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Abstract. Decreasing of short-circuit currents in power supply systems enables the usage of less expensive
switching-protective devices with a lower breaking capacity and reduction of damage from the
consequences of emergency events. In electrical networks of low, medium and high voltage classes,
resonant current-limiting devices are used to solve this problem, along with other technical solutions.
However, these devices have unsatisfactory weight and dimensions, high cost and other disadvantages. The
technical and economic indicators of such devices can be improved through the use of a coil-capacitor
(coilcap). Coilcap is a passive element of an electric circuit, which simultaneously possesses inductive-
capacitive properties and performs the functions of a reactor and a capacitor in a single technical object.
This paper presents a functional diagram of the implementation, design, operating principle and
mathematical description of a resonant current-limiting device based on a coilcap. Physical modeling of the
steady-state modes of the device (normal mode and current limiting mode) was carried out, and the
possibility of limiting short-circuit currents due to the use of a coilcap was confirmed. The practical
application of a resonant current-limiting device based on a coilcap can be effectively combined with
switching-protective and current-limiting disconnecting devices, relay protection, and automation
equipment.

In this work, we experimentally study the steady-
state operating modes of a resonant coilcap-based CLD
with limited short-circuit currents.

1 Introduction

The issues of ensuring reliability, stable operation and
high efficiency of various objects of power engineering
facilities are of high priority today [1-5]. For example,
the usual task of power supply systems with quiescent
load is to reduce the short-circuit currents. This allows
one to select the elements of the electrical network,
designed for lower thermal and dynamic loads, to extend
the service life of the switching protection equipment, to
reduce capital investment and damage caused by an
accident [6-8].

One of the options to solve this problem is the use of

2 Design and mathematical model of the
resonant CLD based on a coilcap

Fig. 1 shows a conditional schematic connection diagram
of CLD elements based on a coilcap with a connected
power supply source EN, switch OF and a load with
complex resistance Zi,ad. The CLD contains a magnetic
core M made of electrical steel with a non-magnetic gap

resonant current limiting devices (CLD), consisting of a
reactor, a capacitor bank, and a high-speed saturation
choke [6]. However, such devices have several
significant drawbacks: unsatisfactory weight and
dimensions, high cost, unreliability, and the presence of
a nonlinear element.

As an alternative solution, a coil-capacitor (coilcap)
can be used in resonant CLD. Coilcap is an electrical
device that has both inductive and capacitive properties
and has two working parameters: inductance and
capacitance [9—11]. Combining the functions of a reactor
and a capacitor in a single technical object allows
reducing its weight, dimensions, and cost [12].

* Corresponding author: mikheevdv@mpei.ru

NG and correction coils CC to reduce non-linearity and
adjust the device parameters and resonance frequencies.
Two conductors 1 and 2 are wound on the magnetic core
M, made in the form of double-lead windings of
conductive foil. They are separated from each other by
dielectric films D. Each conductor has terminals for
connecting to each other and the source: conductor 1 has
terminals S) and E; conductor 2 has terminals S» and E.
A spark gap SG is located between the £ terminal of the
conductor 1 and the S, terminal of the conductor 2. A
load is connected to the power supply source EN and to
terminal E> of conductor 2.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Conventional schematic diagram of connections
between elements of CLD based on coilcap [13,14].

Figures 2a and 2b show a functional block diagram
of a two-section coilcap CLD as described above and a
photograph of the device physical model. Fig. 3 shows
an electric circuit diagram with distributed parameters,
the basic connection of CLD elements with respect to
terminals S, E; and terminals E1, S, of conductors 1 and
2. Here the magnetic circuit M, conductors 1 and 2,
dielectric films D are indicated by elements of individual
cells of the distributed circuit:

¢ Ro (Ohm/m) is the active resistance of conductors
per unit length;

o Lo (H/m) is the inductance per unit length;

o Co (F/m) is the capacitance between conductors per
unit length;

e Gy (S/m) is the active conductivity per unit length.
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Fig. 2. Functional diagram of CLD based on coilcap (a) and
photograph of physical model of coilcap (b) [14-16].

