Emerging SMES Technology into Energy
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Abstract With the rapid development of clean and renewable energy technology,
energy storage devices are more eagerly required. The applicable high temperature
superconducting (HTS) materials achieved arouse the superconducting magnetic
energy storage (SMES) devices having unique properties to play a substantial role.
Superior characteristics have made the SMES technology attractive and a per-
spective option to practical applications broadly, especially for smart grids (SGs).
SMES technology is described and verified including principle, circuit topology,
control strategy, and device performance to form a comprehensive understanding
of the emerging energy storage technology using the advanced HTS material and
associated technology. SMES application is then introduced with the emphasis to
develop relevant concepts to suit smart grids (SGs).

Keywords SMES - HTS - HTS inductor - Smart grid - Energy storage - Energy
management - Power inductor charge - Power electronic device - Digital control -
Power conditioning system - Bridge-type chopper

1 Introduction

With the rapid development of modern and new technology industries, the ratio of
load sensitivity to power quality is continually rising in proportion, which simply
means that the modern society has the urgent need for a higher quality of power
supply. On the contrary, the problems of electric power supply caused by the rush
of reactive power, power system faults, and operating errors, etc., are becoming
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more and more serious to modern grids. Adequate action is necessary, such as to
compensate reactive power and absorb active power using energy storage systems
(ESSs). Energy storage devices and application techniques also play an important
role to cooperate with modern green, clean, and renewable energy technology in
various fields, which devices have different types and principles, from mechanical
to chemical and simple structure to novel material.

High temperature superconducting (HTS) materials and technology have
reached the stage for practical applications [1-11] and enabled a potential to
realize a practical energy storage device, i.e., HTS superconducting magnetic
energy storage—HTS SMES. SMES is in general able to offer fast reaction, high
power density, high energy density, light weight, low loss, long life, and envi-
ronment-friendly operation. Superior characteristics made the SMES attractive and
a possible option to practical applications in various fields.

SMESs are introduced with the comparison to various energy storage tech-
niques to identify the emerging technology. Principle, circuit topology, control
strategy, device performance, and applications are included to form a compre-
hensive description and understanding of this emerging technology. The contents
consequently include the following sections: (i) Comparisons of various energy
storage techniques; (ii) Principal SMES circuits and control techniques; (iii)
Experimental prototype and application characteristics; (iv) Development status of
worldwide SMES devices; (v) SMES application topologies and performance
evaluations in power grids; (vi) Prospective SMES applications in cooperation
with electric power smart grids (SGs).

2 Energy Storage Techniques

According to the specific principles, there are three main types of energy storage
systems (ESSs): (i) Physical energy storage including pumped hydro storage
(PHS), compressed air energy storage (CAES), and flywheel energy storage (FES);
(i) Electromagnetic energy storage including superconducting magnetic energy
storage (SMES), super-capacitor energy storage (SCES); (iii) Electrochemical
energy storage including lead-acid, lithium-ion, sodium sulfur, and fluid flow
battery energy storage, etc. Various types of energy storage devices are summa-
rized in Table 1 as a guideline of technical specifications.

Physical energy storage is a kind of relatively mature and practical energy
storage technology, which is limited by topographical and geological conditions to
implement. The technology of electrochemical energy storage is evolving fastest
so far, of which sodium sulfur battery, fluid flow battery, and lithium-ion battery
technologies have made great breakthroughs in energy conversion efficiency,
safety, and economy with increasingly industrialized applications. The energy
conversion efficiency of sodium sulfur battery can reach 80 % with three times
energy density as lead-acid battery with a much longer life cycle.
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Fig. 1 Circuit topology of a typical power conditioning system

SMES devices can store the electric energy as electromagnetic energy in the
superconducting inductor and release the stored energy if required. Comparing
with other energy storage devices, SMES devices have fast response time, high
power density, high energy storage efficiency, and long lifetime with little envi-
ronmental pollution. The current focus on the applied superconducting technology
for SMES has been moving to the industrial applications from the laboratory
research stage, and the technology has been well verified for practical applications
from small to large-scale units.

SMES applications are most commonly associated with the electrical power
systems, such as considered for use in SGs recently, meanwhile other applications
can also readily be found such as in electric vehicles (EVs), uninterruptible power
supplies (UPSs), and power devices with special functions.

3 SMES Circuit and Control Techniques
3.1 Principle and Operation Theory

In general, the SMES-based power apparatuses have the dynamic electric energy
exchange between a superconducting coil and an external interface for a power
system. With regard to the SMES control, a conventional chopper having two
power switches and two power diodes is mostly applied to link the HTS coil to the
DC bus and to achieve the bidirectional power exchange for managing the gen-
erated power of distributed generators (DGs) or maintaining the uninterruptible
power of critical electric equipment. As shown in Fig. 1, a typical power condi-
tioning system (PCS) with voltage source converter (VSC), it has three main
operation states, i.e., energy charge state, energy storage state, and energy dis-
charge state. The HTS coil is charged by a DC power source through the power
switches Sy, S,, then stores its magnetic energy through the power switch S, and
the power diode D, and finally discharges its stored energy to the external load
through the power diodes D; and D,, respectively. Figure 2 shows the operation
principles of the conventional chopper.
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Fig. 2 Operation principles (a) HTS coil
of the conventional chopper.
a Energy charge state;

b Energy storage state;

¢ Energy discharge state
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According to the state-of-the-art power electronic technologies [12], the appli-
cable voltage rating of the insulated gate bipolar translators (IGBTs) is between 0.5
and 6.5 kV. Since the most SMES devices currently are developed for low voltage
power distribution applications [13], having operation voltages across the HTS
coils at kV level, IGBTs are normally applied to form a conventional chopper. Even
when the operation voltage across the HTS coils drops to 750 V in the ongoing
2.4 GJ SMES project [14], IGBTs still have the advantages over MOSFETs.
However, if the applicable voltage ratings are below 500 V, the metal oxide
semiconductor field effect transistors (MOSFETS) are more suitable to achieve
high-efficiency and high power energy conversions for various end-users’ appli-
cations such as EVs [15] and UPSs [16]. Meanwhile, the turn-on resistances in the
commercial low-voltage MOSFETs have already been reduced to Milliohm level or
below, which results in much lower consumed power than that in the power diodes.

Recently, new focuses of low-voltage SMES applications have been formed for
various power end-users. The rapid developments of hydrogen-powered fuel cell
vehicles (FCVs) make it available to cool the HTS or MgB, coils by fully making
use of the onboard liquid hydrogen (LH,). The SMES technology has been tech-
nically verified [17, 18] to improve the fast repeated charge—discharge performance
for regenerative braking. Meanwhile, some low-voltage direct-current (LVDC)
power transmission systems have been proposed and studied to connect with var-
ious DC output type distributed generators (DGs) [19] such as photovoltaic (PV)
cells and fuel cells (FCs), and to supply the electric loads in the commercial and
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Fig. 4 Energy charge state D, HTS coil D,
of the bridge-type chopper

A

residential buildings [20]. The superconducting DC cable with nearly zero energy
loss has been applied to achieve high power and long-distance power transmission,
with an additional SMES device introduced to enhance the whole power transfer
capacity and stability [21, 22]. In the above low-voltage applications, several
considerable benefits from the SMES technology can be derived to improve the
power quality for the end-user, to achieve high-efficiency operation for energy
saving, and to lower the capital cost of the SMES device. Therefore, beside the
current large-scale SMES applications for power transmission and distribution,
small-scale SMES devices also have very promising application prospects for use in
the power end-user systems.

Consequently, a new bridge-type chopper using MOSFETs is proposed [23] and
analyzed to reduce the energy loss for low-voltage applications. The circuit
topology of the bridge-type chopper is shown in Fig. 3. It mainly consists of four
low-loss power electronic switches, i.e., MOSFETs §;-S, paralleled with their
reverse diodes D|—D,, and a DC-link capacitor C paralleled to the load R. Like the
conventional chopper, it also has the same three main operation states. In addition,
owning to the inevitable turn-on and turn-off delayed time of a practical power
switch, two transient operation states are necessary to avoid potential short circuits
of the DC power supply and DC-link capacitor.

