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Abstract: In order to solve the problem of excessive short-circuit current in the present power system,
a fault current limiter has become a new type of power device with high demand and is one of the
current research hotspots. The flux-coupling type superconducting fault current limiter (FC-SFCL)
generates a current-limiting impedance through decoupling superconducting parallel inductance
based on the circuit breakers’ fractional interruption. The principle is simple, and the impedance
is low during normal operation. It can directly use the existing circuit breaker to open a short
circuit that is much higher than its own breaking capacity. Thus, it can be used for large-capacity
fault current limiting and effective failure breaking. This paper focused on exploring and studying
the implementation scheme of practical products of FC-SFCL. Considering that the quenched-type
parallel inductance can limit the first peak value of the fault current, a quenched-type improvement
scheme was proposed. Then, an electromagnetic design method based on the simplified calculation
of the number of parallel tapes was proposed, which simplified the design process and reduced
the design difficulty of the quenched FC-SFCL. Taking a 10 kV /500 A/5 kA quenched prototype as
an example, its electromagnetic design was completed, and the performances of the non-quenched
and quenched schemes were compared. The results showed that, compared to the non-quenched
structure, the technical economics of the quenched one were more prominent, and it can be used
preferentially for engineering prototypes. This study about the scheme of the quenched FC-SFCL and
its electromagnetic design method is useful for promoting the implementation of the current limiter
engineering prototype.

Keywords: electromagnetic design; parallel inductance; quenched FC-SFCL; simplified calculation
method

1. Introduction

In the modern power system with a large scale and high reliability requirements, an
excessive short-circuit current may not only cause the system to lose stability due to the
difficulty of removing the fault, but it can also damage the power installation due to the
generated electromagnetic force and temperature rise. In order to solve the problem of
the excessive short-circuit current in the present power system, a fault current limiter has
become a new type of power device with high demand and is one of the current research
hotspots [1]. Based on the characteristics of superconductors such as zero resistance, high
current carrying, and fast state transition, the superconducting fault current limiter (SFCL)
has been widely studied for its advantages of active triggering and resetting and fast
current limiting speed [2,3]. Many kinds of SFCLs have been developed, such as the
resistive type [4], bridge type [5], saturated iron-core type [6], flux-lock type [7], and so on.
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The flux-coupling type superconducting fault current limiter (FC-SFCL) generates a
current-limiting impedance through the decoupling superconducting parallel inductance
based on the circuit breakers’ fractional interruption [8]. The principle is simple, and
the impedance is low during normal operation. It can directly use the existing circuit
breaker to open a short circuit that is much higher than its own breaking capacity. It
provides a scheme to solve the technical problem of the excessive short-circuit current and
circuit breaker breaking difficulty. There is a lot of research on FC-SFCL in power system
application scenarios [9-11], parameter matching [12], operation control [13], etc. However,
the magnetic-flux-reversed coupling parallel inductance and its operating loss are still to
be further studied.

This paper aimed to promote the engineering application of the FC-SFCL, focusing
on superconducting parallel inductance, and studied several technical issues related to
engineering application. Considering that the non-quenched FC-SFCL cannot limit the
first peak value of the fault current, a quench-type improvement scheme was proposed,
and its equivalent circuit and working principle were introduced. Then, the validity of
the method of calculating the number of parallel tapes of the parallel inductance, ignoring
superconducting characteristics and using normally conducting wires, was proven from the
perspective of tapes and coils. A design method based on the simplified calculation of the
number of tapes in parallel to the quenched FC-SFCL was proposed. The electromagnetic
design of 10 kV/500 A/5 kA quenched FC-SFCL prototypes was completed, and the
performances of the non-quenched and quenched schemes were compared.

2. Operating Principle and Equivalent Circuit
2.1. Operating Principle of the Quenched FC-SFCL

Considering that the non-quenched FC-SFCL [14] cannot limit the first peak value
of the fault current, a quench-type improvement scheme was proposed that allows the
parallel inductance to quench. This scheme can not only limit the first peak value of the
fault current to a certain extent and improve the overall current limiting capability, but it
can also greatly reduce the number of tapes used and improve the technical and economic
efficiency. After the power system is short-circuited, the parallel inductance can produce a
quench resistance to limit the first peak of the fault current. After the parallel inductance
is decoupled, the current-limiting inductance and the quench resistance jointly limit the
current. The current-limiting effect of the quench resistance of the parallel inductance further
reduces the interruption requirements of the main and auxiliary circuit breakers. The current-
limiting function of the quench resistance and the operation of the main and auxiliary circuit
breakers at different times form the current-limiting process of the current limiter.

2.2. Equivalent Circuit Analysis of the Quenched FC-SFCL

After the parallel inductance of the quench-type FC-SFCL is decoupled, the equivalent
circuit of the parallel inductance is shown in Figure 1a, and the equivalent schematic
diagram of the access line is shown in Figure 1b. Among them, R, and Ry, represent the
quench resistance of the two superconducting coils after quench, L; and L, are the self-
inductance of the two superconducting coils, and M is the mutual inductance, respectively.
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Figure 1. The equivalent circuit of the quenched FC-SFCL. (a) The equivalent circuit of the parallel

inductance; (b) equivalent circuit of the FC-SFCL.
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As for the quench resistance of the two superconducting parallel coils, there is
Ra =Ry = 0 in the rated state and R, # 0, R}, # 0 after the superconducting coils quench. In
the rated state and the fault state, the equivalent impedance Zeq of the parallel inductance
shown as Figure la can be expressed as

s RaRy, + Rajwly + Ryjwn?Ly + w?(k? — 1)n?Ly? )
e Ra+ Ry, + jw(n? +2kn + 1)Ly

where k = M/+/L1L; and n = /L, /L, are, respectively, the coupling coefficient and the
transformation ratio of the windings. If the coupling coefficient of the two parallel windings
are close to 1, that is, k; =~ 1, then the equivalent impedance Z.q is about 0 in the rated state,
and Zeq has a certain resistance value in the fault state.

