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Abstract. Relevance. Active and passive elements of transformer power equipment have sufficiently reduced the potential 
for modernization and improvement that requires new innovative solutions. This largely relates to mobile and autonomous 
power supply systems, in particular for geoengineering tasks when changing the location of geo-surveying works. Aim. New 
design of transformer power equipment based on cryogenic technologies with improvement of their electrical, technical and 
economic characteristics involves the use of liquid nitrogen with a temperature of 77 K as a cryogenic dielectric medium. 
Methods. Mathematical modeling of the skin-effect by a finite-element method, determination of the amorphous alloy 
magnetic core characteristic by an empirical method, and physical simulation of an experimental model for a high 
temperature superconducting transformer prototype. Results and conclusions. The paper introduces the analysis and 
synthesis of characteristics of amorphous iron magnetic core and superconducting windings in a high temperature 
superconducting transformer. The authors have derived dependencies and charts illustrating the effect of increased current 
frequency on thermal losses associated with hysteresis and eddy currents, which determine the losses in the magnetic core. 
The paper demonstrates the dependence of mass and dimensions reduction and winding material consumption on frequency 
and current density in high temperature superconducting tapes, which can reach 500 A/mm2. This affects in its turn the size 
of transformer windings and, therefore, the size of the magnetic core. The most significant result with the use of 
superconductivity in high temperature superconducting transformers is the fact that this transformer is an ideal diamagnetic, 
and the windings have high electrical conductivity. Therefore, the problem of current concentration near the conductor 
surface skin-effect and resistance increase is eliminated in transformers and electric machines. The absence of skin-effect in 
high temperature superconducting conductors due to zero resistance is proved by the theoretical analysis using Bessel 
functions. The importance of the results involves the increase of transformer efficiency at higher frequencies due to the 
synthesis of properties of transformer active elements, such as amorphous iron magnetic core, high temperature 
superconducting windings and liquid nitrogen as a dielectric medium. On this basis, a 25 kVA high temperature 
superconducting transformer industrial prototype was designed and assembled.      
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Аннотация. Актуальность. Активные и пассивные элементы трансформаторного электрооборудования достигли 
своего предела совершенства, что существенно ограничивает возможности для дальнейшей модернизации и требу-
ет разработки новых инновационных решений. Это в значительной степени относится к мобильным и автономным 
системам электроснабжения, в частности для решения задач геоинжиниринга при изменении локации геоизыска-
тельных работ. Цель. Новое конструктивное исполнение трансформаторного электрооборудования на основе крио-
генных технологий с улучшением их электрических и технико-экономических характеристик, где в качестве крио-
генной диэлектрической среды используется жидкий азот при температуре 77 K. Методы. Математическое моде-
лирование явления скин-эффект методом конечных элементов; определение характеристики магнитопровода из 
аморфного сплава эмпирическим методом и физическое моделирование экспериментальной модели прототипа вы-
сокотемпературного сверхпроводящего трансформатора. Результаты и выводы. Приведен анализ и синтез харак-
теристик магнитопровода из аморфного железа и сверхпроводящих обмоток в высокотемпературном сверхпрово-
дящем трансформаторе. Получены зависимости и графики влияния повышения частоты тока на тепловые потери, 
связанные с гистерезисом и вихревыми токами, из которых складываются потери в магнитопроводе, а также пока-
зана зависимость уменьшения массы сердечника и витков обмоток от частоты с использованием высокотемпера-
турной сверхпроводящей ленты, в которой плотность тока может достигать 500 А/мм2. Это в свою очередь влияет 
на размеры обмоток трансформатора и, следовательно, на размеры магнитопровода. Наиболее существенным ре-
зультатом с использованием явления сверхпроводимости в высокотемпературных сверхпроводящих трансформа-
торах является тот факт, что они являются идеальным диамагнетиками, а обмотки имеют высокую величину элек-
трической проводимости, следовательно, в трансформаторах и электрических машинах исчезает проблема вытес-
нения тока к поверхности проводника – «скин-эффект» и увеличения сопротивления. С помощью теоретического 
анализа с использованием условий функций Бесселя доказано отсутствие скин-эффекта в высокотемпературных 
сверхпроводящих проводниках по причине нулевого активного сопротивления. Значимость результатов заключа-
ется в повышении КПД трансформатора при работе на повышенных частотах благодаря синтезу свойств активных 
элементов трансформатора: магнитопровода из аморфного железа, высокотемпературных сверхпроводящих обмо-
ток и диэлектрической среды из жидкого азота. На этой основе разработан и создан промышленный экземпляр вы-
сокотемпературного сверхпроводящего трансформатора мощностью 25 кВА.     

