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The invention relates to a current limiter for limiting the overcurrent in power generation systems and transmission systems to a given
limit. Said current limiter consists of inductors and controllable, electric valves, e.g. thyristors. Two inductors are connected in series and
are bridged by two valves that are connected in series. The valves have opposite forward directions. The common point of the valves and
the common point of the inductors are linked by e.g. a controllable voltage source. Circles are produced by an inductor and a valve. A 4
controllable voltage source can be connected in series in relation to the valve in the respective forward direction of the valve and in said
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CURRENT LIMITER WITH ELECTRIC VALVES FOR LIMITING THE SHORT-
CIRCUIT CURRENT IN AN ELECTRIC POWER CIRCUIT

The 1invention relates to a current limiter for limiting

the short-circuit currents in electric power supply circuits.

In electric power nets, warm (normal Ctemperature) reactors

-

as well as superconductive throttles are used for limiting the

current.

A current limiter 1is activated by providing an ohmic re-
sistance, an inductivity or a suitable combination of the two
upon the occurrence of a short circuit. Preferably, the short

clrcult current is limited by an element that can be triggered

ln a passive manner, that is, a fault current limiter (FLC).

Superconductors are particularly suitable for that purpose

since, during normal operation, they have only a small voltage

loss and the transition to normal conductivity results in the

N

establishment of a high electric resistance and causes a high

magnetic flux. This can be utilized for a resistive or, re-

spectively, inductive current limiting function (see Prof. Dr.

techn. P.Komarek, “Hochstromanwendung der Supraleitung”, 1995).

A superconductor 1s not without losses when operated with

alternating current. In principle, there are always two 10Ss

mechanisms effective, that 1is, eddy current losses in the ma-
trix and transition magnetic losses (“hysteresis losses”) in
the hard superconductor itself. With DC operation, the losses

1n the superconductor are very low.
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In the literature, a current limiter 1s known whose super-

conductive impedance 1s switched by way of rectifiers on the

direct current side (Boenig, H.J., and D.A. Paice, 1983, Fault

Current Limiter using a Superconductlng Coil, IEEE Transactions
on Magnetics, Vol. 19, no. 3, p 1051, May). A voltage source
is connected at the direct current side 1n series with the im-

P

pedance. The voltage source ensures the flowing of a current

I, in the 1lmpedance. The value of the current I, exceeds the

amplitude of the alternating current, which flows through the
limiter as long as there 1s no fault but 1s substantially
smaller than a short circuilt current. The bridge also permits
the load current to flow. In this case, the wvoltage drop
across the limiter equals the voltage drop across the valves in

the two branches of the bridge.

In US 3 099 789 or, respectively, FR - No. 1,337,971, an
electric circuit 1s presented which consists of a load, which
is connected to an electric energy supply by way of a protec-
tive circuit. The protective circult limits current changes 1in
order to moderate a current change 1n the load. The protective
circuit consists of two conductivities arranged 1n serles and
disposed in a parallel circuit with two uncontrolled valves,
that is diodes, arranged 1in series and 1n opposition to each
other. The common points of the diodes and the inductivities

are directly connected with one another.

Uncontrolled valves block only currents, which are greater
than the response current of the protective device, that 1s the
initial current 1in the inductivities, and direct the excess
currents through the inductivities. The smaller currents, which
are also present with alternating currents, are permitted to
pass almost uninhibited through the diodes (diode resistance 1n
passing direction). The current flowing through the inductivi-

ties cannot follow the net current, which becomes agaln smaller

2
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after the current maximum since 1t 1s short-circuited by the

diodes and remains essentially constant at the value reached.

The consideration of each following half-wave is divided
into currents below the response current and currents above the

response current. Smaller currents pass through the conductive

diode, whereas the higher currents flow through the inductivi-

ties and increase the currents already present 1in that path.

This is repeated with each half-wave for the respective effec-

tive part of the circult. In a short circuit situation, this
results in an essential increase o0f the current flow through

the inductivities and in the outer circuits during the time in-

terval which is needed for the shut down of the device (100 -

150 ms) and particularly during the time 1nterval which is re-

quired for securing the selective response of the protective

device (1 - 2 secC).

