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Abstract

:

With the rapid development of DC power systems and the increasing demand for DC circuit breakers, electromagnetic repulsive drives-based Thomson coil actuators (TCA) are widely investigated to provide the high-speed actuating required for ultra-fast mechanical switches, especially those used in hybrid DC circuit breakers. The actuating mechanism is required to be fast, reliable, and economic. This article summarizes the development of Thomson coil actuators in circuit breakers in recent years, further illustrating the basic principles and the actuator topology. In addition, it discusses the various structural components of TCA and describes the utilized modeling and simulation methods. The main objective was to provide a comprehensive overview of the TCA field.






Keywords:


Thomson coil actuator; circuit breaker; mechanical switch; operation mechanism; electromagnetic repulsive drive












1. Introduction


In the wake of the fourth industrial revolution, the renaissance of direct current (DC) power has led to a significant development in both high- and medium-voltage DC systems. DC power transmission and distribution implementation provide higher efficiency, which enables a large-scale grid integration of renewable energy resources and a smart system operation and control. Still, reliable protection against faults is considered as one of the main drawbacks that prevents the propagation of DC power systems [1]. DC interruption is a challenging task mainly because of the absence of zero current crossings and the fault current fast rate of rise (  d i / d t  ) in DC systems. Fast, rapid, and reliable DC circuit breakers (DCCBs) are considered as the key component to overcoming major constraints in the development of DC systems [2,3,4,5,6,7,8,9,10,11,12]. The existing DC circuit breakers are generally categorized into three main types: solid-state circuit breakers, mechanical circuit breakers, and hybrid circuit breakers. Generally, solid-state CBs (SSCBs) based on power electronic devices exhibit fast response speed and can interrupt DC currents in a few microseconds (μs). However, the technology suffers from high on-state losses, high capital cost, and individual device current and voltage limitations. Compared with a solid-state CB, a mechanical CB is reliable and cost effective and exhibits low operational losses due to its low resistance in normal conduction status. However, designed mostly for AC operations, such a CB cannot break a large DC, mainly due to the absence of a zero-crossing current and the relatively slow operation time for DC requirements. Combining the advantages of mechanical and solid-state CBs, a hybrid CB was introduced to solve the problems with operating speed and power losses [13,14,15]. A hybrid CB has been widely studied, and several designs of hybrid DCCBs have been introduced [16]. These devices generally share a common feature, having three main elements/branches in parallel, as shown, for example, in Figure 1. The normal operation branch contains a fast mechanical switch (FMS) or ultrafast disconnector (UFD). The main breaker path is formed by several power electronic switches (typically IGBT), and the energy dissipation branch consists of surge arresters. The hybrid CB operating time is mainly dependent on or even limited by the time used to separate the FMS contacts. Thus, it requires fast mechanical operation, which is usually achieved by implementing a high-speed actuation mechanism [17].



The currently existing actuating mechanisms deployed in are FMS are mainly dominated by electromagnetic actuators [8]. Compared to hydraulic, pneumatic, or spring-loaded actuation mechanisms that need at least several milliseconds of opening time, which is unsuitable for DC breaking, electromagnetic actuation systems may achieve sub-millisecond levels of opening time. Other actuation mechanisms based on smart materials, most notably, piezoelectric and magnetostrictive devices, also exist. However, despite its high controllability, life endurance, and low energy requirements, its small stroke is still considered a major drawback [18].



Electromagnetic repulsion-based actuation mechanisms have been the main research focus in recent publications [19,20]. There are several repulsion mechanisms, such as a moving coil actuator (voice coil), moving magnet actuator, and Thomson coil actuator (TCA) [21]. Other actuators based on electromagnetic repulsion, such as an induction switch, series coil switch, and railgun actuator, have also been reported [22,23,24]. However, the most commonly used is based on the Thomson coil actuator (TCA) principle. TCA, which is also referred to as a coil gun, repulsion actuator, linear pulse-induction electromechanical converter (LPIEC) or linear induction launcher [21], could provide longer stroke distances, faster actuation speeds, and larger driving forces, which fulfil the task of DC breaking in a hybrid CB, as demonstrated in the literature. Electromagnetic actuation systems utilizing a Thomson coil actuator may achieve sub-millisecond levels of opening time, widely considered fit for fast mechanical switching in a hybrid CB.



Numerous designs of Thomson coil actuators for hybrid circuit breakers have been published. Information about them is, however, scattered widely in the literature. A good overview of a TCA was given in [8,18,21]; still, the design, components, and structural detailed information have not been totally covered. This article was intended to provide a comprehensive review of TCA technology from the beginning through today. It aims to revive the technical discussion on this field by identifying the areas that are relevant to this key technology and the applications for which research and development are required. The basic principle and structural form of the electromagnetic repulsion mechanism-based TCA are introduced. The current research ideas and achievements are summarized. The main problems in the research were analyzed and combined with the current application status of a TCA in the field of mechanical switches. The key issues and research directions of the development of a TCA are given. The rest of this paper is organized as follows. Section 2 presents an overview of the TCA principle and the research background. Section 3 addresses the various structural components of a TCA. Section 4 describes the utilized modeling and simulation methods. Section 5 exemplifies the exploitation of a TCA. Section 6 summarizes the research state of the art while drawing some key conclusions and future trends.




