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High-current Winding for SMES Cable and
Its System Configuration for
Photovoltaic Power Transmission

Kohei Higashikawa, Tomoya Miyazaki, Tatsuya Tabuchi, Masaki Asano, Sho Moroi, Takanobu Kiss,
Kei Shiohara, Michio Sato, and S. M. Muyeen

Abstract— The use of electricity generated from renewable
energy sources is essential for a carbon-neutral society, and
countermeasures against their severe output power fluctuations
are key to this. In our previous studies, we proposed a
superconducting cable with energy storage function (SMES
cable) as such a countermeasure and successfully demonstrated
its function using a small model cable (with a current capacity of
the order of 100 A) and a simple circuit model (with photovoltaic
assumed by a voltage source) based on a hardware-in-the-loop
simulation (HILS). In this study, a kA-class model cable was
fabricated by parallel winding of a REBCO coated conductor,
and a HILS-based experiment showed that the cable could be
regarded just as an inductance with negligible loss. Furthermore,
it was found that the application of SMES cable to photovoltaic
power transmission could maximize the output power from the
photovoltaic while reducing its fluctuation by appropriately
combining a DC-DC converter and the current-voltage level of
the photovoltaic array.

Index Terms— DC power system, energy storage, photovoltaic
power generation, superconducting cable.

I. INTRODUCTION

HE use of electricity generated from renewable energy

sources is essential to realize a carbon-neutral society [1],
[2] and countermeasures against their severe output power
fluctuations are key to achieving this [3]-[6]. Energy storage
technology is a strong candidate for such a countermeasure.
However, energy storage devices with larger energy capacity
(e.g., pumped storage [7], compressed air energy storage [8],
hydrogen [9], etc.) tend to have a slower response speed, while
those with a faster response (e.g., electric double layer
capacitor [10], flywheel [11], superconducting magnetic
energy storage (SMES) [12], etc.) tend to have a smaller
energy capacity; no energy storage technology exists that
combines both the energy capacity and response speed.
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In our previous studies, we proposed a superconducting
cable with energy storage function (SMES cable) as such a
candidate [13]. An experiment based on a hardware-in-the-
loop simulation (HILS) showed that SMES cables can not
only play a role in power transport but also fully compensate
for severe output power fluctuation from photovoltaic (PV)
generation [14]. However, while full-scale SMES cables
requires current capacities of kA or more, the experiment was
performed with small-scale model cables wound with a single
REBCO coated conductor with current capacities in the range
of 100 A. Furthermore, the experiment was also conducted
assuming a very simple circuit in which PV was considered
just as a variable voltage source. Therefore, for future practical
applications of SMES cables, it is still essential to consider
higher current capacity and more detailed system
configuration.

In this study, a kA-class model cable was fabricated by
parallel winding of a REBCO coated conductor. The current
capacity of the cable was evaluated by the four-probe transport
method, and an experiment based on HILS revealed that the
cable could be regarded as a simple inductance. Furthermore,
assuming a SMES cable as a large inductance, a system
configuration was studied to maximize the output power from
PV while suppressing its fluctuation.

II. HIGH-CURRENT WINDING FOR SMES CABLE

A. Fabrication of a Model Cable and Its Current Capacity

A 1-m-long model cable was fabricated by parallel winding
of a REBCO coated conductor. Fig. 1 shows the photographs.
As a strand, an insulated 4-mm-wide coated conductor with a
critical current (at 77 K and self-field) of 196-202 A was
wound on a 75-mm-diameter core with 33 turns at a pitch of
37 mm. The number of the strands was eight, and all strands
were wound in one layer. Accordingly, the total length of the
winding became 1.23 m.