With the use of active semli-controlled valves such as thy-

ristors in the bridge circuilt, the short cilrcult currents 1is

iy
—

limited more effectively (Boenig, H.J., and D.A. Palice, 1983,

Fault Current Limiter using a Superconducting Coil, IEEE Trans-
actions on Magnetics, Vol. 19, no. 3, p 1051, May; FR - No.
1,337,971). However, in this case, a special apparatus 1s re-

gy

quired which is capable of 1identifying a short circuit and

which changes the control algorithms for the thyristors 1in the
bridge. Consequently, this 1s not a safely operating current
limiter with passive triggering as 1t 1s desirable for the pre-
sent invention. The current limiter 1s, 1n this case, not an
element that 1s automatically, passively triggered. The cur-
rent limiter requires a special control unit for being switched

off which substantially reduces the relilability of the current

limiter.
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During a fault, that i1s, when the amplitude of the alternating current
exceeds the value of lo of the throttle, the short circuit current is limited by the
inductivity of the throttle. The limit for the short circuit current is determined by
the value of the maximum energy, which is stored in the throttle during the

transient process:

Winax = L * lmax-/2

For optimizing the current limiter, the energy (Wmax) stored in the throttle is

to be minimized.

It is the object of the present invention to provide a simple current limiter
which safely limits the short circuit current in the first 100 — 150 msec as well as
in the following 1 to 2 seconds which is essential for the selectivity of activating
the protective device. In short, the response time of the current limiter is to be

reduced.

This Is achieved in that a known current limiter, which comprises two
iInductivities/throttles arranged in series, is bridged by two semi-controlled valves

with opposite conductivities.

In a fault situation, that is, when the current exceeds a predetermined
value above the design value, the current limiter automatically switches from a
conductive to a blocking state, that is, without being activated by additional

external control signals and it remains in that state.
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The two valves are semi-controlled valves. They are thyristors

A voltage source is disposed in the connection between the

common potential connection of the valves and that of the throttles.

A controllable voltage source is arranged in the respective circuit, which is

formed by the inductivity with a valve disposed in a parallel arrangement.

The current limiter is advantageous because, in the event of a short
circuit, it is passively triggered limiting the short circuit current during the first 100
- 150 ms as well as in the following 1 -2 s. In the event of a short circuit, the
current is limited by the inductive resistance of the throttles arranged in the
alternating circuit. During normal operation, the voltage drop across the current

limiter corresponds practically to the voltage drop across the valves.

With the use of semi-controlled valves such as thyristors for exampie, the
short circuit current is automatically limited without external control signals. Semi-
controlled valves change the function of the circuit significantly: After the
occurrence of a short circuit, they automatically block within the duration of one
or several periods of the alternating current and remain blocked up to the
complete shutdown of the faulty circuit. This ensures an effective limitation of the

net current by two throttles arranged in series independently of their size and at

all times.

Fully controlled valves such as transistors require a special control circuit.
Fully controlled valves are involved as far as control is concerned and they are

therefore expensive.
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During normal operation, a dquasi-DC current flows through

the current limiting throttles. This results in minimal losses

in these elements.

The current limiter has the followling advantages:

Relatively small size of the throttiles;

Small power net and internal resistance and small short

circult currents;
The arrangement and operating means need to be dimensioned

for only small short circult currents;

Substantial increase of the reliability of the current

limiter;
Increased life of the plants and operating means;

Little effects at the fault location;

Increased effectiveness 1n limiting short circuit cur-

rents;
Low losses during normal operation.

Below, the invention will be described on the basis of an

embodiment with reference to the drawlngs.

It is shown 1in:
Fig. 1 a current limiter circult 1n principle,

Fig. 2 the current limiter with a voltage source connected

between the connection of the valves and the connection between

the throttles,
Fig. 3 the current limiter with two voltage sources,

Fig. 4 the current flowing 1n the elements of the current

limiter over time, ‘
Fig. 5 the fault current over time 1in a current limiter

with uncontrolled valves, and

Fig. 6 a particular time window of the fault current.
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Well-known features such as a protection circuit and elec-

tronic control means assoclated therewith are not shown in the

pi =

drawings to facilitate the understanding of the invention.