Ключевые слова: скин-эффект, сверхпроводимость, повышенная частота, аморфный магнитопровод, ВТСП транс-
форматор, жидкий азот 
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Introduction 

When designing autonomous and mobile power 

supply systems and conducting geological survey 

expeditions, the issue of energy efficiency and mass 

and dimensional parameters of transformer power 

equipment and energy storages is urgent. The use of 

semiconductor voltage converters, which can replace 

power transformers operated on the physical 



Известия Томского политехнического университета. Инжиниринг георесурсов. 2025. Т. 336. № 5. C. 183–194 
Галеев Р.Г., Манусов В.З., Ларкин Е.Н. Преимущества использования трансформаторов с высокотемпературными ...  

185 

phenomenon of electromagnetic induction, is a 

promising direction of power engineering 

development. However, semiconductor devices are 

very expensive equipment at the moment and also very 

unreliable that can lead to power supply failures and 

even accidents under specific circumstances. The 

priority device for voltage transformation at a given 

frequency is transformer power equipment based on 

magnetically coupled inductive coils (inductors). 

A transformer, being a highly reliable device of 

simple construction, has a low specific power per unit 

mass, approximately 180 W/kg. Taking into account 

that transformer power equipment is included in the 

mobile power supply system, its energy efficiency and 

mass and dimensions parameters have a great effect on 

the ability of mobile objects to move during geological 

explorations, in particular in the northern regions of 

Russia, including the Polar (Arctic) Circle. The use of 

an increased frequency of the generation source, an 

amorphous magnetic core and superconducting in the 

complex will significantly reduce the weight and size 

characteristics and increase efficiency of transformers. 

Earlier, a practical investigation of a high-frequency 

pulse power transformer with a mixed core at 200 kHz was 

carried out 1. The author concluded that the combination of 

core layers of amorphous, ferrite and electrical iron resulted 

in a decrease in the hot spot temperature that increased the 

rated power of the transformer. The numerical simulation 

of the skin-effect (SE) is performed in 2 with the 

determination of its influence on the reactance and 

comparison with experimental measurements of copper 

wires at 0.1·10
4
 kHz. The paper [3] describes the anisotropy 

of the critical current in a superconducting air-core 

transformer at 2.2 kHz. The impact of cryogenic 

environment on the characteristics of electrical and 

amorphous iron magnetic cores is shown in [4, 5]. 

Aim. New design of transformer power equipment 

based on cryogenic technologies with improvement of 

their electrical, technical and economic characteristics 

involves the use of liquid nitrogen with a temperature 

of 77 K as a cryogenic dielectric medium. 

In practice, several methods are used to reduce the 

mass-dimensional parameters of transformer power 

equipment, namely: 

 application of magnetic core material with high 

magnetic characteristics at an increase in frequency 

up to 800 Hz; 

 application of materials with high current density 

for transformer windings; 

 increase of the operating frequency in the electrical 

system. 
 

Basic background 
At present, most transformer magnetic cores are 

made of electrical steels and ferrites. The maximum 

operating induction, at which a transformer has 

acceptable magnetic core losses within the technical 

specifications, is in the range of Bc=1.6–2 T. Reduction 

of transformer dimensions by increasing the current 

density is a promising direction due to the development 

of high temperature superconducting (HTS) wires of 

the 2
nd

 generation [6–9].  

The design of transformer windings from a 

superconducting wire, which has zero AC resistance at 

the boiling temperature of liquid nitrogen 77 K/–198 °C, 

allows eliminating resistance losses [5]. The current 

density in a superconducting wire can reach 

500 A/mm
2
, in comparison with 2.8 A/mm

2
 for copper. 

The difference of 250 times has a significant role in 

reducing the volume and weight of transformer 

windings [10–13]. 

