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1. INTRODUCTION

Tri-axial HTS cable has been intensively investigated and recently connected to the commercial power network in practice
project.[1-3] However, because the HTS tri-axial cable is composed of three concentric layers with different radius, there is an inherent
unbalanced current distribution in the tri-axial cable. Also in practical application, before the cable can be installed in the grid, it has to
show reliable performance during any fault conditions. After the quench, cable is removed from the power network by a breaker. A
recovery time is also a very important parameter to decide if the cable is allowed to be reconnected to the power network.

In this paper, first, we will propose an improved cable twist pitch design to solve the imbalance problem in existent tri-axial cable.
Second, we will develop an AC loss calculation method in out-of-phase magnetic fields for tri-axial cable. Third, we will evaluate the
tri-axial cable thermal stability by developing a computational heat transfer code to simulate transient thermal behaviors after the fault.
2. THEORY OF BALANCED TRI_AXIAL CABLE

As shown in Fig. 1, we proposed a tri-axial cable composed of two longjtudinal sections with different twist pitches. In this calculation we
assume that, compared with cross-section, the length of the cable is long enough to ignore the interaction between sections.

In superconducting condition, voltage drop of the cable mainly comes from inductance. Then the voltage drop of phase k is described as
following equation:

e 2
Vy = jox 30, x My, x, o
j=a g=]
where
Moy 1, 1 L)
=L =fopl y1l, 2
Mk,.k,s = Lﬁ,s Z= 2T In r, +§2ﬂ0ﬂrk (pk.jJ
Foppl 1, 2 1 |1 ?
My =My =54 ) ottt P
ki, sl T e ;2% [Pﬁ.;'](pwj
Jor(n.>n)

here wis angular frequency. / is the cable length of each section in longitudinal direction. gy is the twist pitch of phase £, p; is the-twist pitch of
phase 7; r is radius of phase & x4 is the permeability of the fiee space; Ly is selfinductance of phase 4, M is mutual-inductance between
phase kand phase i.
We also have the symmetrical condition that present as following equations:
Vi=aV,,V,=aV,
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here, a phase rotation operator «is defined to rotate a phase vector
forward by 120 degrees. Inserting equation (1) into symmetrical
condition equation (3), we get the general equations, satisfying the
balanced three-phase currents restrict, is a function of radius and twist
pitch. That means that balance current distribution could be realized
by reasonable twist pitches design.

Based on this theory, we designed and fabricated a prototype
HTS tri-axial cable. [3] The test result which is shown in Fig. 3
demonstrates that the theory is right for an equivalent impedance
circuit model.

3. ACLOSS

Since the cable has a concentric configuration, the magnetic
field on both surface of the current layer has an out-of-phase
problem due to out-of-phase transport currents in next layers. An
alternated AC loss calculation method is needed for tri-axial cable
loss evaluation.

Because external field parallel apply to the tape’s wide surface,

— Section 2

we can use a Bean slab model to analyze the AC loss. For
out-of-phase magnetic field condition, equations (4), (5), and (6) =
will be used for AC loss calculation. 2 <
b,=B,/B,, b,=B./B,, B,=uJd @) % g
E 5
B’ 3 N
Q= 3—"(1:; +82) [Im’feycle] (b, +b, <2) 6))
Hy
Time [ms]
2
=—L—[b} (5-3cos2at,)+ b {5-3cos2(wt, -
2. 24y, [ )+ bt (@h =)} Fig. 3 Verification test result.
+b2 b {4 +3sin(@1, + ¢,) —sin(3ot, —
" ':’2{ cosdy Sm(? ¥ it w 1=} Table 1 Cable parameter.
+b, b {-3—cos2d¢, +3sin(wt, — 24, )—sin(3wt, —24,)} Nominal power (MVA) 350 Plisiaa
2 12 ' Naminalvoltsge (kV) 56 Phaseb
+b, (6 +6¢c0s2w1,) + b, {6+6¢cos2(at, - ¢)}] (b, +b, >2) Nominal current (kA) 3 o
Outer diameter (mm) 130
130mm 1layer,/phase triad-coaxial cable u shie
(6) Critical_r:urrem(kﬁ} 5 : :h a
where B, is the penetration field, b, &' are the normalized field on  andGneld popmm) | 5 garameter_ pposeg
the inner and outer surface. O, is the AC loss expression when the 3w Ty phame trbaALEADl Phase-c
applied field less than tape penetration field. O, is the AC loss when Critical current(kA) 7.2 7S shietd 2\
the applied field larger than tape penetration field. And #,, when the Twist pitch (mm) IR 15, O
inner or outer field suddenly changed, is defined as the shorter time of
following equations: 'g 4— ———
. 2-b . 2-4 & 0 . #@\
g |\ i | e
Then the AC loss is converted from per cubic meter volume to per (__c; \ I
meter length by using following equation. S | i Tri-axial
B0 : L 1 i ] 1 ;
]
Q=0 fnt-—2— [Wim], 9=ArcTan[2ﬂ} ®) Z N I
cos@ P 500 1000

