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The Concept of Cooling System for HT'S Winding
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The aim of this paper is to present the problems of cooling systems design for superconducting devices on
the example of superconductor transformer. The authors have designed superconducting power transformer with
primary and secondary windings wound of several parallel YBCO 2G tapes. The power losses in a superconducting
transformer as well as additional losses in a superconducting tapes connected in parallel were described, too.
The core of the transformer is placed in a cryostat with a room temperature bore. The proposal of contact cooling
system for transformer windings as well as the conditions and parameters for achieving cryogenic work temperature
for that winding were presented. The main part of cooling system are two contact cryocoolers working in closed
cooling cycle. The conclusion highlights the future perspective of developed cooling method application in 2G high

temperature superconducting transformers.
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1. Introduction

Superconducting devices like a magnetic energy stor-
age (SMES), a superconducting current limiter (SFCL),
or a transformer bring new challenges regarding their
design and operation [1, 2]. The design of the super-
conducting winding and choice of cooling technology are
very important from a point of view of the efficiency of
the devices.

The most commonly used method of cooling trans-
former windings made of high temperature superconduct-
ing (HTS) tapes is cooling in the bath of liquid nitrogen.
It is a simple method and does not require a complicated
cryostat. However, due to the permanent loss of liquid
nitrogen, it requires an additional system of its contin-
uous refilling. On the other hand, commonly available
and more and more efficient (also cheaper in the pur-
chase and maintenance) cooling systems, operate on the
basis of mechanical cryocoolers, allow to easily lower the
operation temperature and enable the windings to work
at a temperature lower than 77 K. These are fully au-
tonomous systems, requiring only the power to operate,
so it could be fully automated [3].

2. Power losses
in a superconducting transformer

Power losses in a superconducting transformer consist
of the losses in the superconducting windings, the losses
in the iron, and the losses in the cryostat and in the
current leads [4]. These losses are divided into load losses
and constant losses.
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Load losses are further divided into:

e losses in the superconducting windings occurring as
a result of the flow of AC current in the supercon-
ducting windings — self-field losses; the interaction
of external alternate magnetic field — hysteresis
losses and eddy-current losses;

e losses in current leads.

Constant losses are further divided into:

e iron losses;
e cryostat losses.

The hysteresis losses are in direct proportion to the
thickness of the superconductor layer. The main method
to limit them is to make a 2G superconducting tape with
the thinnest possible superconductor layer. If the dimen-
sions of the superconductor perpendicular to the mag-
netic field are small, we also achieve limitation of hys-
teresis losses.

The hysteresis losses value also depends on the type
and design of the windings and their radial dimensions
(thickness). Types of transformer windings include coil
windings, in the form of single or double coils, and in the
form of layer windings — screw windings.

Because of the thickness of superconducting tapes, the
dimensions of superconducting windings (i.e. diameter
and thickness of the windings) are smaller than those
of copper windings in a conventional transformer of the
same power, and the external winding of a superconduct-
ing transformer will be closer to the core. That is why
HTS tapes and Cu leads in individual layers of the wind-
ings will be connected with other lines of the leakage flux.

Eddy-current losses are caused by eddy currents in-
duced in the entire volume of the resistive layers of 2G
HTS tapes. Those losses can be limited by lowering the
percentage of the resistive layers in the entire supercon-
ducting tape. But because of the required mechanical
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strength and electrical parameters of HTS 2G tapes, this
percentage is quite high, i.e. 90-95%. Also, increase of
the resistivity of the materials of the substrate layer at
a temperature 77 K causes a decrease of those losses.
Because of the resistivity of the substrate layers and the
oxide base of the superconductor in 2G tapes, the eddy-
current losses induced in them are greatly limited.

Self-field losses are caused by the field from the current
flowing in the transformer windings. Their value depends
on the current density.

The value of the sum of AC losses in HTS windings
accounts for only a small percentage of the losses which
occur in copper windings of conventional transformers
with the same parameters [4].

Losses in iron are constant losses. Their value depends
on the core mass and the sheet loss coefficient, but it does
not depend on the windings current. Iron losses account
for over 60% of all the losses of a HTS transformer.

Losses in current leads are the sum of Joule losses and
the losses of thermal conductivity through the current
leads. In order to minimise the access of heat into the
cryostat, sectioning of current leads is used. Larger di-
ameter at a higher temperature and smaller diameter at
a lower temperature allow to minimise the flow of heat
as well as the Joule losses [4].

Cooling of superconducting windings takes place in
cryostats in which the required work temperature is ob-
tained and maintained. Power losses in the cryostat are
a sum of heat penetrating through cryostat walls by radi-
ation and conduction (through residual gas). These are
constant losses, independent of the load.

Losses in the current leads and in cryostat are the
largest component of total losses that load the cooling
system, and that is why we should try to limit it.