The most effective method to reduce the 

dimensions and weight of the transformer is related to 

the increase of the operating current frequency (1), but 

requires a careful approach to the selection of applied 

materials and transformer design [14–16]: 

4
2 2

'
0,507 r r

r c

P a k
d

fu B K


 ,      (1) 

where 'P is the single-phase power; β=πd/l is the value 

determining the ratio between the diameter ( d ) and the 

height ( l ) of the winding; ar is the effective width of 

the dissipation field; kr is the coefficient of reducing the 

ideal dissipation field to the actual one (Rogowski 

coefficient); f is the network frequency, Hz; ur is the 

reactive component of the short circuit voltage, %; B is 

the maximum induction in the core leg; kc is the 

coefficient of filling the circle area with steel. 

As follows from (1), the AC frequency and the core 

diameter are inversely proportional. Consequently, the 

magnetic core weight of a superconducting transformer 

is significantly reduced. When increasing the frequency, 

the number of turns of the transformer windings 

decreases (2). It should be noted that when the winding 

diameter decreases, the distance between the core legs 

also decreases. This results in a reduction of the window 

area of the magnetic core. Consequently, the volume and 

weight of the core iron decreases. 

4,44

U
W

f B S
 ,    (2) 

where U is the voltage; S is the active electrical steel 

area of the magnetic core. 
 
Mathematical models and analysis of the SE  
for transformer operation at high frequency 

The use of high frequencies always results in the 

current concentration near the outer part of the 

conductor, which was called the SE [17–19].  

At the industrial frequency of 50 or 60 Hz used in 

the world practice, the resistance to the SE is negligible 

and is not usually taken into account. The effect is 
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caused by the presence of the magnetic flux in the 

internal part of the conductor, which is induced by the 

operating current in the wire. The current induced by 

the internal magnetic flux has an opposite direction to 

the operating current I when being closer to the center 

of the wire, and has the same direction for the outer 

part of the conductor. The SE results in the exponential 

decrease of the current density with the depth. 

The non-uniform current distribution along the 

cross section of the conductor can be clarified by 

theoretical analysis using Bessel functions, which 

consider the presence of internal induction in the 

conductor being several orders of magnitude less than 

the external induction. For complex amplitudes of the 

current density and the magnetic field strength, 

equations (3), (4) are applied: 

2

2

1m m
m

d J dJ
j J

dr r dr
   ,          (3) 

. . .
2 .

2 2

1m m m
m

d H d H H
j H

dr r dr r
     ,        (4) 

where Jm is the complex amplitude of the current 

density; 
.

mH  is the magnetic field strength; r is the 

resistance; σ is the conductivity of the conductor; μ is 

the magnetic permeability; ω is the angular frequency. 

The impedance of a cylindrical conductor is 

determined by the sum of the internal impedance and 

the external impedance of the conductor (5), (6): 

in extZ Z Z  .                (5) 

The internal impedance is defined by equation (6): 

0

1

( )
( ) ( )

2 ( )

a a
in dc in m in

a

u J u
Z R Re Z I Z

J u
     ,          (6) 

where Rdc is the DC resistance of the conductor under 

steady-state conditions; J0(ua) and J1(ua) are the Bessel 

functions of the zero and first order, respectively; 
2/3 2au j x , x=a/, a is the conductor radius; δ is the 

surface layer depth; Re(Zin) is the real component of 

the internal impedance; Im(Zin) is the complex inductive 

component of the internal impedance. 

The external impedance is defined by equation (7): 

2ext ext extZ jX j f L   .          (7) 

The series decomposition of the Bessel function is 

given by (8): 
2 4 6

0

1

( )
1

2 ( ) 8 192 3074

a a a a a

a

u J u u u u

J u
       (8) 

The electromagnetic surface depth δ (9), at which 

the current density is 1/e (≈37%) of its surface density, 

is determined by the equation [17]:  

1

f


 
,                 (9) 

where σ is the conductivity of the conductor; μ is the 

permeability of the conductor. 

From the surface to the center of the conductor, the 

current density J decreases according to the 

exponential dependence (10): 

0

z

ZJ J e


   ,    (10) 

where J0 is the current density at the surface; z is the 

depth of the calculation. 

It follows from (6) and (7) that the closer to the 

center of the conductor, the lower the current density. 

Thus, a considerable area of the wire cross-section is 

not involved in the electricity transmission (Fig. 1). 

