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Abstract—This paper presents two-stage high-power mechan-
ical-thyristor switches developed as 40-kA direct current (dc)
circuit breakers for the superconducting coil energy dump system
of Korea superconducting Tokamak advanced research (KSTAR).
An advanced switching system used in the quench protection
should allow multishot mode of operation without maintenance
and long lifetime with arcless dc current commutation. The system
is designed to combine the advantages of the both mechanical and
solid-state power switches. The mechanical stage is to conduct
dc current for normal superconducting coil operation and the
thyristor stage is to provide fast arcless dc current interruption
for quench protection (QP). Compared with the all solid-state
switches and vacuum interrupters of equal capabilities the pro-
posed switch is much cheaper than the dc breakers and has lower
power dissipation in current conducting state “Kuchinski et al. in
Proc. Power Ele., 899–903, 1995;” “Benfatto et al. IEEE Power
Del., Vol. 3, No. 4, pp. 1372–1376, Oct. 1998.” Also, it is much
faster than the vacuum interrupters. The system is designed to
break 40-kA dc current within 200 ms. Also, KSTAR device, a
configuration of the energy dump system and coil power supplies
are presented.

Index Terms—Korea superconducting Tokamak advanced
research (KSTAR), mechanical-thyristor switch, quench, super-
conducting coil.

I. INTRODUCTION

THE Korea superconducting Tokamak advanced research
(KSTAR) project is the major effort of the national fusion

program of the Republic of Korea. Its aim is to develop a steady
state capable advanced superconducting tokamak to establish
a scientific and technological basis for an attractive fusion re-
actor. The schematic drawing of KSTAR TF and PF coils and the
cross-sectional view and basic specifications of the KSTAR are
shown in Fig. 1 and Table I [1]. The KSTAR superconducting
magnets (SC) consist of 16 toroidal field (TF) coils, four pairs
of central solenoid (CS) coils, and three pairs of poloidal field
(PF) coils. All coils are arranged with up–down symmetry with
respect to the equatorial plane [2]. The magnet system should be
designed to generate the magnetic field and flux swing to meet
the KSTAR operational goals. They should be stable mechani-
cally, electrically, and thermally for normal operations and ab-
normal operations such as plasma disruptions. The conductor of

Manuscript received May 2, 2006; revised September 7, 2006. This work was
supported by the Korea Ministry of Science and Technology.

I. Song and C. Choi are with the POSCON Company, POSCON Research
and Development Center, Korea University, Seoul 136-713, Korea (e-mail: ih-
song@poscon.co.kr).

M. Cho is with the Department of Physics, POSTECH University, Pohang
790-784, Korea (e-mail: mhcho@postech.ac.kr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TASC.2006.887540

Fig. 1. Schematic drawing (a) of the KSTAR PF and TF coils and (b) of magnet
system assembly with vacuum vessel, ports, and cryostat in KSTAR device.

KSTAR coils is cable-in-conduit type conductor (CICC) cooled
with forced flow supercritical helium. The dimension and ma-
terial of the conductors are summarized in [3].

The TF and PF magnets should be able to operate in the com-
plicated electromagnetic environment. Under the operating con-
dition of KSTAR magnet system, the conductor temperature
might rise over its current sharing the conductor temperature
might rise over its current sharing temperature due to high al-
ternating current (AC) losses and a part of the operating current
passes through the stablizer matrix where Joule heat is gener-
ated. Depending on the heat deposition and its removal by the
convection and conduction, the superconductor recovers to the
superconducting state or increases its temperature over the crit-
ical temperature to the normal state. Both coil systems require a
energy dump system for quench protection (QP). Quench states
that the superconductor reverts to the normal, resistive state, as
a result of excursions over limits of temperature, magnetic field
and current density. Since, in general, the magnets have a low
enthalpy, in comparison with their stored magnetic energy, we
should remove the magnetic energy from the coil as soon as pos-
sible. When the quench occurred, we must interrupt the flow
of current through a superconductor and dump the charged coil
energy into the resistor [4] and limit the hot spot temperature
in the conductor within acceptable coil voltages to the ground
and across terminals. Energy dump system for QP, consists of
mainly dc circuit breaking system and energy dump resistor,
transfers the coil energy to a dump resistor and protects the su-
perconducting coils from overheating.

