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This thesis is presented for realization of HTS cable for future use in electricity distribution and
transmission. In metropolitan, the infrastructure is complex and crowded; and power capacity increment is
required depending on energy demand. HTS cable is an opportunity to retrofit existing copper cable ducts,
therefore maintains installment ease and cost reduction for future use. Due to that smaller HTS cable size
more easily fits the existing ducts, tri-axial cable is a good component to the other HTS cable types for
practical use in limited spaces: in addition it is cheaper, environmental friendly and leak heats are at low
level by which refrigeration becomes cheaper. On the contrary, tri-axial HTS cable has two main realization
difficulties. One of them is unbalanced three phase property; which makes tri-axial cable deteriorate the
power quality of the utility service. Second of them is the out-of-phase property which make transport losses
difficult to estimate. Solution of those problems is important for tri-axial cable application. Therefore, this
thesis is mainly is about solving unbalance and AC loss problems of the tri-axial HTS cables, as follows.

In Chapter 2 of this thesis, we challenged the inherent imbalanced currents of the tri-axial cable
due to its harms on power stability, therefore we expressed the unbalanced behavior with examples. For
solving this problem, first we expressed the balancing equations in a tri-axial HTS cable and then showed
that those equalities are not enough for solution, since there are not enough parameters required for
independent twist pitch solution. Due to that problem, we used a 2-segment layers for each phase of the
tri-axial cable; which is a previously proposed solution method. By the help of 2-segment cable, the number

of unknown twist pitch variables are doubled and thereby the equations became solvable. Hence, we
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obtained both balanced and homogenous current distribution equations neatly, designed for the proposed 2
segment tri-axial cable. The equations are also arranged for several layers per phase tri-axial cable and
thereby general balancing formulation of the tri-axial HTS cable is given. As a final outcome of these
equations, we expressed the clear solutions of a one layer and two layers per phase cable.

As a second stage, we showed the balanced theory is applicable in real tri-axial HTS cable
applications. First, we designed a tri-axial cable with specific radii, and then simulated the design. We
analytically solved all twist pitches and found out the simplest tri-axial cable which require minimum
manufacturing effort. According to the simulation results, the balanced cable is possible to be used in 3
phase applications. Next, we manufactured all phase layers and checked the self inductances of individual
layers before the 3-phase test and noted the measurement results. During the tests, cable is immersed in to
LN2 bath in order to maintain application ease and observation simplicity; where manufactured cable is 1 m
in length. Finally, we realized the simulation by manufacturing 1 m length tri-axial cable. Here we note
that, since the design requires minimum effort, we only produced one joints between segments and totally
produced 4 layers. The completed manufacture is tested under 3 phase current supply, and three phase
balanced voltages on the cable are measured. According to the results, the findings match with the
simulation results, thereby the tested cable satisfies 3-phase balanced operation. Therefore the balanced
tri-axial cable is applicable in real HT'S cable applications.

Additionally, we considered the tri-axial cable for investigation of optimum voltage drop. We used
segment lengths as variable parameters and found out minimum voltage drop results for different segment
length configurations. We analyzed the balanced three phase current distribution for 1 layer per phase
tri-axial cable and additionally we analyzed the homogenous current distribution for 2 layer per phase
tri-axial cable. We purposed to get the optimum fabrication parameters for obtaining minimum voltage
drop for various segment length lengths and reported the results by individual graphs.

In Chapter 3, we aimed derivation of out-of'phase AC loss formulation in HTS slabs, since we
require hysteresis loss formula designed for the tri-axial cable. For this aim, first, we investigated the
magnetic field penetration process inside the superconductor slab. Therefore, we showed various cases of
field penetration process changing according to the outer surface field magnitude and direction. The basic
calculation of AC loss formula is presented. Since this formula depend on the assumed model named as
Critical State Model, we expressed this issue in detail; where the magnetic field always penetrates into the
tape from its surface with the critical current according to the model.

Secondly, the AC loss formula for in-phase magnetic field is presented. The formula is solved based
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on same phase fields that are smaller than penetration field of the superconductor tape. The calculated
field loss is used through out the thesis where total field is smaller than the penetration field. In practical
applications, a superconductor carries transport current in alternating magnetic field and the total loss is
the sum of two loss kinds, therefore the hysteresis loss formula for self magnetic field and transport current
loss is separately defined. Both losses depend on the current amplitude and magnetic field amplitude,
therefore the total AC loss increases in case they are increased.

Additionally, different amplitude in-phase fields are investigated. The field penetration is shown by
a figure and AC loss formula derivation is made. This penetration process is more complex rather than the
small amplitude field penetration, in case applied field is larger than the penetration field of the tape. The
magnitude of the applied field is enough for formulation.