The above analysis shows that it is necessary to 

take into account the SE when designing a 

superconducting transformer operated at high 

frequencies. Using ELCUT software (professional 

version 6.6) [20], the simulation of current 

concentration near the surface was carried out by a 

finite-element method for a copper conductor of 5.7 

mm diameter and 2.4 A/mm
2
 current density at AC 

frequencies of 200, 400 and 800 Hz. 

 
Fig. 1.  Current density change along the conductor cross 

section 
Рис. 1.  Изменение плотности тока по поперечному 

сечению проводника 

Fig. 2 shows a color diagram of the current 

concentration near the conductor surface (SE 

illustration). A finite element mesh with 1306 nodes 

was obtained in the cross section of the 25.5 mm
2
 

copper conductor with a sampling step of 0.05 mm. 

This fully illustrates the phenomenon when the SE 

becomes more evident at 400 Hz and above. Copper is 



Известия Томского политехнического университета. Инжиниринг георесурсов. 2025. Т. 336. № 5. C. 183–194 
Галеев Р.Г., Манусов В.З., Ларкин Е.Н. Преимущества использования трансформаторов с высокотемпературными ...  

187 

diamagnetic in its magnetic properties, but its magnetic 

permeability is greater than zero being equal to 

μ=0.999990. This results in the magnetic field 

penetration into the conductor depth and the formation 

of magnetic induction of a certain strength leading to 

the appearance of eddy currents. The increase of eddy 

currents, in its turn, causes more intensive current 

forcing to the conductor surface. In this regard, the rise 

of heat generation and voltage drop are observed. 

 
Fig. 2.  Color diagram of the SE when forcing the current to 

the conductor surface with the frequency increase 
Рис. 2.  Цветовая диаграмма скин-эффекта тока к по-

верхности проводника с увеличением частоты 

Superconductors are absolute diamagnetics, which 

magnetic permeability is zero. This means that the 

magnetic field is completely eliminated from the 

conductor volume under the superconducting state. In a 

superconductor, electrons form pairs called Cooper 

pairs, thus providing the superconducting state. They 

have zero spin and can move without interaction with 

the crystal lattice, causing zero resistance in the 

material. This is confirmed by the effect of expelling 

the external magnetic field from the superconductor 

body due to internal eddy currents (Meissner effect) in 

superconductors. HTS conductors have zero resistance 

at 77 K, hence it is difficult to apply equation (9). 
 
Investigation of HTS transformers  
at high frequencies 

For investigating the properties and characteristics 

of the transformer magnetic core made of the soft 

magnetic fast-quenched 1CP amorphous alloy with the 

1B AMET magnetic core were analyzed at different 

network frequencies [21]. 

Fig. 3 shows the hysteresis loop of the amorphous 

core obtained experimentally using an oscilloscope. 
The rectangular shape of the loop is a feature of 

amorphous alloys, due to which the value of coercive 

force corresponds to the operating value of magnetic 

field strength.  

 
Fig. 3.  Magnetic characteristic of the 1B AMET magnetic 

core 
Рис. 3.  Магнитная характеристика магнитопровода 

1 В АМЕТ 

The 1CP tape has the following alloying elements: 

B, Si, P, C, Co, Ba. Obtained by quenching from the 

liquid state due to high cooling rate (˃1000 K/s), the 

metal passes into the passive state that provides high 

corrosion resistance for various aggressive media. 

These properties of amorphous alloys make them an 

excellent analog of conventional electrical steel for 

designing power transformers with high energy 

efficiency [22, 23].  

Table 1 shows the technical characteristics of the 

HTS transformer. 

The investigation is particularly focused on the 

relationship between the transformer core 

remagnetization frequency and the change of the 

magnetic core dimensions, hysteresis loop losses and 

eddy current losses.  

The remagnetization losses and eddy current losses 

are calculated according to the Steinmetz equation [16]: 

2 ,h stP nfB G              (11) 

2 2 ,ed stP yf B G     (12) 

where y and n are the coefficients characterizing the 

used ferrimagnetic material; Gst is the transformer core 

weight. 