2. Research Overview


2.1. TCA Principle


Electromagnetic repulsion mechanisms-based TCAs could be categorized into two types according to the driving principle: a coil–disc repulsion mechanism (induction technique) and a coil–coil repulsion mechanism (series coils’ technique). The concept of a coil–disc repulsion mechanism is shown in Figure 2, where C is a storage capacitor, Uc is the charging voltage, T is the thyristor, and F is the electromagnetic repulsion force. Briefly, the coil is excited by a current pulse generated by discharging the pre-charged capacitor C. The pulse current generates an alternating magnetic field, which, in turn, generates a reverse induced eddy current on the metal disk. Due to the direction of the induced current and the ensuing magnetic field, a strong repulsive force between the coil and the disk armature is developed. The resulting electromagnetic force pushes the metal disk away from the coil. On the other hand, the coil–coil type repulsion mechanism is shown in Figure 2. In this arrangement, a movable coil is used to replace the metal disk. The movable coil and the fixed coil are wound in opposing directions. When a pulse current is applied to excite the coils, the induced magnetic fields result in an opposing force that drives the moving coil away. In summary, the Thomson effect uses the mutual inductance between the two electrical conductors to create a strong time-variant repelling (Lorentz) force between the conductors. Utilizing such a physical principle in switching is easily realized through connecting the armature (metal disk or moving coil) to the switch, moving the contact through a transmission rod. A comparison between the two concepts can be seen in [25,26,27,28].




2.2. Background


The electromagnetic repulsion mechanism TCA was first introduced in the late 1960s and early 1970s in [29,30,31,32,33]. Since then, it has been used in the field of switches. However, the research gained more momentum after the DC systems’ renaissance, and the need to achieve faster switching in hybrid DC circuit breakers became a trending topic [34]. In 1994, a 400 V/10 kA current-limiting CB utilizing a TCA was developed with an interrupting time of less than 1 ms [35]. In 1995, a 15 kV vacuum circuit breaker actuated by a TCA was produced, with a contact separation time of 1 ms, which can realize fault current interruption within 20 ms [36]. In 1998, a hybrid high-speed DC circuit breaker was developed using a TCA to realize a fault current interruption of 1250 V/275 A [37]. In [38], a high-speed switch that can open within 1 ms was developed and integrated into a hybrid drive.



Later in the 21st century, and as the hybrid circuit breaker technology became more feasible, more designs have been introduced [39,40,41,42,43]. In 2003, a 6 kV/400 A vacuum interrupter utilizing a TCA with an opening time of 0.8 ms and a closing time of 2.3 ms was developed [44]. Meanwhile, in [45], a repulsive drive capable of reaching speeds of up to 20 m/s was introduced. A drive that contained a conducting aluminum ring was used to bridge two current-carrying contacts, and a current pulse was injected in the driving coil, causing a repulsive force to operate this repulsion drive, achieving contact separation in as short a time as 100 µs. Later on, research on repulsive electromagnetic mechanical drives-based Thomson coils picked the norm, where a Thomson drive incorporating a closing coil, an opening coil, and a repulsion plate is used. Moreover, Thomson coil actuators are being used with vacuum interrupters to develop hybrid DC circuit breakers consisting of a mechanical switch, power IGCTs connected in parallel, diodes, and a metal-oxide varistor for energy dissipation. This can be seen in [46,47,48]. In 2007, a comparative experiment between an electromagnetic repulsion mechanism and a permanent magnet mechanism was conducted. The experimental results proved that the TCA has obvious advantages in starting time, initial acceleration, and overall velocity [49]. Other works were conducted, such as in [50], where a high-speed TCA was analyzed and compared with a permanent magnet actuator and the effect of two consecutive discharges through a Thomson drive were shown, respectively. To achieve higher velocities and more stable operational performance, a TCA was incorporated with a permanent magnetic spring in [51]. This design also incorporated two fixed coils and a movable coil in between. The current pulse is fed to the top and to movable coils for an opening operation and to the bottom and to movable coils for a closing operation. In summary, at this stage, a TCA was proven to deliver a significant force and achieve tremendous velocities. The electromagnetically generated force exerted by a TCA could easily reach tens of kilonewtons [52,53] and was able to drive contact loads of 2 kg at high accelerations up to 20,000 m/s2 with a 32 m/s speed [48]. The contact separation time (from actuation initiation to full detachment) was reported to be as low as 100 μs [46], and 7 mm of contact travel was completed within 600 μs [38]. Full contact opening travel of 27 mm required 2 ms in total [48]. However, the closing process will take a much longer time, such as 5.5 ms [38] or even 195 ms [48].



In the recent decade, research on TCAs has become more focused on feasible applications, design optimizations, efficient performance, reliable operation, and control. For example, the repulsive drive was used to investigate the interruption capability of DC by injecting a high-frequency counter current in [54]. In addition, a TCA was implemented in an arc eliminator in [55,56] and in DC hybrid current-limiting breakers in [57,58,59]; a 1.14 kV TCA prototype was developed in [60,61]. Other examples can be found in [62,63,64,65,66,67,68,69,70,71,72,73,74], in which prototypes of a TCA from 10 kV to 40.5 kV vacuum interrupters were introduced, with an average opening speed between 6 and 10 m/s. In addition, actuating in a vacuum with a TCA became a common approach [20], and vacuum multi-breaks were utilized to scale up voltage ratings [75,76]. The highest voltage rating reported is 500 kV [77], and the highest reported voltage rating achieved by fast vacuum insulation is 40.5 kV [71]. As research on TCAs grew, driven by the DC hybrid circuit breakers’ development, higher voltage ratings were required. Optimized designs were introduced with longer contact travel strokes and shorter separation times. Designs of a TCA were scaled for medium voltages [66,67] and high voltages [78,79]. Table 1 below shows the TCA performance progress in the recent two decades.