When the bridge-type chopper operates at energy charge state, the HTS coil L is
charged by a DC power supply U through S, and S3, as shown in Fig. 4. The circuit
voltage equation can be expressed by

U—LdI(Ll—t([)—IL(t)(RL+2RS):O (1)
where I;(t), transient current through the HTS coil; R;, lossy resistance from the
connection junctions and current leads in the HTS coil; Ry, turn-on resistance of
the MOSFET unit.

When [, () reaches its reference value, the bridge-type chopper comes into the
energy storage state. As shown in Fig. 5, the HTS coil L will form a transient
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Fig. 5 Energy storage state () D, HTS coil D,
of the bridge-type chopper. —
a Transient storage state;
b Steady storage state m E
ﬂﬁ D S3 Ds
(b) D, HTS coil D,

o

A

energy storage circuit through D, and S3 during the first transient storage time
period 0-T;, and then form a steady energy storage circuit through S, and S5 after
T:. T; is the time duration of a transient operation state, which is larger than both
the turn-on and turn-off time durations of a MOSFET. The circuit voltage equa-
tions in the above two energy storage states can be expressed by

LY g )R, R+ R + U =0 @)
LdI(Ll—St)—f—lL(t)(RL-i—st) =0 3)

Where Uy, stationary voltage drop across the diode unit; R, turn-on resistance of
the diode unit.

The circuit current equation in the load side can be expressed by

dUg (t) U, R(t)

C a + R 0 4)
where Ug(?), transient voltage across the load R; C, snubber capacitance of the DC-
link capacitor.

When Ug(?) is below its reference value, the bridge-type chopper comes into the
energy discharge state. As shown in Fig. 6, the HTS coil L will exist as part of a
transient energy discharge circuit through S, and D, during the first transient
discharge time period 0-T7;, and then exists as part of a steady energy discharge
circuit through S, and S, after 7;. The circuit voltage equations in the above two
energy discharge states can be expressed by

LdI(Lj—EI)-I-I(t)(RL-i-RX-i-Rd)—f— Ui+ Ug(t) =0 (5)
LdIL—(t)+I(l‘)(RL+2RS)+UR(t) =0. (6)

dr
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Fig. 6 Energy discharge (@ D HTS coil D,
state of the bridge-type
chopper. a Transient
discharge state; b Steady
discharge state

(b) b, HTS coil D,

Table 2 Digitized operation §15,5+54”

System operation states
states of the two choppers

Bridge-type chopper Conventional chopper
“1010” Charge state Charge state
“0010” Transient storage state Storage state
“0110” Steady storage state N/A
“0100” Transient discharge state N/A
“0101” Steady discharge state N/A
“0000” N/A Discharge state

The circuit current equation in the load side can be expressed by

L) _chd—'f’)_URT@:o )

3.2 Principle of Control and Protection

Defining the turn-on or turn-off status of a power switch as “1” or “0”, the system
operation states of the bridge-type and conventional choppers can be digitalized, as
shown in Table 2. Besides the three steady operation states of charge state, storage
state, and discharge state in the conventional chopper, the bridge-type one has two
more transient operation states to avoid the short circuits of the power source and
DC-link capacitor, as shown in Fig. 7. In practice, the HTS coil is normally
controlled to carry out the bidirectional energy exchanges with the external sys-
tem. A digital control method is consequently introduced to achieve the controlled
energy charge, storage, and discharge processes. In normal operation, when the
load resistor is operated at a power swell state, the real-time operation state of the
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Fig. 7 Digital state diagram @ , TN
of the two choppers. 10010 ! 10100 !
a Bridge-type chopper; oA o~
b Conventional chopper
0L10
1 0010 | {0100 !
Charge: 5(0rage Discﬁéfge-storage
mode mode

Charge-storage Discharge-storage
mode mode

two choppers will be converted between charge state and storage state alternately
to absorb the surplus power. Similarly, when the load resistor is operated at a
power sag state, the real-time operation state will be converted between discharge
state and storage state alternately to compensate the shortfall power. The above
two dynamic processes can be defined as “charge-storage mode” and “discharge-
storage mode”.

A concept of maximum permissible relative voltage error /,,(¢) is introduced to
divide the three main operation states, and can be expressed by

Unax (1) — U(t)
U, (1)

where U,,.x(#) and U,(¢) are the maximum overshoot voltage and rated voltage
across the DC-link capacitor and resistive load; U, is reference voltage.

Thus the three main operation states are described as follows: (i) When the
instantaneous relative voltage error A(f) meets the condition of —4,,(7)
< At) < A,(¢), the chopper is operated at energy storage state; (ii) When
A(t) meets the condition of A(f) < —4,,(t), the chopper is operated at energy dis-
charge state; (iii) When A(f) meets the condition of A(f) > 4,,(f), the chopper is
operated at energy charge state. During the dynamic energy exchange processes,
the chopper will be operated at a charge-storage mode or a discharge-storage mode
when I;(7) is larger than the shortfall current I, (¢) or surplus current I (). Iy, is
the rated current through the HTS coil. The whole operation flow diagram of the
digital control method developed is shown in Fig. 8.

i) = |

(8)
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Fig. 8 Operation flow
diagram of the digital control
method

N vY
‘ Charge state Charge-storage‘
mode

Fig. 9 Operation flow
diagram of fault detection and
protection
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( Ta time delay ) ( Td time delay )
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In addition, a fault detection and protection module is particularly required to
avoid the potential risks like short circuit, overcurrent, and overvoltage. Four main
fault operations are described as follows: (i) /;(f) exceeds its maximum allowable
value I,; (ii) Ug(f) exceeds its maximum allowable value U,,; (iii) The current
input signals s;, of the module do not belong to the sequences ss of all the digital
control signals in Fig. 7; (iv) The value of s;, xor s,, does not belong to the
sequences sy, of “0001”, “0010”, “0100”, and “1000”. If a fault operation is
detected, the current operation state should be converted into storage state
immediately, as shown in Fig. 9. s, is the last output signals of the module. ss.j, is
the sequences of the digital control signals in the charge-storage mode. T, is an
inevitable time delay in a practical digital control system.



Emerging SMES Technology 87

i
4

RAYRTS

ositive edgg’.{

N ‘w\‘ st

1Y
‘ Estimations of T, U ‘ LU(D)

¥

T N e
Computations of Uss, U44]~>@EU|<(!)SU44??\“ s Discharge stale\'
# s
S Storage state ) Estimation of Ty, ‘
£ ¥

‘ Tytime delay H Output “S;"="0" after T,

Fig. 10 The whole prediction control process of the proposed method

3.3 Principle and Implementation of a Novel Digital
Prediction Control Method

To achieve high-performance applications and avoid operation risks caused by
various real-time statuses such as critical current, AC loss, and electromagnetic
force, superconducting magnets generally need to operate precisely during the
charge, storage, and discharge processes. However, owning to the existence of an
inevitable time delay consisting of the sampling time of the controlled variables,
computing time of the digital control chip, and implementing time of the con-
trolled objects [24, 25], the digital control signals from a practical digital system
usually lag behind the changes of the controlled variables, which results in some
undesired overshoots.

A new digital prediction control method is proposed to limit the controlled
variables into their desired reference ripple ranges. The principle is to predict the
instantaneous time ¢, when the practical controlled variable, e.g., Ug(?), reaches its
reference value and to output the corresponding digital control signals at 7, — T, in
advance. The whole prediction control process during the discharge-storage mode
is shown in Fig. 10 and particularly presented as follows.

3.3.1 The Estimations of the Initial Current and Voltage Values
by Linear Extrapolation Method

Assume that the digital control chip outputs the state-switching signals at a certain
time #;, and the time interval from the nearest sampling time to #; is 75, thus the
bridge-type chopper will change its operation state at r; + T, However, I;(f) and
Ug(t) at t; + T, are very difficult to be sampled precisely because the practical
sampling time period T, cannot be infinitely small. The number of the sampled
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Fig. 11 The computations of Uss, Uy by chopper circuit equations

data p can be obtained by rounding (T, + T,)/Ty, and the nearest sampling time to
tv+ TyisTs =T, + T; — p x (T> + T,)/T,, thus the initial voltage U, across the
load at #; 4+ T, can be estimated by

UO_UIl:UZZ_UIl )
T.s“"T3 Ts

where Uy, and U,, are the sampled voltage values at 73 — Ty and T5, respectively.
The initial current I through the superconducting magnet at #; + 7, can be esti-
mated by the similar method.