After the parallel windings are decoupled, the current-limiting equivalent impedance
Zsrcl, greatly increases, which can be expressed as

. (Rq+Ra)jwLy+(nwly)? (K2 —1)
ZSFCL - Rb =+ Ri+Ratn2jwly (2)

ZsrcL = ZsrcL/ / Ra

2.3. Current-Limiting Effect Analysis

Assuming that a 500 A/5 kA FC-SFCL works in the 10 kV single-phase system shown
in Figure 2, the self-inductances L; and L, both are 7.5 mH, and the mutual inductance
M is —7.499 mH. Here, the fault situation is set: the ground short circuit fault occurs at
the first end of the transmission line, the fault resistance Rgoung is 1.2 (), and the auxiliary
circuit breaker operates within 20 ms. Table 1 shows the parameters of the simulation model
of the system. The current values of the system under different quench resistances with the
FC-SFCL are compared, and its current-limiting effect is analyzed. The quench resistance is
simplified with a certain value resistance. Figure 3 shows the total current of the system
under various working conditions, and the quench resistance is 0.01 (3, 0.5 (2, and 1 ),
respectively. Table 2 shows the current value and current-limiting rate corresponding to
the different working conditions.
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Figure 2. The 10 kV single-phase system.
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Figure 3. Current waveforms under different conditions.



Materials 2023, 16, 754

40f16

Table 1. Parameters of the simulation model.

Terms Parameters
Generator Vn=10kV,f =50 Hz
Transmission line R;=0.5120),L; =2.384 mH, C; = 86.6 nF
Load Va=10kV, P, =5.0 MW, Qy, =280 kVar

Table 2. Current value and current-limiting rate under different conditions.

W.L (the Value of R)

Conditions Wo.L

0 0.01 O 0.5Q 10

Imax in state 2 (kA) 7.70 7.70 7.68 6.83 6.13

Imax in state 3 (kA) 7.66 4.14 4.13 4.05 3.35

Iims in state 3 (kA) 541 2.61 2.60 241 2.23
0% 1st peak current / 0.0% 0.3% 11.3% 20.3%
0%max / 45.9% 46.0% 47.1% 56.3%
0%rms / 51.8% 51.9% 55.4% 58.7%

Note: (1) State 2 and 3 are, respectively, the fault condition and the current-limiting condition. (2) Wo.L represents
the power system without a limiter, and W.L represents the power system with a limiter.

The limiter has good current-limiting capability, and the current-limiting rate is above
50% in this model. For the non-quenched limiter, the fault current is limited by the current-
limiting inductance after decoupling the parallel inductor. For the quenched limiter, the
quench resistance before the decoupling of the parallel inductance can limit the first peak
value of the fault current to a certain extent. The larger the quench resistance, the higher
the current-limiting effect. After decoupling, the quench resistance and the current-limiting
inductance of the parallel inductance jointly limit the fault current. Therefore, the quench-
type parallel inductance can improve the overall current-limiting capability.

3. Research on the Simplified Calculation Method of the Number of Parallel Tapes

Before decoupling, the parallel inductance of the quenched FC-SFCL is similar to a
non-inductive coil; after decoupling, the parallel inductance works as a current-limiting
inductance. When designing the quenched limiter, the determination of the number of
parallel tapes used in the parallel inductance is a key step. This section proposes a way to
simplify the calculation of the number of parallel tapes used in the parallel inductance. The
focus of the method is to verify whether the superconducting properties of superconductors
can be ignored in the design process, which is studied from the perspective of tapes
and coils.

3.1. Based Models
3.1.1. Electromagnetic Field Equation Model

H-formulation is used to solve the magnetic field, and the two-dimensional Maxwell
equations are used as the governing equations. The governing equations are derived from
Maxwell’s equations for cylindrical coordinates [15,16] as

aHr 8E¢ _ 0

aF T oz =

oH, | 19(Ep) _ o . 3

Por tr—a o =0 ©)
[ ot _ o,
- or 0z

3.1.2. Heat Transfer Model
The heat transfer model adopts the law of heat conduction [17], and its form is
shown as:

aT
pCpar + V- (—kVT) +pCou- VT = Q (4)
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where p is the density of the material; C, and k are the specific heat capacity and thermal
conductivity of the material, which are related to the physical properties of the material,
and are quantities that change with time, temperature, or other parameters; u is the external
field dependent variable, and the common quantities are speed, etc.; T is the Kelvin
temperature; Q is the source term and represents the heat flux density. The heat source
of superconducting the magnet mainly comes from the AC loss of the magnet, the eddy
current loss of the metal structure, and the heat leakage of the current lead and Dewar. In
this model, ignoring the influence of the external field, it is considered that the heat source
mainly comes from the AC loss of the superconductor and the resistance heat of each part.

3.1.3. Electromagnetic-Thermal Coupling Model

Magnetic field and temperature both have an impact on tape’s critical characteris-
tics. Considering them together, a Kim-like model [18] that can be used to describe the
anisotropic tape, as shown in (5). B, and B,, represent the magnetic field perpendicular
and parallel to the tape direction, respectively. A, b, and By are the characteristic parame-
ters of the tape, which can be obtained by fitting the data of the critical current from the
experiment, generally 0 < a < 1. J(T) is the critical current density of the tape at 77 K.
E-] characteristics can be expressed by a power exponential function.

