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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/mma2. 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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AHHoOTanua. AKmya1bHOCmMbe. AKTUBHBIE Y TIAaCCUBHbIE 3JIeMeHThbl TPaHCHOPMATOPHOIO 3J1eKTPO06OPYAOBaHUA AOCTUTIN
CBOETO NpeJiesla COBEPIIEHCTBA, YTO CylleCTBEHHO OrpaHUYMBaeT BO3MOXKHOCTH J151 Aa/bHelllel MOlepHU3aLMU U Tpeby-
eT pa3paboTKH HOBbIX MHHOBALMOHHBIX pellleHUi. JTO B 3HAUUTeJIbHOHN CTelleHH OTHOCUTCS K MOGUJIbHBIM U aBTOHOMHbBIM
CUCTeMaM 3JIeKTPOCHAa6XeHHsl, B 4aCTHOCTH [J1s1 pellleHUs] 3aJa4 FeOMH)XMHUPHUHTA IPU U3MeHeHUH JIOKallUM reousblCKa-
TeJIbHbIX PaboT. IJes16. HoBoe KOHCTPYKTUBHOE HCIIOJIHEHHEe TPaHCHOPMATOPHOIO 3J1IeKTPO06OPYJOBAaHHSA HAa OCHOBE KPHUO-
FeHHBIX TEXHOJIOTUH C yJIy4lleHHeM UX 3JIeKTPUYeCKUX U TeXHUKO-9KOHOMHUYECKHUX XapaKTepHUCTHK, I'le B KadyeCcTBe KpHUo-
reHHOH JIM3JIeKTPUYEeCKOH Cpe/ibl UCIOJIb3yeTCs XUAKUHN a30T npu TeMneparype 77 K. Memodsl. MaTemaTH4eckoe MoJie-
JINPOBaHMe SBJIEHUS CKMH-3QQPEKT MeTOJO0M KOHEYHBIX 3JIeMEHTOB; ONpe/ie/leHHe XapaKTepPUCTUKU MarHUTONPOBOJA U3
aMop¢HOro CrJjiaBa AMIUPUYECKUM METOZ0M U GpU3HYecKoe MOJe/IMPOBAaHUE 3KCIIEPUMEHTAJBHON MO/ie/Id NPOTOTHIIA BbI-
COKOTEMIIEPATYPHOI0 CBEPXIPOBOAsAILEro TpaHchopmaTopa. Pe3y/1emamol U 8618006l1. [IpvBe/ieH aHA/IM3 U CUHTE3 Xapak-
TEPUCTUK MarHUTOIIPOBOZA U3 aMOpPQHOrO KeJle3a U CBEPXIPOBOASAIMX 0OMOTOK B BbICOKOTEMIIEPATYPHOM CBEPXIIPOBO-
JdAueM TpaHcopmarope. IlosrydyeHbl 3aBUCUMOCTH M IpadUKH BJIUSHUA MOBBILIEHUS 4aCTOThl TOKA Ha TEIJIOBbIE NMOTEPH,
CBsI3aHHBIE C TUCTEPe3UCOM U BUXPEBBIMH TOKAaMH, U3 KOTOPBIX CKJIA/|bIBAIOTCA MOTEPH B MarHUTONPOBOJE, a TaKXKe MOKa-
3aHa 3aBHCHMMOCTb YMEHbIIEHHUS MacChl CEPAEYHUKA U BUTKOB O6MOTOK OT YacCTOTHI C HCIOJIb30BaHUEM BBICOKOTEMIIEpa-
TYPHOU CBEPXIPOBOJSIIEN JIEHTHI, B KOTOPOH IJIOTHOCTb TOKa MoxeT gocturatb 500 A/MM2. DTo B CBOIO 04Yepefb BIUSET
Ha pa3Mepnl 06MOTOK TpaHcpopMaTopa U, CjleZ0BaTeJbHO, HA pa3Mepbl MarHUTONpoBoza. Haubosee cyimecTBeHHBIM pe-
3yJIbTATOM C HCIOJIb30BAHUEM SIBJIEHHSI CBEPXIPOBOJAUMOCTH B BBICOKOTEMIIEPATYPHBIX CBEPXIPOBOJAIMX TpaHchopMa-
TOpax SABJSAETCSI TOT QAKT, YTO OHU SABJSIOTCA HUJlea/IbHBIM JHaMarHeTHKaMH, a 0OMOTKH MMEIOT BBICOKYIO BEJINYUHY 3JIEK-
TPUYECKOW MPOBOJMMOCTH, CJeJ0BAaTeNbHO, B TpaHCPOpMaTOpax M 3JIeKTPUIECKHX MalIMHaX vcye3aeT mpobsieMa BbITeC-
HEHMsI TOKA K IMIOBEPXHOCTH MPOBOJIHUKA — «CKUH-3Q)EKT» U YBeJUYEeHHs] CONPOTHBJeHHs. C IOMOIBI0 TEOPETUYECKOTO
aHaJIM3a C HUCHoJIb30BaHUEM ycaoBUH PyHKuui Beccesss Joka3aHO OTCYTCTBHe CKMH-3QdeKTa B BBICOKOTEMIEPATYPHbBIX
CBepXIPOBOJSAIMX NPOBOJHUKAX 10 NPUYHHE HYJIEBOTO aKTUBHOIO CONPOTHUBJIEHUs. 3HAUUMOCTb Pe3y/IbTaTOB 3aK/o4a-
etcst B noBbliienuu KII/l TpaHcdopmaTopa npy paboTe Ha MOBBIIIEHHBIX YacTOTax 6J1aro/japsi CHHTE3y CBOMCTB aKTHUBHBIX
3JIeMeHTOB TpaHcopMaTopa: MarHUTONPOBOJA U3 aMOpPHOTro KeJie3a, BbICOKOTeMIIepPaTyPHbIX CBEPXIPOBOASAIINX 06MO-
TOK U JIU3JIEKTPUYECKOH cpeibl U3 XUAKOT0 a3oTa. Ha aToll ocHOBe pa3paboTaH U CO3/jaH NPOMBIIIJIEHHbIH 3K3eMIJISp Bbl-
COKOTEMIIEPATYPHOT0 CBEPXIPOBOASALIEr0 TpaHCOPMATOpa MOIIHOCTEIO 25 KBA.

