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1. INTRODUCTION 
 

High temperature superconducting (HTS) machines 

have wider range of operating temperature than the 

conventional low temperature superconducting (LTS) ones 

do. The HTS power cable and HTS transformer normally 

have the operating temperature range between 65 K and 77 

K. This range can be expanded with high pressure 

atmosphere. In case of superconducting magnetic energy 

storage (SMES), the cryogen-free HTS magnets can be 

used. They are normally operating below 20 K, even in 

liquid He for the tests. [1, 2]. 

Though lowering the operating temperature needs more 

cooling power, we can get higher performances. The 

increased critical current, Ic, by the low temperature 

provides more margin for the load factor and so makes the 

system more stable. We might expect less AC losses due 

to the increased Ic. 

In some ways it is true below certain magnetic field, but 

the AC losses at the lower temperature could be even larger 

above a certain magnetic field than the losses at the higher 

temperature. Fig. 1 shows the magnetization losses by 

magnetic flux densities of an HTS tape at 4.2 K and 77 K. 

In this case, the loss at 4.2 K becomes larger above 181.5 

mT of external AC magnetic field. The comparison of the 

total AC losses of a system at different temperatures is 

complicated because the magnetic field varies point by 

point in an HTS coil. 

 We analyzed the AC losses of HTS solenoids with 

various aspect ratios at 65 K and 77 K. Most solenoids 

except very thin ones have larger AC losses at 65 K when 

the conducting AC current is same with the one at 77 K.  

For the simulation of real applications, three types of 

superconducting magnetic energy storages (SMES) were 

adopted. Two of them had the capacities of 600 kJ and 5 

MJ, respectively [3, 4]. And they were composed of 

solenoidal coils. The other one had a toroidal structure and 

its capacity was 2.5 MJ [5]. The 600 kJ and 2.5 MJ SMES 

have been fabricated and tested. At that time, the loss-

temperature relations were not considered.  

The temperature dependency of AC losses was analyzed 

in this paper. We calculated the AC losses at the operating 

temperatures of 4.2 K, 14 K, and 20 K. Two kinds of 

operating scenarios were supposed for the loss calculations. 

The first one was that the stored energy of the SMES was 

fully discharged from 100 % of its capacity. The other one 

was that the stored energy varied from 100 % to 50 % of 

the capacity, which stood for a constant output operation. 

The results show that there is no reason to expect that 

lowering the operating temperature of SMES improves the 

performance of the system, especially for the AC loss and 

cooling power. 

 

 

2. ANALYSIS OF AC LOSSES IN HTS SOLENOIDS 

 

2.1. Magnetization Loss with Critical State Model 

The magnetization loss density due to the perpendicular 

magnetic field to the HTS tape is expressed as (1), where 

F is the space factor of HTS tape, f is the frequency, Bc is 

the critical penetration field, B is the field of full 

penetration, β┴ is the ratio of Bc to B, w is one half of the 

width of the tape, and t means one half of the thickness of 

the superconducting layer [6].  
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Abstract     

 

We analyzed the temperature dependency of the AC losses in high temperature superconducting (HTS) coils. In the case of a 

short sample of an HTS tape, the magnetization loss at 4.2 K could be higher than the one at 77 K for a same transport current. It 

happens when the perpendicular magnetic field is above a certain magnitude. The AC loss characteristics of solenoidal coils have 

been analyzed at the temperatures of 65 K and 77 K. They were categorized by the aspect ratios. The operating current of a solenoid 

was normally set about 70 % of the critical current. An HTS solenoid with the same operating current of 77 K causes larger AC 

losses at 65 K in the most cases of the HTS solenoids. We also analyzed the AC loss characteristics due to the temperature variations 

for three types of superconducting magnetic energy storages. Two of them were solenoidal types and the other was toroidal type. 

The results showed the tendency for the coils to have higher AC losses at lower temperature with the same operating currents and 

scenarios. 
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In the case of the HTS tape, we recognized that the 

difference of Ic would make the difference in the 

magnetization losses as in Fig. 1. The losses were 

calculated by using Eq. (1) and the entire surface of the tape 

was supposed to have the same perpendicular magnetic 

field. In Fig. 1, the calculated magnetization loss of the tape 

at 4.2 K is much less than the loss at 77 K below 181.5 mT 

of the external AC magnetic field. 181.5 mT is the peak 

value of the AC field. It means that the field of this value 

is the full penetration magnetic field of the tape. On the 

other hand, the loss at 4.2 K is larger above that magnetic 

field than the one at 77 K. The former is 10 times bigger 

than the latter at 1 T. The width of the tape is 4 mm and the 

thickness is 0.38 mm including the insulation layers. The 

thickness of the superconducting layer is 1 μm. The critical 

currents at self-field are 108 A at 77 K and 1,409 A at 4.2 

K, respectively. 

