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Abstract 

The ITER-MCTB project is a crucial component of the International Thermonuclear Experimental Reactor (ITER) 
program, playing an important role in advancing sustainable and clean nuclear fusion energy. The quench protection system 
(QPS) is essential for the safe operation of the tokamak device. The paper focuses on the design and optimization of the QPS 
to meet the 70 kA/4.1 kV parameter requirements. Specifically, it proposes a permanent magnet bistable actuator to enhance 
the response performance of the mechanical bypass switch (BPS), designs an electromagnetic repulsion mechanism to improve 
the switching speed of the vacuum circuit breaker (VCB), optimizes parameters in the auxiliary oscillation zero-crossing loop, 
and introduces a spiral pulse reactor to improve conversion efficiency and stability. Additionally, a self-disturbing arc contact 
structure is introduced to enhance the heat dissipation and current-carrying capacity of the pyro-breaker (PB). Finally, 72 
breaking tests were conducted at 70 kA, achieving an interruption response time of ≤240 ms. The results demonstrate that the 
proposed system significantly improves the response speed and reliability of the QPS. 

1. INTRODUCTION 

Controlled nuclear fusion, as a form of clean energy, is widely regarded as having the potential to reshape the 
global energy landscape. Unlike traditional fossil fuels and nuclear fission energy, the nuclear fusion process does 
not produce greenhouse gas emissions or generate long-lived radioactive waste, making it an ideal clean energy 
source [1,2]. In controlled nuclear fusion technology, superconducting magnets play a critical role by generating 
strong magnetic fields to confine and stabilize high-temperature, high-density fusion plasma, thereby sustaining 
the fusion reaction [3-5]. However, superconducting magnets may experience an increase in conductor resistance 
due to factors such as inter-layer friction, which generates significant Joule heat, causing a sharp rise of 
temperature in the magnet and leading to irreversible damage to the superconducting state, known as 
"quenching"[6]. Therefore, the quench protection system (QPS) is crucial for ensuring the safe and reliable 
operation of the tokamak device [7]. 

In FIG.1, the mechanical bypass switch (BPS) and vacuum circuit breaker (VCB) form a high-power mechanical 
switch, while the pre-charged capacitor, pulse reactor, and four sets of thyristor switches constitute an improved 
H-bridge structure for the conversion circuit. The pyro-breaker (PB) acts as a backup protection switch for the 
main switch, with fast discharge resistor resistors (FDR) in parallel across the switch, serving as the magnet energy 
release unit. After the thyristor receives a trigger signal to conduct the conversion circuit, the pre-charged capacitor 
and reactor form a resonant circuit, generating a pulse current that flows in reverse into the VCB, providing a 
current zero-crossing point to complete the vacuum switch zero-crossing turn-off. The snubber circuit is used to 
reduce the rate of change of the reverse recovery voltage across the VCB at the moment of current zero-crossing, 
and it also helps reduce the reverse voltage during the conversion process caused by parasitic parameters in the 
circuit. In FIG.2, the control logic of the QPS and the expected waveforms of the current transfer process in each 
branch [8-10]. The QPS has developed a relatively complete technical solution in terms of structure and operating 
principle. However, when facing the higher response speed and reliability requirements of the MCTB device, the 
existing design still shows some inadequacies. 

This paper systematically designs and optimizes the key components of the QPS based on the parameter 
requirements of ITER-MCTB. First, a permanent magnet bistable actuator is designed to enhance the switching 
speed and operational stability of the BPS. Second, an electromagnetic repulsion mechanism is proposed for the 
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VCB to effectively improve its response performance. In the auxiliary oscillation zero-crossing loop, the 
parameters were calculated and optimized, and a spiral pulse reactor was designed to enhance the efficiency and 
stability of the commutation process. At the same time, a self-disturbing arc contact structure is proposed for the 
PB to improve its heat dissipation and current-carrying capacity. Finally, after 72 reliability breaking tests, the 
efficiency and stability of the designed system are fully verified. 

  

Fig.1. Topology diagram of the QPS. Fig.2. The control logic of the QPS and expected  
current waveform. 

2. OVERVIEW OF QPS MECHANISM 

The current transfer during the working process of the QPS is shown in FIG.3 [11-12]. In FIG.3(a), during normal 
operation, both the BPS and VCB are closed, the system load current primarily flows through the BPS branch. In 
FIG.3(b), When a quench is detected, the BPS opens and generates an arc. Under the arc voltage, the current in 
the BPS branch rapidly decreases and is fully transferred to the VCB branch. In FIG.3(c), once the BPS has 
regained sufficient voltage-blocking capability, it begins to interrupt the VCB. At the same time, the thyristors are 
triggered into conduction. The pre-charged discharge capacitor releases energy through the inductor into the VCB 
branch, generating an artificial current zero, which forces the VCB current to decrease rapidly until it reaches zero, 
at which point the VCB is fully disconnected. In FIG.3(d), the current is completely transferred to the FDR, which 
dissipates the magnet energy in the form of heat, thereby protecting the magnet. 