Energy dump system plays a very important role in super-
conducting coil protection. The discharge system shall provide
a given number of protection events overt the design lifetime of
the machine and be reliable. Therefore, dc circuit breaker is the

1051-8223/$25.00 © 2007 IEEE



Session VIII-2

Page

✓ Magnet test during the 2011 KSTAR campaign :
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Shot 4856 

2011-06-06 11:20:56

IPF1 = 15 kA 
Bmax = 4.7 T 
(Tsc  ~12 K) 
: at the flattop

6 kA/s 

A single module of the innermost pair (PF1U)  

PF1U 
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The Quench Event in 2011
✓ As recorded in the archive, co-wound v-tap signals are.. 
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Shot 4856  
2011-06-06 11:20:56
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The Quench Event in 2011
✓ How was that? 
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QD Interlock  
to ramp down

Starting discharge

11.3 s

28 s
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Final temperature

Quench map

Post-event analysis talks - No. Never. You should’t!

: Coupling loss is specified  
according to the measurement 
as nτ = 200 ms.  

: Any proper TH-modeling  
work is to be followed 
after such a ball-park analysis..

0-D modeling

!5

The Quench Event in 2011
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SuperMagnet model of the PF1UL pair
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Stability matters 
around the inlet 
nodal-volumes..
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PF1L

-   A sub-network of the PF magnet loop 
   : PF1U + PF1L with simplified circulation pump and HX 
- 20 CICCs are included in the model 
   : one THEA process per each hydraulic channel
    (cable annulus) and cable
     (20 THEA processes) 
-   Each boundary of 1-D conductor model was coupled  
     to the volume nod in the hydraulic network model 
     of helium circulation (one FLOWER model)
-   20 THEA models + 1 FLOWER model is managed 
    by SUPERMAGNET code
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Numerical Issue : Stability

time step : 1 ms (Flower) 
                     10 μs ~ 0.5 ms (THEA) 

→ 19 hours of total CPU time 
→ still unstable

time step : 0.5 ms (Flower) 
                     10 μs ~ 0.25 ms (THEA) 

→ 36 hours!
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So, what makes the conflict?
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v2
npn

T n

⎫
⎬
⎪

⎭⎪

Δt

pn+1

T n+1

v1
n+1

Δt

Flower THEA

?
v2
n+1 ≠ v2

n

Issue #1 : loss of implicit coupling

D. K. Oh,“[5LOrA6-08] Coupled Simulation Model of CICC Components  
Integrated into the Cooling Circuit” presented in ASC2019 Nov. 2 Seattle USA
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Issue #1 : loss of implicit coupling

Session VIII-2

Page

Proposed computing steps  
to recover the implicit evaluation

1) Send the  
present BC 
and the time step  
to THEA

v2
n

THEApn

T n

Flower

v1
n

pn , T n , Δt

STEP 1 

v2
* = v2

n + Δv(pn ,T n ,Δt)

δ 2 (Δt) =
∂

∂pn
Δv(pn ,T n ,Δt)

⎧
⎨
⎪

⎩⎪

Δt
2) Step ahead 
with the present BC 
+ Compute the coefficient 
of interface Jacobian 

v2
*, δ 2

STEP 2 

pn+1

T n+1

v1
n+1

v1
n

pn

T n p2
n , T2

n

Δt

STEP 3 

3) Send the interface  
quantities for implicit  
stepping of Flower 

4) Step ahead by  
the implicit stepping  
based on  
the interface coupling 

5) Send the updated BC 
to THEA

pn+1, T n+1

Δt

v2
n+1 = v2

n + Δv(pn+1,T n+1,Δt)

6) Step ahead 
with the updated BC

• To recover the implicit coupling, …

The idea is derived  
relying on the concept  
of interface Jacobian!
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v1
n+1

Δt

Flower THEA

?
v2
n+1 ≠ v2

n

Issue #1 : loss of implicit coupling

D. K. Oh, “Coupled Simulation Model of CICC Components Integrated into the Cooling Circuit”  
IEEE Trans. Appl. Superconductivity 49 (2019) 4901505

 THEA step

t
THEA

n

t
Flower

m

t
Flower

m+1

t
THEA

n+1

Interpolation 
& Derivative

Getting BC of  
1 step ahead 

 Flower step

vk
*,δ k

Interface variables 
and Jacobian  
from1 step ahead

t
THEA

m

t
Flower

n
t
Flower

n+1

t
THEA

m+1

Here, it is the actual scheme applied 
to improve the THEA-Flower coupling
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Issue #2 : hard boundary constraints

Good enough?? 
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Issue #2 : hard boundary constraints

Fixed boundary (p, T) 

For better performance, 
is there any nice way  
to transfer the constraints  
in the natural speed of  
the hydrodynamic system? 