]C(B/ T) — ]C(T) 5 (5a)
y/a2|By P +[B. |
Jo(T) = Je(77K) (- )1 (5b)

In addition, the setting of boundary conditions is also very important for heat transfer.
In the simulation, the boundary conditions that are most appropriate to the actual situation
should be selected so that the results obtained are relatively accurate. Since this simula-
tion is about immersion cooling, the boundary conditions are given in the form of heat
flux curves.

Figure 4a shows the structure of a second-generation high-temperature superconduct-
ing tape. Here, a type of tape from Shanghai Superconductor Co. Ltd (Shanghai, China)
was adopted. The size of the tape is 4 mm @ 0.21 mm, and the minimum critical current
under self-field at 77 K is 100 A. Among them, the YBCO layer is 1 pm, the protective silver
layer is 2 um, the base Hastelloy layer is 50 um, the single-sided reinforced copper layer
is 75 um, and the buffer layer is thin at 0.2 um. A two-dimensional full model in Comsol
Multiphysics [19] was built, as shown in Figure 4b, to simulate the current distribution and
temperature rise characteristics of the tape.

Copper

Ag >

< YBCO

Hastelloy

Copper

(b)
Figure 4. The structure of superconducting tape. (a) The structure of the 2G HTS tape; (b) 2D full

model in Comsol Multiphysics. Here, the buffer layer is omitted because its thin width and poor
conductivity affect the characteristics of the tape.
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During operation, the heat of the superconductor is the difference between the heat
source and the heat dissipation. The heat source mainly comes from the hysteresis loss of
the superconducting layer, the eddy current loss of the reinforcing layer, and the coupling
loss between the layers. Heat dissipation includes heat taken away by the cooling medium,
radiant heat, etc., with the former dominating. In order to clarify the influence of heat
transfer on the temperature rise of superconductors, the calculation results of heat transfer
and adiabatic models were compared.

The current-carrying capacity of superconductors is closely related to temperature and
magnetic field. Essentially, temperature and magnetic field affect the flow capacity of the
superconducting layer in the superconducting tape. However, this effect is only reflected
during the quenching period of the superconductor. As the current, temperature, and mag-
netic field increase, part of the current in the superconducting layer transfers to other layers.
After the superconductor completely quenches, the superconducting layer has almost no
current-carrying capacity, and the current flows through other layers. The magnetic field
no longer affects the current shunt of the superconductor. Before quenching, the current
mainly flows through the superconducting layer, and the resistance is almost 0, and the
loss is extremely low. After quenching, the quench resistivity of the superconducting layer
is relatively high, and the current flows through other layers. It shows a certain resistance,
and the loss increases. Under certain flow conditions, if the superconducting properties are
not considered, that is the material properties of the superconducting layer are replaced by
ordinary conductor properties, and its resistivity is a linear function p(T) that is only related
to temperature. Considering the superconducting properties, the temperature rise of the
superconductor is higher. In order to clarify the difference between the two conditions, the
results of the model with and without superconductivity were compared.

3.2. The Overcurrent Model of Tapes

A 50 mm long tape was used, and the tape was immersed and cooled by 77 K liquid
nitrogen. Four models for the tape were built: Model 1 (considering superconductivity
and heat transfer), Model 2 (considering superconductivity and heat insulation), Model 3
(excluding superconductivity and heat transfer), and Model 4 (excluding superconductivity
and heat insulation). The current-sharing and the temperature rise characteristics of the
tape under the current amplitudes of 60 A, 80 A, 100 A, 200 A, 300 A, 400 A, 500 A, 600 A,
and 700 A sinusoidal excitation were simulated. The heat transfer coefficient of the heat
transfer boundary [20] is shown in Figure 5.

The heat transfer
ent

0 20 40 60 80 100
The temperature difference AT(K)

Figure 5. The heat transfer coefficient of LN2.

Figures 6 and 7 are, respectively, the current diversion and the highest temperature
value under 200 A and 600 A in Model 1 and Model 2. Model 1 considered the heat transfer
power between the tape and liquid nitrogen, and Model 2 simulated adiabatic conditions.
When the heat exchange was taken into account, the temperature rise was slightly lower.
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As the temperature increased, the current-carrying capacity of the superconducting layer
YBCO decreased, the current was mainly transferred to the reinforced copper layer, and
the current value gradually increased. When the temperature of the superconducting layer
was higher than 92 K, the current in the YBCO layer was almost 0. The higher the tape flow
was, the faster the quenching speed was.

200 YBCO —&— Cu —e— Ag —o— 1] 79.0 200 YBCO —&— Cu —— Ag —— 1] 81

100 1 78.52 100+ £
—~ = —~ =
= o = o
- < o ;
g 01 "78.02 £ 01 =
[ © o s
5 g 5 g
=100 77.5&  -1001 =

+l|l
=200 - T T T T T 77.0 -200 - T T T T T 77
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Time (s) Time (s)
(a) (b)

Figure 6. The current diversion and the highest temperature value under 200 A: (a) Model 1;
(b) Model 2.

800 9 800 YBCO —&— Cu —— Ag —— T]
A _ 160
40013 902 4001 £
= "’ 7 S = 140
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E) n h ._i-g-\ % 3 *E i Bl
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jon) " ' [ = I3
-400 80 =  —4001 100 &
80
=800 T T T T T T 75 —800 - T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Time (s) Time (s)
(a) (b)

Figure 7. The current diversion and the highest temperature value under 600 A: (a) Model 1;
(b) Model 2.