The coefficients n and y were determined from the 

parameters of the hysteresis loop area to the magnetic 

core volume at 50 Hz (Fig. 3) and specific losses in the 

1B amorphous alloy. 
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Table 1.  Initial technical characteristics of the HTS 
transformer 

Таблица 1.  Параметры сверхпроводящего трансфор-
матора 

Parameter/Параметр Value/Величина 
Rated power, kVA 
Номинальная мощность, kVA 

100 

Number of phases/Ччисло фаз 3 
Winding connection 
Соединение обмоток 

/Yn-0 

Cryostat material 
Материал криостата 

Expanded polystyrene  
Пенополистирол 

Dielectric medium 
Диэлектрическая среда 

Liquid nitrogen  
Жидкий азот 

Operating temperature, K  
Температура жидкой фазы, K  

77 

Current frequency, Hz/Частота, Гц 50, 200, 400, 800 
Winding parameters/Параметры обмоток 

Type of winding 
Тип обмотки 

HV winding 
Обмотка ВН 

LV winding 
Обмотка НН 

Rated voltage, V 
Номинальное напряжение, В 

10000 400 

HTS tape width (ширина высокотем-
пературной сверхпроводящей лен-
ты, мм), mm 

4×0,1 12×0,1 

Insulation 
Изоляция 

Polyamide varnish  
Полиамидный лак 

Rated current/Номинальный ток, А 3.7 162.5 

Current density, А/mm2 
Плотность тока, А/мм2 

9.25 135 

Magnetic core parameters/Параметры магнитной системы 

Material 
Материал 

Amorphous magnetic core 1B 
Аморфный магнитопровод 

Alloying elements 
Легирующие элементы 

B, Si, P, C, Co, Ba 

Saturation induction, Bm 
Индукция насыщении, Bm 

1,57 

 

The obtained dependences of the magnetic core 

losses with the frequency increase are shown in Fig. 4. 

According to Steinmetz equation (11), (12) and 

Fig. 4, there is a linear dependence of hysteresis losses 

and an exponential dependence of eddy current losses 

on the frequency increase. Modern electrical steels 

have relatively high magnetic saturation induction up 

to 2 T [24], but low magnetic permeability that, in its 

turn, leads to a considerable increase in the magnetic 

field strength to achieve the required induction in the 

core. This results in an enlarged area of the hysteresis 

loop that illustrates remagnetization losses. 

To reduce the losses in the magnetic core associated 

with the core remagnetization, it is reasonable to use 

amorphous alloys. Such alloys lack strict periodicity 

and long-range order in the arrangement of atoms that 

is inherent in the crystal structure of magnetically soft 

electrical steels, which do not have inter-domain 

boundaries, as shown in Fig. 5. Due to high values of 

magnetic permeability (μ=50000–70000), amorphous 

alloys are preferably used in power transformers at 

high frequencies [25]. 

 

 
Fig. 4.  Dependences of hysteresis losses and eddy current 

losses: a) electrical steel of 3408 grade: Pid are the 
losses in the magnetic circuit b) 1B amorphous mag-
netic core: Pid are the losses in the magnetic circuit; 
Ped are the eddy current losses; Ph are the hysteresis 
losses 

Рис. 4.  Потери в магнитопроводе при повышении 
частоты: а) электротехническая сталь 3408: 
Pid – полные потери в магнитопроводе; b) 
Аморфный магнитопровод марки 1В: Ped – 
потери на вихревые токи; Ph – потери на 
гистерезис 

 
Fig. 5.  Atoms of: a) crystal; b) amorphous structure 
Рис. 5.  Расположение атомов: a) кристаллической и b) 

аморфной структуры 

For modern electrical steel used in a transformer, 

with plate thicknesses of 0.17–0.5 mm and depending 

on the magnetic core design, the ratio PB/Ph can vary in 

the range of 0.2–7. In the case of amorphous iron, the 

ratio PB/Ph is in the range of 0.17–2.9 at high network 

frequencies of 50–800 Hz. This is due to the high 

resistivity of 100–300 µOhm·cm, which is slightly 

higher than the resistance of cold-rolled steel being in 

the range of 40–80 µOhm·cm [26, 27]. 

The next important point is to reduce the core 

volume, hence its weight according to (1). The 

dependence f and the magnetic core weight are 

inversely proportional as presented in Fig. 6. 
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Fig. 6.  Dependence between the remagnetization frequency 

and the core weight 
Рис. 6.  Зависимость массы сердечника от частоты  

In the paper, the dependence illustrating the effect 

of increasing frequency on the EMF (13) growth was 

obtained that directly affects the number of turns of 

transformer windings (Fig. 7). The found 

characteristics of the HTS transformer at the frequency 

increase are summarized in Table 2. 

