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Electrical Model of Frequency Loss Induced Quench
Protection System for High Temperature
Superconducting Magnets

Kikelomo Ijagbemi, Daniel Davis, Xi Yuan, Eric Stiers, Yuan Li, and Sastry Pamidi

Abstract—Frequency Loss Induced Quench (FLIQ) is an active
protection system designed to generate heat from AC losses to
uniformly and safely quench a superconducting coil. It drives an
imbalance in the transport current between two or more sections
of the magnet using the H-bridge design with Insulated Gate Bipo-
lar Transistor (IGBT)s, whose gates are controlled based on the
current feedback within its loop. This allows FLIQ to operate at
resonance with the frequency of the load. The performance of FLIQ
circuit was characterized using simulations to assess the relative
effectiveness of the key parameters of voltage, frequency, and time.
The results show that the voltage is the most effective parameter.
It was shown that with the selection of appropriate values of the
parameters, the FLIQ system released sufficient energy into the
coil to quench it.

Index  Terms—Quench
superconducting magnets.

protection, high temperature

1. INTRODUCTION

REQUENCY Loss Induced Quench (FLIQ) [1] is a system
designed to drive an imbalance in the transport current
between sections of a superconducting coil which initiates heat
generation in the coil uniformly and quench it safely. FLIQ
circuit as shown in Fig. 1 operates using a current controlled

Manuscript received December 1, 2020; revised January 21,2021 and Febru-
ary 26, 2021; accepted March 2, 2021. Date of publication March 22, 2021;
date of current version May 6, 2021. This work was supported in part by
FAMU-FSU College of Engineering, in part by the Center for Advanced Power
Systems, in part by the National High Magnetic Field Laboratory, and in part by
the National Science Foundation Cooperative under Agreement DMR-1644779
and DMR-1839796, and the State of Florida. (Corresponding author: Kikelomo
Tjagbemi).

Kikelomo Ijagbemi is with National High Magnetic Field Laboratory, Talla-
hassee, FL 32310 USA, and also with the FAMU-FSU College of Engineering,
Tallahassee, FL 32310 USA (e-mail: kikelomo1.ijagbemi@famu.edu).

Daniel Davis is with the Applied Superconductivity Center, National High
Magnetic Field Laboratory, Tallahassee, FL 32310 USA (e-mail: ddavis@asc.
magnet.fsu.edu).

Xi Yuan is with National High Magnetic Field Laboratory and also with the
State Key Laboratory for Alternate Electrical Power System with Renewable
Energy Sources, North China Electric Power University, Beijing 102206, China
(e-mail: xiyuan_99 @ncepu.edu.cn).

Eric Stiers is with National High Magnetic Laboratory, Tallahassee, FL. 32310
USA (e-mail: stiers@magnet.fsu.edu).

Yuan Li is with the FAMU-FSU College of Engineering and Centre for
Advanced Power Systems, Tallahassee, FL 32310 USA (e-mail: yuanli@eng.
famu.fsu.edu).

Sastry Pamidi is with the FAMU-FSU College of Engineering and Centre for
Advanced Power Systems, Tallahassee, FL 32310 USA (e-mail: pamidi @eng.
famu.fsu.edu).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TASC.2021.3066116.

Digital Object Identifier 10.1109/TASC.2021.3066116

IGBT1 IGET4

Vcontrol
Veontrol

HTS Coil

IGBT2 IGBT2

Vcontr Vcontrol

Fig. 1. FLIQ circuit.

H-bridge design that maximizes its power output at resonance.
The slow normal zone propagation and stability of HTS re-
quires a much larger energy to quench when compared to LTS
magnets. CLIQ [2] is an ac loss induced protection mechanism
that requires an increase in voltage or capacitance to increase
energy. FLIQ does not require increasing the capacitance as this
decreases the excitation frequency which affects power input. Its
capacity to operate at higher frequencies and voltages provides
a solution to the challenge of large amount of energy required
to quench a High Temperature Superconducting (HTS) magnet
[3]. To design a quench protection for practical applications,
knowledge of the sensitivities of the FLIQ parameters such as
frequency, voltage, and time is essential.

To understand the FLIQ performance, numerical analysis was
carried out using Laplace transform of convolution to determine
the current after simplifying Fig. 1 into a series RLC circuit. This
model was developed in MATLAB. (1) shows the numerical
function that describes FLIQ current as a function of frequency,
voltage, and time. The simulation work reported here is a sig-
nificant extension of our earlier simulation effort described in
[4] which considered enthalpy margin of a REBCO coil and
how much energy is needed to quench the coil as field, field
angle, frequency, and voltage changes. This paper also discusses
the changes in FLIQ parameters as the magnet transitions from
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superconducting to normal state, the electrothermal effect and
the estimation of ac loss on a sample coil. In (1), k is the
number of iterations and it is limited to 5 as this gives a good
representation of the current signal and increases simulation
speed.
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e [p isthe FLIQ current

