Aalborg Universitet AALBORG

UNIVERSITY

Laboratory and Field Test of Movable Conduction-Cooled High-Temperature SMES for
Power System Stability Enhancement

Fang, Jiakun; Wen, J. ; Wang, S. ; Shi, J.; Ren, L. ; Tang, Y. ; Peng, X.; Chen, Zhe

Published in:
| E E E Transactions on Applied Superconductivity

DOl (link to publication from Publisher):
10.1109/TASC.2013.2256350

Publication date:
2013

Document Version
Early version, also known as pre-print

Link to publication from Aalborg University

Citation for published version (APA):

Fang, J., Wen, J., Wang, S., Shi, J., Ren, L., Tang, Y., Peng, X., & Chen, Z. (2013). Laboratory and Field Test of
Movable Conduction-Cooled High-Temperature SMES for Power System Stability Enhancement. | E E E
Transactions on Applied Superconductivity, 23(4), Article 5701607. https://doi.org/10.1109/TASC.2013.2256350

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1109/TASC.2013.2256350
https://vbn.aau.dk/en/publications/488ba5cf-d772-4af4-a53f-9b61342f251d
https://doi.org/10.1109/TASC.2013.2256350

Downloaded from vbn.aau.dk on: June 18, 2025



Laboratory and Field Test of Movable Conduction-Cooled High Temperature
SMES for Power System Stability Enhancement

Jiakun Fang, Jinyu Wen, Shaorong Wang, Jing Shi, Li Ren, Yuejin Tang, Xiaotao Peng, Zhe Chen

Abstract - This paper introduces the first movable conduction-
cooled high temperature superconducting magnetic energy
storage (SMES) system developed in China. The SMES is rated
at 380 V / 35 kJ / 7 kKW, consisting of the high temperature
magnet confined in a dewar, the cryogenic unit, the converter,
the monitoring and control unit, and the container, etc. The
proposed SMES can be loaded onto a truck to move to a desired
location and put into operation with easy connection. Laboratory
and field tests have been carried out to investigate the operational
characteristics and to demonstrate the SMES’ effectiveness on
improvements of system voltage stability and on the oscillation
damping. Test results indicate that the SMES system has the
features of fast response and four-quadrant power operation.
The accessories for the movability of the SMES system are well
designed. The system is feasible to be used in power systems.

Index Terms-- conduction cool, high temperature
superconducting, moveable SMES, power system transient
stability, superconducting magnetic energy storage

I. INTRODUCTION

A power system stabilizer based on energy storage system,
as a potential solution to mitigate fluctuations of power
generation and consumption and improve power system
stability, draws much attention, especially under the situation
of increasing penetration of the intermittent renewable power
generations.  Superconducting magnetic energy storage
(SMES), featured with high efficiency, high power density
and fast response, is a potential solution of dealing with power
imbalance in a power system, enhancing stability [1]-[3] and
improving power quality [4], [5].

In 1982-83, a 30MJ SMES was installed in the Bonneville
Power Administration (BPA) Tacoma substation to mitigate
the power fluctuations of the Pacific ac Intertie [6]-[9]. The
SMES was also participates in voltage stability enhancement
and frequency control. In 2000, the American Superconductor
Corporation (ASC) and General Electric (GE) have developed
the distributed SMES to improve voltage stability and system
reliability [10]. The above mentioned SMES systems adopt
low-temperature superconductors (LTS). The LTS require a
working environment at 4.3 K, and hence need supplementary
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coolant such as liquid helium to be refilled continuously.