Figure 8 shows the temperature rise of Models 1-4 under current amplitudes of 60 A,
80 A, 100 A, 200 A, 300 A, 400 A, 500 A, 600 A, and 700 A sinusoidal excitation. As the cur-
rent increased, the tape’s temperature rose faster. Compared to the heat transfer boundary,
the tape’s temperature rose faster with the adiabatic boundary. Compared to superconduc-
tivity, the tape’s temperature rose slightly faster without considering superconductivity.

Figure 9 shows the temperature rise difference on the tape under different current-
carrying conditions between Model 1 and Model 2, and between Model 1 and Model 3. The
legend “detT + value” indicates the temperature difference between the two calculation
models under the current excitation of the value. The temperature rise difference under
adiabatic and heat transfer boundary was larger. Under the conditions, considering super-
conductivity or not, the temperature rise difference was smaller, all of which were lower
than 6 K. The temperature rise difference increased with the current value below 300 A and
had a downward trend when the current was higher than 400 A. This is because, under low
current, the superconducting layer has current-carrying capacity, along with lower heat.
When the current is large, the speed of the superconducting layer losing current-carrying
capacity becomes fast as the current increases, and the tape’s working state is closer to the
state of ignoring superconductivity.
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Figure 8. The highest temperature value under different current amplitudes: (a) Model 1; (b) Model 2;
(c) Model 3; (d) Model 4.
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Figure 9. The highest temperature difference under different current amplitudes: (a) Model 2-Model 1;
(b) Model 3-Model 1.

In summary, the overcurrent temperature rise data were valid when ignoring the
superconductivity of the tape. The impact boundary curve of the tape, which was calculated
according to the normally conducting wire while ignoring the superconductivity, was used
to determine the overcurrent parameters of the tape and calculate the number of parallel
tapes of the parallel inductance.
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3.3. The Overcurrent Model of Coils

Based on the above analysis of the superconducting tape, the temperature of the tape
rose faster under adiabatic conditions. Furthermore, when the superconductor was located
under a certain magnetic field, the superconducting characteristics of the superconductor
gradually attenuate with the increase of the magnetic field, and the attenuation speed
becomes faster and faster, until the superconducting characteristic disappears. Here, Model
A (considering superconductivity) and Model B (excluding superconductivity and taken as
normal conducting wire) are defined. Thus, the temperature rise characteristics of the tape
under the two conditions were closer. From this, it can be concluded that the temperature
rise of coils under the two conditions is closer. Related examples are given below.

A small coil with 16 turns was taken as the analysis object. The coil is made of
tape wrapped with a layer of 70 pm thick polyimide film. The inner radius of the coil is
82.5 mm and its model is shown in Figure 10. The coil’s inductance is 104 uH, and the
critical current is 62 A.

Tape polyimide film

Z

t,, MM

Figure 10. The model of the 16-turn coil.

Figure 11 shows the change curve of the highest temperature value on the coil with
time under different current amplitudes. Figure 11a corresponds to that of Model A and (b)
corresponds to that of Model B. The time required to reach the quenched temperature 92 K
was shorter when superconductivity is not considered. Figure 12 extracts the maximum
magnetic flux density value on the coil under the different current amplitudes, and this
value was proportional to the current amplitude.

—=— 60A —=— 60A
130 —o— S0A 130 —eo— S0A ‘
—A— 100A P —a— 100A o
1204 ++— 200A 120 9 +—— 200A
= —o— 300A / o —o— 3004 /“
S 1104 400 2 S 110 =+ 400 Wi
o —>— 500A 2 > 5000 f’
2 100 =*=-600A f’/ Z 1004 2= 6004 o
3 / SR »/;.«ﬂ
£ 90 glivers g 90 g et
() () & N
T ] Y e
80 - * M 80 ‘
20— - 70 | T -
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Time (s) Time (s)
(a) (b)

Figure 11. The highest temperature under different current amplitudes: (a) Model A; (b) Model B.
The black dashed line represents the quenched temperature 92 K, and the red dashed lines represent
the time used to reach the quenched temperature.

Compared to the tape, the temperature difference of the coil was smaller under Models
A and B, which was lower than 2.5 K, as shown in Figure 13a. When the current was lower
than 300 A, the temperature difference increased as the current value. When the current
was higher than 400 A, the temperature difference had a downward trend. The change
rule is similar to that of the tape. As the current on the coil increased, the self-field effect
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became stronger, and the magnetic field accelerated the attenuation of the superconducting
properties of the superconducting coil. Therefore, the temperature rise of the coil under
Models A and B was closer than that of the tape.

1.0

e
o

~

e
o

e
S

A

flux density (T)

e
S

The maximum magnetic

e

0 100 200 300 400 500 600

Time (s)

Figure 12. The maximum magnetic flux density value under different current amplitudes.

< =— detT60 —
E 2.5 ==ty = 0.08
o —4— detT100 §
S5 47— detT200 )
%2' 07— detr3od e £0.04
S ¢ detT400 b
= 1.5 — detT500 o
= —e— detT600 : :j © 0. 00 e i
1.0 o, 5
= M s
= o =— detT60 —e— detT80
20.5 e pestt 2-0.04 detT100 —v— detT200
g £ —— detT300 —<— detT400
200 = >— detT500 —e— detT600
: o \ \
2 b £-0. 08 o
= 0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
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Figure 13. The highest temperature difference under different current amplitudes: (a) under Model
A and B; (b) the 16-turn coil-the 50-turn coil.