Table I shows the comparison of power losses of 3-phase
63 MVA conventional transformer and the same power
rated HTS transformer during nominal load [4].

TABLE I
Power losses of 63 MVA Cu and HTS transformer.

Losses Transformer
HTS | Cu
constants losses in iron core [kVA] 70 70
Winding’s losses
Joule’a losses n/a
hysteresis and eddy-current losses [kVA] 8.6 250
self-field losses [kVA] 4.5
losses in current leads [kVA] 18 n/a
constant cryostat losses [kKVA] 34 n/a
total losses of transformer [kVA] 104.5 | 320

3. Additional power losses
in superconducting tapes connected in parallel

When rated current of the transformer windings is
higher than the critical current of the used superconduct-
ing tape, it is necessary to use parallel tapes. In a case

of many layers of tapes in a parallel connection, the layer
which is the furthest from the air gap is associated with
the lowest leakage flux, and the layer which is the clos-
est to the gap is associated with the highest leakage flux.
As a result, the currents flow in individual parallel tapes
is uneven. It results in the differences in the electromo-
tive forces of the individual tapes, whose effect is the flow
of equalization currents which violate the even distribu-
tion of the current in the winding [5].

The equalizing current results not only from the not
fully used superconducting tapes, e.g. it would be nec-
essary to make the winding using a HTS tape of higher
critical current or a parallel package of a larger number
of tapes, but also from the occurrence of additional losses
in the windings.

The equalization of the equalizing currents can be
achieved by transposition of the tapes due to the dif-
ferences in the diameters of individual turns in the coil.
In case of the windings of conventional Cu transform-
ers, transposition is not problematic. However, to per-
form classical transposition of 2G HTS tapes is virtually
impossible [5].

On the other hand, the transformers winding made
of the package of the parallel tapes is a much cheaper
solution than the windings made of e.g. Roebel’s cable
thanks to the price of HTS 2G tapes. The number of
tapes in a package depends on the critical current of the
winding. In order to level the distribution of currents
in HTS 2G tapes connected in parallel, it is necessary
to develop a technology of connecting the tapes using
special connectors which will allow to freely connect tapes
between the layers.

Figure 1 shows the idea of transposition of parallel
tapes in cylindrical and pancake windings.
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Fig. 1. Idea of transposition of parallel tapes [5]: (a)

tapes without transposition, (b) single transposition (at
the middle of the winding), (c) fully transposed tapes,
(d) transposition in the pancake windings at the transi-
tion between adjacent coils.

The additional losses AP, 44 are calculated as percent-
age of losses of the transformer windings Py using the
following equations [5]:

AP,qq = kPw, (1)
where k — additional loss factor,
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where m — number of parallel tapes, n — number of
turns on layer, h and ¢ — height and thickness of HTS
or Cu tapes, ¢ — thickness of insulated tapes (for HTS
tapes ¢ = ¢), La, — average length of leakage flux lines.

, (4)
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Fig. 2. Cross-section of 2G HTS tapes [6].

The value of k factor depends on the dimensions of
the conductor, and thus of the winding thickness, as
well as the number of parallel tapes and their resistiv-
ity. Figure 2 shows the cross-section of 2G HTS tape
SCS4050/SCS12050. Thickness of that tapes are many
fold thinner than the thickness of Cu conductor. Also to
compute the k factor we may consider the resistivity of
Cu layer at the temperature of 77 K, because during su-
perconducting state the current flows through the HTS
layer with resistivity equal to 0 2.

In order to compare the values of k factor of Cu and
HTS transformer the k factors were calculated for the
3-phase 63 MVA Cu transformer and the same power
rated HTS transformer. The parameters of the trans-
formers are given in Table II. The calculated values of k
factors are given in Table III.

TABLE II

Parameters of 63 MVA Cu transformer and the same
power rated HTS transformer.

Electrical parameters

voltage: primary / secondary [kV] 121 / 10.5
vector group of the transformer Yd11
rated current of HV / LV winding [A] 300 / 2000

Copper transformer winding

o continuous disc type winding: 24 discs /
HV winding .
19 single layers, Cu tape — 14 mmx3.3 mm

li ical: 11 24 llel full;
LV winding cylindrica ayer / 24 parallel tapes fully

transposed, Cu tape — 10 x2.4 mm

HTS transformer winding

2G HTS tape SCS12050-AP

critical current I [A] 300

HV winding cylindrical 5 layers / 2 parallel tapes

LV winding cylindrical 1 layer / 10 parallel tapes
Cu HTS

HV winding thickness [mm]| 90 1.2

LV winding thickness [mm]| 75 1.5

TABLE III

Additional loss factor of the 63 MVA Cu and HTS
transformer.