KmodyeBble c/i0Ba: CKMH-3$}EKT, CBepXIPOBOAUMOCTD, NTOBbIIIEHHAsA YacToTa, aMopdHbIid MaruuTonposoj, BTCII TpaHc-
dopmaTop, KUJKUM a30T

Jna nutupoBaHus: ['anees P.I., Manycos B.3., JlapkuH E.H. [IpeumyiiecTBa 1cnoib3oBaHUsl TpaHCGOPMATOPOB C BbICOKO-
TeMIepaTypHbIMU CBEPXNPOBOAALIMMU OOMOTKAaMHU Ha MOBBIIIEHHOW 4YaCTOTe B MOOGUJIBHBIX U aBTOHOMHBIX CHCTeMax
ajleKTpocHabxxeHuss // U3BecTuss TOMCKOTo NOJIMTEXHUYECKOTO0 yHUBepcuTeTa. WHXUHUPHUHT reopecypcoB. - 2025. -
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Introduction and dimensional parameters of transformer power

When designing autonomous and mobile power equipment and energy storages is urgent. The use of
supply systems and conducting geological survey semiconductor voltage converters, which can replace
expeditions, the issue of energy efficiency and mass power transformers operated on the physical
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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% 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:

e application of magnetic core material with high
magnetic characteristics at an increase in frequency
up to 800 Hz;

e application of materials with high current density
for transformer windings;

e 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 B;=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" 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?, in comparison with 2.8 A/mm? 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]:

d::05074jif%}53, )
fu,B°K;

where P 'is the single-phase power; g==dll is the value
determining the ratio between the diameter (d ) and the
height (1) of the winding; a, is the effective width of
the dissipation field; k, is the coefficient of reducing the
ideal dissipation field to the actual one (Rogowski
coefficient); f is the network frequency, Hz; u; is the
reactive component of the short circuit voltage, %; B is
the maximum induction in the core leg; k. 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.

__ v )
4,44 fBS

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 | 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:

d23, 1dJ,

1
dr? T

= jouocd,, (3)

d’Hn 1dHn Hn

:- Hm, 4
dr? r dr r? lons ®

where Jy, is the complex amplitude of the current

density; Hm is the magnetic field strength; r is the
resistance; o is the conductivity of the conductor; u is
the magnetic permeability; w 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):

Z=7,+Z,. (5)
The internal impedance is defined by equation (6):

Z, =R, o Jo(th)

= _ ), 6
in dc 2 Jl(ua) Re(zm)+|m(zln) ()

where Ry is the DC resistance of the conductor under
steady-state conditions; Jo(uy) and Ji(uy) are the Bessel
functions of the zero and first order, respectively;

u, = j**\2x, x=als, a is the conductor radius; 5 is the

surface layer depth; Re(Zi,) is the real component of
the internal impedance; 1(Ziy) is the complex inductive
component of the internal impedance.