  
(a) Stage 1 (b) Stage 2 

  
(c) Stage 3 (d) Stage 4 

FIG.3. The current transfer diagram when the QPS operates. 
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3. DESIGN AND SIMULATION OF QPS 

3.1. Design and analysis of key components of BPS 

As shown in FIG.4, the BPS is mainly composed of the contact system, permanent magnet bistable actuator, and 
crank-slider drive mechanism. Through the collaborative action of these components, the BPS meets the high-
speed breaking requirements while ensuring compact structure and operational reliability.  

 

FIG.4. The structural diagram of the BPS. 

As shown in FIG.5, the structure of the permanent magnet bistable actuator mainly consists of the moving iron 
core, open/close coils, push spring, permanent magnet limit rings and drive shaft. The permanent magnet bistable 
actuator has fewer moving parts, resulting in less mechanical wear, longer mechanical life, and lower maintenance 
costs. 

  
FIG.5. The structure of the permanent magnet bistable 
actuator. 

FIG.6. Magnetic flux distribution of the permanent magnet 
actuator. 

The closed state is shown in FIG.6, where the black arrow lines represent the magnetic field generated by the 
permanent magnet, and the red lines represent the opposite magnetic field generated by the excitation of the open 
coil. Once the trip command from the relay protection is received, the trip coil is excited by a pulse current, rapidly 
generating a magnetic field opposite to that of the permanent magnet. The coil generates a magnetic field that 
opposes the magnetic flux lines of the permanent magnet, causing the closing holding force to quickly decrease 
to zero. A 3D model of the permanent magnet bistable actuator is created using Ansys/Maxwell. The simulation 
results of opening and closing are shown in FIG.7 and FIG.8. 

 
 

 
FIG.7. The closing operation of the permanent magnet actuator. 

 
FIG.8. The opening operation of the permanent 
magnet actuator. 
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During the opening and closing operations of the mechanism, key components such as the gear, turntable, 
connecting rods, and beam are subjected to impact loads. These loads may cause fatigue, deformation, or damage 
to the components, thereby affecting the performance and reliability of the mechanism. By performing 
computational simulations in Ansys, the stress distribution, deformation, and safety factors of each key component 
are analyzed, providing reliable data for the design and ensuring the safety and durability of the structure. 

  
FIG.9. Von Mises stress of the gear. FIG.10. Von Mises stress of the turntable. 

  
FIG.11. Von mises stress of the connecting rods. FIG.12. The mises stress of the beam 

The stress analysis of the transmission gear and turntable is shown in FIG.9 and FIG.10, respectively. The 
maximum Mises stress of the gear is 262 MPa, which is less than the yield strength of 830 MPa, indicating that it 
will not undergo plastic deformation during operation. The maximum Mises stress of the turntable is 60 MPa, 
which is below the yield strength of 310 MPa, ensuring it has adequate safety margin.  

Next, the stress analysis of the connecting rod and beam is carried out, with the results shown in FIG.11 and 
FIG.12, respectively. The maximum Mises stress of the connecting rod and the beam are122 MPa and 127 MPa, 
which is less than the yield strength of 310 MPa. The analysis indicates that the strength of the key components 
meets the allowable stress requirements, and the safety factor is greater than or equal to 1.3, ensuring their 
reliability and safety under actual working conditions. 

3.2. Design and analysis of key components of VCB 

The VCB structure design is shown in FIG.13. It mainly consists of the vacuum arc extinguishing chamber, pulse 
electromagnetic repulsion mechanism, insulating rod, and control circuit. The VCB adopts a double-break 
structure to enhance the dielectric recovery strength.  

FIG.13.The structure diagram of VCB. 

In the design, higher requirements are placed on the drive speed and reliability of the VCB drive unit, and key 
technical issues such as achieving a break time shorter than the breaking time and ensuring consistent double-
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break actions need to be addressed. Traditional drive methods, such as hydraulic, motor, spring, and pneumatic 
drives, all suffer from issues related to insufficient action speed or control accuracy in vacuum switch applications. 
The design of the pulse electromagnetic repulsion mechanism offers extremely fast response speed and high 
control accuracy, enabling effective opening actions within milliseconds of contact separation. This mechanism 
meets the drive requirements for the motion quality of double-break series vacuum switches. 

 
 

FIG.14. Schematic diagram of electromagnetic repulsion mechanism. 

The principle of the electromagnetic repulsion mechanism is shown in FIG.14. When the control of T1 or T2 
causes the corresponding opening or closing coil to discharge, the pulse current in the coil generates a rapidly 
changing magnetic field in the surrounding space. The repulsion plate will produce reverse induced eddy currents 
under the axial component of the coil's magnetic field and experience a repulsive electromagnetic force under the 
radial component of the magnetic field. At this point, the repulsion plate will move towards the direction of the 
other coil, driving the linkage connected to the repulsion plate to operate. Finally, under the push of the linkage, 
the moving contact and the stationary contact generate the opening and closing actions. 

A simulation of the closing operation of the repulsion mechanism has been conducted, and the calculation results 
are as shown in FIG.15. 