Finally, we derived the out-of-phase AC loss of the superconductor tapes. In tri-axial cables, the
external field does not synchronize with the transport current, therefore so called out of phase external field
is applied on the tapes. Since produced field of a tri-axial cable is in parallel with the wide surface of the tape,
slab model is applicable for the formulation. The behavior of this kind of field in the tape is complicated;
thereby we made the loss mechanism clear, and then derive the formula of the consequent hysteresis loss.
We investigated the penetration process for small amplitude fields and large amplitude fields, separately.
For both conditions, we obtained the two surface fields and sum up the results. In case of large amplitude
fields, two surface fields reach the center of the slab and interacts each other, therefore field penetration
point behaves in a complicated way. Due to that reason, interaction time and phase difference between two
surface fields are counterparts of the AC loss formula. Using the counterparts, we finally expressed the
derived AC loss formula which is used through out the thesis.

In Chapter 4, we derived AC loss formula of the balanced tri-axial HTS cable. Since AC loss of the
tri-axial HTS cable is functions of transport current and out-of-phase external field, we calculated all fields
produced within the concentrically wounded tri-axial phase layers. Here, the azimuthal fields are inverse
proportional to radii, therefore we need to determine the most inner radii of the cable, and the air gap
between each layers. On the other hand, the axial fields are inverse proportional to the twist pitches. From
the equations, it is shown that shorter twist pitches will lead to higher losses. Basically, we expressed all
magnetic field equations for the azimuthal field which penetrates into the HTS layer from outer surface, and
axial field which penetrates into the HTS layer from inner surface. It is shown that all phase layers
experience different phase magnetic fields that are parallel to wide surfaces, due to that the out-of-phase AC

loss equation derived in Chapter 3 will be used for total loss calculation of the tri-axial HTS cable.
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As mentioned, the tri-axial cable tapes experience parallel component of magnetic field on the wide
faces of HTS tapes, therefore the fields on tapes generate magnetization losses. Hence we calculated
produced net fields of a tri-axial cable depending on the net phase angles of applied fields. In the second
stage we considered balanced current distribution is satisfied within the tri-axial cable. We solved net
resultant fields for individual phase layers and the final formula is expressed for individual phase layers;
separately identified by net field magnitudes and net resultant field angles.

Finally, readily deriving the AC loss formula and magnetic field distribution within the tri-axial
HTS cable, we applied the formulations on specific examples. Here we investigated the effect of main
construction parameters on AC loss. AC loss is graphed as a function of all cable parameters, namely
segment length ratio, segment twist pitch ratio, radius, air gap and twist pitch direction. AC loss calculations
are separately done for the azimuthal and axial fields. The total loss is the sum of the two loss types,
therefore we separately calculated the fields and losses on different layers. We discussed the consequent
results at the end of each investigation. According to overall results, the axial field loss is an important
counterpart of total AC loss; therefore needs special attention.

In Chapter 5, we studied reduction of AC loss in tri-axial HTS cable. Additionally, we compared the
tri-axial cable loss with that of widely used co-axial cables. Here, first we showed that AC loss in tri-axial
cable design is mainly a matter of twist pitch lengthening. For this aim, we used radii as a comparison
parameter versus radii and plotted AC loss as a function of the parameters. According to the results, the
axial field losses become lower than azimuthal field losses if twist pitch length become longer than the
corresponding layer circumference, generally. Otherwise, the axial field loss shares the dominant role in total
AC loss of the cable; therefore twist pitch lengthening is important in lowering tri-axial HTS cable loss. Here,
we noted that azimuthal field AC loss is mostly unchangeable and considered constant unless voltage class
and transport current is changed. Thereby, continuing parts of this section are devoted to decrease axial field
loss of the tri-axial cable.

In order to investigate axial field loss reduction, we induced all twist pitches as a function of
construction parameters. As an outcome of this research, we found out that segment lengths and segment
pitch ratios are independent of the radii parameters. The solutions are expressed by f and g functions
separately; namely f functions are depending on segment length and segment pitch ratios; on the other hand
g functions are depending on radii. The two functions do not have any relations between each other and all
segment twist pitches are products of the two functions, hence twist pitches can directly be controlled by f

function. We expressed that, controlling g function and thereby AC loss is not possible in tri-axial HTS cables.
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Hence, depending on f function, we studied the longer twist pitches in terms of AC loss reduction and
obtained f function components. Finally we extended our study for different size of cables depending on
determined f function value. For this aim, we obtained the AC loss of those different size cables and plotted
all results as a function of the phase-c pitches which corresponds individual twist pitch sets.

Depending on the twist pitch set and corresponding AC loss obtained, we compared the results
with that of the co-axial cable depending on the same comparison criteria. According to the results, the AC
loss of the tri-axial cable is lower than the co-axial cable, for the same duct size. The comparison results are
shown within individual graphics, and we showed that the difference between two cables is due to the
azimuthal field loss. The reasons of the azimuthal field difference are investigated and results are expressed
concretely. According to the results, the main reason for the big difference between the azimuthal field losses

of the two cables stem from the shield layer losses of the co-axial cable.
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