The model cable was immersed in liquid nitrogen and
measured by the four-probe method. Fig. 2 shows the results.
When the eight strands were connected in parallel, no
significant voltage could be detected on any of the strands as
shown by the closed symbols even when a current of 1.28 kA,
the limit of the power supply (Matsusada Precision PR10-
1200), was applied. Therefore, the eight strands were
connected in series, and the current capacity of the model
cable was estimated as shown by the open symbols.
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TABLEI
EVALUATION RESULTS FOR EACH STRAND OF THE MODEL CABLE
Strand ID Self-inductance Critical current n-value
(uH) (A)
1 9.88 207 37.0
2 9.84 203 31.8
3 9.80 197 32.6
4 9.83 186 37.5
5 9.88 191 37.4
6 9.91 191 38.4
7 9.80 193 39.9
8 9.87 195 41.5

8 parallel
strands of
4-mm-wide
REBCO CC

8 parallel 4-mm-wide
REBCO CC

/ . Winding: 8 parallel x 33 turns

1.23m

Fig. 1. Photographs of the model cable fabricated with 8 parallel winding of
4-mm-wide REBCO coated conductor (CC).
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Fig. 2. Current-voltage characteristics of the model cable measured by the
four-probe method: (a) double logarithmic plot and (b) linear plot. V1-8
indicates the measured voltage for each strand.

Table 1 also lists the critical current and n-value for each
strand estimated from the data plotted in Fig. 2 (a). The critical
currents of the strands were 186-207 A, which were almost
equal to those of the coated conductor at self-field, even
though a magnetic field of 50 mT was generated in the model
cable then. This would be due to the fact that the magnetic
field was applied parallel to the surface of the coated
conductor because the winding was almost a solenoid coil.
The total critical current is 1.56 kA, which is the maximum
potential of the current capacity where the current distribution
among the strands is homogeneous. Furthermore, the self-
inductance of each strand was also measured with an LRC
meter and found to be nearly equal among the strands as listed
in Table 1. Therefore, homogeneous current distribution
among the strands for a time-varying operation could be
expected. In summary, these results showed that the model
cable successfully energized 1.28 kA, and its current capacity
was estimated to be around 1.5 kA at the maximum.

B. Evaluation of the Behavior in Discharging Operation

A discharge operation experiment using HILS was also
conducted to evaluate the transient characteristics of the model
cable. Fig. 3 (a) illustrates the method. Since the concept of
the method has already been reported in our previous works
[15], it is briefly described here. A full-scale circuit was
modeled in the real-time digital simulator (RTDS), and the
instantaneous value of the current flowing in a full-scale
SMES cable, isc, was calculated. Considering the ratio of the
current capacity of the model cable to that of the full-scale,
downscaled current, inw, was applied to the model cable.
Then, the voltage induced in the model cable, vuw, was
measured and fed back to RTDS as that of the full-scale cable,
vsc, by scaling up with the ratio of the cable lengths. The
procedure was repeated every 50 pus.

Fig. 3 (b) shows the results for an extreme situation where
the output power from PV, ppy, suddenly drops from the rated
power to zero at ¢ = 0.4 s. Despite such a situation, it can be
seen that the load receives power, pioad, Without any
momentary interruption. This result shows that SMES cables
can compensate for high power up to the rating of the power
system itself at high speed. The cable supplied such a power
by the product of the current and the induced voltage. Here,
the relationship between current and voltage of the model

cable is given by the following equation:
di

-+ Rinw )
where L and R are the inductance and resistance of the model
cable, respectively. The value of L was estimated to be 4.99
pH theoretically from the diameter, length, and turn number of
the winding. If no loss is assumed in the cable, the following
equation can be derived from (2) with R = 0:

i (£) = [; 22y @)
Such current waveform estimated from the measured voltage
is superposed on the experimental one in Fig. 3 (b); it can be
seen that the two curves almost completely overlap. This
suggests that SMES cables can be regarded as an inductance

with negligible loss.

vpw = L
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Fig. 3. Model and the results of hardware-in-the-loop simulation (HILS): (a) model and (b) results in discharging operation.
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Fig. 4. Schematic of the simulation model. A DC-DC converter is used for maximum power point tracking (MPPT) for the photovoltaic array by adjusting the
relationship between input voltage, Vi,, and output voltage, V., Perturb and observe (P&O) algorithm [17] was employed for the MPPT.
Vout/Vin = 1/(1 = D) (3)
III. SYSTEM CONFIGURATION FOR PV POWER TRANSMISSION Vout/Vin = D 4

A. Simulation Model

Since the circuit model of the system considered in the
previous study was too simple where a PV array and its
output-side converter were treated as a mere voltage source
[15], a more detailed model was considered in this study. Fig.
4 illustrates the schematic of the simulation model. The
following is a description of each component.