The proven feasibility of TCAs opened the door for commercial utilization [80] and further optimization research. Examples of structural optimization studies can be seen in [81,82,83,84], and an optimized lightweight TCA was introduced in [85]. Research has also focused on the structure and components of dynamic operation, thermomechanical behavior, and performance, which were also investigated in [86,87,88,89,90]. Moreover, the efficiency of Thomson coil actuators was also investigated. The highest theoretically calculated efficiency that could be achieved in a Thomson coil was of 54% [91].
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Table 1. Experimental performances of TCAs in the literature.
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Reference

	
DC Breaker Rate

	
Actuation Characteristics




	
Time

	
Speed

	
Force/Weight

	
Drive Energy

	
Stroke






	
Polman et al., 2001 [39]

	
600 V/6 kA

	
1.2 ms

	

	
75 kN/0.8 kg

	
6 kA

	
6 mm




	
Steurer et al., 2003 [45]

	
12 kV/2 kA

	
100–250 μs **

	
20 m/s

	
0.05 kg

	
-

	
10 mm




	
Roodenburg, 2005 [48]

	
3 kV/7 kA

	
422 μs/2 ms *

	
31.8 m/s

	
100 kN/2 kg

	
3.87 kJ

0.86 mF/3 kV

	
27 mm




	
Roodenburg, 2008 [52]

	
8 kA

	
450 μs/2 ms *

	
18 m/s

	
200 kN/2.7 kg

	
1.4–2.75 kJ **

	
28 mm




	
Li W. et al., 2010 [55,56]

	
-

	
20 ms

	
6–8 m/s **

	
2–3.5 kN **

	
400 mF

250 V/1.6 kA

	
120 mm




	
Yang et al., 2011 [57]

	
-

	
2.5 ms

	
8.4 m/s

	
80 kN/4.1 kg

	
5700 μF/980 V

	
18 mm




	
Zheng et al., 2011 [60]

	
1.14 kv

	
500 µs/2 ms *

	
-

	
5 kN

	
10,000 µF

200 V/3000 A

	
5 mm




	
Dong E. et al., 2011 [61]

	
1.14 kV/600 A

	
5.1 ms

4.75 ms

3.25 ms

	
-

	
-

	
4700 µF/350 V

6800 µF/290 V

10,000 µF/210 V

	
6 mm




	
Bissal et al., 2012 [92]

	
-

	
0.6 ms

	
12 m/s

	
23 kN/3.6 kg

	
7 mF/400 V

	
7 mm




	
Wen et al., 2015 [71]

	
40.5 kV/20 kA

	
2.47 ms

2.3 ms

	
10 m/s

	
50 kN/5 kg

	
8.1 mF/780 V

2.5 mF/1.4 kV

	
26 mm




	
Peng C. et al., 2015 [88]

	
30 kV/630 A

	
300 µs/1 ms *

	
1.3 m/s

	
0.5 kg

	
2 mF/300 V

	
5 mm




	
Wu et al., 2015 [93]

	
-

	
5–8 ms

	
2.2–3.2 m/s **

	
110 kN/3.85 kg

	
5 mF/1200 V

	
30 mm




	
Yuan et al., 2016 [64]

	
-

	
2.7–4.5 ms **

	
-

	
250 kN

	
2500 µF

1600 V/4000 A

	
5–22 mm




	
Hou C. et al., 2016 [70]

	
-

	
2.4 ms

	
-

	
19 kN/2.5 kg

	
22,000 µF/400 V

	
10 mm




	
Zhang et al., 2016 [94]

	
12 kV/31.5 kA

20.6 kV/31.5 kA

	
500 μs

2 ms

	
5 m/s

1 m/s

	
90 kN/7.5 kg

	
18 mF

13 kA

	
10–12 mm




	
Nanxun Z. et al., 2017 [28]

	
10 kV

	
3.5 ms

2.6 ms

	
3.8 m/s

6.8 m/s

	
20 kN/3.09 kg

30 kN/4.30 kg

	
5000 A

4300 A

	
10 mm




	
Ren et al., 2017 [72]

	
40.5 kV

	
2.5 ms

	
5 m/s

	
7.5 kg

	
15 mF/650 V

	
20 mm




	
Hedayati et al., 2017 [95]

	
7 kV/100 A

	
1.1–3.7 ms **

	
-

	
0.14 kg

	
5 kA

90–170 V

	
3 mm




	
Rodriguez et al., 2017 [85]

	
27 kV/200 A

	
2 ms

	
4 m/s

	
0.5 kg

	
122 J

1500 μF/425 V

	
6–12 mm




	
Stroehla et al., 2019 [24]

	
5 A

	
3 ms

	
7 m/s

	
2 kg

	
-

	
10 mm




	
Baudoin et al., 2019 [69]

	
24 kV/8 kA

	
2.8 ms

	
3.8 m/s

	
3.5 kg

	
30/15 mF

260/325 V

	
6 mm




	
Hou Y. et al., 2019 [96]

	
12 kV

	
5 ms

	
3.5–4.8 m/s **

	
50 kN

2–5 kg **

	
250 µ F/3000 V

500 µ F/1250 V

	
10–13 mm




	
Zhou Y. et al., 2019 [97]

	
110 kV

	
1.4 ms

1.8 ms

	
20 m/s

	
85 kN/6 kg

	
6250 J/1 mF/2500 V

6252 J/2 mF/1768 V

	
50 mm




	
Guan C. et al., 2020 [98]

	
72.5 kV

	

	
2–6 m/s **

	
8 kN

	
350–600 V

	
28 mm




	
Zhu et al., 2020 [99]

	
110 kV/3000 A

	
3 ms

	
-

	
100 kN/7.4 kg

	
2.5 mF/7 kA

	
22 mm








* Contact separation time/full travel time. ** Values varied as test parameters varied.













3. Structural Composition


Recently, research on TCAs became more specific, as scholars settled on dividing the TCA system topology to the drive unit, buffer unit, holding unit (latching mechanism), and control circuit. Each part of these components had its share of research, as follows.



3.1. Drive Unit


According to the driving form of opening and closing, a TCA can be divided into a one-way mechanism and a two-way mechanism. The one-way repulsion mechanism has only one set of driving coils and a driving power supply. Generally, the TCA mechanism performs the opening operation that requires high speed, and the closing operation is performed by the relatively slow operating mechanism such as spring and hydraulic pressure. This was demonstrated in [89,100,101], as the repulsion mechanism was used as the driving unit of the grounding switch, utilizing the rapidity of the TCA to complete the rapid transfer of fault current, as shown in Figure 3. When there is a fault current in the line, the energy storage capacitor discharges to excite the drive coil. This drives the repulsion metal disc and the moving contact to move towards the static contact, thus transferring the fault current.