Compared to the LTS, the high-temperature
superconductors (HTS) can achieve superconducting with
transition temperature as high as 138 K. SMES with HTS has
the advantages of easier operation and more compact size. The
efficiency of the cryogen increases exponentially with the
temperature. Some projects have been conducted to use this
type of SMES in power system applications [11]-[14]. The
New Energy and Industrial Technology Development
Organization (NEDO), cooperating with the Tokyo Electric
Power Company and Kyushu Electric Power, proposed the
commercial HTS SMES systems for stability enhancement (15
kWh / 100 MW) and load frequency control (500 kwh / 100
MW) [15], [16]. The beneficial role of SMES coil in HVDC
lines as an energy buffer for renewable energy integration has
been demonstrated in [17] and a 600 MWh SMES-HVDC
project is under planning [18]. With the development in
cryogenic technology, an HTS magnet can be cooled by a
cryo-cooler directly without the need of liquid helium and
nitrogen [19]. Since continuous refill of liquid helium or
nitrogen is not necessary, the SMES with conduction cooling
method can be built as a movable device. Such a movable
SMES is proposed in [20] for power quality improvement. But
few work about SMES with HTS magnets for improving
transient stability has been reported.

This paper developed a movable SMES module converted
from the laboratorial prototype proposed in [21]. All
subsystems of the SMES are integrated into a portable module
for transportation. As the first step to develop a movable high
temperature conduction-cooled SMES for industry application,
a series of laboratorial experiments as well as field
experiments are carried out, including power regulation, and
active and reactive power compensation. Functions of the
SMES, including energy storage and stability enhancement,
are demonstrated. The SMES is also used as the prototype for
allocation and control strategy study.

The remainder of the paper is organized as follows: Section
Il introduces the structure and components of the SMES. Then
in Section I11, laboratory experimental results are presented to
verify the functionality of each part of the SMES. The field
test results are introduced in Section IV. Finally conclusions
are drawn in Section V.

Il. DEVELOPMENT OF THE SMES

The proposed SMES is rated at 380 V / 35 k / 7 kW,
consisting of the HTS confined in the dewar, the cryogenic
unit, the converter, the monitoring and control unit (MCU),



the container and other accessories. The system structure is
shown in Fig. 1. The MCU is used to monitor the real-time
operation conditions of both the SMES and the connected
power system. Instructions are sent to the converter according
to the controller embedded in the MCU. It also has the
function of human-machine interface and waveform recording.
The converter, as the electrical interface between the
superconducting magnet and the power system, controls the
dual-directional power flow between the ac and dc sides
according to the instructions from the MCU. The solenoid
type HTS of the SMES is confined in the dewar to be kept at
low temperature by the cryogenic unit.
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Fig. 1. Functional block diagram of the SMES

There are 3 control levels in the SMES system: one
implemented in the MCU and the other two embedded in the
converters shown in Fig. 1. The upper-level controller gives
the active and reactive power reference commands P, and
Qret through the MCU to the converter. The mid-level
controller decouples the active and reactive power output. The
lower-level controller produces sinusoidal pulse width
modulation (SPWM) signals to IGBTs of the current source
converter (CSC).
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Fig. 2. The overview of the SMES

The SMES is assembled in a special water proof container
with air conditioner installed. The container is 6 m long, 2.4 m
wide and 2.6 m tall, as shown in Fig. 2. For the convenience of
operation, the container has three doors and two windows. An
air conditioner and fan are installed on the walls of the
container with the thermal insulating layer. Some of the
channel steels are installed on the inside surface of the
container to improve its strength. The doors and windows, the
fan, the air conditioner, as well as the external electrical and
circulating water interfaces, are specially designed with water
and wind proof feature so that the SMES may be used
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outdoors. During a 2-week field test, the SMES is kept
working outdoors in hot summer and suffering thunderstorms,
which demonstrates the well-design of the container.

The MCU, converter, cryogenic unit are in standard
cabinets directly welded onto the top and the bottom of the
container by channel steels. Because the magnet is a
sophisticated device with pool capability of anti-shock and
weight up to 1 ton, special care needs to be taken during
transportation. Fig. 3 depicts the fixing of the dewar to the
container. Tensioned springs are used to fix the dewar to the
wall of the container and absorb horizontal impacts in transit.
Vertically, suspension and base guarantee a smooth passage
over the bumpiest road.
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Fig. 3. The fixing of the dewar to the cabinet