Compared to the tape, the temperature difference of the coil was smaller under Models
A and B, which was lower than 2.5 K, as shown in Figure 13a. When the current was lower
than 300 A, the temperature difference increased with the current value. When the current
was higher than 400 A, the temperature difference had a downward trend. The change
rule is similar to that of the tape. As the current on the coil increased, the self-field effect
became stronger, and the magnetic field accelerated the attenuation of the superconducting
properties of the superconducting coil. Therefore, the temperature rise of the coil under
Models A and B was closer than that of the tape.

For superconducting coils, the greater the inductance value, the greater the magnetic
flux density generated by the overcurrent; thus, the more severe the critical current atten-
uation, the closer the temperature rise is to the normally-conducting coil. Here, take the
normally conducting coil as an example to analyze the relationship between temperature
rise and coil size. Assuming that the inner diameter of the coils is the same, the larger the
coil’s scale and the more corresponding turns, the greater the coil’s inductance and the
amount of wire used. Ignoring the heat exchange between the coil and liquid nitrogen, the
relational expression of temperature rise is derived, as shown in (6). It can be seen that
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the coil temperature rise is not directly related to the amount of wire used; thus, the coil
temperature rise is not directly related to the size of the coil.

ecmAT = Q
Q:Rlz,m:dV:dSl,R:p/é (6a)
AT = pP? /cds? (6b)

To verify whether the temperature rise of the normally conducting coil was related
to the coil size, a 50-turn coil model was established and compared with the 16-turn
coil. Among them, the inductance of the 50-turn coil was 856 uH. Figure 13b shows the
temperature difference of the 16-turn coil and the 50-turn coil under different currents. It
shows that the temperature difference between the two coils was extremely small, both
within 0.1 K. There were some fluctuations in the initial stage and stable oscillations at or
near a certain value in the later stage, which verified the theoretical derivation.

In summary, the overcurrent characteristics of tapes and coils, whether considering
superconducting characteristics or not, were analyzed from the perspective of temperature
rise. For the tape, the temperature difference was less than 6 K under the two calculation
conditions; when the current was higher than 300 A, the temperature rise under the two
conditions was closer. For the coil, the temperature difference was lower under the two
conditions because the self-field effect of the coil was stronger than that of the tape, and
the magnetic field accelerated the attenuation of the superconducting characteristics of
the superconducting coil. As the coil size increased, the temperature gap became smaller.
Based on the normal conducting wire, the impact boundary of the tape was calculated, the
overcurrent parameters were selected according to the actual demand, and then the number
of parallel tapes of the parallel inductance was determined. If it is estimated according to
adiabatic conditions, the design margin reserved is greater. The above work verifies the
feasibility of the simplified calculation of the number of parallel tapes.

4. The Electromagnetic Design Method of the Quenched FC-SFCL

The quenched FC-SFCL means that the limiter quenches when the system fault current
is large. Therefore, the current-carrying capacity of the limiter should be based on the rated
current and its ability to withstand the maximum current.

Aiming at the design of the quench-type parallel inductance, this paper proposed
a design method based on the simplified calculation of the number of parallel tapes.
The key point was to calculate the number of parallel tapes according to the simplified
calculation method, i.e., to ignore the superconducting characteristics and calculate the
impact boundary curve of the tape according to the normal conducting wire. First, the
allowable over-current multiples were selected according to the over-current requirements.
Then, the number of parallel tapes required for the parallel inductance was determined
according to the maximum through-current and allowable over-current multiples. Last, the
electromagnetic optimization design was carried out according to conventional methods.
The previous design idea was to obtain the number of parallel tapes in the electromagnetic
optimization process, and the magnetic field anisotropy of the tape needs to be considered.
This method obtain the number of parallel tapes first and then optimized the design. The
influence of the magnetic field can be ignored and the design difficulty can be reduced. The
overall design process is shown in Figure 14.
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Figure 14. The electromagnetic optimization design method of the quenched limiter.

5. The Electromagnetic Design Example of the Quenched FC-SFCL
5.1. The Design Example

A 10 kV/500 A quenched limiter prototype was designed by the electromagnetic
optimization design method in Chapter 4. The non-quenched prototype with the same
parameters was designed in [12]. The expected peak fault current was 5 x sqrt(2) kA, and
the fault steady-state current after current limiting was 2.5 kA.

Here, we used the Superpower SC54050 tape. The reinforced layer is the key factor
to influence the overcurrent-carrying characteristics of the tape. The simulation about
overcurrent endurance time was carried out on the tapes with different reinforced layer
thicknesses, and the ultimate endurance time under different maximum allowable tem-
peratures was obtained, which is shown in Figure 15. Among them, the heat exchange
between the tape and the liquid nitrogen was ignored, and the self-field critical current
122 A at 77 K was used as the standard value. The calculated result was used as the selection
criterion for the overcurrent multiple, reversing enough of the design margin. In the design,
the maximum allowable temperature was 300 K. According to the operation speed of the
switch, the limit withstand time of the tape was required to be 120 ms. Thus, the 100 um
thickness reinforced layer of the tape was selected, which allowed for a five-times higher
overcurrent [21].

40um, 300K
40um, 200K
40um, 100K
60um, 300K
60um, 200K
60um, 100K
80um, 300K
80um, 200K
80um, 100K
100um, 300K
100um, 200K
100um, 100K

The limit withstand time (ms)

2 3 4 5 6 7
The overcurrent multiples

Figure 15. Impact boundary curves under different reinforcement layer thicknesses.