The external impedance is defined by equation (7):

Zo = Koy = 127 F Ly - ()
The series decomposition of the Bessel function is
given by (8):
u, Jo(u,) u’ ut ou

Yool g U U U g
2 J(u,) 8 192 3074

The electromagnetic surface depth 6 (9), at which
the current density is 1/e (=37%) of its surface density,
is determined by the equation [17]:

5:/ L ©)
7o fu

Where o is the conductivity of the conductor; u 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):

_z

J,=J,-e7?, (10)

where Jo 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? current density at AC
frequencies of 200, 400 and 800 Hz.
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Fig. 1. Current density change along the conductor cross
section
Puc.1. H3meHeHue n/aomHOCmMuU mMOKA NO NONepe4HoMy

ce4yeHuro npoeodHuxa

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?
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
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diamagnetic in its magnetic properties, but its magnetic
permeability is greater than zero being equal to
#=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.

Current density

J(10°A/mm’)
Effective value
800 Hz
= 400Hz
200 Hz|
Fig. 2.  Color diagram of the SE when forcing the current to
the conductor surface with the frequency increase
Puc. 2. llsemosas duazpamma ckuH-agpgpekma moka K no-

eepxHocmu npOSOOHUKa c yse/su4eHuem yacmomeoul

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.

Magnetic induction, Bm
1% T . Y v

T o tomoaneninssinnshis o
Q78 Lol st S e gwanae s S ver o it Ty

(1% - SR RB S P i S S B R T Sy (RO s i

o Frovevnirinnoninirin @ ern s o i g

2a0 340

st

Magnetic field strength, A/m
Fig. 3. Magnetic characteristic of the 1B AMET magnetic
core

MaeHumHas xapakmepucmuka Ma2HUMonpogodda
1BAMET

Puc. 3.

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]:

P, =nfB%G,, (11)

Pa = yf 2BZGst! (12)
where y and n are the coefficients characterizing the
used ferrimagnetic material; G 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

Ta6auya 1. Ilapamempuol
Mamopa

ceepxnposodsiuje2co mpaHc@pop-

Parameter/IlapameTp Value/BesnnunHa

Rated power, kVA

HomunHanbHasg MolHoCThb, KVA 100

Number of phases/Yuucso ¢pa3 3

Winding connection

CoesiiHeHHE 0GMOTOK A/n-0
Cryostat material Expanded polystyrene
MaTepuaJl KpyocTaTa [leHONOIUCTHPOJT

Dielectric medium
JluasiekTpudeckas cpesia

Liquid nitrogen
YKuakuii asot

Operating temperature, K
. 77
TemnepaTypa xukoi ¢pasbl, K

Current frequency, Hz/Yacrora, I'y 50, 200, 400, 800

Winding parameters/IlapamMeTpbl 06MOTOK

Type of winding HV winding | LV winding
Tun 06MOTKHU O6moTtka BH | O6MoTka HH
Rated voltage, V 10000 400
HoMuHasbHOe HanpsikeHUe, B

HTS tape width (1uMprHa BeicOKOTEM-

nepaTypHOH CBepXNpOBOAsALIEH JIeH- 4x0,1 12x0,1

Thl, MM), mm

Insulation Polyamide varnish

W3onsanus IMonvaMUAHbBIN JJaK

Rated current/HoMuHabHbIN TOK, A 3.7 162.5
i 2

Current density, A/mm 925 135

[l10THOCTB TOKA, A/MM?

Magnetic core parameters/IlapaMmeTpbl MAarHUTHOH CUCTEMBI

Material Amorphous magnetic core 1B
Marepuasn AMopHBIA MarHUTONPOBO/,
Alloying elements B, i, P, C, Co, Ba
Jlerupyolue 3J1leMeHThI

Saturation induction, Bm 1,57

WHAyKL M HackllleHUH, Bm

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 (x=50000-70000), amorphous
alloys are preferably used in power transformers at
high frequencies [25].
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0 *
0 100 200 300 400 500 600 700 800 900
f, Hz
Fig. 4. Dependences of hysteresis losses and eddy current
losses: a) electrical steel of 3408 grade: Pia are the
losses in the magnetic circuit b) 1B amorphous mag-
netic core: Piq are the losses in the magnetic circuit;
Ped are the eddy current losses; Pn are the hysteresis
losses
Puc. 4. Ilomepu 8 mazHumonposode npu noswluleHuu
yacmomul: a) s/sekmpomexHuveckasi cmasnas 3408:
Pia - nosHvle nomepu & mazHumonposode; b)
AmopgHbill macHumonpogsod mapku 1B: Ped -
nomepu Ha euxpesble moku; Pn - nomepu Ha
aucmepesuc
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Fig. 5. Atoms of: a) crystal; b) amorphous structure
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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 Pg/P}, can vary in
the range of 0.2-7. In the case of amorphous iron, the
ratio Pg/Py, 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 pOhm-cm, which is slightly
higher than the resistance of cold-rolled steel being in
the range of 40-80 uOhm-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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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.