Inside the dewar, between the upper flange of the vacuum
vessel and its body, a connection flange is added and the
magnet is hanged from it by four hanger rods, as shown in Fig.
4. The upper of the radiation shield is positioned by locating
blocks to avoid its right-and-left displacement, and the
underside is fixed by leg stays. Since the middle connection of
the magnet is incompact and four screw arbors are too thin to
resist shearing stress, four fixtures are added to connect the
bottom flange of the magnet and the epoxy supporting plate,
also the stay bolts are lengthened and locked on the supporting
plate by locknuts. In order to prevent the swing of the bracing
rods of the magnet, their footpads are fixed doubly by
alignment pins and set bolts.
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Fig. 4. The schematié of magnet inside the dewar
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The field test of the SMES has been carried out in the



Laohukou hydro power plant in Hubei province. The plant is
500 km from Huazhong University of Science and
Technology where the SMES is manufactured. After travelling
all the way the SMES is still workable. The movability feature
of SMES is demonstrated by transporting the system under
various road conditions.

I11. LABORATORY EXPERIMENTS OF THE SMES

In order to demonstrate the effectiveness of the cryogenic
unit, the converter, and the MCU, three aspects of laboratory
experiments are carried out respectively, including heat
characteristic analysis of the conduction cooling system,
power regulation characters, and power oscillation damping.

A. Cooling process of the superconducting magnet

The magnet of the developed SMES consists of 32 Bi-
2223/Ag tapes, and designed as solenoid type according to the
capacity of the magnet, the requirements of power regulation
and the conduction-cool cryogenic unit [22]. The tape can
operate with 3 T at 20 K. Therefore, the magnet can operate
with fast current ramps, which is important for dynamic power
compensation [23]. The specifications are given in the
appendix. The current leads are divided into two sections: one
working in superconductive state which is made of Bi-2223
sticks while the other works in the room temperature which is
made of copper for interface with the outer environment.

The HTS is confined in a vacuum dewar for heat insulation.
Conduction cooling method is adopted. The internal pressure
of the dewar is 1.0<10" Pa. A radiation shield is installed
inside. The cooling system consists of a single-stage GM cryo-
cooler and a two-stage GM cryo-cooler. The operating
temperature of the high temperature magnet and the current
leads reaches the heat-equilibrium state, under a temperature
varying from 16K to 20 K.
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Fig. 5. Temperature and resistance variations of the superconductive magnet
during cooling process

The variation of the magnet resistance and average
temperature during the process of cooling down is shown in
Fig. 5. It takes 17 h to cool the magnet to the superconducting
state and 28 h to reach thermal equilibrium. Temperatures of
the upper, middle and lower parts of the magnet are 25.6 K,
205 K and 23 K, respectively. These are the average
temperatures of a variety of sensors which have different
distances to the cooling head of the refrigerator. In fact,
different part of the magnet reaches superconducting state at a
different time. As the result, one cannot see the step change of
the resistance to zero in the figure.

B. Power regulation tests

The converter is the electrical interface between the HTS at
dc side and the ac power system. It is designed with a multi-
module topology, which enables the scale of the SMES to be
easily enlarged by connecting more magnets. Therefore, a
number of small-scale SMES can be collectively controlled as
a larger scale one [24]. The power electronic circuit is shown
in Fig. 6. Four 6-bridge CSCs are directly connected in
parallel at the ac side. The dc sides of the converter modules
are paralleled through current-sharing inductance which limits
the circulating current caused by inconsistence of
instantaneous voltage. Each inductor is 15 mH with resistance
of less than 30 mQ. There is also a filter circuit at the ac side
of each converter. The single phase filter capacitance is 50 pF
for one converter module. The current and voltage of the dc
side are rated to 200 A and 250 V, respectively. The multi-
module converter can be connected with a number of modules
to gain the advantages of low-harmonic ac current and high
total power capacity.
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Fig. 6. The circuit diagram of the power conditioning subsystem
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Fig. 7. Power regulation characteristics of SMES. (a) 4-quadrant power

regulation.(b) Active power regulation.(c) Reactive power regulation.

The MCU consists of three major parts: the human machine
interface, the measure and control unit and the waveform
recording unit. It is used to monitor the real-time operation
condition of both the SMES and the connected power system
and send instructions to the converter through RS232 serial



communication port according to the system requirements and
control scheme.