On the other hand, the two-way repulsion mechanism is also called a symmetrical repulsion mechanism. It consists of two sets of driving coils and a driving power supply, generally including two fixed coils and one movable metal disk (or coil in the case of a coil–coil mechanism). The general two-way repulsion mechanism is shown in Figure 4, where the opening and closing operation of the switch is carried out by the TCA mechanism. The two-way TCA repulsion mechanism design is more widely adopted than the one-way mechanism [38,71]. That is to ensure the rapidity of opening and closing; it is generally used in occasions where there is a high requirement for opening and closing speed.




3.2. Holding Unit


The holding device is used to maintain the actuator mechanism in the opening and closing position; it is an important component to keep the opening or closing state of the mechanical switch. Various holding units’ mechanisms were reported as utilizing helical spring mechanisms, a bi-stable spring mechanism, disc or buckling springs, and permanent magnet holding devices.



3.2.1. Helical Spring Mechanisms


The spring holding device uses the restoring force of a compressed spring to maintain the switch state; it is mostly used to keep the closed position. In conjunction, a lock structure is used with the spring mechanism to compress and store the spring when the switch is opened; the lock is used to maintain the open position. This was demonstrated by [48,52], as shown in Figure 5. This technique is relatively simple, and the volume and mass are small. However, during the opening process, the spring is always in a compressed state, which has a certain impact on the opening speed. It is not favorable to the rapid opening of the switch; it is suitable for applications where the required opening and closing speeds are relatively low.




3.2.2. Bi-Stable Spring Mechanism


The bi-stable spring mechanism used by [71,102], shown in Figure 6, has been widely adopted and is preferred [94,95,103]. It is easy to implement and adjust, while providing an adequate latching force. However, it requires an additional rod extension and components to mechanically link the armature and the holding system. This will increase the number of system components, moveable mass, and the required repulsion force and further complicate the mechanical design.



The spring unit has two stable states that keep the switch in the closed position or in the open position by providing a vertical upward force or vertical downward force, respectively. The working principle of the bi-stable spring unit in the opening operation is shown in Figure 6. At the closed stage, the springs are compressed, providing the contact pressure in the closed position. When the armature attached transmission rod moves down, pushed by the electromagnetic repulse force, the spring arrangement is compressed. Further pushing will release the springs down to provide the opening force.




3.2.3. Disc Spring Mechanism


A disc spring, also known as conical spring washer, is a conical shell spring type with a truncated conical section stamped from a steel plate, as shown in Figure 7. It was used as the holding mechanism of the repulsive mechanical switch to achieve a fast opening and reliable holding within 2-3 ms in [62,64]. Disc springs have a nonlinear load characteristic depending on the spring material type. They can be divided into one-way disc springs and two-way disc springs according to whether they can be turned over (Figure 7). The function of one-way disc springs is similar to that of ordinary helical coil springs. The characteristic is that when the deformation of the two-way disc spring exceeds a certain value, the truncated cone of the two-way disc spring will overturn and the force will also be reversed.



Similar approaches for a bi-stable mechanism, based on the buckling phenomenon, were developed and used in [38,66,67,85]. The spring is attached to the transmission rod or directly to the armature body, as shown in Figure 8. The latter allowed for abandoning the need for any rod extension, thus reducing the mass of the system compared to other designs. In general, the disc spring has the advantages of a short stroke, large load, compact axial space, and easy combination and use. At the same time, it also has the disadvantages of a large radial size and complicated installation when multiple pieces are used in combination.




3.2.4. Magnet Holding Mechanism


The typical permanent magnet (PM) holding mechanism is composed of a permanent magnet, a moving iron core, a static iron core, and a magnetic conducting ring, as shown in Figure 9. Different from the permanent magnet operating mechanism used for driving, the permanent magnet holding mechanism does not include an opening and closing coil for driving. The permanent magnet holding mechanism utilizes the magnetic force of the permanent magnet and the iron core to provide the holding force and is generally designed as a two-way holding mechanism to provide the holding of opening and closing. The permanent magnet holding mechanism was used in [50,51,60,61] due to its simple structure, its maximum holding force at the opening and closing positions, its small output force in the middle position, and its output characteristics, which meet the requirements of the rapidity of the TCA repulsion mechanism. However, the permanent magnet holding mechanism has problems such as a large moving mass and demagnetization of the permanent magnet, which limit its application in the TCA repulsion mechanism switch. Table 2 below shows a comparison of holding mechanisms in the literature.





3.3. Buffer Unit (Damping Mechanism)


A TCA could exert a significant amount of power. This tremendous generated force can easily reach tens of kilonewtons. For example, a TCA could generate a force as high as 35 kN [47], 50 kN [71], 100 kN [48], and 200 kN [52]. This force exposes the TCA structure to huge mechanical stress, reducing its mechanical life, and even jeopardizes the interruption process. The kinetic energy stored in the switch moving components must be dissipated in order to avoid excessive mechanical stresses, accelerated aging, dielectric breakdown, or destruction of the actuator. The buffer unit is a device used to absorb the kinetic energy of the moving parts, while reducing the speed and preventing the opening and closing bouncing during the actuation of the mechanical switch. Many buffering and damping techniques have been used in mechanical switches, which could mainly be divided to active damping or passive damping [104]. These techniques include spring buffer, hydraulic buffer, material buffer, cylinder buffer, and electromagnetic buffer.



The principles of spring, hydraulic, and material buffering are similar; the kinetic energy is transmitted through the collision of the moving parts and the buffering devices. In the spring buffer, the spring is compressed during the buffering process. The absorbed kinetic energy is stored and could be used for the closing stage. However, contacts bouncing will still be the problem at the closing operation [105].



Hydraulic and material buffers absorb the kinetic energy by using the energy difference between the compression and the recovery process of the buffer. The most prominent is oil dampers, which were used to absorb the kinetic energy of the moving parts, limiting the maximum travel of the fast actuator. This was demonstrated in [96,98,106,107]. Material buffering utilizing polymer materials such as polyurethane was also used and tested in [64,108]. The study verified the possibility of using polyurethane as buffer devices in a TCA. However, the output characteristics of the material and the reduction in the buffer capacity problems appeared as the number of rapid impacts increased.



