3 ,   … ,   m  



(12)






   h j   ( x )  ≤ 0         j = 1 ,   2 ,   3 ,   … ,   p  



(13)







Usually, the solution to this problem is not a single and exclusive solution, so it is presented as a set of possible and efficient solutions, known as the Pareto front or Pareto frontier. NSGA II follows four main principles to offer the optimum Pareto front, as shown in Figure 3, namely non-dominated sorting, elite preserving operator, crowding distance, and selection operator [21].



Firstly, the NSGA II randomly generates a set of non-dominated population with the desired size and computes the objective functions for each individual. Then, by using the non-dominated sorting method, individuals are sorted into the different non-domination levels, and after that, by application of the crowding distance method, the individuals that have the same level are sorted. Crossover is conducted in this level by means of the arithmetic crossover function that hands us two offspring from two parents, as shown in Equations (14) and (15) [22]:


   O  s 1   =  r 1  c  P 1  +  (  1 −  r 1  c  )   P 2   



(14)






   O  s 2   =  (  1 −  r 1  c  )   P 1  +  r 1  c  P 2   



(15)




where,    P 1    and    P 2    are parent one and two,    O  s 1     and    O  s 2     are offspring one and two,    r 1    is a random number, and  c  is the crossover fraction. Then, to preserve the diversity in the population, a Gaussian mutation is applied to the individual set, as defined in Equation (16) [22]:


   O s  =  O s  + σ  (  1 −   s  G i     G m     )   r 2   (   u b  −  l b   )   



(16)




where    r 2    is a random number,  σ  is the standard deviation of a random number,  s  is a scalar number that reduces the ratio of mutation,    G i    is the current number of individuals,    G m    is the maximum allowable number of individuals, and    u b    and    l b    are the upper bound and lower bound of the main optimization problem.



At the last step, individuals must be selected for next generation, based on a binary tournament selection method that is shown in Equation (17) [22]:


  d  c j  =   ∑   v = 1  V     f v   I  j + 1  v    −  f v   I  j − 1  v       f v  m a x   −  f v  m i n      



(17)




where   d  c j    is the crowding distance of the    j  t h     individual,  V  is the number of fitness functions, and    f v    is the    v  t h     fitness function. The program goes on until the stoppage conditions are met to terminate the program.




4. Results and Discussions


4.1. Objective Function for the DC HTS Cable


An optimization procedure is conducted to optimally design the structure and fault performance of a DC HTS cable based on the following fitness function, shown in Equations (18)–(24):


  min y =  min     (   F 1  ,    F 2  ,    F 3   )   



(18)






   F 1  =  W  f o r m e r   +  W  Y B C O    



(19)






   W  f o r m e r   =  V  f o r m e r   ×  D  f o r m e r    



(20)






   V  f o r m e r   = π ×  ℓ  c a b l e   ×  (   R  o u t  2  −  R  i n  2   )   



(21)






   W  Y B C O   =  N  t a p e   ×   ∑   i = 1    n  s u b      V   s i    =  w  t a p e   ×  δ   s i    ×  ℓ  c a b l e   ×  D   s i     



(22)






   F 2  = p e a k  T  H T S    (   A  c a b l e   , I ,   ρ ,    C p  ,    V m   )   



(23)






   F 3  =    I  t a p e      I   c  t a p e      ( T )     



(24)




where    W  f o r m e r     is the former weight,    W  Y B C O     is the superconducting layer weight,    V  f o r m e r     is the former volume,    D  f o r m e r     is the former density,    ℓ  c a b l e     is the cable length,    R  o u t     is the outer radius of the former,    R  i n     is the inner radius of the former,    N  t a p e     is the number of HTS tapes,    D   s i      is the density of each layer of HTS tape,    V   s i      is the volume of each sub-layer of HTS tape,    n  s u b     is the number of considered sub-layers,    w  t a p e     is the width of HTS tapes,    δ   s i      is the thickness of tape sub-layers,   p e a k  T  Y B C O     is the peak temperature of YBCO tapes,    I  t a p e     is the current passing through each tape, and    I   c  t a p e      ( T )    is the temperature-dependent critical current of the HTS tape. To solve this multi-objective function, the parameters of the NSGA II algorithm are considered as tabulated in Table 1.