3.3.2 The Computations of the Critical Voltage Values by Chopper
Circuit Equations

Applying the estimated initial current and voltage values (Iy, Up) into (6) and (7),
Ug(?) during the current operation state can be computed and predicted. Assume
that the permissible voltage ripple range is from U, — Uy, to U, + Usip, thus the
time Ty, when Ug(f) = U, + Uyp, can be computed by (6) and (7) in the energy
discharge state, and the digital control chip should output the state-switching
signals at Ty;, — T As shown in Fig. 11, Ug(t) at Tip — T, — T and Ty, — T, are
computed and defined as two critical voltage values (Ussz, Uyy) for state-switching
judgement.

3.3.3 The Estimation of the State-Switching Time by Linear
Interpolation Method

The sampled Ug(?) is used to compare with Us; and Uy, and to predict the precise
state-switching time. When Usz < Ug(f) < Uy, the time interval Ty, from the
sampled time to Ty, — T, can be estimated by

Uss — Ug(2) _Uu—-Us
TSW TS

(10)
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Thus the digital control chip outputs the state-switching signals after T, and
finally makes the bridge-type chopper convert into storage state when
Ur@®) = U, + Urip~

Figure 12 shows the voltage curve (blue line) across the external load and its
corresponding digital control signal “S;” for the switch S, by using the conven-
tional and improved methods. If the turn-on and turn-off time delay of a switch is
ignored, the practical state-switching control signal (red dotted line) corresponds
to the voltage overshoots. However, if the improved method is applied, the digital
control chip will output the state-switching control signal (green line) 0.05 ms
before the time when Ug(f) reaches 9.95 or 10.05 V, thus Ug(¢) can be precisely
limited from 9.95 to 10.05 V.

4 Experimental Verification and Characteristics
4.1 Experimental Prototype Design

Figure 13 shows the schematic diagram of a unified energy exchange prototype for
SMES study. Four Infineon N-channel MOSFETsSs with ultra-low turn-on resistance
(Ry = 0.65 mQ, under 100 A operation current) are introduced to develop the
bridge-type chopper, with the power lines among the four MOSFETSs formed by
silvered copper bars. Sy, S, and, two reverse power diodes of S, and S4 can be also
used to form a conventional chopper for experimental tests and comparisons. The
parameters of the reverse diode are U; ~ 0.65 V and R; ~ 2.3 mQ. Thirty-two
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Fig. 13 The schematic —— Power
diagram of the unified energy
exchange prototype

C=
n
st ey
Table 3 Specifications of Parameter Value
the 0.2 H HTS coil - - — -
Coil structure Solenoid type, three units in series
Coil frame Reinforced fiber glass
Inner diameter 120 mm
Outer diameter 198 mm
Height 493 mm
No. of turns 3 x 748

Coil inductance 0.2 H
Critical current >60 A at 77 K and self field
HTS wire used Ag clad Bi-2223 tape, total length 1026 m

Nichicon conductive polymer aluminum solid electrolytic capacitors with ultra-
low equivalent series resistance (R.s, & 11 mQ) are connected in parallel to serve
as the DC-link capacitor. The power-line resistor Rj;,e is arbitrarily combined by
three 0.5 Q resistors. The power-load resistor Rj,,q has three parallel resistor
branches of R;, R,, and R5. The available resistors in each branch are one 1 Q
resistor and two 2 Q resistors, and can be controlled to connect or disconnect to the
power-line resistor by a MOSFET.

The HTS coil used in the experiments is a 0.2 H HTS coil wound with Bi-2223
tapes. It consists of three solenoids in series for reducing the internal connections
inside the HTS coil, and is operated under liquid nitrogen (LN,) condition. The
specifications of the HTS coil are shown in Table 3.

Based on the referred switching control requirements, a Micro-programmed
Control Unit (MCU) was employed to build the digital control module of the
system. As shown in Fig. 14, load voltage Ug(?) and coil current I; () are sampled
back to the MCU to determine the next output signals; the drive circuit mainly
consisting of light coupling isolation devices to ensure the output signal from the
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Fig. 14 A digital control module of the system

MCU can adequately drive the MOSFETs. The protection circuit is built based on
CPLD. The protection function includes two parts: one is illegal logic protection
for signals from the MCU; the other is overcurrent and overvoltage protection.

The main operation processes are described as follows: (i) Apply the power
source to charge the DC-link capacitor through the power-line resistor,
Ug(?) increases gradually to the output voltage U of the power source; (ii) Close Sy,
S5 and S5, the HTS coil is charged and ;(¢) increases gradually to its preset initial
value I; (iii) Open S;, and then close S,, the chopper is operated in the storage
state; (iv) Open Ss, and then close one, two or three branched switches of Sg, S,
and Sg, the corresponding branched resistors are connected to the power source
through the power-line resistor; (v) The MCU and CPLD joint measurement and
control unit are to implement the online voltage monitoring of Ug(#) and further to
change the next operation state of the chopper accordingly.

4.2 Experimental Verifications and Comparisons

4.2.1 Analysis on the Energy Absorption Characteristics

In the experiment, a DC power source U = 15 V is first applied to the power-line
resistor Rjj,e = 0.5 Q and power-load resistor Rj,,q = 0.25 Q. The power-load
resistor is formed by three parallel branches of Ry = R, = 1 Q, R; = 0.5 Q. Each
branched resistor is operated at its rated voltage U, = 5 V. Assume that R, and R3
are disconnected from the time ¢t = 0 s to t = 6 s, Ug(#) will increase quickly to
10 V without SMES, and thus the remaining branched resistor R, is operated at a
voltage swell state. If the SMES is applied, the 0.2 H HTS coil should be con-
trolled to absorb the mean surplus power Py, = 75 W and the mean surplus cur-
rent I, = 15 A.
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Fig. 15 The measured results of /;(f) and Ug(f) during the whole energy absorption processes.
a I;(¢) versus t; b Ug(t) versus ¢

Figure 15 shows the measured results of I;(f) and Ug(f) during the whole
energy absorption processes, which can be divided into three different segments.
The first one is an incomplete absorption segment when ;(f) < 15 A, both the
bridge-type and conventional choppers will be operated at a charge state until
Ug(?) drops to 5 V again. The second one is a complete absorption segment when
15 A < I;(t) < 60 A, the two choppers are operated at a charge-storage mode to
maintain Ug(#) around 5 V. Once [I;(f) reaches its rated operation current
I, = 60 A, the third process enters into an incomplete absorption segment, and
the surplus power cannot be absorbed completely. If an additional persistent
current switch [26, 27] with nearly zero resistance is applied to connect with the
HTS coil when its operation current reaches its rated value, the third process will
be a zero absorption segment.

Figure 16 shows the measured results of Ug(f) in the first incomplete absorption
segment when I, (f) < 15 A. If Iy < 15 A, at the time t = 0, Ug(f) will increase
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quickly to a peak voltage U,,, and then decreases gradually to 5 V after an
incomplete absorption time duration 7,,. Since the same MOSFETs S; and S5 are
used, both the bridge-type and conventional choppers have the same operation
parameter in the incomplete absorption process.

In the following complete absorption segment, the maximum absorption time
duration Ty, to absorb such a 75 W surplus power in the bridge-type chopper is
shorter than that in the conventional one. As shown in Fig. 17, the measured
results match well with the calculated results from the theoretical model, and the
measured T, values in the bridge-type chopper are in very close proximity to the
ideal values, so the bridge-type chopper has a higher energy utilization efficiency
than the conventional one. When I, = 15 A, the measured 7 values are about 91.5
and 61.9 % for the bridge-type and conventional chopper, respectively. However,
for a practical SMES system with a determined /i ,, the conventional chopper
seems to be more suitable to achieve a longer T, to satisfy with the external
absorption demands.
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4.2.2 Analysis on the Energy Compensation Characteristics

In the experiment, a DC power source U = 15 V is first applied to the power-line
resistor Ry, = 0.5 Q and power-load resistor Ry, = R; = 1 Q. The branched
resistor R is operated at its rated voltage U, = 10 V. Assume that R, and R; are
connected from the time ¢t = 0 to 1.8 s, Ug(¢) will decrease quickly to 5 V without
SMES, and thus the three branched resistors are operated at a voltage sag state. If
the SMES is applied, the 0.2 H HTS coil should be controlled to compensate the
mean shortfall power Py, = 300 W and mean shortfall current Iy, = 30 A.