E = 4,441BS. (13)
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Fig. 7. Dependence between the core remagnetization fre-

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

Puc. 7. 3asucumocmbv Ko/auvecmsa 8UMKO8 06MOMKU OmM
yacmomsl moka

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
Ta6auya 2. TexHuueckue napamempwst BTCII mpaucgopma-
mopa
f (network frequency/4acroTa cetu), Hz 50 | 200 | 400 | 800
d (leg diameter/auamMmeTp cTepKHs), m 0.135[0.095| 0.08 | 0.067
Gst (magnetic core weight/ 432 | 184 | 123 | 81
Macca MarHUTonponoja), kg
Et(turn EMF/3/IC BuTKa), V 3.38216.701(9.623|13.32

wwy (number of secondary turns/

. 68 34 24 17
KOJINYECTBO BUTKOB BTOPUYHOH 0GMOTKH)

wuy (number of primary turns/

L 2945 | 1473 (1040 | 737
KOJIM4EeCTBO BUTKOB NIEPBUYHON 0GMOTKH)
P (magnetic flow/marauTtHsIi notok), Wb | 0.015 | 0.008{0.005]0.004
Pn (hysteresis losses/notepu Ha rucrepe- 171 | 297 | 396 | 532
3uc), W
Ped (eddy current losses/motepu Ha 25 | 223 | 594 | 1595
BUXpeBble TOKH), W
Pid (core losses/notepu B cepaeynrke), W | 196 | 521 | 990 | 2127

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

Koucmpykyusi BTCIl mpancgpopmamopa: a) 3D-
Modesb Kpucma/aa ¢ npocmpaHCmeeHHol Mmae-
HumHol cucmemotl: 1 - kpvlwka kpuocmama; 2 -
cmek/10mexkcmoaum; 3 — Kpuo2eHHast cpeda ¢ Huo-
Kum asomom; 4 - neHonoaucmupos; 5 - mensiouso-
JISIYUOHHble MpYyOKU 0451 cmepycHell MazHumonpo-
eoda; 6) npomomun mpaHcgpopmamopa

Puc. 8.

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.

189




Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2025.V. 336. 5. P. 183-194
Galeev R.G., Manusov V.Z,, Larkin E.N. Advantages of using transformers with high temperature superconducting windings ...

Fig. 9.
Puc. 9. IIpomviuiennsiii npomomun BTCII mpancgopmamopa

Industrial prototype of the HTS transformer

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 (N)
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 AC 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

Ta6auya 3. Pusuveckue ceolicmea xHudkozo azoma npu
memnepamype 77,3 K u 0,10 MIla

Parameter Value

[TapameTp Besnuynna
Molar mass, g-mol-!/MoJisipHas Macca, rMoJib~! 28.01
Liquid phase density at saturation, kg-m-3 807.4
[110THOCTD >KUAKOMN $a3bl IPH HACBIIEHUH, KI-M3 )
Gas phase density at saturation, kg-m-3 4604

[l10THOCTB ra3006pa3HOi $pasbl NPU HACHIIEHHUH, KI*M3

Speed of sound in liquid phase, m-s-!
OTHOCUTEJIbHAsA AU3JIeKTpUYecKasi IPOHULAaeMOCTh 860
razoo6pa3Horo a3oTa, M-c!

IVolumetric expansion of liquid (77.3 K, 0.10 MPa)

into gas (293 K, 0.10 MPa)

06 beMHOE paclirpeHue U3 xxuakocTH (77.3 K, 0.10 MIla)
B ra3 (293 K, 0.10 MIla)

1:694

Relative permittivity of liquid nitrogen
OTHOCUTEJIbHAsA AU3JIeKTpUYecKas IPOHULaeMOCTh 1.46
PKHJIKOTO a30Ta

Relative permittivity of gaseous nitrogen
OTHOCUTEJIbHAsA AU3JIeKTpUYecKasi IPOHULAeMOCTh 1.00
razoo6pasHoro a3ora

Electrical resistivity, Ohm-m

>1-1016
Y mesibHOE 3/1eKTpUYecKoe conpoTHuBIeHHe, OM-M
i m-1

Surface tension, N-m 8.9.10-3
[ToBepXHOCTHOe HaTskeHHe, H-M1
Dynamic viscosity, Pa-s//luHamMu4eckas BI3KocTh, [1a-c 1.65.10-*
Thermal conductivity, W-m-1-K-1

0.14
TenyionpoBogHOCTb, B-M-1-K-1
Heat capacity, J-g-1-K-1/TensioeMKoCTb, J-r-1-K-1 2.04
Enthalpy of vaporization, J-g-*

199.3
DHTaJBIHUS NTapoo6pasoBaHus, J-r-!
Critical point at 3.35 MPa, K 126.21
Kputnueckas Touka npu 3,35 MIla, K )
Triple point at 0.0125 MPa, K 63.1

TpoiiHas Toyka npu 0,0125 MIla, K

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? 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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