4.2. Cable and Test System Specifications


Three HTS cables were considered in this study, known as cable A, cable B, and cable C. The first cable is designed to carry 560 A current and 2.25 MW power in the drivetrain of electric aircraft. Then, to increase the power density of the cable, its current was increased to 2 kA while using the same HTS tape of cable A. Due to the low critical current of YBCO HTS tapes in cable B, three layers are needed to carry 2 kA/9 MW, which results in a weight increase in the cable and power density reduction. To solve this issue, the HTS tape was changed to another type of YBCO tape that has a higher critical current at 65 K. Table 2 shows the properties of the three DC HTS cables discussed and analyzed in this paper. For these cables, the critical temperature is considered to be 92 K, the heat transfer coefficient ( h ) is considered to be 2000    (   W   m 2  · K    )   , and the fluid bulk temperature (K) is considered as 65 K. Table 3 lists the specifications of the two different YBCO tapes used in DC cable analysis according to [23,24]. Former material must have a low resistivity, low density, high cryogenic stability, and high specific heat capacity. Based on these requirements, four different candidates were chosen also for our study and are shown in Table 4 based on their different properties.



To analyze the behavior of understudied DC HTS cables, the test grid shown in Figure 4 was put to work. This figure represents the characteristics of fault current in the DC grid of a cryo-electric aircraft. The current waveform injected into the DC HTS cable by this grid is shown in Figure 5. As can be seen, after 10 ms, the current increases to charge the capacitor Cf and when it is discharged, the current gets back to its operational state.




4.3. Multi-Objective Optimization Results


Figure 6a shows the Pareto front related to cable A with a 0.56 kA nominal current. According to this figure, the weight range of DC cable with copper former is from 110 kg to around 300 kg, the same as brass and stainless steel formers, which is due to the fact that they have a density value very similar to each other. On the other hand, DC cable with aluminum former has a range of 60 kg to 150 kg, which is a result of the low density of aluminum, around 2700 kg/m3. Thus, for cable A, aluminum is selected as the lightest former while copper has a better performance when one considers the peak temperature of the superconducting layer as the objective function. Also, if we consider the third objective function, it can be seen that F3 has values ranging from 0.2 to 0.5 that lie in an acceptable range. Figure 6b illustrates the Pareto front of multi-objective optimization for cable B. This cable consists of three superconducting layers, two dielectric layers, and one former layer. In order to have a sufficient number of SC1 tapes in one HTS layer for carrying 2000 A rated current, the former must have a radius of around 40 mm, which makes just the weight of the former around 220 kg. The weight of HTS tapes and dielectrics must be added to this value, which results in an extremely heavy HTS cable that could not fit into an electric aircraft. Thus, by adding the new layers to cable B, its weight range has increased in comparison to cable A, while the delivered power by cable B has also increased by 300%. The important factor here is the value of the third objective function that in some cases increased to 0.9, which could jeopardize the safe operation of DC HTS cable and cause hot spots and quench. Finally, Figure 6c shows the results of optimization on cable C, which has a 2000 A current, one superconducting layer, one dielectric layer, and one former. The number of superconducting and dielectric layers has been reduced by changing the superconducting tape to SC2. It should be noted that the presented values of weight are related to the summation of the weight of former, HTS tapes, and dielectrics.




