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Abstrack This paper is devoted to investigating the effects of high-speed elongation of arcs inside
ultra-fast switches (U contacr = 580 mys), through a 2-D time-dependent model, in Cartesian coordinates.
Two air arcs in series, one between a stationary anode and a moving cathode and the other
between a stationary cathode and a moving anode in the arc chamber, are considered. A variable
speed experimental setup through a Thomson drive actuator is designed to support this study:
A computational fluid dynamics (CFD) equations system is solved for fluid velocity, pressure,
temperature, and electric potential, as well as the magnetic vector potential. Electron emission
mechanisms on the contact surface and induced current density due to magnetic field changes are
also considered to describe the arc root formation, arc bending, lengthening, and calculating the arc
current density, as well as the contact temperatures, in a better way. Data processing techniques are
utilized to derive instantaneous core shape and profiles of the arc to investigate thermo-electrical
characteristics during the elongation progress. The results are compared with another experimentally
verified magnetohydrodynamics model of a fixed-length, free-burning arc in the air The simulation
and experimental results confirm each other.

Keywords: air arc plasma; Thomson actuator; magnetohydrodynamic simulations; fast switch

1. Introduction

Studies show that about 20% of industries have to change 5% to 10% of their circuit breakers
{CBs) by 2020, due to the increase of the short circuit level [1]. Techno-commercial studies prove the
feasibility of fault current limiters (FCL) and many investigations have been initiated and reported
by EPRI and CIGRE [2] to design a practical FCL. Hybrid FCLs are among the most powerful
current limiters developed so far and the most affordable idea in terms of cost [3]. In one of the
hybrid FCL designs, a simple multi-contact fast switch (FS5), along with the inherent features of
the series arcs, has been used to commutate the current to current-limiting parallel branches [3]
Mechanical FSs can also be used in HVDC interrupters [4-5] where a rapid operation is required and
semi-conductor switches are not preferred due to their high cost-loss, harmonic effects, sophisticated
control, and continuous maintenance. Electromagnetic driven switches make 100-ps close/open times
possible, which, in comparison with semiconductor power devices, are low-loss in ON-state and
more reliable.

The actuating mechanism of many fast switch designs is based on electromagnetic repulsion.
The theory of such a mechanism is thoroughly presented in [7] and the first patent filed in the late
60 s. Some more recent works on the design of such operating mechanisms have been reported
elsewhere [8—10]. In a recent study, a design has been introduced to cut off 2 kA at 12 kV single-phase
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ARTICLE INFO ABSTRACT
Keywonds This paper presents an overview on fault current limiters (FCLs) technologies in power systems. First, the FCLs
Power system protestion have been classified into four groups: supercondveting FCLs (SFCL), salid-state FCLs (SSFCLs), hybrid FCLs
Shor eircuit

Fault current limiter
Technical aspects
Statistical analysis

{HFCL), and other technologies. Then, for each group, the literature is reviewed, and the technical character-
istics of each cluster are specified. Also, the technical development harriers of the FCLs are described. Based on
these characteristics and specifications, the FCLs have been compared. At last, the FCLs future trend s discussed
‘hased on the papers analysis, investigated in IEEE and SCOPUS datshases, and patent analysis, investigated in

the US Patent Office, European Patent Office, and considering patents in quenes. The pioneer countries, uni-
wersities, and researchers in this field are also distinguished.

1. Introduction

Power systems should provide reliable electrical energy for different
types of loads. As a complex system, the last-long power systems con-
stitute a large number of different components with various char-
acteristics [1,2]. The integration of renewable resources with inter-
mittent behavior, such as wind turbine and photovoltaic (PV) systems,
in the conventional power systems has added more complexities to the
power systems [3,4]. Considering other agents e.g, environmental ef-
fects such as weather conditions etc., this complex system is always
exposed to different faults. The shortcircuit (SC) faults are the most
common failures which occur in the power systems [5-8]. A SCis a low-
impedance path resulted from the connection of two nodes with dif-
ferent potentials in an electrical circuit [9]. During a SC fault, the fault
current may reach to more than 10 times of the nominal current re-
sulting in excessive heat in the power system equipment, such as gen-
erators, power transformers, conductors ete.

Generally, the negative effects of the SCfault on power systems are:
1- power i ion, 2- demped mechanical ascillations on the gen-
erators and motors' shaft, 3- negative rotational inertia and stress on the
damping windings of synchronous machines, 4- increase in the reactive
power by inductive i of the ission lines and
leakage impedance of power transformers, 5- voltage drop in buses with
voltage-sensitive loads, 6 torque reduction in induction motors; this
also increases the demanded reactive power, 7- thermal stress on
equipment, 8- voltage swell and voltage sag in un-faulted buses, 9-
electromagnetic interference, 10- increased unsupplied energy and
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economic losses, 11- corrosion in the connection area, and 12- reduc-
tion in power system reliability and power quality indexes [10].

The short circuit capacity (SOC) is defined as the maximum current
flowing through the fault point [11,12]. Usually, the installed equip-
ment in a power system have specific tolerable fault current limits
(TFCLs). if TFCL for an element is lower than the system SCC, then the
element is exposed to damage. Therefore, o avoid malfunctions and
failures, a redundant capacity in the ratings of the equipment must be
considered which in tum dramatically increases the costs [13]. On the
other hand, the contribution of some equipment during a SC fault in-
crease the fault current.

Ordinarily, the fault current is fed through: 1- synchronous gen-
erators installed at neighbor buses, 2- large induction motors, and 3-
distributed units (DGs). The have a
major effect on increasing the magnitude of the fault current in the
steady-state condition. However, the large induction motors have a
dominant effect on increasing the transient components of the fault
current [14]. The DGs contribution in the fault current is different
considering the DG type. For example, if a SC fault occurs at the output
terminals of the inverter-based DGs, such as PVs, the maximum fault
current is about 1.2 times of the nominal current whereas this fault
current may reach w 6 tmes of the rated current for doubly-fed in-
duction generator (DFIG)-based wind turbines [15).

During a SC fault in the distribution systems, the DGs may cause the
following problems: 1- unwanted trip due to function of the protection
relays, 2- blinded protection, and 3- unintentional islanding.

To overcome these problems different measures have been taken in
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