Figure 18 shows the measured results of I;(f) and Ug(#) during the whole
energy compensation processes, which can also be divided into three different
segments. The first one is a complete compensation segment when I;(f) > 30 A,
both the bridge-type and conventional choppers are operated at a discharge-storage
mode to maintain Ug(f) around 10 V until /;(#) drops to 30 A. The second one is an
incomplete compensation segment when [;(f) <30 A, the two choppers are
operated at a discharge state to compensate a decreasing power. Once () drops to
zero, the operation state of the two choppers should be converted into storage state
to avoid the occurrence of reverse charge, and thus the third process enters into a
Zero compensation segment.

In the complete compensation segment, the maximum compensation time
duration T, to compensate such a 300 W shortfall power in the bridge-type
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chopper is longer than that in the conventional one, as shown in Fig. 19. When
Iy = 60 A, the measured y values are about 97.1 and 83.2 % for the bridge-type
and conventional chopper, respectively. Furthermore, if several MOSFETs are
applied in parallel to serve as a power switch, both T.,, and # can be further
enlarged to approximately equal to that in an ideal chopper. However, the method
to use several parallel power diodes cannot enlarge T¢,,, and n effectively because
of the inevitable power loss from the stationary voltage drop in the conventional
chopper. Therefore, the bridge-type chopper has the potential to replace the con-
ventional one in some low-voltage power applications like a SMES-based dynamic
braking drive system of an AC motor [28]. Both the absorption and compensation
efficiencies for kinetic energy of the motor will be much improved. The bridge-
type chopper can also be directly applied to connect the HTS coil with DC bus in a
micro grid (MG) [19]. Besides the significant improvement of practical energy
exchange efficiency, the practical response time to absorb or compensate the
electric energy will be reduced to microsecond level, which is very beneficial to
enhance the power quality with the end-user.

Figure 20 shows the measured results of Ug(?) in the incomplete compensation
segment when Iy < 30 A. If Iy < 30 A, at the time r = 0 s, Ug(f) will decrease
quickly to a inflected voltage U,, and then decreases gradually to O V after an
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incomplete compensation time duration 7. The measured U, values in the two
choppers are similar, however, the bridge-type chopper will achieve a longer 7T,
than the conventional one.

4.2.3 Analysis on the Energy Exchange Characteristics

The energy absorption and compensation processes of the energy exchange proto-
type have been presented independently in Sects. 4.2.1 and 4.2.2. To further discuss
the dynamic energy exchange characteristics, one branch and three branches of
Ry = R, = R; = 1 Q are connected with the power-line resistor Rjj,e = 0.5 Q to
achieve a power swell state and a power sag state, respectively. As shown in Fig. 21,
the 0.2 H HTS coil should be controlled to absorb the mean surplus power
Py, = 100 W until the time when ¢t = 5 sin the bridge-type chopperort = 6 sinthe
conventional chopper, and then to compensate the mean shortfall power
Py, = 100 W until the time when r = 9 s. The whole energy exchange processes can
be divided into six different segments: (i) Incomplete absorption segment when
I;(t) < 10 A; (ii) Complete absorption segment when 10 A < I;(f) < 60 A;
(iii) Incomplete absorption segment when I;(f) =~ 60 A; (iv) Complete compensa-
tion segment when /;(f) > 10 A; (v) Incomplete compensation segment when
0 A < I;(r) < 10 A; (vi) Zero compensation segment when /;(f) = 0 A.
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Similarly, the dynamic energy exchange characteristics in all the energy
absorption and compensation segments can be fully obtained by integrating the
theoretical and experimental studies in Sects. 4.2.1 and 4.2.2. The available
parameters and data curves mainly include: (i) U,,, T,,, U, and T, in the incomplete
absorption and compensation segments when 7;(f) < 10 A; (ii) T,ps and T¢op, in the
complete absorption and compensation segments when 10 A < [;(f) < 60 A;
(iii) I;(¢) and Ug(?) at an arbitrary time; (iv) Transient voltage, current, consumed
power curves of the power-line resistor and power electronic elements.

The above operation parameters and relevant relations probably follow several
power and linear functions as follows: (i) Incomplete absorption segment, U, =
—0.3061, + 9.514, T,, = —0.0271, + 0.435; (ii) Complete absorption segment,
Taps = —1.333 x (Ip)*> x 107> + 4.8 in the ideal chopper, Ty = —5.515 x
(Io)* x 107%%* 4+ 5.157 in the bridge-type chopper, T = —4.165 x (I))*** x
10~ + 7.285 in the conventional chopper; (iii) Complete compensation segment,
Teom = 3.333 x (Ip)*> x 107* — 0.3 in the ideal chopper, Teom = 3.928 x (Ip)"*Y’
x 107* — 0.3054 in the bridge-type chopper, Teom = 6.336 x (Ip)'*"* x 107*
— 0.3054 in the conventional chopper; (iv) Incomplete compensation segment,
U.=0.1711, + 4.853, T.=0.0241, + 0.125 in the bridge-type chopper,
T. = 0.0211; + 0.08 in the conventional chopper. The fitted linear and power
functions have the potential to apply in practical SMES design and optimization for
use in different power system applications. The proposed system also provides a
feasible method to build a simple and economical test apparatus for the experimental
evaluations of an SMES device before its practical applications.

Based the above theoretical and experimental results obtained, conclusions can be
made as follows: As compared to the conventional chopper, the bridge-type one has
higher energy utilization efficiency in various power end-user applications such as
EVs, UPSs, DGs, and LVDC systems. What’s more, the energy utilization efficiency
can be further improved by introducing the MOSFETSs with lower applicable voltage
level or adopting the multi MOSFET in parallel connection method. However,
similar methods cannot improve the efficiency significantly in the conventional
chopper because of the inevitable power loss from the stationary voltage drop across
the two power diodes. If one simply considers the practical energy exchange effects
to satisfy with the external demands, a better application scheme is to use the charge-
storage mode of the conventional chopper during the energy absorption process, and
to use the discharge-storage mode of the bridge-type chopper during the energy
compensation process. The scheme will integrate the advantages of the two choppers
for achieving very long absorption and compensation time durations.

5 Development Status of Worldwide SMES Devices

In recent years, with the development of superconducting materials, especially
HTS materials with promising strong-current applications in large-scale magnets,
various SMES devices have been fabricated and tested for practical power grids.
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Table 4 Worldwide development status of LTS SMES devices

R&D team Materials Energy  Applications
level
Los Alamos Laboratory (USA) NbTi 30 MJ]  Damping the low frequency
(0.35 Hz) [32]
University of Florida (USA) NbTi 100 MJ  Damping the low frequency
(0.2-3 Hz) [33]
American Superconductor (USA) NbTi 1-5 MJ  Already successfully commercial

applications [43]
National Nuclear Science Institute NbTi 1MJ UPS (500 kW, 1 s) [44]
(Japan)

Chubu Electric Power Company NbTi 7.34 MJ Instantaneous voltage drop
(Japan) compensation [34]
NbTi 20 MJ  Instantaneous voltage drop

compensation [45]
Tokyo Institute of Technology (Japan) NbTi 270 kJ  Power system stability [46]

Kyushu Electric Power NbTi 29 MJ Power system stability [47]
Company (Japan)
Tsinghua University (China) NbTi 0.3 MJ Instantaneous voltage drop
compensation [48]
Institute of Electrical Engineering, NbTi 2MJ Pulsed power source [35]
CAS (China)
Korean Electric Research Institute NbTi 3MJ UPS [36]
(Korea)
Bologna University (Italy) NbTi 200 kJ  Power quality improvement [49]
Ansaldo Ricerche Spa (Italy) NbTi 2.6 MJ  Protect the sensitive load [37]

The main LTS and HTS SMES devices worldwide are summarized in Table 4 and
Table 5 [29-31].