4.4. Thermoelectric Characteristic of Optimized Cable


In this section, after selecting the optimum structure for the understudied DC HTS cables among the results offered by the Pareto front, the electrothermal characteristic of DC HTS cable is evaluated. For this purpose, Table 5 tabulates the selected design for DC HTS cable A with different former materials. It can be seen that the lightest cable is the one with aluminum former, which has 49% lower weight than one with copper former, 44% lower than one with stainless steel former, and 48% lower than cable with brass former. Meanwhile, cable with copper former has a temperature of 14%, 52%, and 54% lower than cable with aluminum, stainless steel, and brass formers, respectively. This shows that copper has the best thermal performance among all former materials, which is due to its lower resistivity, which generates a lower heat load, and also the acceptable heat capacity of copper. So, for further analyses, the cable with copper former is selected as the cable with the best performance against faults while the cable with aluminum former is selected as the lightest DC HTS cable A. Table 5 shares the information on the structure of the selected former for DC cable B resulting from NSGA II optimization. Although the former radius and thickness remained approximately similar to cable A, the weight of the optimized structure has been increased. This increase resulted from adding extra superconducting and dielectric layers to the cable. So, in the optimized structure of cable B, the weight of the cable with copper former has increased by 38% while its temperature has only been reduced by 4%. These changes are also valid for other former materials in cable B, compared to cable A. Finally, by changing the type of superconducting tape into one with a higher critical current, i.e., SC2, both the weight and size of DC cable, i.e., Cable C, have been reduced, as shown in Table 5.



Now the thermal characteristic of all three cables must be evaluated to show how HTS cables would perform against a fault in the drivetrain of electric aircraft. This is conducted by considering two optimum scenarios, one with the lowest weight and the other with the lowest temperature during faults. Figure 7 depicts the temperature characteristic of HTS tapes in each of the understudied cables. Due to the lower critical current of HTS tapes in cable A, the peak temperature in this cable is higher than in the other two cables, with both copper and aluminum formers.



The temperature of copper and aluminum formers are shown in Figure 8 for all three cables. Due to the higher thermal mass of former layers, the temperature in this layer increases at a slower rate in comparison to HTS tapes. As seen in Figure 8, the peak temperature of former in cable C is lower than the peak temperature of formers in cables A and B. This is due to the fact that in cable C, the critical current is higher than the critical current in the other two cables. As a result of this, HTS tapes transit to a normal state at a later time (which can be considered as a kind of a slower transition) and thus, less fault current passes through the former of cable C. Consequently, the Joule loss generated in the former layer of cable C is lower than Joule losses in cables A and B, and this results in lower peak temperature of the former in cable C.



Finally, the temperature profile of dielectric layers is shown in Figure 9a,b for copper and aluminum former cables, respectively. The different temperature profile in dielectric layers of the second DC HTS cable is a result of a lower heat accumulation ratio in these layers, compared to cable A and cable C.



By knowing these temperature profiles, one can evaluate the temperature characteristic of different layers in HTS cables during the flight missions of a cryo-electric aircraft. Another important point is that the temperature profile of aluminum-based former HTS cables is not so different from copper-based former cables. This means that with a 50% weight reduction in DC HTS cable, the temperature of HTS tapes increases by just 16%. This means that the peak temperature of HTS tapes is still way lower than 300 K, known as the conservative temperature limit for YBCO tapes [25].