Figs. 4a and 4b show the CLD circuits with an
equivalent representation of the electrical circuit relative
to the device input between the terminal S; of the
conductor 1 and the terminal E; of the conductor 2. The
equivalent parts of the equivalent circuits, taking into
account the magnetic circuit M, conductors 1, 2 and
dielectric films D, are obtained based on the circuit
synthesis with distributed parameters [11]. It takes into
account that the spark gap SG connected to the E;
terminal of the conductor 1 and to the S, terminal of the
conductor 2 is open (Fig. 4a) and closed (Fig. 4b).
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Fig. 4. Equivalent circuit diagram of CLD with open (a) and
closed (b) spark gap SG [11,12,14].

3 Operating principle of the resonant
CLD based on coilcap

3.1 Normal operation

In the initial position, according to the device diagram
(Fig. 4a), the QF switch is closed, the SG spark gap is
open. Under the action of voltage of the power supply
source EN in the circuit containing the switch OF, CLD
and the load with the complex resistance Zi.a the current
I is generated.

The voltage resonance takes place at the resonant
frequency fo. Its value is determined by the electrical
capacitance induced by the dielectric films D and
conductors 1 and 2, and the inductance induced by
conductors 1 and 2 and the magnetic circuit M with a
non-magnetic gap NG. The resistance relative to the
input of the Zy,yun device with an open spark gap SG
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between the S; terminal of the conductor 1 and the E»
terminal of the conductor 2 is much less than the load
resistance Zioad (Zinpun<<Zioua). In accordance with the
equivalent representation of the circuit diagram of the
device (Fig. 4a), the resistance Ziu|o relative to the
terminals S and £, at the resonant frequency f, can be
calculated in accordance with [15]:

_2R 4G, ohm. ()
3

0

Sinputlf s _ f,

From the condition I/m{Zypun1}=0 the resonance
frequency is [11,15]:
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In the initial position, when the voltage at the input of
the device Uinpus is much less than the load voltage, the
voltage at the spark gap SG (at the output of the device),
is about 2Q times higher than the input voltage [15], but
is not enough for breakdown, and the spark gap SG
remains open. The quality factor O, taking into account
the neglect of losses in the dielectric due to their
smallness (Go=0), is determined in accordance with [15]:

Q“\/E;/@‘RO") )

3.2 Operation as a current limiter

The occurrence of a short circuit is caused by a sharp
decrease in the load voltage Ujead (Uioas—0). The current
in the loop containing the switch QF and CLD with open
spark gap SG increases significantly. This significantly
increases the voltage at the CLD input Uinpue relative to
the S; and E; terminals. Considering that the voltage at
the device output (the voltage across the open spark gap
SG) is about 2Q times higher than the voltage at the
input of the device, the spark gap SG breaks down, and it
closes, which corresponds to the circuit shown in Fig.
4b. Its closure leads to a resonance of currents at the
CLD input and an increase in the resistance at the input
of the device Zinpuu—Zinputz, Which significantly exceeds
the load resistance Zioad (Zinputz>>Zi0ad)- As a result, short-
circuit current is limited in the electrical circuit. The
resonance frequencies at resonance of voltages (spark
gap is open) (Fig. 4a) and at resonance of currents (spark
gap is closed) (Fig. 4b) practically coincide [15].

4 Experimental study of the steady-
state mode

4.1 Physical model of a coil-capacitor

Fig. 2b shows a photograph of the physical CLD model
based on coilcap. Sections W and W, are made of two
identical sheets of aluminum foil (the number of turns of
each section is 150, foil thickness is 7 pm, width is 84

mm). They are isolated from each other by two
polypropylene films (thickness is 10 pm, width is 95
mm). The sections are placed on U-shaped sections of
the magnetic circuit M (71 KNSR amorphous steel,
section of 20x20 mm?), which are separated by non-
magnetic gaps NG made of electrical cardboard.

The equivalent lumped parameters of the coilcap
equivalent circuit synthesized with respect to the input
impedance at NG = 0.6 X 2 = 1.2 mm are the following:
R=Ry1=6.9 Ohm, L=L('/=58.52-10° H, C=Cy'/=5.82-10"
®F, Ge=Gol=10-10° S.

4.2 Description of the laboratory equipment

Physical modelling of steady-state modes of CLD
operation was carried out on a certified computerized
laboratory bench of Scientific and Production Enterprise
"Educational Technique - Profi" with a software and
hardware complex DeltaProfi [17]. It includes power
supply sources, blocks of passive elements, measuring
instruments, a double-beam oscilloscope, an analogue-
to-digital converter with 4 voltage sensors (V1-V4) and 4
current sensors (Ai-As), connected via a USB port to a
personal computer.