& Cu windings HTS windings

HV LV HV LV

single tape 0.3 - - -
without transposition — 221 0.001 | 0.001
single transposition - 15 0.0006 | 0.0006

fully transposed - 0.35 - -

The values of k factor for LV winding of Cu transformer
show that the transposition of Cu tapes is necessary to
eliminate the equalizing current and thus to reduction
of additional losses. In the real transformer the LV Cu
winding are fully transposed. It is very important be-
cause the total losses of the Cu windings, including the
additional losses, are 250 kVA [4].

In the case of HTS transformer the values of k factor
are very small and may be omitted especially since the
total losses of the HTS windings are only 13.2 kVA [4].
These values result from very small thickness of HTS
windings and low number of parallel tapes due to the
value of their critical current.

4. Cooling system of the transformer winding

In order to test the applicability of using mechani-
cal cryocoolers for cooling transformer winding, simply
model of HTS transformer was designed, whose parame-
ters are shown in Table IV.

The cooling system of the transformer winding will
be based on two cryocoolers Cryotel GT (16 WQ77 K,
240 W) [7]. The system also includes a vacuum cryostat
and a thermal shield. Figure 3 shows the CAD model of
the cooling system of the transformer windings.



The Concept of Cooling System for HT'S Winding due to the Power Losses. . . 17

cryostat

windings bobbin

Fig. 3.
former.

CAD model of the cooling system of the trans-

TABLE IV

Parameters of the model of the transformer windings.

Figure 4 shows the distribution of heat loads in the
cooling system of transformer winding, where Q. — heat
penetrating through cryostat walls by radiation and con-
duction (through residual gas), Q. — heat penetrating
through current leads by conduction and the Joule losses,
Q. — losses generated in windings (main and additional
AC losses). The total sum of these loads must be less
than or equal to the cooling capacity of the used cry-
ocoolers, i.e. Qcryo = 32 W. In order to check whether a
proposed cooling system based on two cryocoolers will be
able to obtain and maintain a temperature of 77 K the
thermal balance of the system was performed by analyt-
ical calculations. The calculated values of the heat loads
entering the cryostat through the cryostat walls and the
current leads are included in Table V.

Cryocoolers cold head

Current leads

Qcl Qi

Qc Qc

Qc Qc

© Room temperature bore

Windings HV (cylindrical) | LV (pancake)
2G HTS tape SCS12050-AP SCS4050-AP
width / thickness [mm)] 12 /0.1 4/0.1
critical current [A] 240 120
I=170% I |A] 168 84
Electrical parameters
voltage of windings [V] 400 220
rated current of windings [A] 125 228
Windings dimensions
turns: zgv/zrv 62 36
layers: mgn/mpnN 3.5 4 pancakes
turns/layers 18 9 turns/pancake

Thermal screen

Because of the need to maintain a vacuum of 10=¢ Pa
for thermal insulation, the cryostat should be made of
stainless steel. In addition, polishing the inner walls of
the cryostat can significantly reduce the flow of the heat
to the cryostat interior through the radiation. The role
of the copper thermal screen is to capture thermal loads
and guiding them directly to the cooling head of the cry-
ocoolers, Fig. 3. Since the stainless steel cryostat as well
as the thermal screen at AC current may be considered
as shorted coil, it might prevent the transformer from
working properly. Because of this, the copper screen
was cut along the axis. After cutting the screen there
acts also as a passive radiation screen of the cryostat.
The complement of the system are two pairs of copper
current leads. The heat generated in the leads will be
discharged directly to the thermal screen by conduction
through insulating element made of a material of good
thermal conductivity. The heat generated in the super-
conducting windings will be discharged to the thermal
screen by a conduction through the current leads and
windings bobbins made of a material of good thermal
conductivity and placed directly on the screen.

Transformer windings

Cryostat
Qc Qc

Fig. 4. Distribution of thermal loads in the cooling sys-
tem of transformer windings.

TABLE V

Thermal balance of the cryostat and current leads.

Cryostat
thermal conduction [W] 3.2
thermal radiation [W| 3
Current leads (2 pair)

thermal conduction [W] 21
Joule losses [W] 1

Total [W] 28.2
remaining cooling capacity [W] ‘ 3.8
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The thermal balance assumptions were preserved but
without considering the heat generated in the windings.
Only an experimental research will allow to fully ver-
ify the correctness of the cooling system. 75% of the
heat flows into the cryostat through the current leads
by a conduction. If after adding the heat generated
in the windings the cooling capacity of the refrigera-
tors will be exceeded it may be necessary to optimize
the shape and dimensions of the current leads to reduce
the heat input.

5. Conclusions

The main aim of the paper was to examine the possi-
bility of using small and compact cryocoolers to cooling
the model of transformer windings made of parallel 2G
HTS tapes. A vacuum cryostat with a thermal screen
as well as the current leads were designed. Calculations
and numerical analysis have confirmed the possibility of
reaching a temperature of 77 K in working area of the
winding. But only future experimental investigation will
allow to fully verify the correctness of the cooling system
because we did not consider the heat generated in the
winding.
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