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Abstract

Industrial electrotechnics represents a considerable potential market for superconducting
materials. Among the feasible applications, the limitation of the fault current will probably be
the first to find an industrial departure. We present in this work the results of the simulations
of the magnetic and thermal behavior of a fault current limiter designed from a high critical
temperature superconducting layer.

The results are obtained from a 3D computation code, developed and implemented under
MATLAB environment where the formulation in magnetic vector potentials A and electrical
scalar potential V are adopted to solve the electromagnetic problem and the heat diffusion
formulation is also adopted to solve the thermal problem by the method of the finite volumes.

The results showed the interest of designing a superconducting fault current limiter. The
development of a simulation model that describes the behavior of the (SFCL) has also been

implemented in a nine-bus network.
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1. Introduction

The rapid limitation of fault currents remains an unsolved problem in power grids and
electrical, mechanical and thermal damage is still unavoidable. The use of fault current

limiters designed from high temperature critical superconducting materials (SFCL) has made
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it possible to limit fault currents in power grids [1-2]. In the event of a short-circuit, the latter
must not only be able to withstand this fault regime and act as natural current regulators, but
also reduce the mechanical and thermal stresses experienced by the network [3].

The characteristics involved are quite specific to superconductors, namely the great
difference existing between a passing state with high current density, and a blocking state
with high resistivity, obtained as soon as the current exceeds a given threshold. It is thus
possible to protect the electrical network against any rise in the current beyond a specified
value. These limiters offer the advantage on the one hand, to be invisible in the rated or rated
speed and to be able to limit the fault currents in a very short response time (under 05 ms)
compared to conventional current limiters or conventional circuit breakers [4].

These advantages, which are specifically offered by current limiters designed from high
critical temperature superconductors, have led to their insertions with great success in
medium and high voltage power grids [5]. To ensure an excellent insertion of the
superconducting current limiter, in particular during the fault regime within the electrical
network, it is essential to study its magnetic and thermal behavior in order to avoid certain
problems that can damage the superconducting material after each limitation. Such as, a
significant rise in temperature within the superconductor which is due to a large and rapid
increase of the fault current during the process of limitation[6].

It is not possible during a test to try all the possible configurations of short-circuit on a
network, according to the type of network (overhead or underground), according to the
impedance of the fault, and according to the power of the network. It is therefore interesting
to have modeling tools to simulate the behavior of a superconducting current limiter (SFCL)
and to extrapolate the results obtained to other short-circuit configurations and other voltage
levels network [7-8]. The coupling is ensured by an alternating algorithm and the numerical
resolution of the problem is ensured by the code implemented under MATLAB environment
in order to avoid certain problems of numerical convergence linked to the strongly nonlinear

character of the problem to be solved.

2. Modeling Electromagnetic Phenomena

In this paper, we present the modeling of the magneto-thermal behavior of

superconducting materials used in the field of electrical engineering precisely the electrical



networks. The magneto-thermal phenomenon presented by these materials corresponds to a
strong coupling between the magnetic and thermal properties. In this context, several
simulation works have been proposed. In some of these works, the behavior of the
superconductor is simulated as a vary-resistance [4], [9] where the superconducting material
changes from non-dissipative state characterized by zero resistance in the rated regime of the
network to a non-dissipative state. Very dissipative state characterized by a high resistance in
the case of faults that can appear during the operation of the electrical network. These simple
models developed do not satisfactorily reflect the actual behavior of the superconductor in its
intermediate state, particularly the FLUX-FLOW and FLUX CREEP regimes. For this, other
microscopic models have been proposed in order to satisfactorily describe the FLUX-FLOW
and FLUX CREEP regimes [9], [12]. In these models, Maxwell's equations are adopted and
coupled to the heat diffusion equation. The critical state model states that at given temperature

the current density in a superconductor is either zero or equal to the critical current density Jc.

From a mathematical point of view, in Maxwell's equations, this translates into:
—= 0B ,. (3 eI aT] 2
rot(E) = ——,div(B) = 0,rot(H) =] (1)
As with other drivers, the following equations complete Maxwell's equations:

B=u(H), J=0E, E =p] )

—

- E is the electric field (in V m™), B is the magnetic induction field (in T).

-H isthe magnetic field (in A m™), f is the electrical current density (in A m™).

-6 is the conductivity of the medium (in Q"' m™), p is the resistivity of the medium (in Q

m).

- wis the magnetic permeability of the medium (in H m™).

The Bean model assumes, in addition, that the critical current density is independent of the
value of magnetic induction B. This model has the advantage of being fairly simple
mathematically and allows for simple geometries to have Analytical expressions and study
important quantities for AC losses for example. However, the discontinuity of this model

renders it useless for numerical developments; moreover, it does not always satisfactorily



reflect the behavior of the superconductors because, in reality, the current density strongly
depends on its field orientation and magnetic induction, B. An expression of Jc (B) in the

isotropic case was given by Kim's model.