The operation of the current limiter is explained on the
basis of an arrangement including thyristors as semi-controlled

valves 3 and 4.

Upon activation of the current limiter, the thyristors 3

and 4 are activated and the current through the throttles 1 and

2 increases up to the current I, the value of which exceeds the

amplitude of the alternating current I,.., which normally flows
through the limiter and which 1s smaller than the short circuit

current. When the current 1n the throttles 1 and 2 has in-

creased to I,, the current through the transistors 3 and 4

changes during normal operation over a period of the alternat-

ing current in accordance with the following equations (1):

I, To + Inax Sin(ot + o),

::O - Imax Sin(ﬂ)t T (pO) /

The current through the throttles remains unchanged I;.

Upon occurrence of a short circuit, first one of the thy-

ristor blocks (becomes non-conductive), for example, thyristor

w—r

3 since the voltage at the thyristor 1s reversed. If the pe-

riod during which a reversed voltage 1s effective on the thy-
ristor 3 is equal or greater than the time for the restitution

of the electrical strength of the thyristor 3 as it 1s shown in

L

Fig. 4, the thyristor remains 1n that state; otherwlse, a simi-
lar situation develops with the thyristor 4. Then the current

in the throttle 1 increases and finally exceeds the wvalue Ig.
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For the period during which only the thyristor 3 is blocking
the i1nput voltage 1s:

U = Upax S1n (ot + o)
and the current in the throttle 1 can be determined by the fol-

lowing equation:

L, = (Umax/le) X sin(cot + Wl)-(Umax/le) X s1n y, ® e-t/tl + ::O X e-t/‘r) (2)

wherelin

Wo; 1s the phase angle, which 1is defined by the blocking point

in time of the thyristor 3,

v, 1s the phase angle, which 1s defined by the point in time of

blocking of the thyristor 3 and L;/R; with

W1 = Yor — Py
so that

@, = arctan (wL,/Rq)

R, is the resistance of the shorted circuilt,

gy,

I, is the inductivity L of the throttle 1 or respectively, the

throttle 2 plus the source inductivity Lg

1. = L,;/R: is the time constant.

In this period, the current through the transistor 4

changes in accordance with the following equation:

T, = Iu+= (Upax/0L;) x(sin(eot + wyi)-sin y; X e MYy +Ix (1+e™ V) (3)

and the current in the throttle remains practically unchanged

Is. As can be seen from equation (3), the current 1n the

shorted circuit increases 1in the opposite direction up to the

value I,.

With the fulfillment of the conditilon Iill > i—IO|, a re-

versed voltage 1s also applied to the second valve 4, whereby

the second valve 4 becomes non-conductive. If the period, dur-

vy
-

ing which a reversed voltage 1s effective on the thyristor 4,
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is equal or greater than the time for the restitution of the
strength of the thyristor, the thyristor 4 remains in a block-
1ng state. Otherwise, this situation occurs later in one or
several alternating current periods.

For the period during which both thyristors are blocked
with the input voltage

U = Ume SIn(ot + \Uoz) /
the current in the throttles 1 and 2 can be determined by the

following equation:

- T : : -t /T2 - - 2
I.=1,= (Uwax/0OL>) X (sin (ot+y,) -siny, x e™'™) - I, x e " (4)

wherelin:

L, = 2L, + LQ and T, = LQ/RZ.

R. is the resistance of the shorted circuit with two throttles

arranged 1n seriles,

Vo, 1s the phase angle; 1t 1s defined by the blocking time of
the thyristor 4, and

v, is the phase angle, which is defined by the blocking time of
the thyristor 4 and also oL;/R;, that 1is

W, = Wor — @2 with ¢, = arctan(elL:/R:).

The period between the occurrence of the short and the

i

closing of the first valve can vary Dbetween about 0.5 ms and

about 20 ms depending on the phase position Yy, and the dimen-

gy

sioning of the current limiter.

The time from the blocking of the first thyristor to the

g

blocking of the second thyristor may vary between about 3ms and

about 260 ms depending on the phase position s, and the dimen-

sioning of the elements of the current limiter. When both thy-
ristors are in a blocking state, the short circuit current 1s

determined by the two throttles arranged 1n series. As appar-
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ent from Fig. 4, the short circuit current increases to 2 to 3

vty

times the value of I,.. during the period in which only one thy-

ristor is blocked. After the blocking of the second valve, the

pr—. -
s

amplitude of the current drops to a value 1n the vicinity of

T..., that 1is, 1in the particular example, even down to a value

which corresponds practically to normal operation.