Cylindrical buffering was used, as demonstrated by [52,109] and as shown in Figure 10. In this mechanism, the armature repulsion disc was used as the piston in the cylinder. When the repulsion disc drives the contacts to move downward, the air, or SF6 gas as in [93], at the lower part of the cylinder is compressed and a pressure difference is formed on the upper and lower surfaces of the repulsion disc such that the repulsion disc provides a cushioning effect against the counterforce that hinders the downward movement. The cylindrical buffer structure is simple and compact and could be utilized in both opening and closing directions. In addition, the reaction force increases rapidly with the actuation travel curve, which plays an effective buffering role. However, the cylinder buffer has the disadvantages of difficult design and calculation, high production accuracy requirements, difficult short-stroke buffering implementation, and great requirements for the strength of the original parts, which is why, at present, it is rarely used.



Electromagnetic buffering was introduced in [71] and, since then, it was widely adopted. It utilizes the same actuation principle, using the eddy current repulsion. In the opening process, and at a certain travel stage, the closing coil will be energized by a pulse current, which generates an induced eddy current in the repulsion disk, thereby exerting an opposite force to the movement direction of the armature disk to play a buffering role. This is also applicable in the closing process, as the opening coil will act as the buffering unit.



The mechanism of the electromagnetic buffering is well suited for the requirements of rapid operation for buffering reaction force characteristics. The buffering action time and reaction force can be controlled by controlling the energization time and current size of the buffer coil. It has good adjustability and can achieve a good buffering effect. However, this arrangement will double the power circuit size as it requires additional capacitors to provide buffer energy. This will increase the overall volume of the switch. Furthermore, the buffer current input time requires high precision and calibration, and the buffer effect is slightly different for each travel process. For this reason, independent buffering units based on the electromagnetic effect utilizing eddy current dampers were also introduced. Active dampers were investigated in [110,111,112], while passive damping utilizing a linear Halbach passive magnetic damper was demonstrated in [113,114]. A comparison between the two techniques is demonstrated in [104].




3.4. Control Circuit


The fast-opening speed, high interruption force, and long stroke distance are all supported by the impulse energy input from the pre-charged capacitors. Most Thomson coils need several kilojoules of energy from capacitors stored in millifarads of capacitance with kilovolts of pre-charged voltage. Such high-voltage, high-capacitance capacitors need extra attention to select, implement, and maintain because high-capacitance capacitors tend to slowly degrade over time and consequently fail after their service life. In addition to these challenges, a TCA is required to actuate the moving mass as fast as possible for a designated duration while insuring the effectiveness of the energy transfer from storage to motion. This fueled the research to design, improve, and optimize a TCA’s control circuits, as in [97,115,116,117].



In general, a TCA’s control circuit could be divided into a single pulse circuit and a multiple pulse circuit. The conventional single pulse circuit has a much simpler structure and its configuration varies, as shown in Figure 11a–c. The multiple pulse circuit for a TCA was first introduced in [118] and was called a “two-stage fast actuator power supply”, using only one control switch but two capacitors pre-charged to different voltage levels. The circuit configuration is shown in Figure 12a. Later, a pulse-forming network, as shown in Figure 12b, to generate multiple pulses into the coil was proposed in [62]. These circuits have more components and, thus, require more detailed optimization. This was carried extensively by [97,119], where research on control methodology was investigated during opening and closing operations and the dynamic response of a TCA was investigated. In summary, the single pulse circuit is the most convenient control method; thus, it is the most implemented in the literature for TCA control, as in [31,33,51,52,71]. Moreover, the use of a double- or multiple-stage pulse control circuits’ approach seems to add no significant advantages, as reported by [120].





4. Modeling and Simulation of TCA


As the research on TCAs gained momentum, the need to perform faster, more reliable, and accurate modeling, simulation, and optimization to investigate the operating mechanism performance was also growing. Numerous studies have presented simulation results of Thomson coil actuators designed for fast mechanical switching, with or without experimental validation. Modeling of a TCA is crucial to be able to design such complex drives for the new, emerging switching devices. The main purposes of simulation models were to determine the structural parameters of driving circuits [57,117], the actuator structure [89,121,122,123], and damping systems [52,93,112] in addition to evaluating and optimizing design variables [88] or to improving actuator performances and efficiency [91,124,125,126].



There are mainly two types of analysis to simulate the TCA: analytical, which is dominated by the equivalent-circuit method (ECM), and numerical, which generally uses the finite element method (FEM). Both methods were extensively used to predict the Thomson coil actuator performance, and the results were usually validated by experiments [122,126]. Reports on a TCA using ECM were usually arguing for FEM time and computational cost [71,82,83,100,101,102,127,128]. On the other hand, ECM lacks the simplicity and the physical varieties that FEM can provide [92,121]. Combining the two methods was introduced to achieve less computational time and more accuracy [129], while comparing the two methods was demonstrated in [46]. Other methods were also presented, such as in [130,131], where an electromagnetic forming system with a flat spiral coil as the actuator was solved using the Biot–Savart Law specifically with the use of MATLAB® software.



4.1. Analytical Analysis


In ECM, the simple circuit-based schemes were used to describe the system elements. The theoretical circuit coupled all the physical characteristics of the investigated system and sought to simplify calculation and aid analysis. In a TCA, the lumped equivalent inductance, which contributes the induced electromagnetic force (EMF), is used to reflect the coupling effect of the distributed electromagnetic field in the electric circuit. The gradient of the equivalent inductance contributes to the motional EMF, reflecting the coupling effect of mechanical motion on the electric circuit and the equivalent resistance that varies with temperature, reflecting the coupling effect of the temperature field on the electric circuit. The lumped inductance and its gradient could be extracted by an analytical computational formula or by FEM. Finally, combining the circuit equation, the mechanical motional equation, and the temperature variation equation, the system state equations are presumed, describing the dynamic operation of the TCA actuator. The system state equation is then solved by the fourth-order Runge–Kutta method (see Appendix A for detailed analysis).