 

2.2. Losses of HTS Solenoids  

The characteristic of the AC loss of an HTS coil for AC 

operation is more complex than that of the single tape. The 

magnetic fields in the coil vary point by point. If the coil is 

made of the tape in Fig. 1 and conducts 70 % of its critical 

current, the perpendicular magnetic fields of some area are 

under 181.5 mT but the ones of most area exceed the value. 

It depends on the shape whether the total loss of the coil at 

the lower temperature is larger than the one at the higher 

temperature.  

We calculated the magnetization losses of HTS 

solenoids by their aspect ratios at 65 K and 77 K. The 

magnetic field distributions were calculated by finite 

element method (FEM). The loss in an element was 

calculated by using Eq. (1) and the total loss was the sum  

of the losses in each element. As explained in the 

introduction, HTS electrical power machines have wide 

range of the operating temperature. Typical ranges of the 

operating temperatures are shown in Table I [7-10]. 

The shape of the HTS coil is defined as in Fig. 2. The 

inner radius is a1 and it is fixed to 5 cm. a2 is the outer radius 

and b1 is one half of the coil height. The ratio of a2 to a1 is 

α.  β means the ratio of b1 to a1. α varies from 1.01 to 5 and 

β varies from 0.5 to 5.  

Total 6,300 models were analyzed by finite element 

method (FEM). First, α and β separately were increased by 

0.1 for the analysis. And then α in the range from 1.01 to 1 

was subdivided by 0.01. The HTS tape with 12 mm width 

was assumed to be used for the solenoids. The critical 

current at 77 K, self-field was 300 A and 660 A at 65 K. 

Each coil had different critical current at 77 K and the 

operating current was set to 70 % of it. The magnetization 

losses of one coil at 65 K and 77 K were calculated with 

the assumption of the same magnitude of the current at both 

temperatures. 

Fig. 3 (a) shows the perspective results of this iterative 

analysis. Each calculated magnetization losses at 65 K 

were normalized to the ones at 77 K. So, the number above 

1 means that the loss at 65 K is bigger than the one at 77 K. 

Most coils have lager AC losses except very thin ones. The 

magnified profiles of the normalized losses when alpha is 

less than 1.1 are shown in Fig. 3 (b).  

We often emphasize that one of the merits of HTS 

electrical power machines is the enhancement of the 

capacity by lowering the operating temperature. The 

analysis results show that we should be very careful about 

the lowering temperature when HTS coils are using for AC 

applications. In the case of HTS transformers or reactors, 

lowering operating temperature might cause severe 

increase of AC losses, even without the increase of the 

operating current. 

 

 

3. CASE STUDIES OF SMES 

 
HTS power cables, transformers, and reactors make AC 

losses. SMES also generates AC losses during charging 

and discharging. The temperature dependency of the AC 

 
Fig. 1. Calculated magnetization losses of an HTS tape by 

magnetic flux densities of at 4.2 K and 77 K. 

TABLE I 
THE OPERATING TEMPERATURE RANGES OF HTS APPLICATIONS. 

Superconducting application Operating temperature 

Cable 65 – 77 K 

Generator, Motor 20 – 65 K 

Transformer 65 – 77 K 

Fault current limiter 65 – 77 K 

Magnetic energy storage 4.2 – 20 K 

 

 
Fig. 2. Definition of HTS coil shape. The ratio of α=a2/a1, 

β=b1/a1. 
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losses of SMES should be seriously considered at the stage 

of the design and during the operation, especially if it is 

cooled by the conduction cooling. Most of HTS SMES 

systems that have been developed until now are using 

cryogen-free coils [1,2]. 

We have analyzed three HTS SMES coils that were 

designed by us [3-5]. The capacities of them were 600 kJ, 

2.5 MJ, and 5 MJ, respectively. The first and last ones were 

solenoidal types and the second one was toroidal type. All 

of them were assumed to be wound with the same 2G HTS 

tapes with different widths. The 600 kJ SMES was actually 

made with BSCCO tapes and tested. It was redesigned as 

using 2G HTS tapes with 4 mm width for this analysis. The 

tape width for 2.5 MJ was assumed to be 12 mm and the 

one for 2.5 MJ was 10 mm. The specifications of the 4 mm 

width 2G tape were listed in table II. Fig. 4 shows Ic 

variations by the perpendicular magnetic fields at 4.2 K, 14 

K, and 20 K. These curves were fitted by the measured 

values [4,5]. 

The operating current of 600 kJ SMES was 282 A and 

the maximum perpendicular magnetic field was 3.29 T. 

The total length of 4 mm width tape was assumed to be 

10.8 km.  The specifications of three SMES coils are listed  

in Table III. Fig. 5 shows the bird’s views of them. 

AC losses in SMES are generated during charging and 

discharging periods. 50 % of the stored energy can be used 

for the constant output power operation. So, we analyzed 

AC losses for two scenarios. The first scenario for the 

operation was that SMES fully discharged its energy from 

100 % to zero. The other one was assumed to use only 50 % 

of the stored energy. The operating scenarios are described 

in Fig. 6.  

