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WAVE PROPAGATION IN A DC SUPERCONDUCTING CABLE

PART I:

P. Chowdhuri, Senior Member, IEEE

ANALYSIS*

M. A. Mahaffy

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Abstract - We corsider a dc superconductirg
cable design consisting of four concentric metallic
cylinders, of which two carry the load current and
two comprise the cry genic enclosure. When a tran-
sient voltage is impressed across such a cable, the
major cielectric may not be fully stressed to its de-
sign value, and unwantrJ voltage stresses may develop
across other parts of the cable. This paper analyzes
the surge-voitage propagation characteristicrs of a
four-conductor dc superconducting cable for a step-

function input voltage. This analysis, although
mainly directed to superconducting cables, 1is also
applicable to other multicondurtor tranmission

Yines. A companion paper discusses the parametric
effects of the cable system in optimizing the voltage
distribution.

INTROOUCTION

The advantages of transmitting bulk power by a
dc superconduc ing cable has been described previ-
ously [1]. However, such a cable must operat: reli-
ably under system constraints, e.g., harmonics on the
dc, system faults, and transient overvoltages. The
behavior of a dc superconducting cable under dc hir-
monics and system faults has been reported in an ear-
lier paper g. This paper discusses the theory of
wave prrpagatfon in a4 multiconductor cable system and
describes the response of a dc superconducting ceble
of a specific design to transient voitages. The ef-
fects of parametric changes 'n the system as well as
in the cable design, includ'nj those of dc conven-
tional cables, are discusscd in a companion paper [3].

Figure 1 shows the dc superconducting cable of
Los Alamos design. It consists of four concentric
cylinders. Tke innermost cylindar (conductor 1) car-
rirs the load current and consists of subcables made
up of wires of multifilamentary NbjSn supercon-
ductor embedded in copper matrix, The second cylin-
der (conductor 2), which curries the return current,
also consists of copper-stabilized multifilamentary
Nba5n  superconducter.  The crybgenic enclosure is
compnsed of the third and fourth concentric cylin-
ders. The inner cylinder (conductor 3) of the cryo-
genic enclosure 1s made of stainless steel and the
outer cylinder (conductor 4) of carbon steel. The
space between conductors 1 and 2 is filled with
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Fig. 1. Conceptual design of a four-conductor dc super-

conducting cable.

wrapped tape dielectric to withstand the systen volt.
age - steady state dc and transient overvoltages.
The space between conductors 2 and 3 1is filled with
supercritical helium at 1.38 MPa and 1?2 K. The space
between conductors 3 and 4 is evacuated and filled
with multilayer thermal insulation. Conductor 4 is
isolated from ecrth Ly a thin layer of insulation.

When a transient appears on conductor 1, mul-
tivelocity voltage waves will propagate along the
four conductors and credte voltage differences across
each pair of conductors, caused by the disparity in
the wave velacities that did not exist {inftially
[4]. A flashover or puncture may occur between any
palr of conductors if the voltage builid-up across the
conductor pair exceeds the uielectric strength of the
space between them. The v -8k member of the system
may be the evacuated Space filled with multilayer
thermal idnsulation withiii the cryngenic enclosure.
Repeated punctures within this space could incrcase
heat lcak to the cable, reducing its efficiency,

METHOD OF ANALYSIS

Transient voltages on cable sheaths have been
studied previously [5]-[15]. General studies on wave
ropagation in cables have also been made [16]-[23].
owever, in al) previous studies, the cable sheath
was aswumed to be solidly grounded at the terminals,
with zero resistance between the sheath and vie
earth. In practical situations, there is always a
finile resistance between the sheath and the earth at
the terminals. This grounding resistance may signif-
icantly affect the wave propagation in the cable.
Although resistivities of the conductors and nf the
earth have been considered ‘1 the analytical models
of the previous studies, the sensitivity of these
aramaters to the transient performance of the cable
as never heen explicitly shown,



Because a superconducting cable will be re-
quired to transmit high power, its reliability will
be of utmost concern. To assure reliability, the
distribution of transient voltages amongst its var-
ious members should be analyzed under all practica)l
situations. We, therefore, studied the effects of
the various parameters (e.g., grounding resistance,
conductor and earth resistivities, permittivity of
dielectric, etc.) on the transient performance of
different designs of cables, with particular emphasis
on the superconducing cable.

Rudenburg-Hayashi Model of Transient Impedances

Transient phenomena, such as switching and
lightning surges, are usually analyzed using the La-

place transform. Therefore, 1t 1s desirable to
express the transient impedances in terms of the
Laplace-transform operator s.