Traditionally, ECM is usually preferred to minimize computational effort; the simulation method developed as the modeling tools advanced. For example, an equation-based modeling of a Thomson drive was implemented in [128], while an adaptive equivalent circuit modeling method is shown in [101]. Additionally, an analytical model is shown in [132,133], and a reduced modeling of an eddy current-driven electromechanical drive is explained in [127]. A general method for modeling fast-acting actuators using an interpolation function and electric equivalent networks to account for the eddy currents was introduced in [23]. Equivalent circuit methods were also used to improve the efficiency of the TCA, as in [134]. Moreover, ECM was used in TCA optimization, and an optimal design was introduced in [82,102]. In summary, ECM has the features of a short simulation time, low computational cost, simplified structure, and high accuracy. However, the method has accuracy limits on the relative position of the moving parts. Furthermore, accurate data on the values of each element are needed for the equivalent circuit to be valid. Elements’ non-linearities also need to be considered; adding the resistance temperature-dependent coupling will increase the system complexity, which most of studies had avoided [71,135,136].




4.2. Numerical Analysis


The finite element method (FEM) utilizing multi-physical simulations was used to merge all necessary physics in one simulation model environment that describes the behavior of a TCA. The dynamic electro-magnetic-mechanical formulation system is imposed on the TCA geometry approximation. The highly coupled multiphysics are then iterated for field solution. Examples of such coupling can be seen in detail in [92,121,137,138,139], where the field computations were coupled with circuits to model the TCA (see Appendix B for detailed analysis).



Many FEM studies have been reported as introducing magneto-thermal-mechanical coupled simulation models, and a unified, multi-physical, validated model that can accurately predict the behavior of a TCA was realized via FEM. For example, a comprehensive multi-physical simulation model of a TCA was introduced in [121], and a detailed FEM model was experimentally validated in [122,126]. Additionally, a comparison of coil–disk and coil–coil TCA concepts was introduced in [25,129]. In [87], the TCA load ability and scaling aspects were investigated, while the influence of the velocity term and thermal effects were investigated in [138]. Moreover, the efficiency of a TCA was investigated in [91,140], where FEM was used to improve the efficiency of the TCA.



The physical properties and mechanical parameters of the TCA components were also investigated and simulated in FEM, as in [141]. FEM was also crucial in defining the optimal materials for the TCA components. For example, oxygen-free highly conductive copper, aluminum 6082-T651, and Aluminum 7075-T651 were all simulated and tested for the armature [126]. In [142], the deformation of the armature under the repulsive force action and the drive efficiency was analyzed. In [143], the armature was assumed to be a flexible body, and the curve of repulsive force changing with time was obtained by FEM. In [99], the armature vibration characteristics were studied by coupling magnetic fields and solid mechanics in FEM. A similar study, conducted in [144], analyzed the structural strength of a TCA’s components utilizing two commercial FEM software packages. The stress–time curves results were then compared to a prototype. Furthermore, in [145], the TCA fatigue and life expectancy were investigated by FEM. The study identified the spring connector and the repulsion plate as the most vulnerable parts in a TCA, with a fatigue life of 3600 and 6990 times of operations, respectively.



In summary, FEM could provide a wider approach in investigating the operational performance of a TCA. Despite its time consuming and high computational cost, FEM still represents a powerful tool in the optimization and validation of TCA studies.





5. Exploitation of TCA


TCA applications, and thus circuit topologies, varied as research progressed. They were used in DC as well as in AC switching [146]. In the literature, TCA experimental set-ups could be divided into actuation tests and circuit breaking tests. The earlier only considered the TCA dynamic performance and reported various proof of concepts and design aspects. This was covered in previous sections. In circuit breaking tests, TCAs were deployed alongside different switching units in various circuit breakers’ topologies [147]. This could be further classified into two major categories, arc and arc-less switching, depending upon whether the TCA is driving an interruption switch or a disconnect switch, respectively. The major difference is their fault current interruption capability, and the utilized DC interruption method (Counter voltage, Divergent oscillation, or Current injection) [148].



In HCBs, disconnect switches, also known as ultra-fast disconnect switches, are used if a zero-crossing current is created in the normal conduction path (Figure 1). In the counter voltage method, the arc voltage facilitates the current commutation, and an interruption switch is typically needed. The current interruption capability greatly influences the TCA mechanism in terms of stroke, contact mass, and actuation speed. Higher arc voltage results in a more successful and faster current commutation [149]. Fault current interruption with a TCA-based fast switch was reported in [94,150]. Arc voltage measurement was reported in [151,152]. In [153], the actuator design was optimized to increase the arc voltage by increasing the maximum speed of TCA up to 80 m/s.



Regarding the interruption/disconnecting medium, a vacuum was the mostly frequently used [20]. However, other insulation media were also reported such as air [154], SF6 [155], N2 [156,157,158], and oil [159]. Fast vacuum switching technology, utilizing a high-speed TCA, can reduce the interruption time to a half-cycle of a fault current [146]. The application feasibility was demonstrated for voltage levels up to 500 kV [160,161,162,163], 363 kV [164,165,166], and 252 kV in [76]. Furthermore, as the technology became more mature, multiple applications of TCAs could be seen in the literature, from contactors through disconnectors and reclosers to CBs. For example, a TCA was used for fault current limiting in [167], over current relay (OCR) [168], and transfer switch [44] and was recently applied to the superconducting fault current limiter (SFCL) [169,170].