Serious interests in SMES began in the early 1960s as reliable low-temperature
superconductors (LTSs) became available. The practical feasibility of the SMES
concept has been demonstrated with the world’s first commercial 30 MJ NbTi
SMES unit [32] used on the Pacific Intertie transmission line in the early 1980s. At
this point in time, the LTS SMES technology is relatively mature and reliable;
USA has developed several large-scale SMES devices, e.g., 30 MJ SMES in Los
Alamos National Laboratory (LANL) [32], 100 MJ SMES in University of Florida
[33], and has already achieved the primary process of commercialization. Other
countries in the world have also developed several MJ-class LTS SMES devices,
e.g., Chubu Electric Power Co. in Japan—7.34 MJ SMES [34], Chinese Academy
of Sciences in China—2 MJ SMES [35], Korean Electric Research Institute in
Korea—3 MJ SMES [36], Ansaldo Ricerche spa in Italy—2.6 MJ SMES [37], etc.
The power system applications of the current LTS SMES devices include damping
low-frequency oscillation in the interconnected grid, maintaining power system
stability, compensating voltage dip, protecting critical load, etc. However, the high
refrigeration loads, which is required to keep the LTS materials at 4.2 K, made the



Emerging SMES Technology 99

Table 5 Worldwide development status of HTS SMES devices

Research and development team Materials Energy Applications

level

Chubu Electric Power Company Bi2212 1 MJ  Instantaneous voltage drop
(Japan) compensation [38]

YBCO 2.4 G] Load fluctuation compensation [14]

Toshiba Company (Japan) Bi2212 6.5 MJ Fundamental study [50]

Institute of Electrical Engineering, Bi2223 30 kJ  Fundamental study [51]

CAS (China) Bi2223 1 MJ  Power quality improvement [39]

Huazhong University of Science and  Bi2223 35 kJ  Hydropower station experiments
Technology (China) [52]

University of Electronic Science and  Bi2223 1 kJ Low-loss switching and digital
Technology of China and control for micro grid
Innopower (China) applications [13, 29]

Korean Electric Research Institute Bi2233 600 k]  Power system stability [41]
(Korea) 2.5 MJ Power system stability [53]

National Center for Scientific Research Bi2212 800 kJ  Pulsed power source [40]
(France)

ACCEL Instruments GmbH Bi2223 150 kJ  UPS [54]

(Germany)
Superconducting Technology Bi2223  34.8 kJ UPS [55]

Laboratory (Poland)
Wollongong University (Australia) Bi2223  2.48 kJ Fundamental study [56]

LTS SMES uneconomical to practically operate. For LTS SMES further devel-
opments, the high refrigeration cost remains a significant barrier.

Immediately following the discovery of HTS materials in 1986, several studies
looked into the feasibility of HTS SMES. Due to the anisotropy of 1G HTS tapes
and immature HTS high-field magnet technology, the number of the worldwide
HTS SMES devices is relatively few by comparison to LTS SMES devices, and
the achieved capacities are limited to MJ-class, e.g., Chubu Electric Power Co. in
Japan—1 MJ SMES [38], Chinese Academy of Sciences in China—1 MJ SMES
[39], CNRS-CRTBT-LEG in France—0.8 MJ SMES [40], Korean Electric
Research Institute in Korea—0.6 MJ SMES [41], etc. The HTS magnets in the
above MJ-class HTS SMES devices are fabricated by 1G BSCCO tapes (Bi2212 or
Bi2223), which have been considered as transitional materials for studying HTS
magnet technology. With the continued development of HTS wires, the second
generation (2G) YBCO tapes became more feasible, and their outstanding high-
field properties make large-scale HTS SMES available, i.e., 2.4 G] YBCO SMES
[14]. Recently a new promising SMES technology based on MgB, tapes has been
proposed to combine with liquid hydrogen (LH,) for developing very compact
hybrid ESSs, i.e., 48 GJ MgB, LIQHYSMES [42].

The continuous progresses of HTS materials and SMES devices have formed
the firm base for the SMES developments and applications ranging from small to
large scales in distribution to transmission power systems and future SGs. In
addition, the suitable reduction of capital cost for SMES devices with the price
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Fig. 22 Basic configuration
of VSC-based SMES system

0

reduction of HTS conductors (BSCCO tapes for about 35 $/kA-m or below, YBCO
tapes for about 15 $/kA-m or below), large-scale SMES devices will become
economically available, and will play an important role in future SGs.

6 SMES Application Topologies and Performance
Evaluations

With the development of micro grids (MGs) and smart grids (SGs), it is expected
that combination of centralized power generation and distributed power generation
for developing modern resource-saving and environment-friendly power systems
will occur in future. The ultimate purpose is to satisfy the increased power quality
requirements from modern power consumers. Fast response, high efficiency, large-
scale energy storage systems (ESSs) play an important role for smart regulation
and control in flexible AC transmission systems (FACTS) for power transmission,
distributed flexible AC transmission systems (DFACTS) for power distribution,
and widespread renewable energy sources (RESs) penetration and replacement of
the current fossil-fuel power generation. This section summarizes the application
topologies and evaluates the high-performance SMES devices for power grid
applications.

6.1 Basic VSC and CSC Application Topologies

6.1.1 VSC-Based SMES

Figure 22, as an example, shows the basic configuration of a VSC-based SMES
unit [57], which consists of a Wye-Delta transformer, a six-pulse pulse width
modulation (PWM) rectifier/inverter using insulated gate bipolar transistor
(IGBT), a two-quadrant DC-DC chopper using IGBT, and a superconducting coil
or inductor. The PWM converter and the DC-DC chopper are linked by a DC-link
capacitor.

The PWM VSC provides a power electronic interface between the AC power
system and the superconducting coil. The control system of the VSC is shown in
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Fig. 23 Control system of
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Fig. 23. The proportional-integral (PI) controllers determine the reference d- and
g-axis currents by using the difference between the DC-link voltage Epc and
reference value Epc rr, and the difference between terminal voltage Vi and ref-
erence value Vg ., respectively. The reference signal for VSC is determined by
converting d- and g-axis voltages which are determined by the difference between
reference d—q axes currents and their detected values. The PWM signal is gen-
erated for IGBT switching by comparing the reference signal which is converted to
a three-phase sinusoidal wave with the triangular carrier signal. The DC voltage
across the capacitor is kept constant throughout by the six-pulse PWM converter.

The superconducting coil is charged or discharged by a two-quadrant DC-DC
chopper. The DC-DC chopper is controlled to supply positive (IGBT is turned
ON) or negative (IGBT is turned OFF) voltage Vi, to the SMES coil and then the
stored energy can be charged or discharged. Therefore, the superconducting coil is
charged or discharged by adjusting the average voltage Vi, ,y across the coil
which is determined by the duty cycle of the two-quadrant DC-DC chopper. When
the duty cycle is larger than 0.5 or less than 0.5, the stored energy of the coil is
either charging or discharging, respectively. In order to generate the PWM gate
signals for the IGBT of the chopper, the reference signal is compared with the
triangular signal.

6.1.2 CSC-Based SMES

Figure 24, as an example, shows the basic configuration of a current source
converter-based (CSC-based) SMES unit. The DC side of CSC is directly con-
nected with the superconducting coil, and its AC side is connected to the power
line. A bank of capacitors connected to a CSC input terminal is utilized to buffer
the energy stored in line inductances in the process of commutating direction of
AC line current. Furthermore, the capacitors can filter the high-order harmonics of
the AC line current. In the CSC, through regulating the trigger signals of the
switching devices, the current in the superconducting coil can be modulated to
generate controllable three-phase PWM current at the AC side. As the SMES
system is inherently a current system, the transfer of both active and reactive
powers between the CSC and power network is very fast.
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In case of a 12-pulse CSC-based SMES, to improve the total harmonics dis-
tortion (THD) of the ac source currents, an optimal PWM switching strategy is
used to minimize the Sth, 7th, 11th, and 13th harmonics. It has been proved that
the 5th, 7th, 11th, and 13th harmonics can be minimized to zero with the modu-
lation index ranging from 0.2 to 1. Compared to a 6-pulse CSC, the 12-pulse CSC
has smaller voltage ripples on the dc side, which means a further reduction of the
ac losses in the SMES coil.

For magnet training, a DC current ; control algorithm is applied. The block
diagram is shown in Fig. 25, where I, is the reference value of I,;, PI is a
proportional-integral regulator, L is the inductance of the SMES coil, R, is the
resistance in the DC circuit, and V, is the DC voltage. With the phase angle «
being fixed to zero, the DC voltage is proportional to the modulation index M,
which determines the charging rate.