The operating temperature zone of the limiter was selected as 77 K. The number of
parallel tapes required for the parallel inductance was calculated according to the expected
current peak value and the fault steady-state current after current limiting, and the larger
value was taken. Then, it was checked whether the current carrying capacity of the parallel
inductance exceeded the allowable current margin under rated conditions. If not, the
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design requirements were met, otherwise the number of parallel tapes would be increased
until the design requirements were met.

According to the expected current peak value, the total number of parallel tapes of the
parallel inductance was 5 x sqrt(2) x 1000/122/5 ~ 12, and the number of parallel tapes
of a single branch in the parallel inductance was 2.5 x sqrt(2) x 1000/122/5 =~ 6, according
to the fault steady-state current after current limiting. Tentatively, the parallel number of
the two branches of the parallel inductance was 6, and the allowable current margin was
0.8; thus, 6 x 2 x 122 x 0.8 = 1170 A > 500 x sqrt(2) A. Therefore, the above design met
the requirements.

Based on the optimized electromagnetic parameters in Section 4, the number of parallel
tapes of superconducting coils was modified, it was verified whether the working state
of the parallel inductance under rated conditions met the requirements through a specific
model, and its loss value and temperature rise were evaluated.

First, the highest magnetic flux intensity on the superconducting coil at rated state was
calculated, which was only 0.037 T; at this time, the minimum current-carrying capacity of a
single tape was 110 A. Therefore, the total current-carrying capacity of the superconducting
parallel inductance was not less than 110 x 6 x 2 = 1320 A, which is higher than the rated
value and met the requirements of safe operation.

Based on the H-formulation method, the AC loss calculation model of the quenched
superconducting parallel inductance at the rated state was built. Figure 16 shows the total
AC loss and the two branch losses of the parallel inductance at the rated state. At this stage,
the peak loss was less than 0.5 W, and the cooling power easily met the demand.

0 5}—‘3— Total ac loss —0— Branch 1 —— Branch 2
o \ \ \

£0.3 \1 ﬁ

<0.21

é) | |
0.1 g v e 7 |
0.0 , .

0. 00 0.01 0.02 0.03 0.04
Time (s)

Figure 16. AC loss during rated operation.

In order to evaluate the temperature rise of the parallel inductance during faults, an
electromagnetic-thermal-coupling model was built based on normally conducting coils
instead of superconducting coils for a rough check. Coupling the magnetic field (mf)
module and the solid heat transfer (ht) module in Comsol Multiphysics, the calculation
model of the parallel inductance was established, and the temperature rise during the fault
under the adiabatic boundary was calculated. The current waveforms of the two branches
are shown in Figure 5 in [12], and the fault after decoupling of the parallel inductance lasts
for one more cycle. Figure 17 shows the relationship curve between currents and maximum
temperatures of the parallel inductance during a fault. Under this working condition, the
maximum temperature of parallel inductance is still less than 115 K. Therefore, the above
design scheme is feasible.
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Figure 17. Current and temperature curves of parallel inductance during a fault.

5.2. Comparison of Quenched and Non-Quenched Schemes

In the comparison case, each branch of the non-quenched current limiter had
18 tapes in parallel (65 K), and the quenched one only needed 6 tapes (77 K); thus, the wire
consumption was greatly reduced. The quenched scheme had outstanding technical and
economic efficiency. In terms of steady-state operating loss, the number of parallel tapes
required for the parallel inductance of the quenched current limiter was reduced, the total
current carrying capacity of the coil was reduced, and the allowable current carrying margin
was reduced. The corresponding steady-state AC loss was larger than the non-quench type.
In terms of system operation stability, the non-quench current limiter did not quench under
any working conditions, and there was no quench recovery problem. It can cooperate with
the automatic reclosing of the power system, and the system stability was higher. During
the system fault, the quenched limiter has different degrees of quench. After the system
fault is cut off, it should be ensured that the limiter restores to the superconducting state
before reconnecting to the system. Table 3 summarizes the advantages and disadvantages
and applicable scenarios of the two working schemes of the current limiter.

Table 3. Comparison of advantages and disadvantages of non-quench type and quench type SFCL.

Terms Non-Quench Type Quench Type
(1) No quench recovery problem;
(2) Cooperate with system (1) Saves tape and reduces cost;
Advantages automatic reclosing; (2) Quench resistance can limit the
(3) Large current margin and low peak value of fault current.

loss during rated operation.
(1) Has a certain degree of quench

(1) Uses a large number of tapes; recovery problem;

(2) Cost is high;

Disadvantages (3) Cannot limit the peak value of (2) Cannot effec’Flvely cooperate with
system automatic reclosing;
the fault current. . - . .
(3) Higher refrigeration requirements.
Wthh can effectlvel}{ 1jemove faults, Which needs the limiter respond
. improve system stability and . . .
Applicable recovery automatically without automatically and limit the first peak
scenarios y Y value of the fault current and has high

limiting the first peak value of

technical and economic efficiency
fault current

The electromagnetic design of the non-quench type and quench type FC-SFCL was
discussed and exemplified in detail above. The two working schemes of the limiter had
many similarities in the electromagnetic design process, and the biggest difference was
in the determination of the number of tapes in parallel. The non-quench type needs to
ensure that there is no quench phenomenon during operation, and its current-carrying
capacity under the maximum leakage magnetic field still had a certain margin compared to
the maximum working current. In the electromagnetic design, the critical current-carrying
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capacity under the maximum fault current at the fault state and current-limiting state was
comprehensively considered. This value is closely related to the magnetic flux intensity
under the corresponding working conditions. It is necessary to ensure that the value is
higher than the working current to determine the number of tapes in parallel. The focus of
the electromagnetic design of the quench type limiter is to ensure the rated operation of the
parallel inductance without quench and to safely and stably operate under fault conditions.
The current-carrying capacity of the limiter should be based on the design requirement that
no overcurrent occurs at the rated current and the maximum allowable current that it can
withstand to determine the number of tapes in parallel. The work schemes of the limiter
should be selected according to the actual application scenario requirements.