J.(IB]) = Leofo 3)

|Bl+Bg

The power model that models well the behavior of high-temperature superconductors
(HTC) around Jc. The variation parameters of this law are the critical current density, Jc and
the exponent, "n". With this model we can vary the curves E (J) so that we can model a
normal conductor for n = 1 (linear behavior law) until a steep curve is obtained, as in the case

of the critical state model for n> 100 [3] [17].
—r (Iyn
E=E. () (4)

The Flux Flow and Flux Creep model has made it possible to define two modes of

operation for the superconductor, according to the value of the critical current density Jc:

o If | J | <Jc, the vortex network is anchored, however, vortices move from one anchor site
to another under the action of thermal agitation. This dissipative phenomenon is called the

"Creep flux" regime.

. U, U,
E=2p,J, sinh(—2L) exp (— 2 (5)
kO J. kO

K: Constant of Boltzmann, 0: Temperature, pc: Resistivity of Flux Creep, UO: Potential of
depth.

o If | J | > Jc, the vortex network moves and generates losses showing an electrical resistance

in the superconducting material. This phenomenon is called the "flow flux" regime.

- u_
E—+ (Ec +prJe (1 )) (6)
pf: Resistivity of Flux Flow,

The critical current density can then be defined as the boundary between the creep flow
regime and the flow flux regime. Since this limit is very fuzzy, the critical current density is
often determined by the value of a critical electric field Ec. The variable resistance model is
founded when the current becomes abnormally high [16], the transition from the

superconductive state to a highly dissipative state allows the insertion of an impedance in an
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electric circuit and therefore the limitation of the current (Rsc goes from zero in the regime
assigned to a maximum value during the fault). The determination of Rsc max depends
essentially on the nature of the superconducting material used in the design of SFCL (Bi12223

or YBCO) and the design of the electrical network [13-14].
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Fig. 1.Model with variable Fig. 2. Equivalent diagram
resistance of a transmission line
0 (J<]Jc, T<Tc)
Where Rsc= RC(]]—C)"_1 if (J>Jc, T <Tc) (7)
Rsc max(T) (T > Tc)

Rsc: superconducting resistance, Rec: critical resistance of the superconductor,

Rsc max: Max superconducting resistance after the transition,
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Fig. 3. Model of SFCL inserted in the transmission line Fig. 4. Model of SFCL inserted in

series with generator

The equivalent circuit in 7 of the transmission line with SFCL is illustrated in Fig. 3. The

following admittance matrix of the line can be formed [16]:



_ 1
(rik+RsrcL)HiXik

Vi

(8)

Where ry, xi, and by are resistance, reactance line, and capacitance line, respectively. Rspcr

1s resistance of SFCL.

The equivalent circuit of generator equipped by SFCL is given by the fig.4.

When the resistive SFCL is placed in series with generator, the element of the admittance
matrix is given by

1

Yie = (RG+RspcL+JX])

)

Where Xé is the d-axis generators transient reactance of generator, Rg is resistance of

generator. Rgrcr are resistance of resistive SFCL, respectively.

So after inserting the SFCL into the network, there will be a significant change in the
admittance matrix.

We present the simulation results obtained during a fault on a power grid with and without
a current limiter using the PSIM software. The computation of Rsc max is done from the
numerical code developed and implemented under the MATLAB environment, where we
adopted the method of the finite volumes as method of resolution of the set of partial

differential equations characteristic to the physical phenomena to be treated.

3. Presentation of Simulation Parameters

The basic principle of the current limiter involves the properties of YBaCuO which vary
considerably depending on the temperature. YBaCuO is a superconductor having a critical
temperature TC of the order of 92 K.

This part sets up the choices made on the materials and properties that will be used for the

simulations that will follow. Figure.5 shows the crystallographic structure of YBaCuO.
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Fig. 5. Crystallographic structure of YBaCuO [11-12]

The following table gathers the geometrical parameters and characteristics of the material

studied YBCO by our simulation code.

Table. 1. Parameters of the simulation for the YBaCuO pellet

Symbol Amount Value

Critical temperature

T. 92 K
Critical electric field
E. 1x10*V/m
Critical current density

Je 5x10" A/m’
Exponent n at 77 K under zero field

no 20
Superconducting fault current limiter

SFCL (Lx, Ly, Lz)= (4x4x4) mm’

4. Application and Results

4.1 Spatial Distribution of Temperature T within the Superconducting Pellet (SFCL)

The results below represent the three-dimensional distribution of the temperature within
the superconducting pellet used to limit the fault current. The temperature within the pellet
increases gradually over time, which is to say with the increase of the fault current. The
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temperature reaches its maximum at the heart of the superconducting pellet and it decreases

considerably on the walls of the pellet, this is due to the cooling effect of the cryogenic fluid.
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d) The temperature within the pellet at t = 0.06s.

Fig. 6. Spatial distribution of the temperature within the pellet

When the current exceeds the critical current, the transition is initiated. The energy
dissipated at the pellet heats the limiter constantly and homogeneously. If the pellet heats up
to its critical temperature Tc, the material then passes by exceeding its critical temperature
and goes into its normal state (transition from the superconducting state to the normal state).

Figure.6.a. Corresponds to the superconducting state of the pellet, the result has been noted
at time t = 1ms and in this case the limiter no longer intervenes. Because the maximum
temperature inside the pellet is of the order of 79.8 ° K is lower than Tc.