The magnetization losses at 4.2 K, 14 K, and 20 K were 

calculated for each of them. The losses of the scenario 1 

were generated during the discharging from 100 % to 0. 

The ones of the scenario 2 were generated during the 

discharging from 100 % to 50 %. The results are listed in 

 
(a) 

 
(b) 

 

Fig. 3. The normalized loss (loss@65 K to loss@77 K) 

according to (α, β) for a1= 50 [mm]. Most solenoids except 

very thin ones have larger AC losses at 65 K when the 

operating AC currents are same at both temperatures, (a) 1.01 

<α< 5, (b) 1.01 <α< 1.1. 

TABLE II 

SPECIFICATION OF 2G HTS TAPE FOR THE ANALYSIS. 

Specification Value 

Bare 

Conductor 

Width[mm] 4 

Thickness [mm] 0.155±0.025 

Cu plating thickness [mm] 0.05±0.005 

Conductor 

with  

insulation 

Width [mm] 4.1 

Thickness [mm] 0.38 

Insulation 

Thickness [mm] 0.025 

Wrapping method 
2 layers, 30%, 

overwrapping 

Critical 

current 

@77 K, s.f [A] 108 

@20 K, s.f [A] 950 

@14 K, s.f [A] 1004 

@ 4.2 K, s.f [A] 1409 

 

 
 

Fig. 4. B-I curves of the 4 mm width HTS tape. 

TABLE III 

SPECIFICATIONS OF THREE SMESS. 

Specification 600 kJ 2.5 MJ 5 MJ 

Stored energy [MJ] 0.618 2.53 5 

Operating current [A] 282 960 500 

No. of coils [EA] 22(DPC) 56(SPC) 19(SPC) 

Max. perpendicular B [T] 1.25 3.29 6.57 

x. parallel B [T] 8.57 4.45 8.76 

HTS tape width [mm] 4 12 10 

Total length  [km] 10.8 12.1 18.6 

 



 
Yungil Kim, Ji-Kwang Lee, Seyeon Lee, Woo-Seok Kim , Siyoung Lee, and Kyeongdal Choi 

 

 

Table IV. In case of 600 kJ SMES, the AC loss at 4.2 K of 

the scenario 1 was 1.2 times larger than the one at 20 K. 

The losses of the scenario 2 decreased with the temperature 

variation. But in the case of 5 MJ SMES, the losses for both 

scenarios increased with the decrease of the temperature. 

In the case of 2.5 MJ SMES with the toroidal coils, the 

losses of both scenarios decreased with the temperature 

because the perpendicular magnetic fields were small. 

 

4. CONCLUSION 

 

The available temperature ranges of HTS electrical 

power machines are wider than those of LTS machines or 

HTS DC machines. Normally we set the operating 

temperature of the HTS machine when the rated operating 

current is decided. The maximum AC loss during the 

operation is also decided for the current at the temperature. 

But the temperature variation is inevitable for the HTS 

machines such as power cables or transformers during the 

AC operation. In the case of SMES, charging and 

discharging cause the AC losses and so the temperature 

variations. 

Normally, we expect better performances by lowering 

operating temperature. But the AC losses at lower 

temperature becomes larger above certain value of the 

magnetic field. We analyzed the temperature dependency 

of AC losses of HTS solenoids. Iterative calculations of the 

magnetization losses of 6,300 HTS solenoids show that the 

losses at 65 K are bigger than the ones at 77 K when the 

coils operate with the same operating currents. 

Three HTS SMES coils including two solenoidal coils 

and one toroidal coil were adopted for the analysis. The 

losses at 4.2 K, 14 K, and 20 K were calculated and 

compared with each other. In the case of solenoidal SMES, 

the losses increase with the decrease of the temperature 

because of the strong perpendicular magnetics fields. 

If the transport current is smaller than the maximum 

operating current of the system, then lowering system 

temperature may bring the lower AC losses. But if the 

system operates near the operating current, then lowering 

temperature is not a good scenario, especially considering 

the cooling power. 

We will analyze the temperature dependency of AC 

losses of HTS transformers for the future work.  
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Fig.6. Operating scenarios of SMES. Scenario 1 is full 

discharging condition and scenario 2 is repetition of 

charging and discharging. 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 5. Bird’s eye views of three SMESs. (a) 600 kJ 

solenoidal type, (b) 2.5 MJ toroidal type, (c) 5 MJ 

solenoidal type. 
 

 

TABLE IV. 

THE CALCULATED AC LOSSES OF THREE SMESS. 

Type of SMES 
Operating 
scenario 

Loss 

@4.2 K 

[kJ] 

Loss 

@14 K 

[kJ] 

Loss 

@20 K 

[kJ] 

600 kJ 
(solenoid) 

1 9.11 7.74 7.5 

2 0.66 0.8 0.82 

2.5 MJ (toroid) 
1 30.59 32.5 32.42 

2 0.66 1.12 1.2 

5 MJ (solenoid) 
1 332 260 251 

2 44.63 43.23 42.7 
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