6.2 Integrated Application Topologies in Power Grids

6.2.1 Application Topologies in Distributed Generators and Micro
Grids

To reach widespread RESs penetration and replacement of the current fossil-fuel
power generation, an innovative concept of micro grid (MG), which integrates
several DGs and distributed ESSs, has been proposed to achieve large power
quality improvements and comprehensive utilizations of various local DGs.
A typical MG system with a SMES is shown in Fig. 26 [30, 31]. The generated
power of the solar power system, wind power system, and hydro power system are
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Fig. 26 A typical MG system with SMES

gathered in the DC bus through several power conversions. The SMES system
carries out dynamic power exchange with the DC bus to maintain the power
stabilization in DC bus. The MG system can be applied as a power supply for
independent loads and grid loads.

There are three main technical advantages in the MG system with a SMES:
(i) SMES with rapid response characteristics (ms level) can, such as voltage
interrupt, instantaneous voltage dip, etc.; (ii) SMES with very large power output
characteristics (MW level) can provide enough compensation power for DC bus;
(iii)) SMES with very high energy storage efficiency characteristics can improve
the operation efficiency in the whole MG system.

6.2.2 Application Topologies in Transmission and Distribution Systems

To solve different power quality problems, e.g., voltage sag, voltage swells,
voltage fluctuation, interruptions, harmonics, etc., various power conversions,
compensation, and control devices have been introduced to regulate and control
the transmission and distribution systems. The main solutions for various power
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quality problems include FACTS for the power transmission side and DFACTS for
the power distribution side. Three basic FACTS and DFACTS devices, i.e., series-
type static synchronous series compensator—SSSC, static synchronous compen-
sator—STATCOM, unified power flow controller—UPFC, with a SMES unit in
the device, are shown in Fig. 27. The integrated application schemes of SMES-
FACTS/DFACTS in power transmission line (TL) and distribution line (DL) are
shown in Fig. 28.
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6.2.3 Integrated Application Topologies in Smart Grids

Based on the above discussions, the prospect of SMES in future SG is proposed in
Fig. 29. In addition to the traditional power generation plants including hydro
power plants, thermal power plants, and nuclear power plants, various MGs or DGs
using RESs will be widely installed in future SGs. With the dynamic power
exchange and regulation from SMES or hybrid ESSs, MGs or DGs can be directly
connected to the main power transmission and distribution lines (DLs). SMES-
based FACTS and DFACTS devices can be further applied to carry out the whole
power flow control for reaching the increasing power demands from modern power
consumers (PCs). The real-time signals in the whole SG will be transmitted to the
smart control center for data processing and finally achieving the integrated power
management and control of FACTS, DFACTS, and MGs. As an auxiliary
power management technology, the SMES-based UPS devices installed in the
power terminals will guarantee the power quality for various PCs.
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Fig. 29 The integrated application prospects of SMES in future smart grid

6.3 Applications of SMES in Power Grids

The application topologies and advantages of SMES for MGs, transmission and
distribution systems are described in this section. The application scheme of
hybrid ESSs with distributed SMES devices are proposed and discussed to com-
bine the advantages from SMES devices and other conventional ESSs, and to
achieve better performance in practical power applications. The integrated solu-
tions for SGs are proposed with functions and application schemes of SMES
devices.

6.3.1 Applications in Distributed Generators and Micro Grids

(1) Application in wind power system
The intermittence and unpredictable nature of the wind power cause voltage
and power fluctuations. The bandwidth of the wind power fluctuations is
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generally below 1 Hz, while the power system is more sensitive to the power
fluctuations in the frequency region between 0.01 and 1 Hz. Therefore, it is
necessary to smooth power fluctuations for large wind farms. Figure 30, as an
example, shows a wind farm system integrated with an SMES unit, which
consists of a power fluctuation suppression control module for a wind farm
and a power control module for the SMES. The results obtained from the
referred wind farm show that the SMES system can perform well with respect
to the voltage fluctuation compensations [58].

Application in photovoltaic power generation

Figure 31, as an example, shows the schematic diagram of a combined PV/
SMES system. The PV generation system and the SMES system are joined by
a common bus, which is connected to the utility grid. The results obtained with
or without the modulation by the PV/SMES system show that the power
generated by the SMES system can be able to satisfactorily smooth out PV
power fluctuations [59]. Power generated from PV arrays can be completely
utilized under different weather conditions and PV penetration can be
increased to significant levels without causing side effects to the power system.
Application in hydroelectric power system

Figure 32, as an example, shows a hydroelectric network integrated with a 10
MVA/20 MJ SMES device connected to an 11 kV bus in a hydro power
station [45]. The SMES is operated to compensate power fluctuation generated
by the metal rolling factory near the power station. The results of a com-
pensation test for the load fluctuations show that the active power fluctuation
load at the bus is effectively compensated, and the active power load of the
generator is almost a constant after compensation by the SMES system.
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(4) Application in micro grids

Figure 33 shows a micro grid (MG) integrated with a SMES unit. The sample
system includes two diesel generators, one hydro generator, one wind gener-
ator, and one PV system. The SMES system is connected with the MG by a
VSC [60]. The stability enhancement and minimization of frequency fluctu-
ation of the MG can be achieved by using SMES and pitch control. Some
SMES cases with different energy storage capacities and their compensation
effects are discussed [60]. Simulation results show that the SMES is a very
effective device for stabilization of the MG.

6.3.2 Applications in Flexible AC Transmission Systems

(1) Application in power system dynamic stability improvement
The application of SMES for dynamic stability improvement has been studied
[61]. Take a three-machine and nine-bus power system, for example, as shown
in Fig. 34. The SMES system was first located between buses 4 and 9 (nearer
to bus 4); then, the faults obstacles were simulated with the SMES system
placed at bus 7. A three-phase ground fault was made at r = 175 s for a period
of 70 ms at different locations and the total performance of the system is
simulated with or without the SMES system. The results show that the rotor
speed is under control while the SMES system discharges into the system as
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the supply of both active and reactive power. An average active power of
about 70 MW is discharged into the system during the fault at t = 175 s with
a significant amount of reactive power being injected into the system
simultaneously.

(2) Application in power system transient stability improvement
The application of SMES for transient stability improvement has been studied
[62, 63]. The model system as shown in Fig. 35, as an example, consists of a
synchronous generator and an infinite bus through a transformer and double
circuit transmission line. In order to control the power balance of the syn-
chronous generator during the dynamic period effectively, an SMES unit is
located at the generator terminal bus. A fuzzy logic control method is applied
to improve the transient stability and is also compared with that of a con-
ventional PI-controlled SMES scheme. The simulation results of both bal-
anced (three-phase-to-ground) and unbalanced (single-line-to-ground) faults
demonstrate the effectiveness and validity of the SMES system for the tran-
sient stability improvements [63].

(3) Application in power system active filter
The passive filters have an increasing possibility of low degree harmonics and
a limit to cover all harmonics current. However, the active filter system can
reduce harmonics current at once without the problems of existing passive
filter system. SMES is a very good promising source used in the active filter
systems due to the high response time of charge and discharge. Figure 36, as
an example, shows an SMES-based active filter system consisting of both
series and shunt filter functions. The system is composed of a 3-phase DC-AC
converter for compensation of harmonic current and three 1-phase DC-AC
converters for compensation of voltage sag. Harmonic current from a non-
linear load was assumed for confirmation of the performance of the shunt
active filter. If a shunt active filter energized by SMES is applied, the har-
monic elements in the utility line current are fully compensated [64].
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(4) Application in power system SMES-SFCL

To make full use of the HTS coils for power system applications, a promising
solution is to make the superconductivity device perform more than one
function, e.g., SMES and SFCL (superconducting fault current limiter), thus
we can take full advantage of the device and the cost of each function is
reduced effectively. Figure 37 shows the circuit topology of a typical SMES-
SFCL device [65]. The combined SMES-SFCL device acts as a SMES to the
AC; system. It can alleviate voltage swells, sags, and even momentary out-
ages. It also acts as a SFCL to the AC, system and can restrain the fault current
by the large inductance of the superconducting coil. When the combined
device reaches its steady state, a short circuit from phase A-to-ground occurs
at 1.8 s and it lasts 0.08 s. DC current in the superconducting coil and current
in phase A are both monitored. The results show [65] that the fault current is
effectively limited, but the coil current does not rise very much because of the
existence of the part of SMES.