Figure.6.b, ¢ and d. Respectively recorded at times t = 2.5 ms, t = 0.03 s and t = 0.06 s
show how the limiter takes its normal state and comes into play limitation, the temperatures in

the pellet are excessively of the order of 93.3 ° K, 137.8 © K and 145.6 ° K.
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Fig. 7. The variation of the temperature in the pellet as a function of time
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Fig. 8. The variation of the average losses in the pellet as a function of time

Figure.7. Clearly shows the temporal evolution of the temperature within the

superconducting pellet. It appears a beginning of transition at time t = 2.5 ms, corresponds to

a temperature close to the critical temperature.

Figure.8. illustrates the temporal evolution of the average losses in the pellet. These are

increased over time because of the energy dissipated per unit volume within the

superconducting pellet.

4.2 Inserting the SFCL into the network at nine- bus.

4.2.1. Case of a two-phase fault
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Fig. 9. Nine-bus network with two-phase fault with SFCL
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A short-circuit two-phase at the bus 8. PHASES terminals (V-W) is applied at time t = 0.1s
and for good visibility, the simulation is performed over a period of 0.4 s.
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Fig. 10. The pace of currents I1, 12, I3 of the line (4-7)
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The table 2 presents and collates the results of the currents recorded in the line (4-7) and in

the line (7-8), also the transition time of SFCL.

Table. 2. Two-phase short-circuit current values with and without SFCL limitation

Line | Default Rated Icc without I, = Icc Transition
in the current SFCL (A) with SFCL (A) time
Bus I.(A) Of SFCL
(ms)
4-7 8 204 5470 = 27 1, 613=3 1, 4
7-8 8 204 5650 =~ 28 I, 814~ 41, 4

4.2.2. Case of a three-phase fault

In this case, a short-circuit three-phase in the bus 8, phases terminals (U-V-W) is applied at
time t = 0.1s. The table 3 presents and collates the results of the currents recorded in the line

(4-7) and in the line (7-8), also the transition time of SFCL.

Table. 3. Values of three-phase short-circuit currents with and without SFCL limitation

Line | Default in Rated Icc without I, = Icc Transition
the Bus current SFCL (A) | with SFCL (A) time
I.(A) Of SFCL
(ms)
4-7 8 204 6310~ 311, 613=3 1, 4.5
7-8 8 204 6520~ 321, 814~ 41, 4.5

Figure 14 shows the voltages per phase of the line (7-8), whenever SFCL is placed in the

power system network, precisely in bus 8.

Woltage (V)

Time (5]
Fig. 14. Waveform of the voltages U12, U23, U13 of the line (7-8) during three-phase fault
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5. Interpretation and Discussion

The results shows the two-phase and three-phase current waveforms in the simulation with
and without SFCL when a fault occurs, it could be noted that when there is no SFCL inserted
in the nine-bus network, the peak value of the fault current could be as high as about 6.5KA.
However, when with SFCL, the same system would have a peak fault current of only about
814A. Therefore, the SFCL effectively limits the peak value of the fault current as shown in
table 2 and 3.

As shown in figure 11, the nominal current of the line (4-7) is In = 204 A, until the fault is
applied at t = 0.1 s from this instant. The fault current Icc = 5.47KA (Icc = 27In) for the two
defective phases (VW), otherwise phase (V) remains healthy with a current of 204 A which is
the nominal value. After inserting the limiter it is clear that the current is limited from a value
of 5.47 kA without SFCL to a value I = 613 A, with SFCL at the moment of application of
the fault (0.1s) where the fault current exceeds the critical current, therefore the intervention
of the current limiter where it plays the role of a high-value resistor (the transition of the
superconductor from the state to the purely resistive state).

In the figure 12 the nominal current of the line (7-8) is In = 204 A, until the fault is applied
at t = 0.1 s from this instant. The fault current Icc = 5.65 kA (Icc = 28In) for of the two
defective phases (VW), moreover the phase (U) remains healthy with a current of 204 A
which is the nominal value and for the voltages it is seen that a crushing of the voltage U12
due to the grounding of the two phases V and W. After inserting the limiter it is clearly seen
that the current is limited from a value of In = 5.65 kA without SFCL to a value I} = 814 A at
the moment of application of the fault (0.1s).

The comparison of the results obtained for the two types of two-phase and three-phase
short-circuit , figures 13 and 14 shows that the transition time and the limited current (Ir) by
the SFCL are practically the same.

A 3-phase fault on line (7-8) the voltages U12, U23, Ul3 we see that a crushing (its
value equal to zero) of the three voltages because of the grounding of the three-phase U, V
and W.
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6. Conclusion

Using coupled electromagnetic magnitudes in superconductors, a numerical model was
constructed. An expression of the variation of the SFCL impedance due to the presence of the
short-circuit current has also been established while explaining the geometric and
electromagnetic characteristics of the SFCL (modification of the matrix admittance of the
system). In order to simulation an SFCL, it is necessary to understand the transition from the
superconducting state to the normal state. The simulation results obtained are very

satisfactory.
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