 

FIG.15. Repulsive mechanism opening simulation. 

3.3. Design and analysis of key components of auxiliary oscillation zero-crossing 

The auxiliary oscillation zero-crossing cabinet structure design is shown in FIG.16. It mainly consists of the pulse 
capacitor bank, pulse reactor, and thyristor valve group. This circuit utilizes oscillation in the loop to generate a 
pulse current, which forces the VCB current to decrease, providing an artificial zero-crossing point for the VCB. 

Set the maximum rate of rise of the pulse current |di/dt_max| = 200 A/μs. Considering the use of two vacuum arc 
extinguishing chambers in series in the vacuum circuit breaker, the inductance of the pulse inductance can be 
calculated by the following equation: 

 
max/

coUL
di dt

  (1) 

The capacitance of the storage capacitor can be calculated by equation (1), which is 7.96 mF. To ensure the 
discharge reliability of the CPC, the capacitance of the capacitor is rounded to 8.0 mF. The pulse inductance is 20 
μH.  
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The planar pulse reactor can meet the pulse discharge requirements of the commutation circuit, its inherent leakage 
magnetic phenomenon may have adverse effects on surrounding equipment. Design a ring-shaped spiral pulse 
reactor, with its structure shown in the FIG.17. 

  

FIG 16. The structure diagram of auxiliary oscillation 
zero-crossing cabinet. 

Fig.17. The structure diagram of helical pulse reactor 
pulse reactor. 

A three-dimensional electromagnetic simulation model of the reactor coil was established based on 
ANSYS/Maxwell, and the magnetic flux density distribution is shown in FIG.18. The maximum magnetic flux 
density reaching 12.0227 T, meeting the operational requirements under high current pulses. 

  

(a) Cloud map of magnetic induction intensity (b) Vector diagram of magnetic induction intensity 

FIG.18. The magnetic flux density distribution of the pulse reactor. 

A stress-strain simulation analysis of this structure was conducted using the finite element method, and the results 
are shown in FIG.19. The simulation indicates that the maximum deformation of the coil is 0.092 mm, and the 
maximum deformation of the epoxy support components is 0.053 mm, both within the material's allowable range, 
verifying the reliability and safety of the structural design. 

  
(a) Coil deformation (b) Cloud image of epoxy auxiliary parts 

FIG.19. The deformation distribution of the pulse reactor. 

3.4. Design and analysis of key components of PB 

The structure of the PB is shown in Fig.20. The conductor parts consist of main contact, arc contact, upper copper 
plate, lower copper plate and cylinder current lead. Weaknesses exist in the main contact and arc contact. The PB 
is connected in series in the main loop of QPS. 
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FIG.20. The structure diagram of PB. 

The PB is mainly driven by RDX. During the breaking process, the arc contact is filled with deionized water. 
There are many weak links on the outside. The produced detonation wave cuts the arc contact laterally and expands 
it, producing an arc voltage of up to kV. High arc voltage can quickly transfer the loop current and quickly 
extinguish the arc. The shock wave generated by the main contact pushes the insulation cutting cylinder to open 
the main contact and strengthen the insulation. 

        

FIG.21. Schematic diagram of breaking the arc contact 

Fig.22 shows the numerical model of water channel 3. The cooling water flows into the cavity from one end 
through a cooling water diverter and exits from the other end. Due to the high current density on the inner wall of 
the arc contact, the system bears a significant thermal load, making it necessary to ensure a high flow rate near 
the inner wall of the arc contact. Therefore, the cooling water is divided into four streams at the inlet, which are 
directly sprayed onto the cylinder wall to enhance the cooling effect and increase the velocity. 

 

FIG.22. Schematic diagram of arc contact self-disturbing current. 

4. RELIABILITY TEST OF QPS 

The QPS was tested through 72 circuit breaker interruption experiments under a 70kA. In the experiments, the 
red waveform represents the VCB current, the purple waveform represents the total current, the blue waveform 
represents the resistance current, and the green waveform represents the resistance voltage. 

In the FIG.23, the results show that the QPS response time is less than 240ms, and the interruption voltage meets 
the 4kV set requirement. All experiments completed reliable interruption under the 70kA. 
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FIG.23. Interruption test waveform 

5. CONCLUSION 

To meet the requirements of the ITER-MCTB device, the paper presents a systematic design and optimization of 
the existing QPS. A permanent magnet bistable actuator has been proposed to enhance the response performance 
of the BPS. And an electromagnetic repulsion mechanism has been designed to improve the operating speed of 
the VCB. The parameters of auxiliary oscillation zero-crossing loop have been optimized, and a spiral pulse 
reactor has been introduced to improve commutation efficiency and stability. A self-disturbance arc contact 
structure has been proposed to enhance the heat dissipation and current-carrying capacity of the PB. A total of 72 
reliability interruption experiments have been conducted. Under 70 kA DC conditions, the system is able to 
achieve a fast interruption of ≤240 ms, validating the high efficiency and stability of the designed scheme under 
high current conditions, fully meeting the MCTB’s requirements for fast protection and safe operation. 
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