7 Prospective SMES Applications Toward Smart Grids

7.1 Application Solutions of SMES in the Modern Power
Systems

To cope with modern power systems, large-scale, medium-scale, and small-scale
SMES devices with different energy storage capacity and power rating are
demanded. In this section, four SMES units as shown in Table 6 are introduced to
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Table 6 Specifications of four SMES units

Items Scheme 1 Scheme 2 Scheme 3 Scheme 4
Coil structure Toroid Toroid Solenoid Solenoid
Stored energy 3.6 TJ 36 GJ 3.6 MJ 36 kJ
Rated power 100 MW 100 MW 1 MW 1 MW
Compensation time ~10 h ~6 min ~3.6s ~0.036 s
Inductance 72 kH 18 kH 72 H 0.072 H
Rated current 10 kKA 2 kA 1 kA 1 kA
Capital cost 3870.6 M$ 387.1 M$ 22 M$ 0.1 M$

discuss and verify the application schemes and characteristics of SMES for power
generation, transmission, distribution, and end-users.

7.1.1 Analysis on Daily Load Levelling

Daily load leveling refers to the use of electric energy stored in the large-scale
ESSs during the time periods of low demand to supply peak demand. Large-scale
pumped hydro storage (PHS) technology with a typical storage efficiency between
70 and 80 % is currently the commercial storage option for daily load leveling. It
has been reported [66] that a TJ-class SMES device with high storage efficiency of
~90 % and no site limitation will be a promising solution in the future. Although
the capital cost of a SMES device is more than that of a PHS device with the same
capacity at present, SMES will reduce the annual operation cost for the same
capital cost to 50-60 % of that of PHS, thus the overall life cycle cost of SMES
may be lower than that of PHS.

Figure 38 shows a typical curve of a 3.6 TJ] SMES device for daily load lev-
eling: (i) During the low demand time periods, the 3.6 TJ SMES device in
Scheme 1 is operated at energy charge state to absorb the surplus power P, —
P4emand, and thus the base-load power plants can be operated efficiently at full
power Pp,n; (ii) During the peak demand time periods, the 3.6 TJ SMES device
will be operated at energy discharge state to release the stored energy to com-
pensate the shortfall power Pgemand — Pmax for satisfying the real-time load power
demand Pgemang, Which reduces the need to draw an electricity from the peaking
power plants or increase the grid infrastructures; (iii) During the medium-demand
time periods, the practical electricity generated Pgeneraea €an basically follow with
the Pgemand, and the 3.6 TJ SMES device is operated at energy storage state with
nearly zero energy loss.

The energy practically stored in the 3.6 TJ SMES device fluctuates along with
the dynamic energy exchange processes, and can be calculated by

t

Esuies (1) = Eo + / P,(1)dr (11)
0
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Fig. 38 The results of
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where E, initial stored energy; P,(t), the surplus or shortfall power. In the case of
sinusoidal AC power and energy exchange, P,(f) approximately equals to the root
mean square (RMS) power Prys due to the equivalence of the AC to DC power
conversion, thus the absorbed or released energy equals to the product of Prys and
time duration Az.

Since the 3.6 TJ SMES device can be controlled to fully compensate the ref-
erence power demand when Igygs(?) is greater than or equal to the RMS current
Irms, the maximum compensation time duration can be calculated by

L
Tcomp = m (Iﬁmx - IIZQMS) (12)
where I, is the maximum allowable operation current through the HTS coil,
which should be limited within its critical current to avoid the occurrence of
quench.

Figure 39 shows the results of Tcomp versus I, with Lgygs = 72 kH and
Esmes = 3.6 TJ. For a specific coil inductance, T¢omp is almost proportional to the
square of Ir,,x. For a specific energy storage capacity, T.omp increases rapidly with
increment of I,,, at first and then approaches a saturation value gradually. A
reasonable parameter optimization should be achieved by considering the external
power demands and development specifications of the HTS coil, e.g., the capital
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cost [67] for developing a large-scale HTS coil with large coil inductance, the
refrigeration cost [68] for achieving a ultra-low operation temperature with high
critical current. What is more, the coil structure should also be optimized to reduce
the electromagnetic force and stray magnetic field for further improving the crit-
ical current and lessening the electromagnetic pollutions. The multipole solenoidal
coil [33] and toroidal coil [14] are normally applied at present. Recently, three new
kinds of force-balanced coil (FBC) [69], stress balanced coil (SBC) [70], and tilted
toroidal coil (TTC) [71] have been introduced for large-scale coil developments.

7.1.2 Analysis on Load Fluctuation Compensation

As mentioned above, a TJ-class SMES or PHS device is available for daily load
leveling. However, there are still some second-level or minute-level load fluctu-
ations during the medium-demand time periods. A GJ class SMES device seems to
be a more economical option for these load fluctuation compensation applications
in the power transmission systems. Currently, two ongoing 2.4 GJ] YBCO SMES
[14] and 48 GJ MgB, SMES [42] projects are proposed to carry out the load
fluctuation compensations from hundreds of MW to GW class.

Figure 40 shows the results of SMES for minute-level load fluctuation com-
pensations. Since SMES has the shortest response time to absorb or release the
electricity as compared to other ESSs, the introduction of the 36 GJ SMES device
in Scheme 2 makes the dynamic compensation more effective and timely.

The relations between the capital cost and energy storage capacity in a SMES
device are shown in Fig. 41, and the capital cost equations [67] for a solenoidal
coil and toroidal coil can be approximatively expressed by Cost (M$) = 0.95
[Energy (MD)]*¢” and Cost (M$) = 2.04 [Energy (MJ)]°~.

The capital costs of the 3.6 TJ and 36 GJ SMES coils are 3870.6 and 387.1 M$,
respectively. To reduce the capital cost and make better use of a SMES device, the
SMES can be introduced to combine with other ESSs for forming a hybrid energy
storage system (HESS). The HESS has very high reliability because the hybrid
combinations of several ESSs can combine to use their advantages in full, but
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compensate for each other’s disadvantages. A typical case is the LIQHYSMES
storage unit (LSU) [42] consisting of 125 GWh LH, energy and 48 GJ SMES,
which has the advantages of fast response speed, high power density, and high
energy density. Therefore, the 36 GJ SMES device can be used not only for short-
time load fluctuation compensations, but also for daily load leveling by combining
with a large-scale PHS device. The above HESS concept provides an economical
way for smart power generation and transmission management.
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7.1.3 Analysis on Voltage Fluctuation Compensation

Since the power density of SMES is about 100 times higher than that of a redox flow
battery, and about 10 times higher than those of a lead-acid battery and NaS battery
[72], SMES can provide much larger exchanging power as compared to the battery
energy storage (BES) for the same mass and volume. Moreover, the grid voltage
fluctuations can be compensated within a quarter of power-frequency cycle because
the response time of SMES is generally about 1-5 ms, however, the first cycle
compensation cannot be practically achieved with BES. Therefore, a number of
MJ-class and MW-level SMES devices [34—41] have been developed in the world
for the studies of the potential replacement of BES in the power distribution systems.

According to (12), Tcomp €quals to several seconds for the MW-level fluctuation
compensations if the 3.6 MJ SMES device in Scheme 3 is applied. To further
enlarge Tcomp, a larger energy storage capacity is needed. For instance, the 36 GJ
SMES device in Scheme 2 can bring a very large T.omp of about 9 h, however, the
high capital cost makes the scheme uneconomical. In view of the economy and
practicability of the current SMES technology, some small-scale HESSs [13, 30,
31] have been studied and verified that the introduction of SMES with fast
response speed and high power density can improve the dynamic performance of
HESS, especially for solving ms-level power quality problems. Figure 42 shows
the results of a typical SMES-BES HESS for voltage fluctuation compensations.
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The 36 kJ SMES device in Scheme 4 is only applied to absorb or release 20 kJ
electric energy to compensate the 1 MW voltage swell or sag within the first
20 ms, and then the BES will continue to carry out the voltage fluctuation com-
pensations for a much longer time.

7.2 Application Prospects and Considerations of SMES
in Future Smart Grid

The alternatives for the continued availability of a highly reliable and inexpensive
power supply in future SGs include the deployment of clean coal generation,
nuclear power generation, renewable energy generation, and other generation
resources. Various ESSs can be used to allow increased capacity and stability to be
derived from any given quantity of physical resources, and should be considered as
a strategic choice that allows for optimum use of existing and new resources of all
kinds. The overview and application analyses of the current SMES technology
conclude that SMES has the significant potential to combine with, and even
replace other ESSs in modern power systems. It is expected that the future SMES
devices are not only essential to improve the power quality with small-scale or
medium-scale energy storage capacity but also ensure the daily load leveling and
overall reliability of the power systems with large-scale energy storage capacity.