The power regulation tests are carried out to demonstrate
that SMES can regulate active and reactive power
independently in 4 quadrants. Controlled by the open-loop
controller in the MCU, the SMES follows the changing power
regulation references. In Fig. 7(a), the active power reference
changes between +1 kW and -2 kW in every 100 ms, while the
reactive power reference changes between &3 kVar in every
160 ms. The results demonstrate that the SMES enables to
decouple the active and reactive power. Fig. 7(b) and (c) show
the active power and 3-phase current | injection, and reactive
power and voltage at the terminal U of the SMES. From these
figures one can see the proposed SMES has a response time
less than half a cycle (50 Hz).

C. Power oscillation damping
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Fig. 8. The damping controller of SMES

The upper-level controller, embedded in the MCU, consists
of two control loops for active and reactive power as shown in
Fig. 8. One adopts the active power deviation, AP, as the input
while the other adopts the voltage deviation as the input. Dead
bands are set to 0.1 kW and 10 V, respectively.

For the simplicity of a plug and play device, the bias of
active power, AP, instead of the rotor speed derivation, Aw, is
adopted as the feedback signal of the upper level controller. In
the field test of the 30 kJ SMES system in the hydro power
plant of Kyushu Electric Power Co., the Aw control mode [25]
is used for system stabilization. The rotor speed derivation,
however, is usually hard to measure in power systems. In this
work, the SMES is connected to the terminal of the generator.
So the local signals such as the derivation of electrical power
of the generator output is measured and used as the feedback
signal for the upper level controller.

The dynamic experiment of the SMES for improving power
system stability is carried out. A single machine infinite bus
(SMIB) system with the SMES as shown in Fig. 9 is
configured. The specifications are listed in the appendix. In
the first experiment, the line 1 is tripped during a steady state.
Fig. 10 illustrates the power oscillation with and without the
SMES. Comparing the dotted and solid lines, one can see that
the power oscillation is dampened and the system stability is
improved by the SMES.

6 KVA Line 1 (340km) K

Line 2 (340km)

7
5 kVA 3-phase fault

simulator

€33

SMES

Fig. 9. Laboratory test system

The response of the SMES to a three-phase short circuit is
studied in the second case where the three-phase short circuit
fault occurs at the middle of line 2, lasting for 300 ms. The
fault is emulated by three-phase relay in the laboratory whose
reclosure angle can be controlled accurately. Since line 1 has
been out of service before the fault, this disturbance causes
much more severe power oscillation. Fig. 11 depicts the
process. Due to the very low voltage at the generator terminal
where SMES is connected, the power chasing control scheme
of the SMES, extracting or absorbing active power during a
fault, can easily trigger the over-current protection of the CSC.
The SMES resumes the system stability control when the
generator’s terminal voltage recovers to 90% of the nominal
value according to MCU’s measurement. Therefore, during
0.2 s to 0.4 s, the dotted and solid lines coincide. After the
time of 0.4 s, dynamic stability of the ac power system is
enhanced by the SMES as shown in Fig. 11 (b) to (e).

P, (kW)

time(sec)
Fig. 10. Generator power swing with (solid line) and without (dash line)
SMES in the first POD experiment

0 0.5 1 15 2 25 3 35
time(sec)
(a) Active power oscillation of the generator with (solid line) and without
(dash line) SMES

e

0 0.5 1 15 2 25 3 3.5
time(sec)

(b) Active (in black) and reactive (in blue) power output of SMES
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Fig. 11. Dynamic system response under 3-phase fault

IV. FIELD TEST OF SMES

The field test of the SMES has been carried out in the
Laohukou hydro power plant in Hubei province. Fig. 12 shows
the power system for the field experiment, the generator is
connected to the nearest substation through a 1.7 km 10 kV
transmission line. Ts and Tg, being the same type of
transformers as the step-up transformer T,, are added to
provide the suitable total inductance between the generator
and the substation, which makes the system weaker so that the
power oscillation can be observed more apparently.
Disturbance is created by suddenly closing the circuit breaker
to connect a 45 kW resistance load between Ts and Tg as
shown in Fig. 12.