6. Conclusions

In this paper, the engineering implementation scheme of the FC-SFCL was explored
and studied. In order to improve the technical economy of the engineering prototype, the
quench-type improvement scheme was proposed, and the research work was carried out
for its electromagnetic design method. The specific works and conclusions are as follows:

(1) Considering that the quench-type parallel inductance can limit the first peak value of
the fault current, a quench-type improvement scheme was proposed. The scheme can
limit the first peak value of fault current to a certain extent by the quench resistance at
the initial stage of the fault. After the parallel inductance is decoupled, the quench
resistance and the current-limiting inductance jointly limit the fault current, which
improves the current limiting capability of the limiter and reduces the interruption
requirements of the circuit breakers.

(2) In order to reduce the design difficulty of the quenched FC-SFCL, a simplified calcula-
tion idea of the number of parallel tapes and a design method based on the simplified
calculation idea of the parallel inductance were proposed. The idea is to ignore the
superconducting characteristics and calculate the impact boundary curve of the tape
according to the normal conducting wire. Then the allowable over-current multiples
were selected according to the over-current requirements, and the number of parallel
tapes of the parallel inductance were determined according to the maximum through-
current and allowable over-current multiples. This design method is based on the
idea of simplifying the calculation of the number of parallel tapes, which can ignore the
influence of magnetic field, simplify the design process, and reduce the design difficulty.

(3) Taking the 10 kV/500 A/5 kA prototype as an example, the electromagnetic design of
quenched parallel inductance was completed, and the performance of the two schemes
was compared. Compared to the non-quenched structure, the technical economics
of the quenched one were more prominent, and it can be used preferentially for
engineering prototypes.

Author Contributions: Conceptualization, S.Y. and Y.X. (Ying Xu); methodology, S.Y,, L.R. and ].Z,;
software, S.Y., S.S. and Y.X. (Yiyong Xiong); validation, S.Y., Y.X. (Ying Xu), B.L. and S.S.; formal
analysis, S.Y., Y.X. (Ying Xu), S.S. and Y.X. (Yiyong Xiong); investigation, S.Y. and Y.X. (Ying Xu);
resources, L.R. and ].Z.; data curation, Y.X. (Yiyong Xiong), B.L. and FX.; writing—original draft
preparation, S.Y., Y.X. (Ying Xu), and Y.X. (Yiyong Xiong); writing—review and editing, B.L. and EX.;
visualization, S.Y. and F.X.; supervision, L.R. and J.Z.; project administration, J.Z.; funding acquisition,
J.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Naval University of Engineering (2022XXX040).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings in this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2023, 16, 754 16 of 16

References

1.  Zhang, G.; Wang, H.; Qiu, Q.; Zhang, Z.; Xiao, L.; Lin, L. Recent progress of superconducting fault current limiter in China.
Supercond. Sci. Technol. 2020, 34, 013001. [CrossRef]

2. Degtyarenko, PN.; Zheltov, V.V.; Balashov, N.N.; Arkhangelsky, A.Y.; Degtyarenko, A.Y.; Kovalev, K.L. Fault Current Limitation
in Electrical Power Networks Containing HTS Cable and HTS Fuse. Materials 2022, 15, 8754. [CrossRef] [PubMed]

3. Barzegar-Bafrooei, M.R.; Akbari Foroud, A.; Dehghani Ashkezari, J.; Niasati, M. On the advance of SFCL: A comprehensive
review. IET Gener. Transm. Dis. 2019, 13, 3745-3759. [CrossRef]

4. Dai, S.; Ma, T,; Xue, C.; Zhao, L.; Huang, Y,; Hu, L.; Wang, B.; Zhang, T.; Xu, X.; Cai, L.; et al. Development and test of a 220
kV /1.5 kA resistive type superconducting fault current limiter. Phys. C Supercond. Its Appl. 2019, 565, 1253501. [CrossRef]

5. Leung, E.; Burley, B.; Chitwood, N.; Gurol, H.; Miyata, G.; Morris, D.; Ngyuen, L.; Hea, B.O.; Paganini, D.; Pidcoe, S.; et al. Design
and development of a 15 kV, 20 kA HTS fault current limiter. IEEE Trans. Appl. Supercond. 2000, 10, 832-835. [CrossRef]

6. Xin, Y.; Gong, W.Z.; Hong, H.; Niu, X.Y;; Zhang, ].Y,; Ren, A.R,; Tian, B. Saturated iron-core superconductive fault current limiter
developed at Innopower. Am. Inst. Phys. Conf. Ser. 2014, 1573, 1042-1048.