6. Summary and Conclusions


Hybrid DC circuit breakers have extremely high requirements for the speed, reliability, and the economy of fast mechanical switches. The advantages of a TCA in operating speed allows for considerable application prospects in DC circuit breakers. This article introduces the principle and characteristics and discusses the requirements and construction of the component subassemblies of the TCA mechanism. The underlying challenges and the leading candidate solutions were analyzed, aiming to provide a comprehensive overview of the field. In general, and through the accumulation of the large amount of work in simulation calculations and prototype tests on TCAs, the research concluded that the factors affecting the driving characteristics of the electromagnetic repulsion mechanism include:




	
The structure size and number of turns of the driving coil. Increasing the coil inductance can increase the induced magnetic field, thus increasing the eddy current of the armature. However, it will reduce the current rise rate, and a relatively optimal value is required. In addition, the magnetic circuit can be improved by increasing the magnetic material, the reasonable design of the coil frame material, optimizing the magnetic field coupling, and improving the driving efficiency.



	
The structure size and material of the repulsion disk. When the outer diameter of the armature and the driving coil are the same, the electromagnetic repulsive force is larger and the driving efficiency is higher. Furthermore, the higher the electrical conductivity of the armature material, the greater the induced eddy current, the greater the electromagnetic repulsion force, and the higher the driving efficiency. Considering the skin effect, the driving efficiency could be increased when the thickness of the repulsion plate is twice the corresponding skin depth at a certain discharge frequency of the coil. Considering the armature type, the driving efficiency of the coil–coil type repulsive force mechanism is about twice that of the coil–disk type, but the moving mass is larger. The coil–coil type repulsive force mechanism is suitable when the load mass is large.



	
The initial gap between the coil and the disk. A smaller initial coil–armature gap will result in a greater repulsive force and higher drive efficiency.



	
The capacitance of the energy storage capacitor. A TCA is highly sensitive to the chosen capacitance and charging voltage. For a particular geometry, load, and material, there exists an optimum capacitance and charging voltage. Studies indicate that a larger voltage and smaller capacitance result in a higher current peak and speed, which are better in terms of force and speed. When the capacitance value of the capacitor is large, the pulse width of the current and the repulsive force is large. However, the rising rate became smaller with a slower initial acceleration, and the other way around. Thus, a trade-off needs to be optimized.








Finally, based on the research status, the following key points could be drafted for the development of TCA performance.



	
Efficiency improvement.



At present, the driving efficiency of the TCA is very low. The highest theoretically calculated efficiency that could be achieved in a Thomson coil was of 54%, which does not meet the economic requirements of the future DC grids. There is still much work that could be performed by promoting research on improving the driving characteristics, reducing the capacity of the energy storage power supply, and forming a driving efficiency optimization design method.



	
Buffering and holding mechanisms.



A TCA has a short response time and a fast initial movement speed. The research could be focused on the development of the buffer and holding devices that better match the output characteristics of the repulsion mechanism. This is to enhance buffering and holding effects while ensuring the rapidity of the overall mechanism.



	
Mechanical transmission structure.



A TCA has a very large repulsion peak during the driving process and a short duration, which brings a great mechanical load to the transmission structure and puts forward great requirements on the structural strength while reducing the motion quality and ensuring the rapidity of the action. It is of great significance to improve the reliability of a TCA and even the overall reliability of the DC circuit breaker by analyzing the impact stress in the operation process and designing an efficient and reliable transmission system. Analyzing the influence of the impact force on the transmission rod and optimizing the structure of the key weak components are the research focus of studying the impact stress of the transmission system and improving the mechanical life.



	
Stroke feasibility.



A TCA basically relies on inertia in the later stage of the movement and is mostly used in short-stroke drives. Utilizing the rapidity of the repulsion mechanism for higher voltage levels’ and larger strokes’ requirements is of great significance to the application of a TCA to a wider switchgear application.
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Appendix A. Equivalent Circuit Model (ECM)


This section illustrates the opening process of a TCA simulation by ECM. The TCA is divided into three parts: the drive circuit, the buffer circuit, and the armature circuit. The drive circuit consists of a capacitor Cd, thyristors Td, and the drive coil Ld. Similarly, the buffer circuit includes a capacitor Cb, thyristor Tb, and the buffer coil Lb. The system is shown in Figure A1, and the equations for the opening drive circuit are as follows:


   L d    d  i d    d t   −   d    M  a d    i a      d t   +  R d   i d  =  U  C d    



(A1)






   L a    d  i a    d t   −   d    M  a d    i d      d t   +  R a   i a  = 0  



(A2)







The relationships between the drive current and the capacitor voltage in the drive coil circuit are stated as follows:


   C d    d  U  C d     d t   +  i d  = 0  



(A3)







Similarly, the equations for the buffer circuit are shown as follows:


   L b    d  i b    d t   −   d    M  a b    i a      d t   +  R b   i b  =  U  C b    



(A4)






   L a    d  i a    d t   −   d    M  a b    i b      d t   +  R a   i a  = 0  



(A5)







The relationship between the buffer current and the capacitor voltage in the buffer circuit is stated as follows:


   C b    d  U  C b     d t   +  i b  = 0  



(A6)







The electromagnetic forces between the drive/buffer coil and armature metal plate are shown as follows:


   F d  =   d  M  a d     d z    i d   i a   



(A7)






   F b  =   d  M  a b     d z    i b   i a   



(A8)






  F =  F d  +  F b   



(A9)







The motional equations of the metal plate are as follows:


    d z   d t   = v  



(A10)






    d v   d t   =   F − f    m  l o a d      



(A11)




where Ld and Lb are the self-inductance of the drive and buffer coil, respectively. Rd and Rb are the equivalent resistance of the drive and buffer coil, respectively. La is the self-inductance of the armature metal plate. Ra is the equivalent resistance of the armature metal plate. UCd and UCb are the voltages of the capacitors Cd and Cb, respectively. Mad and Mab are the mutual inductances between the drive/buffer coils and the armature metal plate, respectively. The id and ib are the corresponding drive and buffer currents, respectively. The ia stands for the eddy current in the armature metal plate.
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Figure A1. ECM schematic of the TCA drive, buffer, and armature circuits. 
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Since the system as a whole is considered axis-symmetric, and because the eddy current in the armature plate is unevenly distributed, the armature plate could be divided into a series of segments, relatively similar to FEM mesh; the current is assumed to be uniform in each segment []. Each segment represents a conducting ring that corresponds to resistance and inductance, as shown in Figure A2.
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Figure A2. Partition principle of the armature. 
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Based on this modeling technique, the armature plate circuit could be represented by a matrix of Laij, Raij, and iaij, with each corresponding to a mutual inductance matrix Madij and Mabij, where i and j represent the segment raw no. and column no., respectively. The armature equation system could be rewritten as:


   L a  =   ∑   i , j   n , m    L  a i j    



(A12)






   R a  =   ∑   i , j   n , m    R  a i j    



(A13)






   i a  =   ∑   i , j   n , m    i  a i j    



(A14)






   M  a b   =   ∑   i , j   n , m    M  a b i j    



(A15)






   M  a d   =   ∑   i , j   n , m    M  a d i j    



(A16)




where n and m are the segment raw and column total number, respectively. The coils’ self and mutual inductances could be calculated by either using the FEM magnetostatics solver [129] or by analytical methods such as in [171]. The latter is preferred to keep the continuity of the ECM calculation code.




Appendix B. Finite Element Method (FEM)


The TCA mechanism includes electrical, magnetic, and mechanical physics. These operations are highly coupled and need to be studied simultaneously. FEM is used to model the drive/buffer circuit, the spiral coils, and the armature comprising the electromagnetic and mechanical equations. The electric control circuits could also be included in the FEM environment, utilizing the electric circuit interface (for example, as in COMSOL Multiphysics) or live-linked to FEM using other software (for example, SPICE or MATLAB).



The TCA system is axis-symmetric. Thus, the rotational symmetry approach is adapted. This modeling technique is used to reduce the model complexity, avoiding the need to use 3D simulations. The geometry of the actuator is simplified and drawn in a two-dimensional, axis-symmetric coordinate system to reduce computation time. The coil is modeled as a number of adjacent and insulated rectangles representing its turns. The width and depth of each rectangle correspond to the cross-section of the copper conductor used to wound the coil. The same principle applies to the armature. The model geometry is shown in Figure A3.
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Figure A3. FEM geometry showing the drive coil, armature, and buffer coil. (a) FEM coupling; (b) 2D, axial-symmetric geometry configuration and materials. 
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The electric circuit interface is used to model the control circuits, and the circuits were coupled to the coils. The magnetic field interface is used to model the coil–armature interaction. The interface solves for the induced current and the generated electromagnetic force. The mechanic’s interface sums up all the forces on the armature, including the electromagnetic force provided by the magnetic interface and the added load (moving contact mass). The mechanical module solves for the velocity and displacement of the armature. The new position of the armature is fed back to the magnetic field interface through the velocity Lorentz term coupling. A moving mesh based on the arbitrary Lagrange–Euler method (ALE) is used since the induced forces are highly dependent on the position of the armature. Subsequently, all the physics’ interfaces are coupled together and solved simultaneously.



The coupled differential equations describing the TCA physical system are shown from Equations (A17) to (A21). The electromagnetic field physics’ interface solves for the following equations:


  ∇ × H = J  



(A17)






  B = ∇ × A  



(A18)






  J = σ E + σ v × B +  J e   



(A19)






  E = −   ∂ A   ∂ t    



(A20)




where H is the magnetic field, J is the current density, B is the magnetic flux density, E is the electric field, σ is the electrical conductivity, v is the velocity, A is the magnetic vector potential, and t is the time. The mechanical interface solves for the following equation:


  ρ    ∂ 2  u   ∂  t 2    = ∇ · S + F v  



(A21)




where ρ is the density, u is the displacement, S is the mechanical stress tensor, and F is the force.
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Figure 1. Schematic of a modular hybrid IGBT DC breaker. 
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Figure 2. Principle of coil–coil and coil–disk repulsion mechanism. 
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Figure 3. Transfer switch based on TCA, redrawn as depicted in [100]. 
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Figure 4. Two-way TCA repulsion mechanism [71]. 
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Figure 5. TCA utilizing a spring holding mechanism, redrawn as depicted in [48]. 
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Figure 6. Schematic of di-stable spring mechanism: (a) redrawn as depicted in [71]; (b) Bi-stable spring working principle. 
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Figure 7. One-way and two-way disc springs’ principles. 
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Figure 8. Disc spring mechanism: (a) disc spring, redrawn as depicted in [66]; (b) buckling spring ribbons, redrawn as depicted in [85]. 
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Figure 9. TCA utilizing permanent magnet (PM) holding mechanism, redrawn as depicted in [60]. 
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Figure 10. TCA utilizing a gas pressure buffer, redrawn as depicted in [109]. 
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Figure 11. Single pulse control circuits of TCA. (a) Single pulse drive circuit freewheeling the coil; (b) single pulse drive circuit freewheeling coil-thyristor; (c) di-directional drive circuit. 
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Figure 12. Multiple pulse control circuits of TCA; (a) two-stage pulse circuit; (b) pulse-forming drive circuit. 
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Table 2. Different holding mechanisms’ performance in the literature.
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Mechanism

	
Ref.

	
Load/Contact Force

	
Stroke

	
Time

	
Device Stiffness/Weight






	
Helical Spring

	
[48,52]

	
2 kg/3.8 kN

	
25 + 3 mm

	
2 ms

	
34.6 kN/m




	
Bi-Stable Spring

	
[71]

	
5 kg/1000 N

	
26 mm

	
2.3 ms

	
63 N/mm

0.2 kg




	
Disc Spring

	
[64]

	
4 kN

	
5–22 mm

	
2.7–4.5 ms

	
-




	
[85]

	
0.5 kg/330 N

	
11.68 mm

	
2 ms

	
1650 MPa

30 g




	
Magnet Holding

	
[50,61]

	
375–632 N *

	
6 mm

	
2.75 ms

	
-




	
[60]

	
1200 N

	
5 mm

	
4.9 ms

	
-








* The opening holding force is 375 N and the closing is 632 N.
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