Twist pitch p, [mm]
By using above equations, an AC loss calculation comparison ~ Fig.4 AC loss comparison between llayer/phase
between 1layer/phase tri-axial and triad-coaxial cable is carried out to tri-axial and triad-coaxial cable.
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investigate if tri-axial structure have an advantage over triad-coaxial
structure in loss. The result is shown in Fig. 4. The calculation shows
that loss decrease with the increasing twist pitch; The AC loss in
tri-axial model is lower than the aim value of NEDO which have 1
Wim/phase AC loss. In same size, voltage class, and power capacity;
AC Loss of tri-axial cable less than triad-coaxial cable. [4-5]

4. OVER CURRENT & RECOVERY ANALYSIS

In the cable safety design, one principle for the design is that cable
should survive in a worst fault. The maximum fault current used in
this calculation is referenced Japanese electro technical committee
(JEC) current test stand which gives a 31.5kA fault current with 2
seconds duration time for 66kV distribution power system. Since
each cable phase consist of a current HTS layer and a stabilizer
copper layer, the maximum temperature rise of the cable could be
controlled by the stabilizer thickness. Therefore a safety cable design
will be carried out in the worst fault and cooling case. A reasonable
thickness of stabilizer layer design will be proposed to guarantee the
cable safety in maximum temperature rise. Here, phase b is
sandwiched by insulation a layer which has the worst cooling
environment is marked as the target.

Moreover, after the quenched cable is removed from the power
network by a breaker, a recovery time is also a very important
parameter to decide if the cable is allowed to be reconnected to the
power network. In the tri-axial structure, three phases may have
different recovery times due to an unsymmetrical cooling
configuration. Low thermal conductivity of OPPL insulation layer

Phase a

Fig. 5
tri-axial cable.

HTS Tri-axial cable

Phase b
Unsymmetrical cooling configuration of

Phase ¢

Table 2 Cable parameter for calculation.

Insulation thickness 5.5mm,5.5mm,3mm
Inner diameter 87mm
Quter diameter 130mm
Avrea of Cu stabilizer 500mm?
Inlet Liquid nitrogen
PO 70K (constant)
Radius Mesh size 0.0005mm
Heat capacity of OPPL* 0.8x10¢ J/m3.k
Thermal conductivity  of

.1w/m -

OPPL 0.lw/m - K

Mesh number 140

may cause long recovery times for phase-b and phase-c. Therefore, we developed a code, and accomplished a simulation including

the consideration of thermal conductivity of each cable layer.

The heat balance equation is used to simulate the cable temperature 7y along the radial direction:

,oc-{')T—M =-1—£(kr%] +G (T, 1)

ot ror

here p, c, k is the density, specific heat and thermal conductivity of each layer, respectively.
The calculation parameters are listed in Table 2. Equation (9) is solved by using Crank Nicolson implicit method.
The cable boundary condition in worst condition is assumed as adiabatic heat generation state in fault. Heat transfer part in the

equation becomes to be zero. Heat generation in the fault based on the voltage drop analysis is calculated by:

T, <T,
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where 7; is the critical temperature of the current layer, 4, is the average resistivity of the Cu stabilizer and Ag sheath.
The heat transfer coefficient / at both surfaces is given by Dittus-Boelter equation:

h=0.023-Re"*- Pr°'4-% (11)

where Dj, is the inside hydraulic diameter. 4, Re, Pr are temperature dependent thermal conductivity, Reynolds number and Prandtl
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number of LN,, respectively.
2.2, Numerical computation results

In over current analysis, the thickness of stabilizer is varied from
0.6 mm to 2.8 mm. The maximum temperature of phase-b as a
function of thickness of copper stabilizer is shown in Fig. 6. The
figure indicates that the temperatures decrease with the increasing
copper thickness. Copper stabilizer design should keep phase-b’
temperature in safety range in the worst fault condition.

In recovery analysis, Fig. 7 shows a simulation result of a
temperature profile when the SLG fault occurs in phase-b. Fig. 7(a)
shows the temperature profile from 0 to 100 seconds. In our design,
the maximum temperature rise in the worst condition Fig. 7(b) shows
the temperature profile from 100 to 1000 seconds. Fig. 7 shows that
even after 1000s, temperature of phase-b still haven’t return to initial
value due to low thermal conductivity of insulation layer. It means
that the thickness of OPPL is one of the key elements for recovery
time and a thinner insulation layer will lead to a fast recovery. [6-7]

5. SUMMARY

This research has devised a guide for design and evaluation of a
balanced tri-axial cable. The reasonable twist pitch design could
realize a balanced current distribution. Based on our design, the
thermal stability evaluation demonstrates the reliability in practical
use. The research results indicate the utility and possibility of the
application of improved tri-axial HTS cable.
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