7. Badakhshan, M.; Mousavi, G.S.M. Flux-lock type of superconducting fault current limiters: A comprehensive review. Phys. C
Supercond. Its Appl. 2018, 547, 51-54. [CrossRef]

8. Chen, L; Tang, Y,; Li, Z.; Ren, L.; Shi, J.; Cheng, S. Current Limiting Characteristics of a Novel Flux-Coupling Type Superconduct-
ing Fault Current Limiter. I[EEE Trans. Appl. Supercond. 2010, 20, 1143-1146. [CrossRef]

9. Li, Z;Ren, L,;Cai, Z; Guo, S.; Zheng, H.; Xu, Y.; Song, Z.; Tan, X.; Shi, J.; Tang, Y.; et al. Performance Comparison of Three Types
of SFCL in Shipboard MVDC IPS. IEEE Trans. Appl. Supercond. 2021, 31, 5604905. [CrossRef]

10. Chen, L.; Deng, X.; Ding, M.; Chen, H.; Li, G.; Li, Y.; Qiao, X.; Yin, Y.; Wang, L.; He, H. Investigation of Flux-Coupling-Type
SFCLs for Enhancing Interconnectivity of Multiple Microgrid Clusters Under Fault Conditions. IEEE Trans. Appl. Supercond. 2021,
31, 5603407. [CrossRef]

11. Li, Z,; Liang, S.; Ren, L.; Tan, X; Xu, Y;; Tang, Y.; Li, J.; Shi, ]. Application of Flux-Coupling-Type Superconducting Fault Current
Limiter on Shipboard MVDC Integrated Power System. IEEE Trans. Appl. Supercond. 2020, 30, 5601908. [CrossRef]

12. Yan, S, Tang, Y.; Ren, L.; Wang, Z.; Zhang, L.; Yang, Z.; Xu, Y.; Zhang, Z. Electromagnetic Design and Performance Analysis of a
Flux-Coupling-Type SFCL. IEEE Trans. Appl. Supercond. 2018, 28, 5600305. [CrossRef]

13. Zhang, L.; Shi, J.; Yan, S.; Ren, L.; Tang, Y. System Application of Flux-Coupling Superconducting Fault Current Limiting Switch.
Trans. China Electrotech. Soc. 2018, 33, 5292-5299.

14. Yan, S.; Ren, L; Wang, Z; Yang, Z.; Xu, Y,; Chen, L.; Yu, B.; Tang, Y.; Liang, S. Simulation Analysis and Experimental Tests
of a Small-Scale Flux-Coupling Type Superconducting Fault Current Limiter. IEEE Trans. Appl. Supercond. 2017, 27, 5600205.
[CrossRef]

15.  Ainslie, M.D.; Rodriguez-Zermeno, V.M.; Hong, Z.; Yuan, W.; Flack, T.J.; Coombs, T.A. An improved FEM model for computing
transport AC loss in coils made of RABiTS YBCO coated conductors for electric machines. Supercon. Sci. Technol. 2011, 24, 045005.
[CrossRef]

16. Zhang, M.; Kvitkovic, J.; Pamidi, S.V.; Coombs, T.A. Experimental and numerical study of a YBCO pancake coil with a magnetic
substrate. Supercon. Sci. Technol. 2012, 25, 125020. [CrossRef]

17.  Liu, LS. On Fourier’s law of heat conduction. Continuum Mech. Thermodyn. 1990, 2, 301-305. [CrossRef]

18.  Amemiya, N.; Murasawa, S.-I.; Banno, N.; Miyamoto, K. Numerical modelings of superconducting wires for AC loss calculations.
Phys. C Supercond. 1998, 310, 16-29. [CrossRef]

19. Comsol Multiphysics. Available online: http://cn.comsol.com (accessed on 10 December 2022).

20. deSousa, W.T.B,; Polasek, A.; Dias, R.; Matt, C.ET.; de Andrade, R. Thermal—electrical analogy for simulations of superconducting
fault current limiters. Cryogenics 2014, 62, 97-109. [CrossRef]

21. Ruuskanen, J.; Stenvall, A.; Lahtinen, V.; van Nugteren, J.; Kirby, G.; Murtomaki, J. How to Computationally Determine the

Maximum Stable Operation Current of an HTS Magnet. IEEE Trans. Appl. Supercond. 2019, 29, 4701204. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1088/1361-6668/abac1f
http://doi.org/10.3390/ma15248754
http://www.ncbi.nlm.nih.gov/pubmed/36556559
http://doi.org/10.1049/iet-gtd.2018.6842
http://doi.org/10.1016/j.physc.2019.06.004
http://doi.org/10.1109/77.828360
http://doi.org/10.1016/j.physc.2018.01.011
http://doi.org/10.1109/TASC.2010.2044651
http://doi.org/10.1109/TASC.2021.3111859
http://doi.org/10.1109/TASC.2021.3094455
http://doi.org/10.1109/TASC.2020.2986747
http://doi.org/10.1109/TASC.2018.2793922
http://doi.org/10.1109/TASC.2016.2642143
http://doi.org/10.1088/0953-2048/24/4/045005
http://doi.org/10.1088/0953-2048/25/12/125020
http://doi.org/10.1007/BF01129123
http://doi.org/10.1016/S0921-4534(98)00427-4
http://cn.comsol.com
http://doi.org/10.1016/j.cryogenics.2014.04.015
http://doi.org/10.1109/TASC.2019.2898315

	Introduction 
	Operating Principle and Equivalent Circuit 
	Operating Principle of the Quenched FC-SFCL 
	Equivalent Circuit Analysis of the Quenched FC-SFCL 
	Current-Limiting Effect Analysis 

	Research on the Simplified Calculation Method of the Number of Parallel Tapes 
	Based Models 
	Electromagnetic Field Equation Model 
	Heat Transfer Model 
	Electromagnetic-Thermal Coupling Model 

	The Overcurrent Model of Tapes 
	The Overcurrent Model of Coils 

	The Electromagnetic Design Method of the Quenched FC-SFCL 
	The Electromagnetic Design Example of the Quenched FC-SFCL 
	The Design Example 
	Comparison of Quenched and Non-Quenched Schemes 

	Conclusions 
	References