To calculate the specific mass and power density of the DC HTS cable, in addition to the weight of former, HTS tapes, and PPLP-based dielectrics, there is a need for adding the weight of cryostat and coolant fluid to the total weight of the cable. For weight calculation of the dielectrics, according to [26], a 2.5 mm thickness would be sufficient for power cables in a voltage range of 4–6 kV while the PPLP dielectric has a density of 1098 kg/m3 [27]. After that, a cryostat made out of stainless steel with a thickness of 1 mm and outer radius of 37 mm, for cables A and C, and 43 mm for cable B was considered. The difference between the cryostat inner radius and outer radius of the last layer of cable defines the total volume of coolant fluid, LN2, with 811 kg/m3 density [27]. This illustration is shown in Figure 10. By doing this, the total weight of DC HTS cables with respect to different former materials is calculated and tabulated in Table 6. After that, and by dividing the cable weight to the length of the cable (100 m), the specific mass could calculated. Then, the power of each cable in kW is divided to the weight of the cable to calculate the power density of cable. Based on [28], the specific mass for a HTS cable to be fitted into a cryo-electric aircraft system must be lower than 5 kg/m, which is the case for all types of understudied cables except cable B that has specific mass of 7.3 kg/m and 6.7 kg/m for copper and aluminum formers, respectively. On the other hand, the highest power density belongs to cable C with aluminum former, which is 12% higher than cable C with copper former. By comparing the cables with aluminum former, cable C has approximately 35% and around 310% higher power density in comparison to cable B and cable A, respectively. Moreover, cable B with aluminum former has 205% higher power density compared to cable A. In other words, HTS cables would have more benefits if they were used for high current, low voltage (lower deictic weight), and high-power applications, as can be observed in Table 6.





5. Conclusions


The application of direct current (DC) high-temperature superconducting (HTS) cables in cryo-electric aircraft units is gaining significant attention. The important parameters for such cables to be fitted into these aircraft fleets are their weight, peak temperature during faults, and the cable critical current. These terms depend on the radius, thickness, and material of the former. Thus, in this study, an investigation is conducted to optimally design 4.5 kV DC HTS cables by considering the weight, temperature, and critical current of cables as separate objective functions solved by a multi-objective optimization algorithm, known as the non-dominated sorting genetic algorithm II (NSGA II). The most important findings of this paper are listed as follows:




	⮚

	
The cables with aluminum former have the lowest weight among all other cables with copper, brass, and stainless steel formers.




	⮚

	
The temperature of cables with copper former is about 10% to 50% lower than cables with other materials in their former.




	⮚

	
The specific mass of all understudied cables lay in the range of 4.9 to 7.3 kg/m, which provides us with a clear index to select the optimum structure and cable type for aviation applications




	⮚

	
The highest power density among all understudied HTS cables belongs to 4.5 kV/2000 A/9 MW DC cable with aluminum former that has 12%–35% higher power density in comparison to other structures and types




	⮚

	
Aluminum former-based cables present an acceptable temperature rise during faults, and the peak temperature of YBCO tapes in such cables is way lower than the burnout limitation of HTS cables.




	⮚

	
The temperature of dielectric and former layers in the understudied cables is lower than the temperature of HTS tapes, which is due to their higher thermal mass.
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Figure 1. The structure of HTS devices in a cryo-electric aircraft, cooled down to cryogenic temperatures. 
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Figure 2. The equivalent circuit model of a DC HTS cable used in cryo-aircraft to deliver the required power by the propellers. 
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Figure 3. A schematic of how the Pareto front results in the optimal solution of two objective functions. 
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Figure 4. The test grid used for characterizing the understudied DC HTS cables. 
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Figure 5. The fault and operational currents passing through the DC HTS cables. 
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Figure 6. Pareto front of NSGA II optimization for different former materials of understudied DC HTS cables: (a) cable A, (b) cable B, (c) cable C. 
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Figure 7. Temperature of the superconducting layer in each of three HTS cables, (a) copper former, (b) aluminum former. 






Figure 7. Temperature of the superconducting layer in each of three HTS cables, (a) copper former, (b) aluminum former.