® V is the voltage of the energy source

® {istime

e [ is the effective inductance of the HTS coil

e (' is the capacitance in series with the FLIQ output
® R .4(t) is the effective resistance of the circuit

II. FLIQ PARAMETRIC SIMULATION

The magnet is electrically simulated as an inductor with a
non-linear resistance. This is representative of the change in
resistance in high temperature superconducting magnets during
the transition to normal state [5][6]. The FLIQ parametric effect
is shown in Fig. 2. Voltage, frequency, and activation period are
kept constant at 300 V, 500 Hz, and 0.5 s, respectively when
one of the parameters is changing. The average energy within
an activation period is determined by the expression:

T
) P(t)- At
Energy—*/ ~ it T( :

where, P(t) = Ir(t)* - R oy(t) ,and t =1i- At

Considering an exponentially dynamic resistance of a RE-
BCO coil [7][8], frequency is directly proportional to the amount
of FLIQ energy deposited, increasing the DC voltage and time
increases the average energy exponentially. Voltage is the most
effective parameter in producing higher amplitudes when com-
pared to other parameters. Frequency has a linear relationship
with energy, i.e., reducing the capacitance of the circuit will
linearly increase the average energy. However, when compared
to other parameters, the frequency of the circuit has the least
effect on the amount of energy deposited but influences how
quickly energy can be deposited. The most effective parameters
are the DC voltage, time, and frequency in that order.

(7] @

III. ELECTROTHERMAL EFFECT

The adiabatic heat equation [9]-[12] was calculated using (3),
the electro thermal effect of FLIQ system on a REBCO coil was
simulated considering the condition where operating current is
at 0.1 of the critical current, I, and total current is greater than
the lowest 1.(23.4T,85.7°) at a background field of 20 T and
FLIQ is activated using a constant voltage source for a period
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Fig. 2. Parametric effects of FLIQ considering time, voltage, and frequency.

of 0.5 s.

ro? R 1| =
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[ is the length of the magnet

T is temperature

I (t) is total current in the tape

t is time

Ay is the tape cross-sectional area

R, (T) is the resistance load per unit length

Cou(T) , Crast(T) is the specific heat capacity of copper
and hastelloy respectively
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Fig.3. Electrothermal effect of capacitance at 300 VDC and voltage at 500 Hz.

® V.., Viast 1s the volume of copper and hastelloy respec-
tively

® Yeu » YHast 18 the density of copper and hastelloy respec-
tively.

A. Effect of Capacitance

The results of the simulations in Fig. 3 show that the oscilating
FLIQ current introduces energy that raises the temperature of
the magnet in a period of 0.5 s at 300 VDC. The result describe
how increasing the operating frequency of FLIQ, which also
means a reduction in capacitance, will raise the temperature of
the magnet in order to quench it safely.

B. Effect of DC Voltage

Fig. 3 shows that an increase in the DC voltage of the FLIQ
circuit will significantly raise the temperature of the magnet
more than an increase in frequency. Therefore, due to its larger
effects, the energy required to quench the coil will reduce with
increasing voltage.

IV. AC Loss ESTIMATION ON REBCO COIL

The performance of the coil was investigated at 0.75 I, 20 T
background field when FLIQ current frequency is 500 Hz. The
DC voltage was 300 V. The simulation results show the AC loss
in the magnet during the first 25 cycles after FLIQ initiation.
Critical current, .. of the REBCO tape was calculated using the
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Fig. 4.  Current versus time after FLIQ discharge at Iop = 331 A.
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Fig. 5. Instantaneous AC loss after FLIQ discharge.

practical fit functions for transport critical current described in
[13] with an n-value of 30, used to calculate the voltage-current
(V-I) characteristic of the superconductor.

AC loss [14] was estimated using (4), where €2 is the cross
sections of the pancake in the HTS magnet, F(t) is the electric
field, and J(¢) is the instantaneous current density. The integral
@ gives the instantaneous ac loss (W) of the HTS magnet.

Q:/27rr~E(t)-J(t)'5Q[W] )
Q

In Fig. 4, the operating current (/,,;,) in the magnet was ramped
to 0.75-1¢ before FLIQ current is introduced. FLIQ produced
about 2 T within 25 cycles with total activation time of 50 ms.
At 0.75-1-, 500 Hz, 300 VDC, the total instantaneous AC loss
shown in Fig. 5 is about 3.6 MW and the total energy within
50 msis 182.4 J.

V. CONCLUSION

The performance of Frequency Loss Induced Quench (FLIQ)
was characterized as a function of the key parameters such
as voltage, frequency, and time. From the comparisons of the
results, the voltage is the most effective parameter. Using a
REBCO caoil as a test case, it was shown that FLIQ system
released about 99 times the minimum energy needed to quench
the coil at 0.75 I, 20 T background field when FLIQ frequency
is 500 Hz. Future work will include simulation and testing
with other coil types and determination of the optimal range
of parameters.
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