4.3 Experimental study

According to Fig. 4a, an electrical circuit was assembled,
which included a sinusoidal voltage source (Ui1=8 V,
frequency f = 276 Hz), a line with a complex resistance
Z,=10+j17.33 Ohm, a load with a complex resistance
Z4=100+j173.3 Ohm, physical model of the coilcap with
an open spark gap (Fig. 2b) (terminals S; of section Wy
and E; of section W, are connected to the line and load,
terminals S, of section Wi and E; of section W, are
open). The electrical circuit diagram with connected
voltage and current sensors (Vi-Va and A;) is shown in
Fig. 5.

Fig. 5. Electrical circuit diagram in normal operation
(DeltaProfi).

In normal operation, a voltage resonance was
observed at the input of the physical model of the coilcap
(I =36 mA). Thus, coilcap in this mode was represented
by a purely resistive resistance Zinput1=Rinpu1=4.6 Ohm.

Subsequently, a simulation of the current limiting
mode (Fig. 6a) was carried out by short-circuiting the
load (Us=0 V). During short circuit, the effective current
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I increased to 328 mA and the voltage Us at the input of
the physical model increased from 0.16 V to 1.43 V. At
the same time the voltage on the element modelling a
line U, increased from 0.71 to 6.32 V. To limit the short-
circuit current, the coilcap boundary conditions were
changed (terminals S, of section W1 and E; of section W5
were short-circuited by a mechanical contactor), which is
shown in Fig. 6b (Zinpun—Zinputz). AS a result, the input
impedance of the physical model of the coilcap increased
from 4.6 Ohm to 2.67 kOhm, and the current in the
electrical circuit decreased from 328 mA to 3 mA.
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Fig. 6. Electric circuit diagram in current limiting mode (a —
Zinputl; b- Zinputl—>Zinputz).

Table 1 shows the measurement results (root-mean-
square values of current, voltage and initial phase
difference) for normal operation and current limiting
mode.

Table 1. The results of modelling the steady-state operation
modes of CLD based on coilcap.

- Normal Current limiting mode
Characteristic - - - -
operation ;lnputl Zlnput1—>;mput2
Uy, V (V1) 8 7.14 8
I, mA (Ay) 36 328 3
Uz, V (V2) 0.71 6.32 0.22
Uz, V (Va) 0.16 1.43 8
Us, V (Va) 7.19 0 0
Qui-, ° 59 49 -4
Qu2-, ° 60 61 63
Quz-, ° 0 0 0

The results of the physical modelling of the steady-
state operation modes of the resonant CLD based on the
coilcap indicate the fundamental possibility of solving
the problem of limiting the current in the line during a
short circuit. The performed theoretical calculations (for
the circuits shown in Figs. 4a and 4b) of the steady-state
operation modes of the proposed device for limiting
short-circuit currents quite accurately coincide with the

experimental results (Table 1).

5 Conclusions

Physical modelling of steady-state modes of operation of
resonant CLD based on coilcap has been carried out. For
the first time, the fundamental possibility of using
coilcap for limiting short-circuit currents and overload
currents has been experimentally confirmed.

It is demonstrated that when solving design problems
and analysis of the operating modes of the coilcap-based
CLD, simplified equivalent circuits with lumped
parameters, synthesized with respect to the input
terminals of the device, can be used.

To ensure the full functioning of the proposed CLD,
it is necessary to use means of relay protection and
automation. In addition, the proposed device can be
effectively combined with current-limiting disconnecting
devices (for example, fuses and automatic circuit
breakers) with a small breaking capacity (for example, in
cases when the short-circuit currents exceed their rated
breaking capacity).

To reduce active power losses in normal operation
and to effectively limit short-circuit currents, it is
necessary to ensure a sufficiently high Q-factor of the
coilcap in resonant modes (at least 80) by choosing a
magnetic circuit, conductors, correction coils and a
dielectric with a low level of losses.

The use of coilcap allows one to simplify the design
of the resonant CLD, to ensure its versatility and to
reduce the weight and dimensions by using
simultaneously two operating parameters in one device.
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