125kW

T,
©

l()k\,_ —— —— 10kV

:? iii

45kW resistance load

I MCU I

M -SMES

Fig. 12. The field experiment circuit

Fig. 13 depicts the power swing caused by the load
disturbance. At 0.1 s, the circuit breaker is closed. From Fig.
13 (a) and (b), one can see that the resistance load mainly
causes active power oscillation, while has little impact on the
generator’s terminal voltage or reactive power output. In Fig.
13 (c), the generator terminal voltage stays at a relatively
stable value in comparison with the current output. So the
SMES effectively dampens the power oscillation with active
power injection, the reactive power output remains zero.
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Fig. 13. Power oscillation caused by resistance load disturbance. (a) Generator
real power output. (b) 1-phase current. (c) Generator terminal voltage.

Since the SMES has a relatively small capacity, the 125
kW generator is adjusted to operate at a low power production
of 9 kW. The SMES is set to output active power only. From
Fig. 14, one can see that the power oscillation caused by 45
kW disturbance is suppressed by the SMES effectively.
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Fig. 14. Field test results, generator at the working point of 10kW. (a) Power
oscillation with (solid line) and without (dash line) SMES. (b) 1 phase
generator current with SMES. (c) 1 phase generator current without SMES.




time(sec)
Fig. 15. Generator power oscillation with (solid line) and without (dash line)
SMES at the working point of 33.5kW.

Another test is conducted the same as the last one, but the
generator output is adjusted to 33.5 kW. Fig. 15 shows the
active power fluctuation of the generator. The SMES achieves
best damping effect in this test and stabilized the generator in
4 swings. The fluctuation continues more than 6 cycles
without SMES.

61.2
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8 60.8
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604
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Fig. 16. The RMS voltage at the terminal of the generator

Another purpose of the field test is to verify that the
SMES?’s ability of improving power quality. Laohukou hydro
power plant is located at the end of the power system with
severe voltage fluctuations. In this test, the test circuit remains
the same as Fig. 12, but the generator stops running. Only the
SMES is connected to low-side of T, directly. When 45 kW
load is suddenly connected, the bus voltage drops, as shown
by the dotted lines in Fig. 16. The SMES is activated after
500ms to boost the bus voltage. Although the SMES has a
limited capacity compared to the generator and system, and
the bus voltage is difficult to return to the steady-state value, it
is apparent that the SMES improves the voltage and restored it
closer to the steady-state value.

V. CONCLUSION

A movable high temperature conduction-cooled SMES is
built for applying SMES technology in power system
applications. The movable SMES is flexible and easy for
connection. The field test results show that the SMES has the
feature of anti-shock design and workable under various
conditions. It has the functions of energy storage, decoupled
regulation of active and reactive power, power oscillation
damping, as well as power quality improvement. As a new
application for power system stability enhancement, the
proposed SMES can facilitate the location and control strategy
studies in future work.

APPENDIX
Specifications of the HTS are shown in Table I.

TABLE | SPECIFICATIONS OF THE SUPERCONDUCTING COIL

Specification Parameter

Coil configuration Solenoid type

Conductors Bi2223/Ag
Number of pancakes 32
Total conductor length 7400 m
Inductance 78H
Rated current 100A
Maximum field 3 Tesla

Parameters of the generator for laboratory test are listed in
Table Il. The line reactance of the transmission line and the
transformer at the generator side are x;;=x;,=0.89 p.u. and
x1=0.13 p.u.

TABLE |l GENERATOR DATA IN LABORATORY TEST

Specification Parameter
Power rating 4 kW /5 kVA
Rated voltage 210V
Rated power factor cosp 0.8
direct-axis transient reactance 0.126 p.u.

In the field test, the parameters of the generator with exciter
are listed in Table I1l. The 10 kV transmission line is 1.7
kilometers long. The capacity of the resistance load is 45 kW.

TABLE 11l GENERATOR DATA IN FIELD TEST

Specification Parameter

Power rating 125 kW / 160 kVA

Voltage 400 V
Power factor cosg 0.8

Exciter Current 113 A

Exciter Voltage 265V
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