Instability around  
the change of  
v-direction 

Error under  
the reverse flow

Not actually… 
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Issue #2 : hard boundary constraints

We already developed a usable boundary scheme.. 

[AU]v, i=1 = v
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An application of the decomposed flux boundary (Eq 4 and Eq 5) in the reference, i.e., 
D. K. Oh and S. Oh, “Improved 1-d hydraulic network model for cryogenic circuits coupled  
to CICC models of fusion magnet systems” Cryogenics 97 (2019) 133-143

The boundary pressure follows  
the constraint in the speed of sound.

The boundary temperature follows  
the upwind constraint in the flow velocity.

Negligible

Inlet :

Outlet :

* We applied them to the CICC (THEA) models..
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Issue #2 : hard boundary constraints

We already developed a usable boundary scheme.. 
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An application of the decomposed flux boundary (Eq 4 and Eq 5) in the reference, i.e., 
D. K. Oh and S. Oh, “Improved 1-d hydraulic network model for cryogenic circuits coupled  
to CICC models of fusion magnet systems” Cryogenics 97 (2019) 133-143

Inlet :

Outlet :

* Those are the advective component in the FEM scheme  
   assuming linear shape function just for demonstration. v ∂v

∂x
+ 1
ρ
∂p
∂x

ρc2 ∂v
∂x

+ v ∂p
∂x

ρCvφT
∂v
∂x

+ ρCvv
∂T
∂x
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Now, it works!

time step :  10 ms (Flower) 
                     10 μs ~ 5 ms (THEA) 

→ 20 times bigger time step!  
→ It takes less than 2 hours!
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Jacobian-based Coupling Scheme 
Adopted to the Asynchronous 

Steps 

Natural Boundary Constraining 
by Characteristic 
Decomposition✚
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Now, it works!

time step :  10 ms (Flower) 
                     10 μs ~ 5 ms (THEA) 

→ 20 times bigger time step  
→ It takes less than 2 hours!
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Eventually, accuracy issue 
 is resolved during this study.
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The result from 
the plain-vanilla SuperMagnet
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Let apply the properties of the KSTAR Nb3Sn conductors..

☞ Jc  = 780 A/mm2 
    : 12 T, 4.2 K 

☞ Tc0  = 16.94 K, Bc20  = 31.3 T 
   αε>0 = 1250, αε<0 = 900 

    : Summer’s scaling law  
      (ϒ=2, ν=2.5, p=0.5, q=2, 
        w=3,n=1)

☞ εeff = -0.35 % 
    :  Incoloy 908 jacket

☞ conductor n-value = 10 

 Onset  
(IPF1 = -15 kA) 

 Hotspot

 Flattop  
(IPF1 = +15 kA) 

6 s

12.8 s
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Then, can we match the result to the real quench?

!19

☞ Assuming the AC loss is accurate,            
in this simulation…  

, quench appears in the both of PF1 coils. 

➡ It’s different from the real situation.. 

Quench is developing, and the joule heat goes out .

Well.. not exactly 
in reality..
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Conductor Performance

For safe operation on the given scenario, 
the lower limit of εeff is -0.305 % which is 
reasonable to secure the original design.  

The hotspot temperature is at least more 
than ~70 K, and the quench is very sensitive 
to the parameters. 

Defective state of the top DP has to be 
assumed; degradation? cooling? heat 
load?  
☞ In spite of the overall conductors are robust 
enough, the quench happened at the top DP 
(PF1L) which has to be less vulnerable than the 2nd 
one.
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The CICC outlets - comparison to the measurement
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Analysis  
with the model

Deduction 
from the data

Simulation 

Measurement 
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An Attempt of Parametric Study 
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Inlets
flow

outlets

☞ For the two 
uppermost DPs           
: εeff  = -0.576 %

☞ For the other 
conductors          
: εeff  = -0.305 %

spoiled ☞
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☞Current sharing  
at the outlet-part?

Conclusion

☞ Additional heat exchange  
to the bus-line through the joint 
must be taken into account. 

☞ The edge of residual  
Joule-heat looks too fast.

☞ The actual 
quench was 
triggered earlier 
than the estimation, 
and the magnet is 
stabilized easier 
than the model.

By means of improved numerical model, the quench event is clearly 
understood. As the next step, we will resolve the things still unknown ..