Photovoltaic array: a PV array rated at 10 MW was
supposed. Three combinations of current and voltage
were prepared with  different  series-parallel
connections of PV panels: Cases PV1-3. Fig. 5 shows

the example characteristics of a PV array for Case PV2.

Since the output power varies greatly depending on the
operating voltage, maximum power point tracking
(MPPT) is indispensable. Fig. 6 shows the time
variation of solar irradiance to the PV array. The
waveform was taken from a reference [16].

DC-DC converter: A simple boost converter and a
simple buck converter were assumed. Since the current
in the SMES cable cannot be changed rapidly due to its
large inductance and does not always satisfy the
condition to maximize the output of the PV, such a
converter to change the current between the PV and
the SMES cable is indispensable for MPPT. The
relationship between input voltage, Vi, and output
voltage, Vou, is approximately expressed as follows,
respectively [18]:

The

Current (A)

Fig. 5.

where D is duty cycle of the corresponding switching
device in the converter.

SMES cable: an inductance of 20 H was supposed as a
result of a conceptual design [15] since the purpose of
this simulation is to clarify the feasibility of the system
even for such a large inductance.

Terminal: a constant voltage of 1 kV was considered
assuming loads and/or the adjacent system receive
power at a constant voltage.

simulation was performed with MATLAB/Simulink.

Array type: User—defined;
35 series modules; 1360 parallel strings

0.5.4W/en
5000 4
| 0.1 kw/m? \
0
0 200 400 600 800 1000 1200 1400
Voltage (V)
%10°

200 400 600 800 1000

Voltage (V)

1200 1400

Example characteristics of a 10-MW PV array considered in the

simulation with MATLAB/Simulink.
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Fig. 6. Time variation of solar irradiance assumed in the simulation.
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Fig. 7. Simulation results obtained with a boost converter: (a) power received
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B. Results and Discussion

Fig. 7 shows the results obtained with a boost converter. Fig.
7 (a) also includes the results for the case without SMES
cable; the fact that the received power at the terminal is
corresponding to the time variation of the solar irradiance
shown in Fig. 6 suggests that the MPPT woks for Case PV2
without problems. On the other hand, the fluctuation is greatly
suppressed with the SMES cable. However, for Case PV2, the
energy received at the terminal with the SMES cable (3.39 GJ)
became smaller than that without it (3.90 GJ). To investigate
the reason, the duty cycle was checked, and it was found that
the duty cycle reached its lower limit as shown in Fig. 7 (b)
when solar irradiance was low. Then, the current from the PV
array become smaller than the current in the SMES cable; the
boost converter cannot deal with such situation. To prevent
such a situation, the series-parallel connection of the PV array
was changed to Case PV1 where the current from the PV array
become higher. As a result, the power received at the terminal
increased; accordingly, also the energy increased to a similar
value (3.82 GJ) to that without the SMES cable (3.90 GJ).
Furthermore, Fig. 8 shows the results obtained with a buck
converter. By selecting an appropriate series-parallel
connection for the PV array, the buck converter was
successfully operated for Case PV3. Not only the output
fluctuation form the PV array was significantly suppressed,
but also the energy received at the terminal became almost
same value (3.92 GJ) as that without the SMES cable (3.90
GJ). From these results, it can be concluded that SMES cables
can provide significant compensation function for output
power fluctuation from PV with extracting energy from it as
much as possible.

IV. CONCLUSION

A kA-class model cable of SMES cable was fabricated and
successfully demonstrated a current capacity of 1.28 kA. A
discharge operation experiment based on HILS showed that
the cable could be regarded just as an inductance with
negligible loss. By a numerical simulation using such a
finding, it was confirmed that the application of SMES cable
to photovoltaic power transmission could maximize the output
power from the photovoltaic while reducing its fluctuation by
appropriately combining a DC-DC converter and the current-
voltage level of the photovoltaic array. These results will be an
important step toward the practical application of SMES
cables for the use of renewable energies as a main power
source for a carbon-neutral society.
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