Rudenberg's andlysis L24] of imperfect earth
has been extended by Hayashi [25] sn that the carth-
correction terms can be expressed in terms of the

operatur s. Rudenberg has represented an underground
cable hy laying its center conductor on the ground
level at the center of a groove of a semicircular
shape of radius h from which the earth has been
scooped out, h being the distance of the center con-
ductor of the original cable from earth (Fig. 2).

The ground impedance as a function of the Laplace-
transform operator s can then be expressed as
1/2 -1/2
z L] - +4 < -
gls) = 6gys 8g2 * 8435 (1)

For fast transients, only the first two terms are
important, where

8g1 = V10 Ry x 1074

8g2 * Rg/3

Rg = 7 rg/mhe

pg " soi? resistivity, o-m

h™ = distance of center conductor of cabl: from

ground, m

Similarly, th~ transient {mpedance c¢f the cable con-
ductor can be expressed as

[a%]
~—

zc(s) - Gc‘s'l/? + 6C2 4+, ('

where
Ay = VIO R x 1074
b2 = R./4
ﬁc = dc reststance of the coryuctur,

For a cable consisting of n concentric cylinders, the
varth-correction edance matrizx will then be

OERLUS RETRIN (3)
where
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Fig. 2. Rudenberg's model of cable in imperfect earth,

Solution of Transmission-Line Equations

The Laplace transform of the transmission-line
voltage equations can be written 1n matrix form as

s20V/e=? = (s2[L2e] + s¥2 18,00 + s[e,d(CDIV]
- [Q%[7) o
where
[00% = (s%03ted + s¥2 [,00€) + s[e,)icT

(L] and [C] are the inductance and capacitance
matrices of the n-conductor cable, and

[6]] and [62] are given by (3),
The solution of (4) 1s given by
[V] = exp(-[Qdr) [V,

. exp(-s[M]‘lzm)exp(«ME[h]]m/?)oxp(-[ﬂ?]m/E) x
V). (5)

where
(M) = [LILCD
(8,0 = 1% a7t [ay 0000
(8, = M1'/2 ()" 16,00e]
V1= V1at s -0,

Each of the threv exponential terms needs to
be expanded by Sylvester's expansinn theorem [25] ’
giving



n

1

exp(-s[Mle'/ %) - 3 exp(-sqy2) [ay,] (6)
r=1
n

exr -/5[8,1z/2) = 3 exp(-/§h2r=/2)[a2r] (7)
r=1
N3

exp(-[8,1/2) = T exp(-azz/2)az] (8)
r=1

where

S L ER () I L AN
[a]r] e B
prr Np ~ Ne

qZD[U] - M1\ d

[azr] ] p-lr....nz

prr  \92p " %r

. agpll] = M1\ d3

=],....Nn
["3r] . Ll-r—" 3
pAr

93p "~ 93¢

gy (r = 1,...ny) are distinct eigenvalues of [M],
Qp. and q3, are distinct eigenvelues of [ 8,
and [Bgf respectively,
[U] = identity matrix,
dyp = order nf degenreracy of Up eigenvalue (i =
§.2.3), and
diy*.. . +dny = dyt.. .ty = dagte.tdpy o0

Boundary Conditions

The length of the c:ble has heen assumed to be
semi-infinite in this study; therefore, there would
be no reflections from the far end. A voltage Vpg,
{s injected into conductor 1 at x=0 while th- other
conductors are either grounded thryugh . grounding
resistance Rq or left open. In this cese, VYgo...
Von need to %be evaluated. These values can be ob-
tained, for known grounding resistance, by solving
for the currents at awQ,

The Lap'ace transvorm of the current matiix fis
given by

(1) = =s[e) f (¥)es, (9)
where [V] s obtained from (5)-(8).
Final Solution
The closed-form

waves, in time
equation.

solution for the
domain, 1s shown f{n

voltaqe
the following

m 2
v(v)] = Z [alK] Z[aZJl]erfc(qu:/'4v"t_-q_]'K.'r')x
k=1 2=
U(t'q]K-t)‘I x
n3 I
:Z; (8, Jexp(-g4 2/2) ‘ (v (t)] (10)
m-_-
where

u(t-q1K:) = delayed step function.

Cable Parameters

Computation of the voltage waves requires that
the resistance matrix [6], the inductance matrix [Ll.
and the capacitance matrix [C] of the cable be
known. As discussed before, the [8]-matrix was com-
putad by Hayashi's method.