7.2.1 Application Prospects of SMES in Future Smart Grids

Figure 43 shows the application prospects of SMES for future SGs [73]. The main
SMES application schemes and their basic functions are described as follows:
(i) SMES installed near the large-scale centralized generators (CGs) is used to
balance the output power and to achieve daily load leveling; (ii) SMES installed in
the transmission lines (TLs) is used to form FACTS devices for compensating the
load fluctuations and maintaining the grid frequency stability; (iii) SMES installed
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Table 7 Specification required for different applications

Items Application schemes
CGs TLs DLs/DGs UPSs
Stored energy TJ class 10 GJ class MJ class 10 kJ class
Rated power 0.1-1 GW 0.1-1 GW 1-10 MW 1-100 kW
Compensation time 1-10 h 1-10 min 0.1-1s 0.1-10 s
Capital cost 1-10 G$ 0.1-1 G$ 1-10 M$ 0.1-1 M$
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in the distribution lines (DLs) is used to form DFACTS devices for improving the
power quality; (iv) SMES installed near the DGs is used to reduce the impacts
from the intermittent RESs and to facilitate the grid integration; (v) SMES
installed near the power end-users is used to form SMES-based UPSs for
enhancing the stability of electricity and protecting the critical loads.

The requirements of a single SMES unit in the above five application schemes
are shown in Table 7. Besides the application solution of sole SMES with full
energy storage scale, three additional application solutions of SMES should be
considered in future SGs.

The first solution is to install a number of SMES devices with very high power
rating and very low energy storage capacity near the commercial ESS devices for
forming an SMES-based HESS. As compared to the application solution of sole
SMES, SMES in a HESS is only used to compensate the initial fluctuations of
electricity for a very short-time period. For instance, the 10 GJ class SMES can be
used to carry out the daily load leveling for a few minutes before the initial
operation of large-scale PHS, and to compensate some rapid load fluctuations
during the whole day. The 10 kJ class SMES can be used to improve the power
quality and stability for one or a few power-frequency cycles before the initial
operation of medium-scale BES.

The HESS technology will greatly reduce the capital cost of ESSs in different
power system applications. Figure 44 shows the results of Kcqg versus Kepergy With
solenoidal coil and toroidal coil. Keperoy is the ratio between the SMES energy
storage capacity needed in a HESS and the energy storage capacity in a sole SMES.
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Table 8 Comparisons of different SMES application solutions

Items Advantages Disadvantages

Sole SMES Fast response speed High capital cost
High power density
High storage efficiency
Low control complexity
SMES-based HESS Fast response speed High system complexity
High power density High control complexity
High energy density
High reliability
High economy

DSMES Fast response speed High system complexity
High power density High control complexity
High storage efficiency
High mobility
High expandability

SMES-based DHESS Fast response speed High system complexity
High power density High control complexity

High energy density
High mobility

High expandability
High reliability
High economy

K.ost 18 the ratio between the SMES capital cost needed in a HESS and the capital
cost in a sole SMES. It is noticed that K., &~ 0.1 when Keperey = 0.01 for large-
scale toroidal coil developments, and K., ~ 0.45 when Kcperey = 0.01 for
medium-scale and small-scale solenoidal coil developments.

The second solution is to distribute several small-scale SMES units in different
locations and to make all the SMES units work harmoniously by combined control
of each SMES. This so-called distributed SMES (DSMES) technology has already
been commercially deployed and operated [74]. The DSMES technology has the
advantages of high mobility and high expandability because the SMES units in the
trucks are easy to install in arbitrary locations once they arrives on site. The results
reported [43] indicate that the DSMES technology behaves better in performance
than the concentrated installation of a large-scale SMES unit.

The third solution is to combine the HESS and DSMES technologies and to
distribute a number of HESS units in large, medium, and small scales for the
power generation, transmission, distribution, and end-users. The distributed HESS
(DHESS) technology having the advantages of both HESS and DSMES will
provide very efficient stability and reliability of the whole power system.

The comparisons of different SMES application solutions are shown in Table 8.
The three improved solutions utilize various ESS devices and technologies effi-
ciently and enhance the flexibility and economy of SMES greatly. Therefore, it can
be expected that SMES will be a flexible and efficient ESS option for smart power
and energy managements in future SGs.
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7.2.2 Conceptual Design of a Superconducting DC Distribution
Network with Superconducting DC Cable and SMES
Technologies

The resistive energy losses consumed on power transmission lines become enor-
mous as the high-capacity of power demand is required by the dramatically
expanding and developed society. HTS technology is an alternative way to resolve
the conventional difficulties to achieve high efficiency in power transmissions
[7, 8]. The superconducting DC cable with nearly zero energy loss is favorable for
low-voltage and long-distance power transmission for future power end-users.
Various SMES devices with different application schemes have the potential to
further enhance the stability and reliability of the superconducting DC transmis-
sions. Figure 45 shows the conceptual design of a superconducting DC distribution
network with superconducting DC cable and SMES technologies. The supercon-
ducting DC distribution network is to implement the hybrid energy transfer of the
hydrogen and electricity, which has been technically verified [75-77]. The LH,
transferred can not only be used to provide hydrogen energy for the fuel cells
(FCs) and FC vehicles (FCVs) [17], but also be used as the refrigeration fluid for
cooling the superconducting DC cable and SMES devices, which can be developed
by either HTS YBCO wires or MgB, wires.

The application schemes of SMES in the superconducting DC distribution
network are described as follows: (i) SMES and HESS devices installed in the
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Fig. 46 An analytical case of the superconducting DC distribution network

cable terminal and middle parts are used to enhance the power transmission
capacity and to maintain the voltage stabilization; (ii) DSMES and DHESS trucks
with highly mobile and expandable characteristics are used to further improve the
integrated performance of scheme (i) in arbitrary locations or time periods;
(iii) SMES devices installed in the DC bus of local PV cells or FCs are used to
maintain the output voltage stabilization for connecting with the DC distribution
network and improving the reliability of electricity in off-grid loads; (iv) SMES
devices installed near the on-grid loads are used to serve as fast response and high
power UPSs; (v) SMES devices installed in FCVs are used to enhance the fast
repeated charge—discharge performance and further to enhance the reliability of
the vehicle-to-grid (V2G) [78] and vehicle-to-building (V2B) technologies [79].

The superconducting DC distribution network is able to operate with very high
current density and very low voltage allowing direct connection of the generators
to the local power end-users, eliminating the need for high voltage insulation and
transformers. For the same power delivery as in the typical 110-1000 kV con-
ventional transmission system, if a superconducting DC cable with the operation
current ranging from thousands of amperes to tens of thousands of amperes is
applied, the operation voltage might be greatly reduced to thousands of volts.

Figure 46 shows an analytical case of the superconducting DC distribution
network. A 110 V rectified DC power source is applied to a 0.1 Q load resistor
through the superconducting DC cable. The energy lossy resistor from the relevant
power electronic devices is assumed as 0.01 Q. If an additional 0.5 Q load resistor
is connected in parallel from the time zero, the operation voltage across the two
load resistors will decrease rapidly to about 83 V at first and then increase grad-
ually to about 97 V, as shown in Fig. 47.

To maintain the practical operation voltage around their reference value of
100 V, three SMES application solutions are adopted. The first one is to install a
2 H/300 A sole SMES unit near the DC power source. The sole SMES unit can be
used to compensate the dynamic load fluctuations in different superconducting DC
cables, however, the inductive and capacitive reactance from the long-distance
cable limits the practical response speeds. As shown in Fig. 47, there is still an
inevitable voltage drop from O to about 0.24 s.
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The second one is to distribute several DSMES units in different cables or in
different locations along a specific cable. The DSMES unit located at the terminal
of a superconducting DC cable in Fig. 46 can be directly applied to compensate
the voltage sag within several milliseconds, which results in an effective and
timely voltage sag compensation process.

The third one is to combine the small-scale DSMES units with several local
ESSs, e.g., BES, to form a DHESS. The DSMES unit is only applied to com-
pensate the voltage sag within the first 20 ms, which reduces the energy storage
capacity and capital cost of the DSMES units.
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