[image: Aerospace 09 00753 g007]







[image: Aerospace 09 00753 g008 550] 





Figure 8. Temperature of the former layer in each of three HTS cables, (a) copper former, (b) aluminum former. 
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Figure 9. Temperature of the dielectric layer in each of the three HTS cables, (a) copper former, (b) aluminum former. 
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Figure 10. An illustration of fluid weight calculation in a single-layer DC HTS cable. 
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Table 1. Values for controlling parameters of NSGA II.
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	Parameter
	Value





	Maximum Number of Iterations
	100



	Crossover Percentage
	0.7



	Population Size
	500



	Mutation Percentage
	0.4



	Mutation Rate
	0.02










[image: Table] 





Table 2. The specifications of the understudied DC HTS cables.
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	Properties
	Cable A
	Cable B
	Cable C





	Voltage (kV)
	4.5
	4.5
	4.5



	Current (A)
	560
	2000
	2000



	Length (m)
	100
	100
	100



	Power (MW)
	2.25
	9
	9



	Operational temperature (K)
	65
	65
	65



	Type of superconducting tape
	SC1
	SC1
	SC2



	Number of superconducting layer
	1
	3
	1
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Table 3. The specification of YBCO superconducting tapes used in the understudied DC HTS cables.






Table 3. The specification of YBCO superconducting tapes used in the understudied DC HTS cables.





	Properties
	SC1
	SC2





	Critical current (@ 65 K) (A)
	77
	518



	Index value (@ 65 K)
	31.6
	42.5



	Ec     (     μ V    cm    )   
	0.1
	0.1



	Thickness (µm)
	153
	170



	Width (mm)
	4.10
	4



	Substrate thickness (µm)
	100
	105



	Stabilizer thickness (µm)
	2   ×   15
	2   ×   15



	Substrate material
	Stainless Steel
	Stainless Steel



	Stabilizer material
	Copper
	Copper
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Table 4. Properties of metallic materials that are used as former for the understudied DC HTS cables.
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	Former Material
	    Resistivity    (   n Ω  · m  )     (  @   293   K  )     
	    Specific   Heat   Capacity    (   J  k g · K    )     
	    Density    (    k g    m 3     )     
	    α   Coefficient    (   1 K   )     





	Copper
	17
	390
	8960
	0.004041



	Stainless Steel
	720
	500
	7800
	0.00300



	Brass
	70
	400
	8730
	0.00010



	Aluminum
	26
	920
	2700
	0.004308










[image: Table] 





Table 5. The results of applying multi-objective optimization algorithms for designing a light, fault-tolerable, and reliable DC HTS cable in cryo-electric aircraft—Cable A.
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Objective

	
f1 (kg)

	
f2 (K)

	
f3




	
Function

	
Cable A

	
Cable B

	
Cable C

	
Cable A

	
Cable B

	
Cable C

	
Cable A

	
Cable B

	
Cable C






	
Copper

	
122.7

	
169.8

	
119.7

	
128.5

	
123.2

	
115.2

	
0.47

	
0.48

	
0.32




	
Stainless Steel

	
111.3

	
158.4

	
108.6

	
266.6

	
265.8

	
151.2

	
0.47

	
0.47

	
0.32




	
Brass

	
120.4

	
167.5

	
117.6

	
280.5

	
279.5

	
152.4

	
0.47

	
0.48

	
0.32




	
Aluminum

	
61.5

	
108.5

	
60.1

	
149.3

	
141.6

	
124.2

	
0.47

	
0.47

	
0.32
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Table 6. Analyzing the specific mass and power density of the optimally designed HTS cables.
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	Cable Type
	Former Material
	Core Weight (kg)
	Cryostat Weight (kg)
	Fluid Weight (kg)
	Total Weight (kg)
	Specific Mass (kg/m)
	Power Density (kW/kg)





	Cable A
	Copper
	122.7
	183
	266
	571.7
	5.7
	3.9



	Cable A
	Aluminum
	61.5
	183
	266
	510.5
	5.1
	4.4



	Cable B
	Copper
	169.8
	210
	350
	729.8
	7.3
	12.3



	Cable B
	Aluminum
	108.5
	210
	350
	668.5
	6.7
	13.5



	Cable C
	Copper
	119.7
	179
	256
	554.7
	5.5
	16.2



	Cable C
	Aluminum
	60.1
	179
	256
	495.1
	4.9
	18.2
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