4,44 .E fBS              (13) 

 
Fig. 7.  Dependence between the core remagnetization fre-

quency and the number of turns of high voltage and 
low voltage windings 

Рис. 7.  Зависимость количества витков обмотки от 
частоты тока 

HTS transformer prototype 
The presented paper considers a model of a HTS 

transformer with a spatial design (i.e. legs in different 

planes) of the magnetic system (Fig. 8). This design is 

characterized by the presence of the so-called “warm” 

magnetic core. It means that there is no direct contact 

between the core and the cryogenic medium. This 

technical solution imposes certain limitations on the 

design and production of the cryostat. 

Table 2.  Technical parameters of the HTS transformer 

Таблица 2.  Технические параметры ВТСП трансформа-
тора  

f (network frequency/частота сети), Hz 50 200 400 800 
d (leg diameter/диаметр стержня), m 0.135 0.095 0.08 0.067 
Gst (magnetic core weight/ 
масса магнитопровода), kg 

432 184 123 81 

Et (turn EMF/ЭДС витка), V 3.382 6.701 9.623 13.32 
wLV (number of secondary turns/ 
количество витков вторичной обмотки) 

68 34 24 17 

wHV (number of primary turns/ 
количество витков первичной обмотки) 

2945 1473 1040 737 

Фm (magnetic flow/магнитный поток), Wb 0.015 0.008 0.005 0.004 
Ph (hysteresis losses/потери на гистере-
зис), W 

171 297 396 532 

Ped (eddy current losses/потери на 
вихревые токи), W 

25 223 594 1595 

Pid (core losses/потери в сердечнике), W 196 521 990 2127 

 
      a        b 

Fig. 8.  HTS transformer design: a) 3D model of the cryostat 
with the spatial magnetic system: 1 – cryostat cover; 
2 – glass fiber plastic; 3 – cryogenic medium with 
liquid nitrogen; 4 – polystyrene foam; 5 – thermal in-
sulating tubes for magnetic core legs; b) prototype of 
a transformer 

Рис. 8.  Конструкция ВТСП трансформатора: а) 3D-
модель кристалла с пространственной маг-
нитной системой: 1 – крышка криостата; 2 – 
стеклотекстолит; 3 – криогенная среда с жид-
ким азотом; 4 – пенополистирол; 5 – теплоизо-
ляционные трубки для стержней магнитопро-
вода; б) прототип трансформатора 

One of the key aspects of this design is the 

reduction of heat fluxes from the magnet core into the 

liquid nitrogen. Since the core is not directly located in 

the cryogenic circuit, heat losses caused by magnet 

core heating are minimized (Fig. 9). This will avoid 

losses of cryogenic liquid that has a positive effect on 

the transformer efficiency and diminishes the need for 

frequent replenishment of liquid nitrogen [28]. 

The simultaneous application of the spatial 

magnetic system (i.e. legs in different planes) allows 

reducing the core yoke size by half that considerably 

decreases the core weight. In this case, the full 

symmetry of the magnetic system is maintained. As a 

consequence, the no-load current of the transformer 

and the magnetic core losses are significantly reduced.  
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Fig. 9.  Industrial prototype of the HTS transformer 
Рис. 9.  Промышленный прототип ВТСП трансформатора 

Dielectric cryogenic medium in the form of liquid 
nitrogen 

Liquid nitrogen is one of the most widely used 

cryogenic dielectrics. With a boiling temperature of 77 

K, it has high thermal conductivity and low viscosity 

that makes it ideal for using in HTS cooling systems. 

Unlike many other dielectrics, polymers and some 

electrical oils, liquid nitrogen is not subject to aging 

processes that ensures the stability of its characteristics 

over time. Its simple molecular structure (N₂) 

eliminates the formation of decomposition products 

that also provides the reliability of systems using liquid 

nitrogen as a cooling agent [29]. 

The electrical breakdown in liquid nitrogen is 

possible in the presence of impurities, including 

unstable atoms, ions and insulation material deposits. 

These impurities can significantly reduce the electrical 

strength of the dielectric, so their presence should be 

strictly controlled. To prevent such problems, 

purification and filtration methods are used for 

nitrogen before using in critical applications. The 

physical properties of liquid nitrogen are summarized 

in Table 3. 