The [L]-matrix was evaluated by computing Max-
well's ele:tromagnetic coefficlents from the follow-
ing set of equations,

O = Lpyiy *.nn.. * Lpglg v «ovet Lepins (1)
where

Lrs - Lsr.

¢r = trtal magnetic flux linking corcuctor r,

ir = current flowing through conductor r, and

r L , n

The transient current vas assumed to flow along the
outer surface of the conductor. The oerveability ()
of a magnetic material wau assume 1 to that (u,)

c¢f fiee cpace when a steep-fron. anslent s ap-
plied. ihe coefficients of finductance (Lpg) are
then given by

Lrg = (g/2M) % n (h/rg,) for v < s, H/m, (12)

where
ug v dn x 10-7 N/m,
h = distance of earth from center of cable, m
r¢o ° outer radius of conductor s, m.

The RC]-matriu was evaluated by computing Maxwoll's

electrostatic coefficients from the following sct of
equations,
13
Qr = P *+.. 00 MUSLTIREEETR SN (13
Prs ® Psr
whore
Qp = clectrostatic charge on conductor r,
e, ~ potentfal of conductor r, and
r =1, ....,n,
rhe voeffictents ppg are then given by
Prn ® n(h/rpy)/2m, for r < n (14)

M(n-1) = Pan * I0(rp4/v(a_1)o)/2n(n-y) for v- (-1



where

permittivity of conductor n, F/m
inner radius of conductor n, m
oiter radius of conductor n, m

€n
"ni
Tno

The [C]-matrix is then given by

[c] = [p]-1 (15)
COMPUTATION OF VOLTARE WAVES

Cable and system Parameters

The conceptual design of the cable is shown in
Fig. 1. Table 1 shows the pertinent parameters of
the cable. In the analysis, the transient current
~as assumed to be expelled from the superconductor
into the stabilizing copper. The conductors were
assumed to be pcrfect concentric cylinders, and the
cable semi-infinite in length.

The step-function voltage wave was applied to
conductor 1 at =0 while each of the other threes con-
ductors was ccnnected to earth through a grounding
resistance of 10n. The earth resistivity was assumed
to be 100 fA-m.

A companion paper shows the effects of varicus
values of grounding resistance, earth resistivity,
and cable design paraneters on the propagation char-
acteristics of the voltage waves [3].

Computation

A wmerical Fortran computer program was de-
veloped to solve the voltage equations for a given
cable confiquration. The voltagr waves on each con-
ductor of the cable, as per unit of the appl.ed volt-
age, are computed at time and distance coordinates
specified by the user.

The data put inte the program are the nuinber
of conductors in the cable, their dc r-esistances and
radii, the dielectric constunts of the meterials be-
tweer the conductors, the known inftial voltages, the
distances between the center of conductors and earth,
the earth resistivity, and the terminal resistances
between the conductors and earth at T=U,

a graphics package which
of the wavefronts at

The code includes
plots two-dimensional graphs
specified distances.

Figure 3 shows the voliage waves on ecach of
the four conductors of the cable at distances of 0.1,
1, and 10 km from the origin.
DISCUSSION

Interpretation of Data

With refererce to Fig. 3, the original wave fis
into four component waves traveling at uncqual
A1l four component waves are present on
The number of component waves decreases
to conductor 4. One
magnitude travels on

split
velocities.

conductor 1,
progressively from conductor 1
singie voltage wave of small
conductor 4 ?nearest to earth), This component wave
which {s present on all four conductors ot 70 Is
hn?hly attenuated within a short distance (rom the
oriyin. This wave {s not disceriable in the fligures.

TABLE 1

Parareters of 100-kV dc Superconducting Cable

Outer radius of conductor 1, M0 = 22,7 m
DC resistance of conductor 1, Rc1 = 0.2 .q/m
Inner radius of conductor 2, Toy = 26.3 m
Outer radius of conductor 2, ra0 = 35.0 mm
OC resistance of conductor 2, Rc2 = 0.2 u2/m
Inner radius of conductor 3, rsi = 45.0 mn
Outer radius of conductor 3, Ty * 49.0 mm
DC rosistance of conductor 3, Rea = 440.0 ua/m
Inner radius of conductor 4, Tai " 90.0 mm
Outer radius of conductor 4, rg~ " 94.0 mm
DC resistance of corductor 4, ch = 43.0 La/m
Distance of cable center to earth h = 98.C mm
Dielectric constants: k‘ = 2.2