The current limiter with the two thyristors as shown in
the circuit of Fig. 2 or 3 will be examined below on the basis

of a specific construction. The dimensions of the components

of the current limiter and the parameter of the energy trans-

mission line and the load are as follows:

Source voltage Upax = 410 kV
Ohmic resistance of the source R, = 0.240
Inductive resistance of the source Lo = 6 mH
Ohmic resistance of the load R, = 1000
Inductivity of the throttle 1 = 0.2H
Inductivity of the throttle 2 L = 0.2H

Fig. 4 shows the currents over time, which flow through

the throttles 1 and 2 and through the protective circuilt, which

shorts the throttle 2. In this case, the amplitude of the cur-

rent during a short in the load exceeds the normal current by

about 2.7 times. About 50 ms after the occurrence of the short
circuit, a stage is reached 1n the current limiter wherein the
current 1s practically equal to the normal current. The tran-

sition to the current 1limiting reglme occurs automatically

without any external control signals for the thyristors 3 and

=

4. The current limiter triggers 1tself passively on the basis

of the fault condition.

10
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g,

In order to show the effectiveness of the current limiter

including thyristors, the current limiter 1s compared with a
limiter comprising the same components wherein however diodes

are used as the uncontrolled valves.

The result is shown in Fig. 5 with a large time window of
2 sec. And in Fig. 6 with a small time window of 160ms around
the point of time at which the fault current occurs. A com-

g g

parison of the curves of Fig. 4 and of Filg. 5 shows that, with

g

the same parameters of the circult 1including the inductivity of

the throttles 1 and 2, the current through the circuit to be

protected is 150 ms after occurrence of the short 9 times
smaller and, after 1.5 sec, 50 times smaller 1in the inventive

arrangement using thyristor than 1t 1s with th use of diodes.

If the faulted circuit 1s shut down after 2 sec or later, the

effectiveness of the current limiter with thyristors 1s even
greater.

Another examination shows that, with the use of diodes as
valves in the current limiter wherein the 1inductivity of the
throttles 1is increased to such an extent that a current limit-
ing capability 1is obtailned corresponding to that obtained with
the current limiter according to the 1invention 1including thy-
risters, the inductivity of the throttles must Dbe 1ncreased

from 0.2 H to 20 H. This 1s a value two orders of size larger.

In order to secure the response selectivity of the protec-

tive device during a short circuilit, a delay for the switching

off of the power supply of 1.5 to 2 sec 1s necessary. With

by

such a switching off delay, the current limiter according to

-

the invention has a total energy capacity of the current limit-

ing throttles by more than two orders of size lower than with
current limiters including diodes. In the conception and re-

alization, this is an economically lmportant advantage.

11
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Amended Claims

1. Current limiter with electric valves for limiting the short circuit current in
an electric power supply circuit comprising:

two inductivities/throtties (1,2) connected in series,

two vaives (3,4) connected in series and arranged in their passing in
opposition to each other in a circuit parallel to said series connected throttles
(1,2),

a connection between a common potential point of said valves (3,4)
with a common potential point of said throttles (1,2),

characterized in that:
said valves are semi-controlled valves that are externally controlled

upon an initial operation; when a fault occurs due to a predetermined current
threshold being exceeded, the current limiter automatically limits the current
In the valves by changing from a conductive state to a blocking state; wherein
the current limiter remains in a blocking state without additional control

signals.

2. Current limiter according to claim 1, characterized in that the two
vaives (3, 4) are thyristors.

3. Current limiter according to the claims 1 and 2, characterized in that

the connection of the common potential point of the valves (3,4) and that of
the two throttles (1, 2) includes a controllable voltage source.

4. Current limiter according to the claims 1 and 2, characterized in that a
controllable voltage source (6, 7) is connected in series with each valve and in
the passing direction of the respective valve (3 or 4) and the common
potential point of the throttles (1, 2) is directly connected to the common
potential point of the valves (3, 4).
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