Low reactivity helps to reduce or eliminate the 

liquid nitrogen impact on active (windings, magnetic 

core) and passive (insulating materials, cryostat) 

transformer elements. 
 
Discussion of results 

The conducted investigations confirmed the 

practicability of increasing the АС network frequency 

up to 800 Hz. This is especially important for 

considerable reduction of dimensional and weight 

parameters of electrical installations in mobile, 

autonomous and local power supply systems, as well as 

for solving geoengineering tasks when changing the 

location of geo-surveying works [30] 

Table 3.  Physical properties of liquid nitrogen at 77.3 K 
and 0.10 MPa 

Таблица 3.  Физические свойства жидкого азота при 
температуре 77,3 К и 0,10 МПа  

Parameter 
Параметр 

Value 
Величина 

Molar mass, g·mol–1/Молярная масса, г·моль–1 28.01 
Liquid phase density at saturation, kg·m–3 
Плотность жидкой фазы при насыщении, кг·м–3 

807.4 

Gas phase density at saturation, kg·m–3 
Плотность газообразной фазы при насыщении, кг·м–3 

4604 

Speed of sound in liquid phase, m·s–1 
Относительная диэлектрическая проницаемость 
газообразного азота, м·с–1 

860 

Volumetric expansion of liquid (77.3 K, 0.10 MPa)  
into gas (293 K, 0.10 MPa) 
Объемное расширение из жидкости (77.3 K, 0.10 МПа) 
в газ (293 K, 0.10 МПа) 

1:694 

Relative permittivity of liquid nitrogen 
Относительная диэлектрическая проницаемость 
жидкого азота 

1.46 

Relative permittivity of gaseous nitrogen 
Относительная диэлектрическая проницаемость 
газообразного азота 

1.00 

Electrical resistivity, Ohm·m 
Удельное электрическое сопротивление, Ом·м 

>1·1016 

Surface tension, N·m–1 
Поверхностное натяжение, Н·м–1 

8.9·10–3 

Dynamic viscosity, Pa·s/Динамическая вязкость, Па·с 1.65.10–4 
Thermal conductivity, W·m–1·K–1 
Теплопроводность, В·м–1·K–1 

0.14 

Heat capacity, J·g–1·K–1/Теплоемкость, J·г–1·K–1 2.04 
Enthalpy of vaporization, J·g–1 
Энтальпия парообразования, J·г–1 

199.3 

Critical point at 3.35 MPa, K 
Критическая точка при 3,35 МПа, K 

126.21 

Triple point at 0.0125 MPa, K 
Тройная точка при 0,0125 МПа, K 

63.1 

 

In particular, in many power supply systems of this 

kind at river and sea vessels and aircrafts the transition 

to the higher frequency has already been performed. For 

example, 200 Hz frequency is used at hydrofoils in 

Russia, while 400 Hz frequency is used in the defense 

industry of some countries. However, having the 

possibility of reducing the resistance to zero in 

superconductors, it is reasonable to increase the 

frequency up to 800 Hz. This will allow achieving 

duplication of energy efficiency for electrical 

installations. In this case, energy efficiency is still 

estimated in considerable reduction of consumables or 

initial investments and decrease of active power losses 

during operation. Since energy efficiency is a system 

concept, it will be the subject of a separate paper. But it 

is quite obvious, since in remote power supply systems, 

for example, a geological expedition with variable 

location, the weight characteristics and dimensions are 

of great importance while moving. More important 

advantage is that the autonomous generation source used 

in such cases can have a smaller generation power, thus 

also reducing their cost. Finally, the replacement of the 

dielectric medium (i.e. liquid nitrogen) can be carried 
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out at any point of geolocation of the engineering team 

or expedition from the air using a turboexpander by the 

technology of Academician P. Kapitsa.  

The paper demonstrates the frequency increase 

impact on the cross-section of winding conductors 

caused by the SE. In addition, it affects the magnetic 

core characteristics, that is why it is reasonable to use 

amorphous iron, and, in general, the mass and 

dimensions parameters of the transformer [31]. 

The obtained dependences, presented in Fig. 4, 6, 7, 

show that the synthesis of such parameters as the 

frequency increase and the amorphous iron magnetic 

core results in the exponential increase of heat losses in 

the magnetic core based on Steinmetz equations (11) 

and (12). This requires the decrease of the magnetic 

core induction with increasing electric current 

frequency that, in the end, affects the number of 

winding turns and the core weight. The presence of the 

cryostat requires 10–20 mm of wall thickness (Fig. 8) 

to maintain a cryogenic temperature of 77 K. This is 

generally compensated by the insulating layers 

between the windings and the magnetic core. 