kz = 1.0

k3 = 1.0

k4 = 2.0

The vnltage between each conductor and ground

chinges abruptly as the component voltage waves
arrive at o point along the cable at diffcrent
times. For instance, conductor 1 experiences abrupt

voltage changes at 3.45, 3.86, 5.77 and 6.93 s a5
the four component waves arrive atxs= 1 km (Fig.
3b). Sw.ilarly, three component waves arrive on con-
ductor 2 at 3.45, 3.86, and 5.77 us; two component
waves on conductor 3 at 3.45 and 3.86 .s; and, one
single wave on conductor 4 at 5.77 us. The component
wave (of small magnitude) which arrives at £ = 1 km
on all tuur conductors at 5.77 .s 1is highly attenu-
ated within a short distance from the origin. This
wave 1s not discernible in the figures.

The primary voltage wave on conductor 3
(stainless steel) attenuates significantly with
time. With increase in distance along the cable, th»

peadk value of this wave increases, although the at-
tenuation rate with time increases also, In general,
the front time of t.: component waves increases with
distance along the cable.

The voltag. differentce beuween each pair of
conductors can also be ascertiained from Flg. 3. At
z = 1 km (Fig. 3b), no voliage uifferenco appears
between conductors 1, 2, and 3 until the second wave
arrives on conductors 1 and 2 at 3.86 us. Conducturs
1 and 2 remain at equal voltages until the fourth
wave arrives on conductor 1 at (.93 .s, when about
0.65 p.u, 1s developed across conductors 1 and 2.
The voltage spike develnped across the cryogenic en-
closure (between conducturs 3 and 4) at Ts= 1 km is
about 0.20 p.u. For a 120-kV cable (BII. = 250 KV),

50 kv of :ransient voltage w'1} thus be impressed
across  the cryogenic enclosure. Athout 0.24 .u.
(V.e., 59.5 kv) will be impressed across the helium

The majcr dielec-
will cary only

space between conductors 2 and 3.
tric (between conductors 1 and 2)
0.65 p.u. (1.e., 162.5 kV),
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Four, three, two and one component waves
travel along conductors 1, 2, 3, and 4,

resectively.

The component wave which is

present on all four condu~tors 1: highly
attenuated and is not discernible in the

figures.

The voltage stress across the cryo?enic en-
closure can be relieved by reducing the B {hence
the steady-state voltage rating) of the cable. Other
alternative solutions such as metallic shorts across
the enclosure at regular intervals und design optimi-
zation in the cable and system can also reduce this
voltage stress. P .metric changes in the cable and
system are discussr the companion paper [3]

Lini ations of the Analysis

The é-matrices were evaluated by considering
only the first two terms of (1) and (2) in order to
keep the analysis simple and manageable. As a
consequence, this analysis is valid at the wave-
front of transients. To provide definition to the
valid time duration, extensive computations were car-
ried out by comparing results from the first terms of
{1) and (2), with those from the first two terms.

It was found that one of the eisenvalues
(q3p) of the By-matrix in (B) was negative. This
?T increase the corresponding exponential term in
(10) with increase in dista:e along the cable. it
was also found that all but one resultant matrix,
u1k] x [222] x [a3n] . which is multiplied by
his exponent1a1 term, is null. It was essential
that this particular matrix i. non-zero so that the
initial conditions at =0 are consistent. This term
was evaluated by using the exponential equivalent of
erfc(y) for large values of y, i.e.,

erfc(y) = exp(-y2)/y/m (16)
where
yn QZHI/4/T'Q_];T

The time limit was sct such that y2 3 q3pv/2. By
simplifying the algebrc, one gets .

(t-ty) s 9%./8a3n, (17)
where

t o= time limit
tik = 1/q1k, and
Q1k» 921 8and q3p are the eigenvalues
corresponiing to the non-zero matrix

[‘”k] x [azg,]x[a:,m].

More terms of (1) and (2) should be included
if computation at longer times is desired. As the
front time is of concern in most apnlications, in-
clusion of Just the first two terms of (1) and (2)
should Lbe sufficient, considering the elegance, sin-
plicity, and economy 1n computation time of the
method described.

CONCLUSIONS

1. The step response of a dc superconducting
cable to transient voltages has been descrihed
using the Laplace transformation technique,
taking into account the transient Impedances
of the cable conductors and earth,

2. Transiant voltages will not stress the major
dictectric of the cable system to its full BIL
capability,

3. Surge protection, cable design optimization,

and system coordination will be required to
1imit transient voultages across the cryogenic
enclosure of the cable.
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