 For example, the mass and dimensions parameters 

of a HTS transformer having the windings immersed in 

a cryostat, liquid nitrogen as a dielectric medium, and a 

warm magnetic core, are 432 kg at 50 Hz (industrial 

frequency), 123 kg at 400 Hz (i.e. 3.5 times less), and 

86 kg at 800 Hz (i.e. more than 5 times less than at the 

industrial frequency). 

It should be noted that a HTS transformer at the same 

frequency is more than 2–2.5 times smaller in dimensions 

than a conventional transformer [28, 32]. Taking into 

account the frequency increase, its mass and dimensions 

parameters are almost 10 times less than a conventional 

transformer at the industrial frequency. Therefore, it is 

more energy efficient than a conventional transformer by 

an order of magnitude [33–36]. 
In recent years, the tendency of increasing the 

operating frequency has become one of the main 
vectors of power industry development in distributed 
generation due to the improvement of technical and 
economic costs. In addition, the performance 
characteristics of sea and airborne transportation 
facilities are enhancing. However, this tendency is 
strongly limited by the phenomenon of current 
concentration near the conductor surface, the so-called 
SE, which increases the resistance of conductors and 
active power losses in them, thus reducing the energy 
efficiency of power equipment. For example, the 
resistance increases approximately 2.5–3 times at 400 Hz 
in comparison with the resistance at the industrial 
frequency of 50 Hz. As a consequence, active power 
losses in transformer windings increase proportionally 
to the resistance. While in the case of windings made 
of superconductor materials, it is reasonable to use the 
frequency of 800 and 1000 Hz. The use of HTS 
conductors in high frequency power equipment has a 

synergistic effect due to the fact that HTS is an 
absolute diamagnetic in the superconducting state that 
prevents the magnetic field penetration into the 
conductor depth and the formation of a surface layer. 

The phenomenon of superconductivity and the 

possibility of ensuring it at the temperature of liquid 

nitrogen (77 K) opens almost unlimited directions for 

the use of higher frequencies, since the resistance is 

zero at any frequency, and, therefore, the problem of 

frequency limitation is completely eliminated. At 

present, this has not yet been realized by the power 

engineering community. In this paper, we have made 

an attempt to show that the mass and dimensions 

parameters of power equipment are reduced by  

5–6 times at the frequency of 400 Hz applied for 

mobile systems when using superconducting windings, 

and by 9–12 times at the frequency of 800 Hz, which 

we reasonably suggest to investigate and implement. 

An extremely important advantage of HTS 

transformers is the ability to self-limit short-circuit 

currents after leaving the superconducting state by a 

transformer, which is detailed in [32]. 
 
Conclusions 
1. The practicability of the frequency increase up to 

800 Hz instead of the industrial frequency of 50 Hz 

for mobile, autonomous and local power supply 

systems has been proved. In this case, active power 

losses in transformer windings are reduced to zero 

that allows increasing the current density from 2.4 

to 500 A/mm
2
 in HTS transformer windings. Then, 

it obviously results in the decrease of mass and 

dimensions parameters of HTS transformers and 

generation sources operated at the object. 
2. It can be stated that the resistance of 

superconducting winding wires is reduced to zero 
when being of cryogenic design and in the 
dielectric medium in the form of liquid nitrogen 
(77 K). This results in removing the negative effect 
of forcing the current to the conductor surface with 
the frequency increase SE, in which the resistance 
increases by 2.5–3 times at 800 Hz. It is equivalent 
to the removal of the power consumer from the 
generation source at the distance of three times 
greater with the corresponding lengthening of the 
transmission line. However, this effect is not 
observed in superconductors, therefore it gives new 
opportunities for increasing the AC frequency. 

3. In addition, it was shown that the use of amorphous 

iron as a core for a HTS transformer at higher 

frequencies reduces the magnetic core losses and 

increases the value of induction in the magnetic core. 

4. The proposed technical solutions are implemented 

in the design and construction of the industrial 

prototype of 25 kVA, which confirmed the 

reliability of the general theoretical propositions on 

the energy efficiency.  
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